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A B S T R A C T 
 

Engine downsizing is considered a strategic idea in fuel economy enhancement 
as well as 𝐶𝑂2 reduction. It is defined in the literature as the decrease in engine 
geometrical dimensions besides its performance being fixed. In this research, 
the Iranian gasoline-fueled national engine, EF7, has been investigated for 25% 
downsizing. After introducing the gasoline-fueled and CNG-fueled versions of 
downsized engines, their performance, besides 𝐶𝑂2 release rates are studied in 
detail. A one-dimensional engine simulator coupled with a 3D-CFD model is 
developed to carry out such an investigation, an experimental test setup is 
provided to evaluate the accuracy of the provided numerical model, as well. The 
first version of presented downsized engines, called EF7𝛼, is a 3-cylinder engine 
with the same geometrical characteristics as the base engine, which is equipped 
with a turbo-charger and dual CVVT technologies. The EF7𝛽 is then introduced 
by fuel shifting to CNG as the second version of downsized engines, and finally, 
increasing the compression ratio, the EF7𝛾 is presented as the third version of 
studied-downsized engines. The results show almost the same rate of BSFC 
besides a 3.4% reduction in 𝐶𝑂2 concentration for EF7𝛼, 20.6% fuel economy 
enhancement, besides 20.8% reduction in the specific 𝐶𝑂2 release rate for 
EF7𝛽, and 28.8% fuel economy enhancement, besides 25.3% reduction in the 
specific 𝐶𝑂2 release rate for EF7𝛾 in comparison with the base engine. 

 

1. Introduction 

Nowadays, fuel economy and cleaner production are two 

key factors in developed engines as well as conventional 

performance parameters such as power-to-weight ratio, 

maximum provided torque range, and Brake Mean Effective 

Pressure (BMEP) [1-2]. In addition to the well-known 

emissions, the greenhouse gases, especially 𝐶𝑂2, are now 

considered to be reduced as the main source of global 

warming in the automotive industry [3-4]. Although a wide 

range of strategies [5-6] has been employed to achieve this 

aim, engine downsizing is considered as the most efficient 

way to enhance the fuel economy and 𝐶𝑂2 reduction. The idea 

of engine downsizing refers to the decline in the engine’s 

geometrical dimensions, besides its performance, which is 

kept fixed [7]. Such behavior from downsized engines would 

be applicable when employing engine boost technologies 

such as Turbo-Charger (TC) [8], Direct Injection (DI) [9], and 

Variable Valve Timing (VVT) [10]. In this case, the fuel 

consumed to provide the same torque and power would be 

reduced, as well as the engine’s total weight [11]. 

Consequently, the Brake Specific Fuel Consumption (BSFC) 

and 𝐶𝑂2 production rate will decrease, and the engine’s 

power-to-weight ratio will increase [12]. Although the 

concept of engine downsizing has been expressed since the 

1990s [13-15]; the concentrated efforts for designing and 

developing downsized engines have flourished since 2011 

[16] when the long-term goal of the International Energy 

Agency (IEA) was published, suggesting 50% reduction in 

𝐶𝑂2 until 2030 [17]. These efforts caused a 32% reduction in 

fuel consumption in European markets until 2015 [18], and 

mainly focused on Spark Ignition (SI) rather than 

Compression Ignition (CI) engines [12]. After releasing the 

primary versions of downsized engines, well-known 

strategies in the literature for engine performance 

enhancement were soon introduced on the downsized 

versions. Using modified inlet components design [19], 
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developed TC such as Variable Geometric Turbines (VGT) 

[20] and twin-turbines [21], improved injection strategy [22], 

water injection [23], employing additives [24], combined [25] 

and alternative [26] fuels, Exhaust Gas Recirculation (EGR) 

[27], and electrified components [28] are considered as the 

some of these techniques. It is asserted that both fuel 

economy and 𝐶𝑂2 production rate are noticeably improved 

during these efforts, but some challenging issues such as 

knock [29] and super-knock [30], Low-Speed Pre-Ignition 

(LSPI) [31], and weak performance especially at low-speed 

regions [32] are the main obstacles which researchers try to 

cope with them. Indeed, to achieve the ultra-emission 

reduction goal, the efforts lead to the usage of Compressed 

Natural Gas (CNG) as the fuel of downsized engines [33-35]. 

The performance loss due to the lower-combustion 

characteristics of CNG in comparison with gasoline is 

expected, and researchers have suggested different strategies 

such as increasing the Compression Ratio (CR) [36], Octane 

number enhancement [37], and direct injection [38-40] to 

improve the performance of these kinds of downsized 

engines. However, the weak performance of CNG-fueled 

downsized engines in comparison with the base engine is still 

reported in the literature [36-40]. In this research, the 

performance analysis of both gasoline-fueled and CNG-fueled 

downsized engines from Naturally Aspirated (NA) EF7 

engines is presented. Although the performance and emission 

analysis of the gasoline-fueled version of the downsized 

engine are presented, the main novelty of this work is the 

performance enhancement of GNG-fueled ones at low-speed 

regions. The main strategy of downsizing is removing a 

cylinder from the base engine, providing a 3-cylinder engine, 

besides employing boosted technologies namely TC, dual 

CVVT, and increasing the CR, simultaneously. To carry out 

such an investigation, a coupled one-dimensional (1D) engine 

simulator with a three-dimensional Computational Fluid 

Dynamics (3D-CFD) model is developed, and an experimental 

test setup is also provided to evaluate the model's accuracy. 

2. Model description 

A 1D engine simulator had been provided previously by 

the authors to estimate the performance of the downsized 

engines as well as the right-sized ones [41-42]. In this 

simulator, the engine open cycle is simulated, and each 

component is modeled by the 1D-CFD simulation. The main 

characteristics of the working fluid, namely the pressure, 

temperature, and mass flow rate, are calculated alongside the 

length of each component, and the engine closed cycle 

between Inlet Valve Closing (IVC) and Exhaust Valve Opening 

(EVO) is simulated by the 0D two-zone thermodynamically 

sub-model. This sub-model estimates the rate of heat release 

due to the burnt fuel mass fraction, which is calculated by the 

developed Wiebe function for both gasoline and CNG blends: 

𝑥𝑏 = 1 − exp (−𝐸𝑎 (
𝜃−𝜃𝑖𝑔

∆𝜃
)

𝑚+1

)                                                    (1) 

Here, xb, Ea, and  θig are the mass fraction of burnt fuel, 

activation energy, and spark time, respectively. 

In this work, a 3D-CFD model of an engine closed cycle is 

coupled with a 1D engine simulator to enhance the accuracy 

of engine performance evaluation as well as engine emission 

calculation. The characteristics of charge at IVC from the 1D 

model are employed as the initial conditions for the 3D-CFD 

model, and then, the rate of heat release from the 3D-CFD 

model is used instead of the Wiebe function at the 1D 

simulator. Furthermore, the results of engine emission from 

the 3D-CFD model are employed to calibrate the emissions 

sub-models of the 1D simulator. Figure 1 shows how the 1D 

simulator is coupled with the 3D-CFD model. The details of 

employed correlations at the 1D simulator and 3D-CFD model 

are presented in [41-43]. 

 
Figure 1. The schematic of coupled 1D simulator with 3D-CFD model 

3. Experimental test setup 

The gasoline-fueled EF7NA and bi-fuel EF7TC engines 

are employed for both validation of the model and estimation 

of the performance of downsized engines. The main 

characteristics of the engines are reported in Table 1. The 

EF7TC engine is able to run on gasoline or CNG, and the 

experimental results of each mode are considered for the 

validation study at the first step. Then, to evaluate the 

performance of downsized engines, the configuration of 

EF7TC is shifted to the cylinder-deactivated mode. The fuel 

injector of the target cylinder is deactivated, and the amount 

of fuel injected into the other 3 cylinders is kept fixed thanks 

to the use of an open Electronic Control Unit (ECU). In this 

case, the equivalence ratio of each active cylinder is 

considered the same as the standard condition defined by the 

producer for normal EF7TC, and the achieved performance 

can be considered as the 3-cylinder engine performance after 

reducing the losses due to the deactivated cylinder. However, 

the engine operation is slightly unbalanced, and the emissions 

data are unreliable in this situation. More details about the 

experimental test setup and the accuracy of employed 

measurement instruments are presented in [42]. 

4. Validation 

Due to de defined aims of this study, as the EF7NA is 

defined as the base engine and the downsized versions use 

turbochargers and run with both gasoline and CNG fuels, it is 
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necessary to verify the results of the model by the 

experimental results of the base engine as well as the 

standard TC engine, defined in Table 1. The in-cylinder 

pressure variation is selected to evaluate the performance of 

the provided model, as it is considered the basic parameter 

for engine performance calculation. In Figure 2 (a-c), the 

results of estimated in-cylinder pressure from both the 1D 

simulator and 3D-CFD model are compared with 

experimental results. The detected errors for peak-pressure 

are 4.1% for EF7NA and less than 1% for EF7TC, as well as the 

peak-pressure location errors, which are calculated at 4.2 

CAD for EF7NA and less than 2 CAD for EF7TC. Such a high-

accuracy estimation is achieved by employing the sufficient 

heat release curve from the 3D-CFD model, which is shown in 

Figure 2d for EF7NA as an example. It should be noted that, 

for the 3D-CFD model, a 45° slice of the combustion chamber 

is considered the solving geometrical domain. The solver 

shows independent results from the number of employed 

meshes, considering 12208 cells, and from the time steps of 1 

CAD during the compression/expansion course and 0.1 CAD 

during the combustion course. More details are presented in 

Appendixes A, B, and C. 

Table 1. The main characteristics of EF7NA and EF7TC 

Engine Name EF7NA EF7TC 

Engine Type 4 inline cylinder 

Bore × Stroke 78.6 × 85 mm 

Connection Rod Length 134.5 mm 

Compression Ratio 11 9.6 

IVC 40  deg aBDC 26  deg aBDC 

EVO 50 deg bBDC 25 deg bBDC 

Fuel Gasoline Gasoline / CNG 

CVVT Intake --- 

 

To validity check of the predicted emissions, the 

concentrations of NOx, 𝐶𝑂, 𝐶𝑂2, and HC specious are 

compared via experimental results of gasoline-fueled EF7TC. 

The high accuracy of simulated results for NOx, 𝐶𝑂, and 𝐶𝑂2 

prediction are also shown in Figure 3, but due to ignoring 

some of the geometrical criteria, such as valve sitting area and 

hotspots, and not considering the chemical-kinetics 

mechanism of combustion, the estimation of HC is not 

reliable. In fact, the only specious for HC is assumed to be the 

residual fuel, which is mainly formed at the gap between the 

piston and cylinder wall, shown in Appendix D. 

5. Results and discussion 

Gasoline-fueled EF7NA is considered the base engine, 

and the downsized versions will be compared with its 

performance of it. To ensure that the downsized versions are 

able to provide the performance at least the same as the base 

engine, full load conditions are the worst case.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2. In-cylinder pressure variation for a) EF7NA, N=3000rpm, 

∅=1.12, Ig=5.3bTDC b) Gasoline-fueled EF7TC, N=5500rpm, ∅=1.37, 

Ig=11.5bTDC c) CNG-fueled EF7TC, N=5500rpm, ∅=1.07, 

Ig=35.6bTDC d)Heat Release Rate for EF7NA, N=3000rpm, ∅=1.12, 

Ig=5.3bTDC 
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Consequently, the analysis of this study was carried out 

under full-load conditions. The performance curves of the 

base engine are shown in Figure 4. EF7NA is able to provide 

the maximum torque of 145 Nm at 3000 to 5000 rpm, and in 

the case of 1000 rpm, it presents 114 Nm torque. The 

minimum range of BSFC is reported by 275g/kWh between 

2000 and 3000 rpm, and the concentration of released 𝐶𝑂2 

finds its maximum value at 1500 rpm by 130232 ppm. The 

amount of 𝐶𝑂2 emission is slightly reduced during the sweep 

of engine speed due to the engine operating condition. At full 

load conditions, the richness of the charge increases via 

engine speed to prevent the engine from knocking. In this 

case, un-stoichiometric combustion leads to more 𝐶𝑂 and HC, 

besides less 𝐶𝑂2.  

 

(a) 

 

(b) 

 

(c) 

 
Figure 3. a) NOx   b) CO and  c) CO2 variation for gasoline-fueled 

EF7TC, full load condition 

 

(a) 

 

(b) 

 

(c) 

 
Figure 4. Full load performance of EF7NA, a) Torque, b) BSFC, c) 𝐶𝑂2 

 

The first version of the downsized engine from EF7NA, 
called EF7𝛼, is a 33-cylinder turbocharged engine that is 
equipped with dual CVVT. The main characteristics of EF7𝛼 in 
comparison with the base engine and other downsized 
versions are reported in Table 2. The steps for improving the 
performance of EF7𝛼 are illustrated in detail in [42]. 
However, using a matched turbocharger besides optimum 
valve timing in low-speed regions is able to provide the 
torque the same as the base engine after 1500 rpm, as shown 
in Figure 5. In the case of 1000 rpm, the provided torque by 
the EF7𝛼 is just 7.1% less than the base engine. The maximum 
torque provided is enhanced by 15 Nm to 160 Nm in 
comparison with the base engine, and the maximum torque 
range is extended to 2500 rpm. The trend of BSFC variation 
can be divided into two sections, before and after 3500 rpm.  
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(a) 

 

(b) 

 

(c) 

 
Figure 5. Full load performance of EF7α, a) Torque, b) BSFC, c) CO2 

 

The estimated BSFC before 3500 rpm shows the same 
value as the base engine due to the same increased 
percentage of both provided power and consumed fuel, while 
the provided power is decreased sharply after that. In the case 
of 1000 rpm, the BSFC of EF7𝛼 is 16.4% less than the base 
engine. The main effective parameters of the released 𝐶𝑂2 are 
the volumetric efficiency enhancement due to the boosted 
charge pressure, which leads to more consumed fuel, and 𝐶𝑂2 
formation and the removed volume of a cylinder, which has 
the opposite effect. The superposition of these changes 
caused a 3.4% reduction in 𝐶𝑂2 concentration between 1000 
and 4000 rpm.  It should be noted that to have an 
experimental evaluation of the performance of downsized 
engines, the fuel cut-off strategy is applied to a cylinder of 
EF7TC, which is called cylinder deactivated in this work.  

EF7𝛽 is the second version of investigated downsized 
engines. The fuel of EF7𝛼 is shifted to the CNG, and the spark 
time is set to achieve acceptable performance. More details 
about the spark time selection criteria for this engine are 
available in the authors’ previous published work [41]. EF7𝛽 
is able to provide the torque as same as the base engine after 
2000 rpm, as shown in Figure 6. 

 

Table 2. The main characteristics of base and downsized engines 

Engine Name Base Engine EF7𝛼 EF7𝛽 EF7𝛾 

Engine Type 

4 inline 

cylinders 
3 inline cylinders 

NA TC 

Bore × Stroke 78.6×85 mm 

Connection Rod 

Length 
134.5 mm 

Compression Ratio 11 9.6 9.6 12.2 

Fuel gasoline gasoline CNG CNG 

CVVT Intake Intake + Exhaust 

 

 

 

(a) 

 

(b) 

 

(c) 

 

Figure 6. Full load performance of EF7𝛽, a) Torque, b) BSFC, c) 𝐶𝑂2 

 

 

 



MM. Namar et al. /Future Technology                                                                                       August 2024| Volume 03 | Issue 03 | Pages 20-32 

25 

 

Although in the case of 1000 rpm, the provided torque by 
the EF7𝛽 is 29.8% less than the base engine, its performance 
is acceptable after 1500 rpm. Using the lighter hydrocarbon 
as the fuel, BSFC and 𝐶𝑂2 concentration are meanly 24% and 
36.7% reduced, respectively. Here, the trend of 𝐶𝑂2 
concentration is due to stoichiometric combustion with no 
concern about the knock during the entire range of engine 
speed. More fuel is needed at high speed as the inlet air mass 
flow rate increases. Considering the high anti-knock index of 
CNG as the fuel, the compression ratio of EF7𝛽 is modified to 
12.2, and the third version of the downsized engine is 
introduced as EF7𝛾. This engine is able to provide the same 
torque as the base engine after 1500 rpm, as shown in Figure 
7. In the case of 1000 rpm, the provided torque by the EF7𝛾 is 
just 13.1% less than the base engine, and provided maximum 
torque is enhanced to 190 N.m in comparison with the base 
engine. Indeed, BSFC and 𝐶𝑂2 concentration are meanly 31% 
and 35.6% reduced, respectively. It should be noted that 
operating with such a compression ratio means the engine 
temperature would be increased, so the optimal design of the 
components and engine calibration will be needed.  

 
 

 

(a) 

 

(b) 

 

(c) 

 
Figure 7. Full load performance of EF7𝛾, a) Torque, b) BSFC, c) 𝐶𝑂2 

 
 

A comparison of the torque provided by the introduced 
downsized engines is presented in Figure 8. Both of EF7𝛼 and 
EF7𝛾 provide acceptable performance during all ranges of 
engine speeds. All 3 versions, especially EF7𝛾 provide the 
maximum torque noticeably more than the base engine in the 
wide range of operating condition, in consequent, the design 
of engines can be modified to the lean burnt and achieve less 
fuel consumption besides emission reduction.   

 
Figure 8. Provided torque by the downsized engines 

 

Having a real comparison of fuel economy, the cost of 
BSFC is compared for the studied engines, as shown in Figure 
9. Considering 2.19 and 2.32 $/Gallon for CNG and gasoline, 
respectively, the cost of fuel consumed per provided power is 
shown to be almost the same amount for EF7𝛼 in comparison 
with the base engine. However, the fuel economy of this 
engine for low-speed regions, less than 200 rpm, is a 
promising point as the EURO-6 emission standard follows the 
WLTC driving cycle, which leads the engine to operate more 
in low-speed full-load conditions. In addition, EF7𝛽 and EF7𝛾 
improve the fuel economy by meanly 20.6% and 28.8%, 
respectively, thanks to using CNG as the fuel. 

 

 
Figure 9. The cost of BSFC of the downsized engines 

 
 
To present a realistic analysis of released CO2, the 

specific emission rates of studied engines are compared in 

Figure 10. The comparison of CO2 emission based on the 

concentration, ignores the effect of mass flow rate, in 

conclusion, the mass of released CO2 per provided power is 

considered as the criterion of such a comparison. In this case, 

EF7α produces a meanly 21.1% CO2 more than the base 

engine, and the released CO2 for EF7β and EF7γ is meanly 

20.8% and 25.3% less than EF7NA. 
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Figure 10. CO2 specific emission rate of the downsized engines 

 

6. Conclusion 

In this research, EF7NA has been investigated for 25% 

downsizing using the strategy of providing 3-cylinder 

engines, which are boosted by the turbocharger and dual 

CVVT. The performance and 𝐶𝑂2 release rates of the 

downsized engine are studied by presented one-dimensional 

engine simulator coupled with a 3D-CFD model. The main 

results of this study are listed in the following: 

• The maximum torque of EF7𝛼 and EF7𝛽 is estimated by 

160 N.m, and it’s calculated by 190 N.m for EF7𝛾. 

• EF7𝛼 shows almost the same rate of BSFC besides 3.4% 

reduction in 𝐶𝑂2 concentration in comparison with the 

base engine. 

• EF7𝛽 shows 20.6% fuel economy enhancement besides 

20.8% reduction in the specific 𝐶𝑂2 release rate in 

comparison with the base engine.  

• EF7𝛾 shows 28.8% fuel economy enhancement besides 

25.3% reduction in the specific 𝐶𝑂2 release rate in 

comparison with the base engine. 
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0D Zero-Dimensional 

1D One-Dimensional 

3D Three-Dimensional 

BDC Bottom Dead Center 

BMEP Brake Mean Effective Pressure, bar 

BSFC Brake Specific Fuel Consumption, g/kWh 

CAD Crank Angle Degree 

CFD Computational Fluid Dynamics 

CI Compression Ignition 

CNG Compressed Natural Gas 

CR Compression Ratio 

DI Direct Injection 

ECU Electronic Control Unit 

EGR Exhaust Gas Recirculation 

EVO Exhaust Valve Opening 

IEA International Energy Agency 

IVC Intake Valve Closing 

LSPI Low Speed Pre-Ignition 

NA Naturally Aspirated 

SI Spark Ignition 

TC Turbo-Charger 

TDC Top Dead Center 

VGT Variable Geometric Turbine 

VVT Variable Valve Timing 

English symbols 

Ig Ignition Timing 

N Engine speed, rpm 

P pressure, bar 

Greek Symbols 

𝜃 Crank Angle, degree 

∅ Equivalence Ratio 
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A. Considered solving geometrical domain for 3D-CFD model  

 

 

 

 
 

B. Mesh independency for 3D-CFD model 
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C. Time step independence for 3D-CFD model 
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D. Considered area for HC formation by the 3D-CFD model 
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E. Estimated HC by the model for gasoline-fueled EF7TC, full load condition 

 

 


