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Abstract. Over the past decades, internal combustion engines (ICEs) have struggled with ever stringent emission 

legislation. Nowadays, the downsizing concept is becoming largely employed in spark ignition engines due to increased 

engine efficiency. However, the presence of turbocharging and direct fuel injection system makes the strategies of engine 

management for drivability more complex and needs further investigation with the specifics of the Brazilian market, in 

which hydrous ethanol is widely available. Hence, this work intends to study the effects on emissions and combustion 

performance parameters by varying direct injection timing and pressure at part load of a three-cylinder 1.0 L 

turbocharged engine. The engine was fueled with hydrous ethanol, which is expected have increased usage in Brazil.  

The tests were carried out at 2 and 8 bar IMEP, 1500 rpm and stoichiometric condition. The spark timing was adjusted 

to maintain CA50 in 10 CAD ATDCf and the positive valve overlap was of 20 CAD symmetrical at TDC. The injection 

pressure and injection timing were swept from 60 to 140 bar and 0 to 120 CAD ATDCi respectively. The results showed 

in part load an optimum injection timing at 30 CAD ATDCi. The injection pressure effect showed more influence in late 

injection, improving engine stability and emissions. 

 

Keywords: Ethanol, injection timing, injection pressure, part load, direct injection. 

 

1. INTRODUCTION 

 

Several efforts have been made to increase energy efficiency and it is still necessary to progressively slow down the 

growth in energy demand (ExxonMobil 2019).  In Brazil, the new phase of the vehicle emission control program 

(PROCONVE – L7) will start in 2022 (MMA 2018). The objective is decrease carbon dioxide (CO2) emitted per km 

while improving urban air quality by reducing pollutants. Some author worldwide, as example (Economist 2017), are 

proposing the end of internal combustion engines (ICEs) production to be replaced by electric motors to further reduce 

emissions. In this scenario, battery electric vehicles (BEVs) looks a suitable alternative to ICEs. However, a life cycle 

assessment shows some problems that need be overcome by BEVs to become a reliable and widespread technology. For 

instance, 49% of the CO2 emitted comes from electricity generation and heating against 20% from the transport sector 

(Hannah Ritchie and Max Roser 2020). Thus, the electricity that feed BEVs needs be produced from carbon free energy. 

Otherwise, the growth use of BEVs could further increases the greenhouse gas (GHG) emissions.  However, a simplified 

calculation carried out by (Pielke 2019) showed that achieving a net zero CO2 emission by 2050 is a difficult task. In 

addition, others problems are related with the batteries, for instance: energy density, recharging time, durability and raw 

material supply (Serrano 2017). Indeed, stop the ICEs production could lead environmental problems as well as 

economics, social and political problems without the tax on ICEs and fuels mainly in emerging economies (Kalghatgi 

2018). The continuous efficiency improvement of ICEs is the only way to overcome the challenging task from strict 

vehicle emissions legislation (Kalghatgi 2019).  
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Downsizing engines are already largely employed in developed countries to further improve engine efficiency. Engine 

efficiency improvement with this concept is due mainly by reduced displacement volume, which reduce the engine friction 

and decrease pumping losses as engine operate in high load more frequently (Bassett et al. 2017). In addition, fuel direct 

injection (DI) system is frequently used with downsized turbocharged engine (Hancock et al. 2008). The advantages of 

DI system is the possibility of engine operating with stratified or homogenous combustion, and the cooling effect that 

reduces knock probability (Fraser et al. 2009; Chincholkar and Suryawanshi 2016). However, these technologies added 

to the engine make the management strategies for drivability more complicated and needs further investigation with the 

specifics of the Brazilian market such as hydrous ethanol. 

In Brazil, hydrous ethanol is again a promising alternative to gasoline mainly due to governmental incentive programs 

such as RenovaBio (Agência Nacional do Petróleo Gás Natural e Biocombustíveis - ANP n.d.). When compared with 

gasoline, ethanol has higher octane number and therefore greater knock resistance (Diego Golke et al. 2018; Stein, House, 

and Leone 2009). Also, hydrous ethanol has higher latent heat of vaporization than gasoline (Thewes et al. 2012), which 

could increase the charge cooling effect. Both characteristics are highly suitable for DI turbocharged engine because they 

allow higher compression ratio and with reduced WOT fuel enrichment (Leone et al. 2015). However, in part load, the 

pumping work is increased due the greater density of air resulted from the cooling effect. Thus, intake pressure is lower 

to maintain same engine load. Yet, the compression work is decreased by the lower temperature and pressure (Nakata et 

al. 2006). In addition, hydrous ethanol demands less energy for production compared to anhydrous ethanol (Sari et al. 

2017) and offers lower cost. Studies carried out by (T. D. M. Lanzanova, Dalla Nora, and Zhao 2016; Sari et al. 2018) 

showed the hydrous ethanol potential on engine performance and emissions. Other characteristics that can increase the 

engine efficiency are given by the higher ratio of specific heat than gasoline (Germane, Wood, and Hess 1983), and by 

the greater amounts of triatomic molecules produced during combustion that increase the mixture heat capacity, 

decreasing the temperature and reducing the heat losses (Zhang et al. 2015). Also, the combustion duration can decrease 

as well as the heat losses due the ethanol higher laminar flame speed than gasoline (Yu et al. 2019). Nevertheless, hydrous 

ethanol has reduced lower heating value (LHV) than gasoline, which increases the fuel consumption and reduces fuel 

tank mileage (D. Golke et al. 2016).  

An investigation of injection timing was carried out by Lanzanova et al. (T. Lanzanova et al. 2017) in a single cylinder 

spark ignition (SI) DI engine using gasoline. The injection pressure was maintained at 145 bar, 6 bar of indicated mean 

effective pressure (IMEP), engine speed of 1500 rpm and spark ignition adjusted to minimum spark advance for best 

torque (MBT). The result showed higher cooling effect and decreased emissions of nitrogen oxides (NOX) as delayed 

injection timing. However, the combustion efficiency was impaired as retarded injection timing due higher carbon 

monoxide (CO) and hydrocarbons (HC) emissions. 

This paper then presents an investigation of injection timing and pressure effect on performance, combustion and 

emissions parameters. The tests were carried out in a three cylinders DI turbocharged Ford EcoBoost 1.0 liters engine 

fueled with hydrous ethanol. The crank angle degree (CAD) of 50% mass fraction burned (CA50) was maintained at 10 

CAD after top dead center firing (ATDCf) and the coefficient of variation of IMEP (COVIMEP) was limited at 3%. The 

engine speed was fixed at 1500 rpm and the engine load were 2 and 8 bar IMEP. A positive valve overlap of 20 CAD was 

used and stoichiometric air – fuel ratio. The injection timing was swept from 0 to 120 after top dead center from intake 

stroke (ATDCi) and injection pressure from 60 to 140 bar.  

 

2. METHODOLOGY 

 

2.1 Mathematical equations 

 

The in-cylinder pressure are recorded as function of CAD and the volume matrix is given by  

 

𝑉 = 𝑉𝑐(1 +  
1

2
(𝑟𝑐 − 1)[𝑅 + 1 − cos 𝐶𝐴𝐷 − (𝑅2 − sin2 𝐶𝐴𝐷)

1

2] (1) 

 

Where 𝑉𝑐 is the clearance volume, 𝑟𝑐  is the compression ratio and 𝑅 is the ratio of connecting rod length to crank 

radius.  The in-cylinder work by definition is calculated as   

 

𝛿𝑤 = 𝐹. 𝑑𝑥 = 𝑃. 𝐴. 𝑑𝑥 = 𝑃. 𝑑𝑣 (2) 

 

Where 𝑤 means specific work, 𝑃 is the in-cylinder pressure and 𝑣 is the specific volume. In this way, the Eq. (2) is 

integrated to account the in-cylinder work. A numerical method, as instance trapezoidal rule, is commonly used to 

integrate the area from pressure versus volume diagram. Then, the in-cylinder work is obtained as 

 

𝑊 = ∑
1

2

𝑛
𝑖=1 (𝑃𝑖−1 + 𝑃𝑖)∆𝑉𝑖 (3) 
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The analysis of heat release is performed by applying the first law of thermodynamic in an open system boundary 

and treating as a single zone model with an average temperature, resulting in a general formulation as  

  

𝛿𝑄𝑐ℎ =  𝛿𝑄ℎ𝑡 + 𝑑𝑈𝑠 + 𝛿𝑊 +  ∑ ℎ𝑖𝑑𝑚𝑖 (4) 

 

Where 𝑄𝑐ℎ is the chemical energy, 𝑈𝑠 sensible energy, 𝑄ℎ𝑡  heat transfer and ∑ ℎ𝑖𝑑𝑚𝑖 energy transferred through the 

boundary. The sensible energy can be written as 𝑈𝑠 = 𝑚𝑢(𝑇), where 𝑇 stands for average gas temperature in-cylinder. 

The derivative of sensible energy results in   

 

𝑑𝑈𝑠 = 𝑑𝑚. 𝑢(𝑇) + 𝑚. 𝑑𝑢(𝑇) (5) 

 

For ideal gas law, the sensible energy could be estimated by a relation measured in a special process as shown by 

(Bejan 2016). In such manner, the Eq. (5) is replaced in Eq. (4)  

 

𝛿𝑄𝑐ℎ =  𝛿𝑄ℎ𝑡 + 𝑑𝑚. 𝑢(𝑇) + 𝑚. 𝑐𝑣𝑇 + 𝑃𝑑𝑣 +  ∑ ℎ𝑖𝑑𝑚𝑖 (6) 

 

The in-cylinder mass variation (𝑑𝑚𝑖) is due the mass crevice leaking, thus  

  

𝑑𝑚𝑖 = −𝑑𝑚 = 𝑑𝑚𝑐𝑟  (7) 

 

The derived form of the ideal gas law is used to swap the term 𝑚. 𝑐𝑣𝑑𝑇 in Eq. (6)    

 

𝑃𝑉 = 𝑚𝑅𝑇 → 𝑑𝑃. 𝑉 + 𝑃𝑑𝑉 = 𝑚𝑅𝑑𝑇 + 𝑑𝑚𝑅𝑇    (8) 

 

Where 𝑅 (universal constant) was considered constant. Substituting the Eq. (8) and Eq. (7) in Eq. 6 and using the 

following relation 𝑐𝑣(𝛾 − 1) = 𝑅 

 

𝛿𝑄𝑐ℎ − (ℎ′ − 𝑢 + 𝑐𝑣𝑇)𝑑𝑚𝑐𝑟 − 𝛿𝑄ℎ𝑡 =  𝑃𝑑𝑣 (
1

(𝛾−1)
+ 1) +

1

(𝛾−1)
𝑣𝑑𝑃 (9) 

 

The right side is known as apparent or net heat release, therefore, the final equation as function of CAD is written as  

 
𝛿𝑄𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡

𝑑𝜃
=  𝑃

𝑑𝑣

𝑑𝜃
(

1

(𝛾−1)
+ 1) +

1

(𝛾−1)
𝑣

𝑑𝑃

𝑑𝜃
                                                                                                                (10) 

 

The calculation of the mass fraction burned curve was based in the integration of the apparent heat release rate. 

Therefore, CAD 10, 50 and 90 were determined from the normalized curve carried out after the integrated apparent heat 

release curse. The engine load was calculated considering the net indicated engine work, thus  

 

𝐼𝑀𝐸𝑃 =  
∮ 𝑝𝑖𝑑𝑉

+360
−360

𝑉𝑑
=  

𝑊𝑐,𝑖

𝑉𝑑
                                                                                                                                          (11) 

 

 Where 𝑉𝑑 means displaced volume. The indicated efficiency, which means the energy of conversion of the fuel into 

work for the piston, was calculated by 

𝜂𝑖 =  
𝐼𝑀𝐸𝑃 𝑉𝑑

𝑚𝑓𝑢𝑒𝑙,𝑐 𝐿𝐻𝑉𝑓𝑢𝑒𝑙
                                                                                                                                                     (12) 

 

Where 𝑚𝑓𝑢𝑒𝑙,𝑐 is the mass fuel injected and  𝐿𝐻𝑉𝑓𝑢𝑒𝑙  is the lower heat value. The coefficient of variance of the engine 

was calculated over the IMEP and in 300 cycles. This parameter is related to drivability problems and concerns the 

cyclical variability of the work delivered per cycle 

 

𝐶𝑂𝑉𝐼𝑀𝐸𝑃(100%) =  
𝜎𝐼𝑀𝐸𝑃

𝐼𝑀𝐸𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒
∗ 100                                                                                                                      (13) 

 

Where 𝜎𝐼𝑀𝐸𝑃 is the standard deviation of IMEP. Combustion efficiency concerns fuel energy wasted as a result of 

incomplete combustion. The combustion efficiency is calculated by 

 

𝜂𝑐 = 1 −
∑ 𝑚̇𝑖𝐿𝐻𝑉𝑖

𝑚̇𝑓𝑢𝑒𝑙𝐿𝐻𝑉𝑓𝑢𝑒𝑙
                                                                                                                                                (14) 
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Where 𝑖 indicates exhaust gases such as CO and hydrocarbons. The concentrations of CO, hydrocarbons and NOX 

were measured in ppm and in wet basis. However, in order to have more representative results in view of a comparative 

analysis, the emissions were passed from ppm to g / kW.h according to the standard (Economic Commission for Europe 

of the United Nations 2013). The conversion of CO, hydrocarbons and NOx from ppm to g / kW.h took place as follows: 

 

𝐼𝑆𝐶𝑂 =  

𝑀𝑊𝐶𝑂
𝑀𝑊𝑚𝑖𝑥

[𝐶𝑂]𝑚̇𝑒𝑥ℎ

𝑃𝑖
                                                                                                                                              (15) 

 

𝐼𝑆𝑁𝑂𝑥 =
(∑

𝑀𝑊𝑁𝑂𝑥
𝑀𝑊𝑚𝑖𝑥

[𝑁𝑂𝑥])𝑘ℎ𝑔𝑚̇𝑒𝑥ℎ

𝑃𝑖
                                                                                                                                 (16) 

 

𝐼𝑆𝑇𝐻𝐶 =  
(∑

𝑀𝑊𝐶𝑖𝐻𝑗

𝑀𝑊𝑚𝑖𝑥
[𝐶𝑖𝐻𝑗]+ 

𝑀𝑊𝐸𝑇𝑂𝐻
𝑀𝑊𝑚𝑖𝑥

[𝐸𝑇𝑂𝐻]+  
𝑀𝑊𝑀𝐸𝐶𝐻𝑂

𝑀𝑊𝑚𝑖𝑥
[𝑀𝐸𝐶𝐻𝑂])𝑚̇𝑒𝑥ℎ

𝑃𝑖
                                                                              (17) 

 

Where 𝑀𝑊𝑖 is the molar ratio of specie 𝑖, 𝑀𝑊𝑚𝑖𝑥  is the molar ratio from the mixture,  [𝑖] is the molar fraction of 

specie 𝑖, 𝑚̇𝑒𝑥ℎ is the total exhaust mass, 𝑘ℎ𝑔 is the correction applied to 𝑁𝑂𝑥  as a function of humidity and temperature 

and 𝑃𝑖  is the indicated power. 

 

2.2 Experimental setup description 

 

The experiments were performed using an in line three cylinders DI turbocharged Ford EcoBoost 1.0 liters engine. 

The engine is equipped with four valves per cylinder and double overhead camshaft (DOHC), with a twin independent 

variable cam timing (Ti-VCT) system. Engine specifications are shown in Table 1. 

 

 

Table 1: Engine specifications 

 

Parameter Description 

Displaced Volume 999 cc 

Number of Cylinders 3 

Stroke 82 mm  

Bore 71.9 mm  

Connecting Rod 137 mm  

Compression Ratio 10:1 

Number of Valves per 

Cylinder 
4 

Exhaust Valve Open 

(EVO) 

38° BBDC @ 0.5 mm 

lift Exhaust Valve Close 

(EVC) 

10° ATDC @ 0.5 mm 

lift Inlet Valve Open (IVO) 10° BTDC @ 0.4 mm 

lift Inlet Valve Close (IVC) 38° ABDC @ 0.5 mm 

lift 
Injection  

High pressure direct 

injection with 6 holes 

solenoid injectors Combustion Chamber 

Type 
Pent-roof 

 

 
Figure 1: Experimental setup scheme 

 

For the acquisition of intake and exhaust pressure a MPX4250 and an AVL APT100 pressure transducers were used, 

respectively. The intake temperature was measured using an AVL PT100 sensor. Temperatures of the exhaust gas, before 

and after the turbine, oil reservoir and cooling system were monitored with a K type thermocouple. Atmospheric air 

pressure, temperature and humidity were measured utilizing a HMT330 unit from VAISALA. A programmable engine 

control unit (ECU) Bosch MS6.3 was used to adjust engine operating parameters, such as angle of start of injection, angle 

of ignition, valve phase timing and others. The monitoring of air-fuel mixture was carried out using a Bosch LSU 4.9 

lambda probe. 

For the acquisition and processing of the in-cylinder pressure signal were used an AVL GH14D piezoelectric pressure 

transducer and the indicated system AVL IndiMicro 602. The online analysis of combustion parameters was performed 

by AVL Indicom user interface software. The engine load was applied through an AVL DynoPerform 240 dynamometer. 

Fuel consumption was obtained using an AVL 7130 fuel balance with principle based on gravimetric measurement. The 

combustion products were measured with the AVL Sesam FTIR i60 emission analyser. The AVL PUMA Open system 

was used to control the test cell and simultaneous data acquisition. The experimental setup scheme is shown in Figure 1. 

 



18th Brazilian Congress of Thermal Sciences and Engineering 
November 16-20, 2020 (Online) 

2.3 Test procedure 

 

The engine was warmed up for 20 minutes at medium load before each test condition. The engine oil and coolant 

temperatures were maintained at 365±2 K. The fuel used was hydrous ethanol E94W06 (6% v/v water content) and the 

air-fuel ratio was stoichiometric. The tests conditions were performed at 1500 rpm and the spark advance was adjusted to 

kept CA50 at 10 CAD ATDCf. The variable valve timing from intake and exhaust valves were fixed at -10 and 10 CAD 

ATDCi respectively, which represent a positive valve overlap (PVO) of 20 CAD at 0.5 mm of valve lift as shown in 

Figure 2.  

The maximum brake load at 1500 rpm is 16 bar of brake mean effective pressure (BMEP) for this engine (López et 

al. 2020). Then, the maximum partial load considered for this work was 8 bar IMEP. Two different engine loads were 

tested: 2 and 8.0 bar IMEP. The engine variability was measured through COV of IMEP and the maximum allowed value 

was of 3.0% for stable combustion and as a limit for vehicle homologation and drivability (Heywood 2018).  

 

 
 

Figure 2: Valve lift, piston speed and SOI tested to 100 bar injection pressure as a function of crank angle degree 

 

3. RESULTS 

 

Figure 3 shows the intake pressure as a function of injection timing and pressure for two different engine loads. The 

intake pressure decreases as the injection timing is retarded. The main reason is due the cooling effect, which results in 

higher air specific gravity due the lower temperature. Therefore, the throttle opening is closed to decrease the intake 

pressure and thus maintain the same engine load. The relative decreasing on intake pressure were 8.6 % in 8 bar IMEP 

and 10 % in 2 bar IMEP considering the start of injection (SOI) in 0 and 120 CAD ATDCi. However, the cooling effect 

is more pronounced in higher load, despite the relative difference of pressure be almost the same in both loads. This effect 

is easily visualized by the absolute intake pressure difference value. As can be seen, the pressure reduction rate in 8 bar 

IMEP is higher than in 2 bar IMEP as the SOI is delayed. The reason is the large injected fuel mass that requires more 

heat to full vaporization. In addition, the fuel heat absorbed during injection event tends to come from air instead from 

in-cylinder surrounding as late as the SOI. In Figure 2 is shown the piston speed and the SOI for 100 bar injection pressure. 

The in-cylinder air flow is proportional to piston speed. Thus, late injection timing results in a more pronounced cooling 

effect.  

Combustion parameters as CA10, CA50, CA90 and spark timing are depicted in Figure 4 as function of injection 

timing and pressure for 8 bar IMEP. The spark timing was retarded until SOI in 90 CAD and subsequently the spark 

timing was advanced to keep the CA50 in 10 CAD ATDCf. The main reason is the inhomogeneous mixture, resulting 

from the shorter time available for the proper formation of the stoichiometric mixture. Thus, the poor formation of the 

mixture leads to slightly rich regions around the spark plug. This can increase the reaction rate due the maximum in-

cylinder temperature be achieved with slightly rich lambda. In this way, the spark timing need be retarded due the higher 

combustion velocity and then maintain constant combustion phasing. However, the cooling effect and poor formation of 

mixture is more pronounced for later injection timing. Thus, the spark timing was advanced to compensate the slow 

combustion caused by the lower in-cylinder temperature.  
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Figure 3: Intake pressure as a function of injection 

timing and pressure 

 
 

Figure 4: CA10, CA50, CA90 and spark timing for 8 

bar IMEP as a function of injection timing and pressure 

 

The maximum in-cylinder temperature for 2 and 8 bar IMEP are shown in Figure 5 as a function of injection timing 

and pressure. The maximum in-cylinder temperature (during combustion) was higher at late injection timing even with 

delayed spark timing. This is due, most probably, due to the reduced time for fuel vaporization and charge cooling with 

late injection, which, in turn, would lead to a decreased charge homogeneity. 

The combustion duration is depicted in Figure 6 as a function of injection timing and pressure for 2 and 8 bar IMEP. 

Combustion duration decreased with delayed injection timing. The main reason could be the higher combustion velocity 

resulting from rich regions around spark plug. As discussed before, the increase in inhomogeneous mixture as retarded 

injection timing can increase the reaction rate as higher the rich region around the spark plug until the cooling effect and 

poor mixture formation play a greater role and then decrease the combustion velocity. Also, the injection pressure has an 

effect on combustion duration mainly for 2 bar IMEP and late injection in 8 bar IMEP. The atomization of the fuel 

decreases as lower the injection pressure, decreasing the relation between surface area and volume from liquid fuel drops 

and then increase the time for fully vaporization. Thus, poor formation of the mixture is expected as lower the injection 

pressure, increasing the combustion duration. This effect was more pronounced in 2 bar IMEP, where the higher residual 

gas fraction could also impair the combustion duration. In addition, the effects of injection pressure are more distinct in 

later injection timings, due to short time for proper mix.  

 

 
Figure 5:  Maximum in-cylinder temperature as a 

function of injection timing and pressure 

 
Figure 6: Combustion duration as a function of 

injection timing and pressure 

In Figure 7 is shown the effects of injection timing and pressure in combustion variability. For 8 bar IMEP the 

COVIMEP was less sensitive due lower residual gas fraction and higher in-cylinder pressure and temperature. Therefore, 

remained almost constant in all injection timings and pressures. However, at 2 bar IMEP the effects of injection timing 

and pressure were more pronounced. The higher residual gas fraction than 8 bar IMEP caused higher combustion 

variability. Fuel impingement could happen in SOI at 0 CAD due the fuel injection occurs near the piston. In late injection 

timing, the less time to proper mixture formation can increase the combustion variability. However, the higher injection 

pressure reduces the COVIMEP due the better fuel atomization, which improves the mixture formation. The COVIMEP 

remained below 3% in all tested condition. Nevertheless, for low loads the maximum acceptable value is 2% of COVIMEP 
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for smooth engine operation (Heywood 2018). The only tested condition with acceptable COVIMEP for 2 bar IMEP was 

the SOI at 30 CAD ATDCi.  

The indicated specific carbon monoxide (ISCO) emission is shown in Figure 8 as a function of injection timing and 

pressure. For SOI at 0 CAD ATDCi, the fuel impingement could has caused incomplete combustion, resulting in higher 

CO emissions for both engine loads. Furthermore, CO emission was higher as delayed injection timing, due less time 

available for complete mixture mainly for 2 bar IMEP. This effect was less pronounced in 8 bar IMEP than 2 bar IMEP 

due higher in-cylinder pressure and temperature, which increase the combustion velocity. In addition, CO decreased as 

greater the injection pressure due better fuel atomization, resulting in a better homogenized mixture.  

 

 
Figure 7: COVIMEP as a function of injection timing 

and pressure 

 
Figure 8: Indicated specific carbon monoxide 

emission as a function of injection timing and pressure 

 

Figure 9 depicts the indicated specific total hydrocarbons (ISTHC) emissions as a function of injection timing and 

pressure for 2 and 8 bar IMEP. There were high levels of hydrocarbons emissions in 8 bar IMEP for SOI at 0 CAD 

ATDCi. The possible explanation is the fuel impingement on the top of the piston. SOI of 30 CAD ATDCi showed lower 

ISTHC for both loads. Delayed injection timings increased hydrocarbons emission due inhomogeneous mixture. For both 

loads, lower injection pressure showed an increase in THC emissions, as a result of poor fuel atomization.  

The indicated specific nitrogen oxides (ISNOX) is shown in Figure 10 as a function of injection timing and pressure. 

The NOX emission was lower for 2 bar IMEP than 8 bar IMEP. The main reason is the lower in-cylinder temperature, 

which reduces NOX formation rate. For 8 bar IMEP, the levels of NOx increased with later injection timings due higher 

in-cylinder temperature as seen in Figure 5, which can be resulted from rich region around spark plug. The amount of fuel 

injected provides stoichiometric air-fuel ratio. Thus, considering that the inhomogeneous mixture could leads rich region 

around the spark plug, the burned gas would end with an oxygen availability. This would enhancer the NOX formation in 

high temperature. The poor formation of the mixture due lower injection pressure can intensify the pollutant formation as 

the inhomogeneous mixture increase.    

 

 
Figure 9: Indicated specific total hydrocarbons 

emission as a function of injection timing and pressure 

 
Figure 10: Indicated specific nitrogen oxides 

emission as a function of injection timing and pressure 

 

Figure 11 shows the combustion efficiency resulted as a function of injection timing and pressure for 2 and 8 bar 

IMEP. The best combustion efficiency was reached with the SOI set in 30 CAD ATDCi for both engine load, despite the 

lower value difference among the tested conditions.  
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The indicated efficiency is depicted in Figure 12 as a function of injection timing and pressure. The indicated 

efficiency remained basically constant for all injection timing and pressure tested. The injection timings and pressure had 

a greater effect in emissions and combustion stability than in fuel consumption. 

 

 
Figure 11: Combustion Efficiency as a function of 

injection timing and pressure 

 
Figure 12: Indicated Efficiency as a function of 

injection timing and pressure 

 

4. .CONCLUSIONS 

 

The present study investigated the effects of injection timing and pressure on emissions and combustion performance 

parameters. The air-fuel ratio was set to stoichiometric condition and the experimental testes were carried out at 2 and 8 

bar IMEP with CA50 fixed in 10 CAD ATDCf. The following conclusions could be drawn: 

• SOI at 30 CAD ATDCi showed best results for combustion performance and emissions, due the better 

mixture homogenization. 

• Fuel impingement at advanced SOI timing could be an important factor for combustion instability and 

higher levels of emissions. 

• With lower injection pressures the fuel atomization potential was reduced, thus, increasing combustion 

duration and combustion variability.   

• Cooling effect was more pronounced for late injection and high engine load due more in-cylinder air 

content and higher heat required to vaporization as increased fuel mass injected.   

• Inhomogeneous mixture can result in rich region around spark plug, increasing combustion velocity and 

decreasing combustion duration.  

• For 8 bar IMEP, the COVIMEP were less sensitive due lower residual gas fraction and higher in-cylinder 

pressure and temperature than 2 bar IMEP.  

• For 2 bar IMEP, the SOI at 30 CAD ATDCi was the only condition with COVIMEP below 2%. 

• CO and THC emissions increased for late injection timing due less time to proper mixture formation 

• NOX emissions increased for late injection due inhomogeneous mixture that resulted to higher in-cylinder 

temperature. 
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