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Abstract: In order to explore the influence of EGR at different altitudes on the performance of
biofuel diesel engines, a comparative experimental study is conducted with the biodiesel-ethanol-
diesel B15E5 (biodiesel with 15% volume fraction, ethanol with 5% volume fraction and diesel with
80% volume fraction) mixed fuel at different EGR rate and different atmospheric pressure. The
experimental results show that diesel engine power performance and economy goes up with the
increase of atmospheric pressure, and it decreases with the increase of EGR rate. At 2200 rpm, the
improvement range of medium and high diesel engine load is 1.5-6.8%, and that of 1800 rpm is
2.8-11.7%. At the same atmospheric pressure, with the increase of EGR rate, the power and economy
turn worse. The peak combustion pressure and heat release rate both increased with the increase of
the atmospheric pressure at full load. At the same atmospheric pressure, peak combustion pressure
and peak heat release rate fall with the increase of EGR rate. At part load, firstly, smoke emissions fall
with the increase of the load and then rise. As the atmospheric pressure goes up, the smoke emissions
show a downward trend, with a decline of 6.6-40%, while the NOx emissions show a rising trend,
with an increase of 1.2-8.5%. At the same atmospheric pressure, the smoke emission increase with
the increase of EGR rate by 9-12.5%, and the NOx emissions increase with the decrease of EGR rate
by 2.5-6.8%. The HC and CO Emissions decrease with the increase of atmospheric pressure. HC
emission decreases by 9.3-19.1%, and CO emission decreases by 2.9-16.6%. At the same atmospheric
pressure, the HC emission decreases with the increase of the EGR rate by 3.3—4.5% at medium and
high loads, and the CO emission increases with the EGR rate by 3.1-4.5%.
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1. Introduction

With the rapid development of economy, the consumption of oil has increased dra-
matically, and the environmental problems are worsening day by day. The world is facing
increasingly severe environmental pressure and energy security problems. Therefore, it is
an urgent task to find a green alternative fuel with abundant resources and economic feasi-
bility [1-3]. Biodiesel and ethanol have become popular biofuel alternative energy sources
due to their wide range of sources, renewable and excellent performance, biodegradability,
and help to alleviate the effects of greenhouse effect and haze [4,5].

Researches show that biodiesel and ethanol fuel, which are oxygenated fuel, on
the one hand, can improve the combustion process of engine, and thus improve engine
performance and reduce the emission of particulate matter (PM), carbon monoxide (CO),
and hydrocarbon compounds (HC), especially in the plateau area [6,7]; on the other
hand, the increase of oxygen content will lead to the increase of nitrogen oxide (NOx)
emissions [8,9]. Asadi et al. [10] investigated the behavior of ethanol and biodiesel, blended
with diesel fuel in a multiple injection engine. Their results showed that unlike biodiesel
combustion, ethanol combustion resulted in lower chamber temperature and lower NOx
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emission subsequently. Kim et al. [11] conducted a detailed experiments on the combustion
and exhaust characteristics of ethanol-diesel blended fuels with a four-stroke four-cylinder
common-rail direct injection diesel engine at 750 rpm at a low speed idle, and a 40 Nm
engine load. The test fuels were four types of ethanol-blended fuel. The ethanol blending
ratios were 0% (DE_0) for pure diesel, and 3% (DE_3), 5% (DE_5), and 10% (DE_10) for 3%,
5%, and 10% ethanol mixtures (by vol.%), respectively. Blending ethanol with diesel fuel
increased the maximum combustion pressure by up to 4.1% compared with that of pure
diesel fuel, and the maximum heat release rate increased by 13.5%. The brake specific fuel
consumption (BSFC) increased, up to 5.9%, as the ethanol blending ratio increased, while
the brake thermal efficiency (BTE) for diesel-ethanol blended fuels remained low. When
ethanol blending was applied, nitrogen oxides (NOx) reduced to 93.5% of the level of pure
diesel fuel, the soot opacity decreased from 5.3% to 3% at DE_0, and carbon monoxide
increased (CO) by 27.4% at DE_10 compared with DE_0. The presence of hydrocarbon
(HC) decreased to 50% of the level of pure diesel fuel, but increased with a further increase
in the ethanol blending ratio. Geng et al. [12] investigated the combustion and emission
performance of biodiesel-diesel-ethanol fuel blends on a turbocharged diesel engine at a
constant speed of 1600 rpm and seven engine loads. The results showed that the maximum
cylinder pressure and the maximum heat release rates of the diesel-diesel-ethanol blends
are lower than that of diesel fuel. With the increase of ethanol mixing ratio, the NOx
emission of biodiesel-diesel-ethanol blends increased slightly, while the soot and CO
emission decreased significantly. The HC emission of biodiesel-diesel-ethanol blends
increased slightly but was still lower than the HC emission level of diesel. Liu et al. [13]
studied the influence of the biodiesel-ethanol-diesel (abbreviated as BED) oxygenated
fuel on the particulate matter (PM) and nitrogen oxides (NOx) emissions of a diesel
engine at different altitude levels. Experimental investigations of PM and NOx emissions
were performed on a high pressure common rail diesel engine fueled with pure diesel
and BED oxygenated fuels at different atmospheric pressures of 81 kPa and 100 kPa.
The experimental results showed that the PM and NOx emissions presented an obvious
trade-off trend at different atmospheric pressures using the pure diesel fuel and the BED
oxygenated fuels. At high atmospheric pressure, the drop of PM emissions and the growth
of NOx emissions with the rising load both increased. Hosseinzadeh-Bandbatha et al. [14]
analyzed a heavy-duty tractor diesel engine operating on diesel-biodiesel-bioethanol
blends using exergetic, economic, and environmental life cycle assessment analyses. Diesel
was mixed with biodiesel and bioethanol with volumetric ratios of 5-15% and 2-6%,
respectively. Their results presented that in general, increasing biodiesel concentration
in the fuel blend could improve the exergetic, economic, and environmental indicators
of the system. However, there was no clear pattern of the effects of bioethanol on the
investigated indicators. Interestingly, most of the prepared fuel blends were exergetically,
economically, and environmentally superior to diesel. Overall, substituting a portion of
diesel with biodiesel and bioethanol was proved to be an attractive strategy from the
exergetic, economic, and environmental perspectives. Liu et al. [15] investigated the
influence of different categories of oxygenated biofuels on the performance and emissions
of a diesel engine in a high-altitude anoxic condition. Their test results showed that when
fueled with the E10 (containing 10% ethanol in volume percentage and 90% petroleum
diesel in the blend fuel) and B10E10 (containing 10% biodiesel, 10% ethanol, and 80%
petroleum diesel) oxygenated blended biofuels respectively, the power performance of
the diesel engine decreased. Further, the brake specific energy consumptions (BSEC) of
the bended fuels were basically lower than those of the diesel fuel, and the fuel economy
improved. When fueled with the B10E10 blends, the carbon monoxide (CO) emissions and
the hydrocarbon (HC) emissions of the engine tended to be the pure diesel fuel level at
low loads and decreased at high loads. The nitrogen oxides (NOx) emissions decreased
at low loads and increased at high loads. The soot emissions of the engine with the E10
and B10E10 fuels both decreased. The hydrocarbon (HC) emissions, the soot emissions,
and the carbon monoxide (CO) emissions at low loads of the diesel engine fueled with
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the B10E10 fuel were all lower than those of the E10 fuel, while the nitrogen oxide (NOx)
emissions were basically higher than the E10 fuel level. Bi et al. [16] studied the effect of
variable nozzle turbocharger (VNT) and EGR on performance of diesel engine fueled with
oxygenated fuel (biodiesel-ethanol-diesel), under different atmospheric pressures. The
results showed that the power and economy of the oxygenated fuel diesel engine become
worse with the increase of the VNT opening and the EGR rate and the decrease of the
atmospheric pressure. When the atmospheric pressure increases from 80 to 100 kPa, the
average increase of NOx emissions is 11%. When atmospheric pressure decreases from 100
to 80 kPa, the average increase of smoke is 96.6%.

Currently, exhaust gas recirculation (EGR) technology is considered to be one of the
most effective technical measures to reduce NOx emissions [17]. Xiao et al. [18] studied
the effects of EGR rate on combustion and emission characteristics of blends of ethanol
and biodiesel. Their found that EGR can significantly reduce NOx emissions from diesel
engine fueled with ethanol biodiesel blends. Liang et al. [19] carried out an experimental
study on the performance of engine fueled with ethanol-biodiesel using EGR. Their results
showed that as ethanol concentrations in blends increase, the fuel consumption by volume
increases, and HC and CO emissions increase. The use of EGR can significantly reduce
NOx emissions. Tan et al. [20] studied the influences of performance of burning biomass
fuel B25E5 (biodiesel with 25% volume fraction, ethanol with 5% volume fraction, and
diesel with 70% volume fraction) and exhaust gas recirculation (EGR) system under plateau
environment. Their experimental results showed that while burning pure diesel, the power
performance with the increase of EGR rate lowered under the working conditions of
external characteristic. Compared with the pure diesel fuel, when burning the B25E5 fuel,
the dynamic performance felled slightly and the specific fuel consumption rose. In addition,
after using EGR, the economy of the diesel engine became worse.

The previous studies on the combustion performance of biofuel diesel were usually
carried out in plain areas. There are few reports about the performance and emissions of
diesel engine fueled with biodiesel ethanol diesel blends in plateau areas, especially when
combined with EGR. As the altitude increases, the atmospheric pressure decreases and
the oxygen content in the air decreases. The oxygen content of biodiesel and ethanol is
higher than that of pure diesel. The use of a mixture of biodiesel and ethanol can help
alleviate the deterioration of diesel engine combustion in high altitude areas. However,
the increase in the oxygen content of the fuel may lead to the formation of NOx during the
combustion process. Therefore, this paper studied the effects of different EGR rates on the
power performance, economy, combustion and emission characteristics of a high pressure
common-rail diesel engine fueled with biodiesel-ethanol-diesel (BED) mixture at different
altitudes, and analyzed the relationship between the working characteristics of the high
pressure common-rail diesel engine fueled with biofuel fuel under different atmospheric
pressures and its influence, which provides a theoretical basis for the application of BED
biofuel fuel in plateau area.

2. Experimental Equipment and Methods

The test engine is YN30 high pressure common rail diesel engine produced by Kun-
ming Yunnei Power Co., Ltd. (Kunming, China). The technical parameters are shown in
Table 1. The main test equipments are: WE31N hydrodynamic dynamometer, FCM tran-
sient fuel consumption measuring instrument, AVL415S smoke meter, MEXA-7500DEGR
exhaust gas analyser, IncaCOM electronic control calibration system, multi-channel high-
performance engine transient characteristic combustion analyser, CEM101 computerized
internal combustion engine atmospheric simulation integrated measurement and control
system. The CEM101 device mainly consists of a dynamometer, an inlet and exhaust
simulating device, a controller, and several sensors of pressure, temperature, and air flow
rate. When the simulated atmospheric pressure is higher than the local atmospheric pres-
sure, the method of pressurizing the intake and exhaust is adopted. When the simulated
atmospheric pressure is 100 kPa, that is, the altitude is about 0 m, CEM101 device is used
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to pressurize the inlet of the diesel engine, so that the inlet pressure of the diesel engine
is stabilized at 100 kPa. At the same time, the exhaust back pressure valve is adjusted to
make the exhaust pressure also stable at 100 kPa. The altitude of the test place is 1912 m,
and the atmospheric pressure is 81 kPa. The ambient temperature there is about 25 °C, and
the relative moisture is 20-35%. Main characteristics of measurement instrumentations are
presented in Table 2. The schematic diagram of measurement system is shown in Figure 1.

Table 1. Engine specifications.

Parameter Description Details
Engine type Four-stroke, in-line four cylinders, direct injection
Air intake system Turbocharged, inter-cooled
Bore x Stroke 95 mm x 105 mm
Displacement 298 L
Compression ratio 18:1
Rated power 81 kW at 3200 rpm
Peak torque 360 N-m at 1800 rpm
Injection system Bosch common-rail system CRS2-16

Table 2. Main characteristics of measurement instrumentation.

Instrument Measured Quantity Range Accuracy
WE3IN hydrodynamic dynamometer Engine torque 0-400 N'm +0.2%-full scale
Magnetic induction speed transducer Engine speed 0-7500 rpm +5r/min
FCMA fuel consumption instrument Fuel consumption 0-40kg/h <£0.05%-full scale
LFE300 air flow meter Air volume flow rate 0-800 m3/h +1.0%-measure value
MEXA—-7500DEGR NOx 0-10,000 ppm 20 ppm
MEXA —7500DEGR HC 0-50,000 ppm 10 ppm
MEXA—-7500DEGR CcO 0-5000 ppm 5 ppm
AVL 4155 smoke 0-10 FSN +0.001 FSN
AVL GH13P Cylinder pressure 0-250 bar <=£0.5%-full scale

The composition of the BI5SES fuel blend contains 0# diesel oil (according to Chinese
standards, 0# diesel oil means the diesel oil with a freezing point at 0 °C), 99.5% ethanol,
biodiesel (made from waste cooking oil). The densities of biodiesel and ethanol were
measured by a precision densitometer. The cetane number, lower heating value and
oxygen content in weight of the B15E5 were calculated according to the corresponding
formula [16]. The physical and chemical properties of the blended fuel BISE5 are shown in
Table 3. Throughout the whole experimental process, there is no engine modification and
atmospheric correction on the test data. Under the same measurement conditions, three
measurements were used for each data collection. The average of three measurements
was used to represent the test result. The uncertainty evaluation of the measured data is
based on the “GUM” (Guide to the expression of Uncertainty in Measurement) method.
In this paper, combined standard uncertainties of the engine brake torque, BSFC, cylinder
pressure, smoke, NOx, HC, and CO emission are within 2.8 N-m, 2.98 g/(kW-h), 0.168
MPa, 0.092 FSN, 9.3 ppm, 14.3 ppm, and 4.2 ppm, respectively.

Table 3. Main physicochemical properties of fuels.

Density Lower Heating Oxygen Content
Fuel (20°C)l(glem®) ~ CetaneNumber — Gh 0 (MJ/kg) in Weight (%)
diesel 0.838 53.1 42.85 0.0
biodiesel 0.880 56.0 39.50 10.0
alcohol 0.789 8.00 26.78 34.8

B15E15 0.837 51.3 41.80 3.20
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Figure 1. Schematic Diagram of the measurement system.

3. Results and Discussions
3.1. Engine Performance

Figures 2 and 3 are the respective comparison diagrams of the engine torque of B15E5
fuel at 2200 rpm and 1800 rpm under different EGR rates and atmospheric pressure of
100 kPa and 81 kPa. The test results show that with the increase of atmospheric pressure,
the dynamic property increases. At 2200 rpm the average increase is 4.53%, and that is
4.02% while at 1800 rpm. When the atmospheric pressure is the same, with the increase of
EGR rate, the dynamics of B15E5 fuel decreases by 8.35% and 8.22% while at 2200 rpm and
1800 rpm, respectively.

360

100 kPa 100 kPa 81 kPa 81 kPa
0% EGR 16% EGR 0% EGR 16% EGR

Figure 2. Torque comparison of different atmospheric pressure under 2200 rpm.

When the atmospheric pressure rises from 81 kPa to 100 kPa, the inlet air mass flow
rate decreases and the combustion process deteriorates; therefore, the engine torque is
reduced [21,22]. When the atmospheric pressure is the same, with the increase of EGR rate,
the oxygen concentration in-cylinder and the air-to-fuel ratio decrease gradually, which
leads to worse combustion quality and power performance.
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Figure 3. Torque comparison of different atmospheric pressure under 1800 rpm.

3.2. Economy

Engine economical comparison curves of load characteristics of B15E5 fuel at 2200 rpm
and 1800 rpm under different EGR rates at atmospheric pressure of 100 kPa and 81 kPa
are shown in Figures 4 and 5, respectively. At low load, the effective fuel consumption
rate of BED fuel combustion is higher, and with the increase of load, the effective fuel
consumption rate decreases gradually.

340
§ —— 100 kPa 0% EGR
i 320 —=— 100 kPa 16% EGR
)
et —x— 81 kPa 0% EGR
£ 300
g —x— 81 kPa 16% EGR
§ 280 +
2
% 260 |
2
&
g 240 |
e
m

220 1 1 1

25 50 75 100

Load (%)

Figure 4. Economy comparison of different atmospheric pressures under 2200 rpm.

Compared with the dynamics performance at different altitudes, when the atmo-
spheric pressure rises from 81 kPa to 100 kPa, the effective fuel consumption rate of BISE5
fuel decreases slightly at low load, but the decrease is more obvious at medium and high
load areas. The decrease range of medium and high load is 1.5-6.8% at 2200 rpm, and
that of 1800 rpm is 2.8-11.7%. When the atmospheric pressure is the same, the EGR rate
has little effect on the effective fuel consumption rate at small load, but at medium and
high load, the effective fuel consumption rate increases with the increase of EGR rate.
Compared with 0% EGR, the effective fuel consumption rate of B15E5 fuel at 16% EGR
increases slightly when the engine speeds are at 2200 rpm and 1800 rpm.
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Figure 5. Economy comparison of different atmospheric pressures under 1800 rpm.

When the load is small, the fuel cannot combust completely at low temperature, which
leads to increase of the fuel consumption [23]. As the load increases, the temperature rises
and the combustion is improved. When the atmospheric pressure rises, with the increase
of the air density the intake air mass flow rate increases. In addition, the combustion
process and the fuel consumption improve with the help of oxygen content of biodiesel
and ethanol, which improves the incomplete combustion of the rich mixture. At the same
atmospheric pressure and the small load, because the fuel supply is small and the excess
air coefficient is large, the EGR rate has little effect on the fuel economy. At medium and
high loads, with the increase of the EGR rate, the excess air ratio and the combustion rate
decreases; moreover, polyatomic molecular gases such as CO; and H,O in the exhaust
gas increase, which causes the decrease of specific heat capacity of the mixture and the
temperature in-cylinder, and results in poor fuel economy. A small EGR rate should be
used at big load [24,25] in order to avoid excessive economical degradation of the engine.

3.3. Cylinder Pressure and Heat Release Rate

Figures 6 and 7 are the cylinder pressure curves of B15E5 fuel at 2200 rpm and
1800 rpm under different EGR rates and the atmospheric pressure of 100 kPa and 81 kPa
respectively. It can be seen that when the atmospheric pressure is the same, the maximum
cylinder pressure of 16% EGR at 2200 rpm and 1800 rpm are both lower than the maximum
cylinder pressure at 0% EGR. The maximum combustion pressure of the diesel engine
decreases with the increase of EGR rate. When the atmospheric pressure is different, the
maximum cylinder pressure increases while the atmospheric pressure changes from 81 kPa
to 100 kPa.

When the atmospheric pressure is the same, the increase of EGR rate leads to the
decrease of the excess air coefficient and the quantity of combustible mixture, which results
in the reduction of the maximum cylinder pressure [26,27]. When the atmospheric pressure
increases, with the increase of the inlet gas pressure and the air oxygen content, it is
favorable to form the combustible mixture so as to raise the maximum cylinder pressure.
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Figure 6. Cylinder pressure comparison of external characteristic under 2200 rpm.
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Figure 7. Cylinder pressure comparison of external characteristic under 1800 rpm.

The comparison of the heat release rates of B15E5 fuel at 2200 rpm and 1800 rpm at
different EGR rates and the atmospheric pressures of 81 kPa and 100 kPa are shown in
Figures 8 and 9, respectively, which shows that the peak heat release rate at 100 kPa is
higher than that of 81 kPa, and when the atmospheric pressure is the same, the peak heat
release rate of 0% EGR is higher than that of 16% EGR.

When the atmospheric pressure increases, with the increase of the inlet gas pressure
and excess air coefficient, the combustion becomes more sufficient, and accordingly the peak
heat release rate increases. When the atmospheric pressure is the same, with the increase of
EGR rate, the combustible mixture is diluted and the ignition delay period is prolonged,
which causes the decrease of the oxygen concentration, so the oxygen concentration in-
cylinder decreases. Thus, the combustion process is delayed and combustion efficiency
becomes worse, which leads to incomplete combustion and the decrease of the peak heat
release rate [28].
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Figure 8. Heat release rate comparison of external characteristic under 2200 rpm.
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Figure 9. Heat release rate comparison of external characteristic under 1800 rpm.

3.4. Smoke and NOx Emission

Figures 10 and 11 show respectively the comparison of smoke emission of B15E5
fuel at 2200 rpm and 1800 rpm under different EGR rates and the atmospheric pressure
of 81 kPa and 100 kPa. It can be seen from the figures that as the load increases, the
smoke emission first decreases and then increases. When the atmospheric pressure rises
from 81 kPa to 100 kPa, the smoke emission slightly decreases. Compared with 81 kPa at
2200 rpm, the smoke emission at 100 kPa drop is 6.6-40%; at 1800 rpm, the smoke emission
at 100 kPa drop is 15-25%. When the atmospheric pressure is the same, the EGR rate has
no obvious effect on smoke emission in the middle and low load area. In the high load area,
the smoke emission shows an upward trend with the increase of EGR and the increase
range is 9.0-12.5%.
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Figure 10. Smoke emission comparison of different atmospheric pressure under 2200 rpm.
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Figure 11. Smoke emission comparison of different atmospheric pressure under 1800 rpm.

When the load is low, the low temperature in-cylinder leads to insufficient combustion,
and the smoke emission is high. With the increase of the load, the temperature in-cylinder
turns high, and the combustion process is improved; therefore, the smoke emission is
reduced. At the high load, with the increase of the fuel injection quantity, the excess
air coefficient turns small, so the combustion is insufficient, which leads to high amount
of smoke emission. When the atmospheric pressure rises from 81 kPa to 100 kPa, the
intake air mass flow rate increases, so the air-to-fuel ratio increases, which improves the
combustion process and the smoke emission. At the same atmospheric pressure, with the
increase of EGR rate, more residual exhaust gas enters the engine cylinder and the fresh
air volume decreases, which results in the reduction of excess air coefficient [29] and the
smoke emission increases.

The NOx emission comparison of B15E5 fuel at 2200 rpm and 1800 rpm under different
EGR rates and the atmospheric pressures of 81 kPa and 100 kPa are shown in Figures 12
and 13, respectively. It can be seen that with the increase of the atmospheric pressure, the
NOx emission shows an upward trend, and the amplitude NOx emission is 1.2-8.5% at
2200 rpm, and 2.3-6.2% at 1800 rpm when the atmospheric pressure goes up from 81 kPa to
100 kPa. When the atmospheric pressure is the same, the EGR rate has no obvious effect on



Sustainability 2021, 13, 7862

11 of 16

NOx emission in the low load region, while at medium and high loads, the NOx emission
decreases with the increase of the EGR rate. Compared with the no EGR, NOx emission
reduces from 2.5% to 6.8% at 16% EGR rate.

600
100 kPa 0% EGR
500 + 8100 kPa 16% EGR g
o 81 kPa 0% EGR - g
2 400 - oglkpa16% EGR g =
£ =
& 300 & =
“ =
200 E
100 + =
0 . 7=\l
25 50 75 100
Load (%)

Figure 12. NOx emission comparison of different atmospheric pressure under 2200 rpm.

800 |
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=
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= m81 kPa 0% EGR /E
g 081 kPa 16% EGR = gg
& 400 + = /E
Z = /=
= =
= = =
200 + = = /E
=l Al Al
= = = =
7= /= 7= 7=
25 50 75 100
Load (%)

Figure 13. NOx emission comparison of different atmospheric pressure under 1800 rpm.

When the atmospheric pressure goes up, the increase of oxygen content in-cylinder
is favorable to the formation of NOx. When the atmospheric pressure is 81 kPa, the
reduction of the oxygen content in-cylinder inhibits the formation of NOx [17]. At low
load, temperature has a greater impact on NOx formation; at medium and low loads,
temperature is considered to have a greater impact on NOx formation than oxygen; at high
loads, oxygen is considered to have a greater impact on NOx formation than temperature.
At certain atmospheric pressure, EGR has a weak influence on excess air coefficient at low
load; however, EGR reduces the combustion temperature in the cylinder and at the same
time reduces the oxygen concentration in the intake gas at medium and high load, thus
reducing the NOx emissions [30].

3.5. HC and CO Emission

Figures 14 and 15 show the comparison of HC emissions of B15E5 fuel at 2200 rpm
and 1800 rpm under different EGR rate and atmospheric pressures of 81 kPa and 100 kPa,
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respectively. When the engine speed is 2200 rpm, and the load is under 60%, HC emission
decreases with the increase of load. When the load is between 60% and 80%, HC emission
increases with the rise of load. When the engine speed is 1800 rpm, HC emission decreases
with the increase of load, and the change is more obvious at low load, but less at high load.
When the atmospheric pressure is rises from 81 kPa to 100 kPa, the HC emission decreases,
and the decrease range is 9.3-19.1%; when the atmospheric pressure is the same, at the
medium and high load area, the HC emission shows a downward trend with the increase
of EGR rate and the decrease range is 3.3-4.5%.
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Figure 14. HC emission comparison of different atmospheric pressure under 2200 rpm.
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Figure 15. HC emission comparison of different atmospheric pressure under 1800 rpm.

The analysis concluded that when the load is 40% at 2200 rpm, the in-cylinder combus-
tion temperature is low, which is not conducive to the ignition process and HC oxidation.
As the load increases, with the increase of the amount of combustible mixture, the re-
tardation period shortens, so the combustion temperature gradually increases, and HC
emissions decrease. In the middle load area, with the increase of load, with the increase
of the combustion speed, the in-cylinder combustion of diesel engine is insufficient, and
the HC concentration is also higher in exhaust gas; in the high load area, because the
combustion temperature is very high, and the self-oxygen supply of B15E5 fuel is obvious,
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so the ignition delay period is shortened, which leads to the reduction of HC emission.
At low load of 1800 rpm, low combustion temperature leads to more thin mixture in the
ignition delay period. With the increase of load, the in-cylinder temperature gradually
increases, and HC emission decreases significantly. When the atmospheric pressure rises,
the intake air is better and the combustion is more sufficient, so HC emission is lower;
when the atmospheric pressure is the same, with the increases of EGR rate, the greater the
exhaust gas recirculation rate is, the more obvious the effect of heating the intake air is, and
the shorter the ignition delay period [30,31], which is beneficial to improve HC emission.

The CO emission comparison of B15E5 fuel at 2200 rpm and 1800 rpm under different
EGR rates and the atmospheric pressures of 81 kPa and 100 kPa are shown in Figures 16
and 17, respectively. The main reason for CO formation is the incomplete combustion of
hydrocarbon fuel. In addition, the local high temperature thermal decomposition is also an
important reason for CO formation during the combustion process. It can be seen from the
figures that when the atmospheric pressure rises from 81 kPa to 100 kPa, the CO emission
decreases and its decreasing amplitude is 2.9-16.6%. When the atmospheric pressure is the
same, as the EGR rate increases, the CO emission shows an upward trend, with an increase
of 3.1-4.5%.
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Figure 16. CO emission comparison of different atmospheric pressure under 2200 rpm.
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Figure 17. CO emission comparison of different atmospheric pressure under 1800 rpm.
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When the atmospheric pressure rises, the air intake condition is better and the com-
bustion is more sufficient, so the CO emission is much lower. At the same pressure, the
in-cylinder oxygen concentration decreases with the increase of the EGR rate, and com-
bustion temperature in-cylinder also decreases, so the CO concentration in exhaust gas
also increases.

4. Conclusions

Through the experiments, after the study and the analysis of the effects of combustion
of B15E5 fuel on the performance of high pressure common-rail diesel engine under
different atmospheric pressures under different EGR rates, three conclusions can be drawn
as follows.

(1)  As the atmospheric pressure increases, the diesel engine power performance of B15E5
fuel increases. At the same atmospheric pressure, the power performance deteriorates
with the increase of EGR rate. With the increase of atmospheric pressure, the brake
specific fuel consumption shows a downward trend and its decreasing amplitude is
1.5-11.7%. At the same atmospheric pressure, the brake specific fuel consumption
increases with the increase of EGR rate and the diesel engine economy turns worse.

(2) Under the external characteristic conditions, with the increase of atmospheric pressure,
the maximum cylinder pressure and peak heat release rate both increase; at the same
atmospheric pressure, the maximum cylinder pressure and peak heat release rate of
the diesel engine both decrease with the increase of EGR rate, and their location of
crank angle is slightly delayed.

(3) At partial load conditions, with the increase of load, the smoke emission decreased
first and then increased. With the increase of atmospheric pressure, decrease of the
smoke emission ranges from 6.6% to 40%, but the increase of NOx emission ranges
from 1.2% to 8.5%; however, the emission of HC and CO decreases from 9.3% to
19.1% and from 2.9% to 16.6%, respectively. Both HC and CO emissions show a
downward trend.

Finally, it should be noted that only some operating points were selected to study the
effect of EGR on the performance and emissions of burning biofuels in this study, and the
altitude is only 0 m and 1912 m. In the subsequent research process, more operating points
and more altitude conditions will be considered. In addition, the impact on the performance
of diesel engines fueled by biodiesel-ethanol-diesel mixed fuel is manifold. EGR is only
one of the more important factors. In the future, the effects of injection timing, injection
pressure and pre-injection parameters on the performance and emissions of diesel engine
fueled with biodiesel ethanol diesel blends will be further studied, and the combustion
process in cylinder will be simulated by computational fluid dynamics.
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