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ARTICLE INFO  The worldwide aim of reducing environmental impact from internal combustion engines bring more and 

more stringent emission regulations. In 2017 by EU has been adopted new harmonized test procedure called 

WLTP. In general terms this test was designed for determining the levels of harmful emissions and fuel consump-
tion of traditional and hybrid cars. This procedure contains specific driving scenarios which representing real-

life driving patterns. Test cycles contain vehicle velocity versus time profiles and directly in powertrain analysis 

on the test benches cannot be used. In order to back calculate drive cycles to engine rpm versus torque profiles  
a simple longitudinal vehicle dynamics method was used in this paper. Moreover, in order to determine most 

representative engine operation points duing WLTP a density based grid clustering method was implemented. 

The experimental part of the study focuses on the comparative evaluation of the effect of various diesel to LPG 
substitution ratios (0% LPG, 10% LPG, 20% LPG and 30% LPG) on combustion and emission characteristics 

of dual-fuel diesel engine. 
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1. Introduction 
The worldwide environmental considerations provide to 

increasing the stringent regulations that are aimed to lower-

ing the harmful emissions (HC, CO, PM and NOx) in the 

exhaust gases of the internal combustion engines. In 2017 

the Worldwide Harmonized Light Vehicles Test Procedure 

has been adopted as the new test procedure in the European 

type-approval system and replaces the New European Driv-

ing Cycle. While the NEDC was based on theoretical driv-

ing scenarios, the WLTP was developed using real-driving 

data with the aims to provide real-life driving conditions. 

Moreover, WLTP includes several test cycles (called 

WLTC) applicable to vehicle categories of different rated 

power to curb mass ratio. In general, WLTP driving cycles 

is divided into four parts with different average speeds: 

urban driving (low), suburban driving (medium), extra-

urban driving (high), and a highway zone (extra high) (Ta-

ble 1). Each part contains a variety of driving phases (vary-

ing vehicle velocity within time) shown in Fig. 1. 

 
Table 1. WLTC test cycles for conventional vehicles [17]  

Vehicle 

catego-
ry 

PMR [W/kg] Vmax 

[km/h] 

Driving phases 

1 22 ≤ PMR – Low + Medium + Low 

2 22 < PMR ≤ 34 – Low + Medium + High + 

Extra High 

3a PMR >34 < 120 Low + Medium + High + 
Extra High 

3b ≥ 120 Low + Medium + High + 

Extra High 

 

Driving cycles are used to gain a quantitative under-

standing of fuel consumption and emissions for traditional 

and hybrid cars during either development phase or homol-

ogation process under specific driving scenarios. Moreover, 

these driving cycles allows to perform powertrain analysis 

during real-life driving or during investigations on the test 

benches. In order to use driving patterns in test bench inves-

tigations they must be back calculated from vehicle velocity 

versus time profiles to engine rpm vs. torque profiles. This 

objective can be achieved by the longitudinal vehicle dy-

namics approach. Longitudinal dynamics approach is a low 

time consumption method that makes use of as limited 

information as possible referring mainly to already availa-

ble data sources in combination with empirical models, 

while allows to, provide simulation with required accuracy. 

 

Fig. 1. Speed vs. time traces of the WLTC driving cycle for all vehicle 
classes [17]  
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The current work presents simple longitudinal dynamics 

method in combination with WLTP gear-shifting rules and 

density based grid clustering method for assessing the in-

troduction of Worldwide Harmonized Light Vehicles Test 

Procedure in the light duty dual-fuel diesel vehicle (using 

the example a Golf IV car). Moreover, combustion and 

emission characteristics of various diesel fuel to LPG sub-

stitution ratios (0% LPG, 10% LPG, 20% LPG and 30% 

LPG) in the most representative operation points during the 

WLTP are evaluated in this article. 

2. Methodology 
In this work, fuel effect on engine performance and 

emissions has been evaluated under Worldwide Harmo-

nized Light Vehicles Test Procedure. In order to back cal-

culate specific drive patterns to engine rpm and torque, was 

selected commercial FWD passenger vehicle Golf IV, made 

by Volkswagen factory, technical specifications are pre-

sented in Table 2 and Fig. 2. 

Depending on the rated power to curb mass ratio of Golf 

IV 3b test scenario (time-based profile of vehicle speed) 

(Fig. 1) has been selected. 

 

Fig. 2. Volkswagen Golf IV dimensions [19]  

 
Table 2. Volkswagen Golf IV technical specifications [19]  

Parameter Unit Value 

Brand, Model & Generation – Volkswagen Golf IV 

Production year 2000 

Maximum speed km/h 195 

Vehicle curb weight kg 1237 

Vehicle gross weight kg 1300 

Vehicle total weight kg 1780 

Tires – 195/65 R15 

Gearbox – Manual 6-Gear 

2.1. Longitudinal dynamic method description 

Longitudinal dynamic model implements a one degree-

of-freedom rigid vehicle body with constant mass undergo-

ing longitudinal motion. The vehicle axles are parallel and 

form a plane. The longitudinal direction lies in the parallel 

plane and is perpendicular to the axles. If the vehicle is 

traveling on a slope, the normal direction is not parallel to 

gravity but is always perpendicular to the axle-longitudinal 

plane (MathWorks, n.d.).  

All forces acting on the vehicle during the motion 

shown in Fig. 3. 

 

Fig. 3. Forces distribution under longitudinal motion 

 

In general term, to ensure vehicle motion a provided 

torque from powertrain system on a driving wheels, must 

allow to obtain a force exceeding the motion resistance 

forces. Figure 4 illustrates a simplified version of the en-

gine powertrain system. 

 

Fig. 4. Conceptual illustration of powertrain system [5]  

2.2. Powertrain analysis  

In this analysis we assume that the road surface is to be 

flat and vehicle will behave according to Newton’s second 

law. The basic equation can be expressed as 

 ∑Ft = ∑Ftr (1) 

The powertrain model includes the various sub-modules 

vehicle dynamics model, wheel dynamics model and gear 

shifting strategy. Application of the below-described sub-

models is necessary so as to convert the vehicle speed vs. 

time profile (Fig. 1), into engine torque vs. speed profile 

(Fig. 7). After that, the grid clustering method followed by 

experimental analysis can be applied.  

2.3. Vehicle dynamics model 

The first step of the calculation is to derive all resistance 

forces acting on car during motion. The four resistance 

forces experienced by a vehicle during the motion are the 

aerodynamic resistance, tire rolling resistance, gradient 

resistance and inertia resistance. Total traction resistance is 

given by 

 ∑Ftr = Fr + Fa + Fi + Fgrade (2) 

2.3.1. Aerodynamic resistance 

The component of exerted force that acts on moving ob-

ject by the air in opposite direction relative to their motion 

called aerodynamic resistance. This resistance can be ap-

proximated as [2, 3, 5, 8]: 
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 Fa = 0.5 × ρ × Cd × Af × V2 (3)  

where 

 Af = 0.9 × H × B (4)  

The aerodynamic drag coefficient varies according to 

the vehicle shape. The most common values for this coeffi-

cient shown in Fig. 5. 

 

Fig. 5. Aerodynamic drag coefficient for different vehicle types [3] 

2.3.2. Tire rolling resistance 

The tire rolling resistance is a force applied to each wheel 

with a dynamic radius with opposite direction to the car's 

motion. This force is calculated from equation (5) [2, 8]: 

 Fr = mv × g × Crr × cosα (5)  

The rolling resistance coefficient depends on the road 

surface and determined experimentally. The typical values 

of the rolling resistance coefficient given in Table 3. 

 
Table 3. Rolling resistance coefficient [6] 

Road and pavement condition Value 

Very good concrete 0.008−0.01 

Very good tarmac 0.01−0.0125 

Average concrete 0.01−0.015 

Very good pavement 0.015 

Very good macadam 0.013−0.016 

Average tarmac 0.018 

Concrete in poor condition 0.02 

2.3.3. Gradient resistance 

If the car moves on a sloping road, weight of the vehicle 

produces a component of gravitational force, which acts on 

the vehicle center of gravity and always directed down-

ward. This force is usually called gradient resistance. Gen-

erally, in standard tests assumed flat road surface therefore 

[5, 8]: 

 Fgrade = 0 (6)  

However, gradient resistance can be calculated from this 

equation [2, 8]: 

 Fgrade = mv × g × sinα (7)  

2.3.4. Inertia resistance  

During the car motion with acceleration, an inertial 

force is produces, which acts on the center of the vehicle 

mass in opposite direction to its motion. This force usually 

called inertia resistance and can be calculated from this 

equation [2, 6]: 

 Fi = mi ×
dV

dt
 (8)  

2.3.5. Vehicle inertia mass  

The inertia mass is a total mass of the vehicle increased 

by the mass factor [1, 7]: 

 mi = mv × δ (9)  

Mass factor can be approximated from the equation be-

low [2, 8]: 

 δ = d1 + d2 × ig
2 (9)  

where  

 d1 =
1+∑ Jw

rd
2×mv

 (11)  

 d2 =
Jp×ηt×i0

2

rd
2×mv

 (12) 

If mass moments of inertia of the rotating parts associ-

ated to the powertrain system are not known, the mass 

factor, for a passenger car can be estimated from the fol-

lowing empirical equation: 

 δ = 1.04 + 0.024 × ig
2 (13) 

2.4. Wheel dynamics model 

In this block as described in the equations below are 

calculated: 

1. Wheel rotating speed from the velocity profile 

 V =
π×Nc×rd

30×ig×i0
 (14) 

2. Tractive force, as a result of engine torque transmitted 

on the driven wheels, from vehicle powertrain system, 

as described in the equation below [5, 19, 21] 

 Ft =
Te×ig×i0×ηt

rd
 (15)  

where  

 rd = 0.97 × (h + r) (16)  

2.5. Gearshift strategy  

In this step specific shifting points are predicted, via 

gear shifting strategy for vehicles with manual transmission 

introduced in (UNECE, 2021). WLTP gear selection algo-

rithm taking into account the different powertrain configu-

rations and was designed in a way to emulate the gear shift-

ing strategy from the real-life driving. The gear shifting 

process influencing on powertrain inertia and engine output 

speed, which as a result affects on the vehicle acceleration 

performance and fuel consumption. Hereby, to represent 

real-life driving patterns proper calculation of the gear 

shifting sequence is an important event during the back 

calculation phase. In order to determine required gears and 

shifting points the following boundary conditions and data 

are needed in gear selection algorithm: 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


  

Numerical methodology for evaluation the combustion… 

6 COMBUSTION ENGINES, 0000, XXX(X) 

1. Boundary conditions that shall not be less or greater 

(minimum and maximum engine speed, maximum rated 

engine power and the corresponding rated engine speed, 

number of forward gears, vehicle velocity limits and 

others). 

2. Full load power curve versus engine speed profile: the 

engine power demand at the resulting engine speed can-

not exceed the full-load output power curve of the en-

gine. 

In general term, the calculated gear in WLTP is the gear 

that ensure that the engine speed is lie between a defined 

minimum and maximum value while providing the neces-

sary traction power with simultaneous fulfillment of addi-

tional requirements described in [17] (i.e. avoidance insta-

bilities in gear shifting, ensuring drive ability and others). 

The generated gear shifting sequence with final engine 

torque vs. time profile for diesel vehicle Volkswagen Golf 

IV illustrated in Fig. 6 and Fig. 7. 

 

Fig. 6. Calculated gear gearshift strategies 

 

Fig. 7. Calculated engine torque vs. time profile under WLTC 3b 

 

In Figure 7 presented covered speed/power region for 

selected diesel vehicle during WLTC 3b. Moreover, Fig. 7 

shows two curves. Red one represents maximum torque 

curve presented in (Volkswagen, n.d.). Blue one represents 

minimum available torque that the engine can obtain. Min-

imum torque curve is a result of the characteristics of the 

hydraulic dynamometer (The hydraulic dynamometer al-

ways is under load conditions, therefore engine cannot 

obtain a torque under its minimum). 

3. Grid clustering method 
In this step we assume that the OP below minimum 

torque curve (blue line in Fig. 7) does not taken into ac-

count during the calculating phase. Calculation of the 

weighted operation points was performed with a simple 

grid clustering approach. There are, many different types of 

Grid Based Clustering Algorithms (CLIQUE (CLUSTER-

ING IN QUEST), STING (A Statistical Information Grid 

Approach to spatial Data Mining), Wave Cluster and oth-

ers) that are described in many scientific works such as [10, 

12, 20] and others. In general, summarizing the information 

presented in the above publication, the grid-based cluster-

ing algorithm has a features described below. A major ad-

vantage of this method is fast processing of the data. The 

computational complexity depends on the number of cells 

in the spatial area. The basic concept of a grid clustering 

method is to organize data, by collecting points that falls 

within prescribed boundaries (rectangular blocks) into 

groups. The purpose of clustering is to reduce the amount 

of data being stored while still producing a set of operation 

points that represent the overall driving cycle. 

A simple density based grid clustering algorithm con-

sists of the following calculation steps: 

1. Initialization phase: During this phase user defines the 

grid size as a step along the X axis and the Y axis.  

2. Creation of the grid structure (The quantized space is 

divided into predetermined (in first step) number of 

cells to form grid structure). 

3. Calculation of the density (amount of OP) for each 

cluster in the grid structure. 

4. Identifying the average values along X and Y axis for 

each cluster. 

5. Selection the operation point (for each cluster) with 

parameters closest to the average values (X and Y posi-

tion). 

6. Setting the diameter of the OP corresponds to the num-

ber of engine operating points in the cluster. 

The result of the grid clustering binning is presented in 

Fig. 8. 

To assess the combustion and emission characteristics 

in a light-duty diesel engine under WLTC a seven steady-

state operating points was chosen (Table 4) in the range of 

engine operating points (Fig. 8). Note that the variations of 

torque and engine speed within test matrix are the same of 

the area were the majority of the operation points lie. 

 
Table 4. Selected operation points 

OP 
No 

Engine speed 

[rpm] 

Torque 

[Nm] 

Sampling 
frequency 

[kHz] 

Share in 
test[%] 

p1 1315 22 72 14.54 

p2 1350 56 73 22.28 

p3 1375 92 75 6.8 

p4 1650 23 90 13.03 

p5 1690 71 92 12.74 

p6 1726 91 94 7.74 

p7 2280 145 124 5.28 
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Fig. 8. Binned engine operation points under WLTC 3b 

4. Experimental setup  
Experiments at seven OP were conducted on a commer-

cial direct injection turbocharged diesel engine AJM 1.9 

TDI, made by Volkswagen factory, which is a four stroke, 

four-cylinder, water-cooled engine. Main characteristics of 

the base engine are presented in Table 5.  

The schematic diagram of the test bench is showed in 

Fig. 9. Diesel engine has been properly adapted by Ska-

Tech company to work under dual-fuel mode (diesel fuel 

and LPG). In this operation mode LPG in gaseous form 

inducted directly into the inlet manifold to form homogene-

ous mixtures with intake air. This fuel mixture ignited by 

the pilot quantity of diesel fuel directly injected in the cyl-

inder. Dual-fuel mode is a proven solution that allows 

slightly reduce harmful compounds in exhaust gases. 

Moreover, dual-fuel adaptation is inexpensive and requires 

minimum installation of additional components. No addi-

tional modifications in EGR rate, engine tuning, i.e. injec-

tion timing of the pilot fuel and others does not applying. 

In-cylinder pressure is acquired with AutoPSI-S fiber 

optics-based cylinder pressure sensor made by Optrand Inc. 

The crankshaft position was measured with a digital shaft 

encoder type CKQH-58 made LIKA. In order to analyze 

the in-cylinder pressure and net heat release rate the pres-

sure and crankshaft angle data of 150 consecutive cycles 

are sampled and recorded. Data acquisition were carried out 

using the module USB-6212 manufactured by National 

Instruments that was connected to a PC via USB interface. 

Sampling frequency of data acquisition module for seven 

OP was calculated according to the Nyquist–Shannon sam-

pling theorem and presented in Table 4. This theorem states 

that to accurately reconstruct the waveform of the signal the 

rate of sampling frequency must be greater more than twice 

the highest frequency of the signal. 

In particular, for the continuous measurement of toxic 

emissions, the exhaust gas analyzer KIGAZ-310 by KIMO 

was employed. This gas detector used for measuring oxides 

of nitrogen (NOx), carbon monoxide (CO), carbon dioxide 

(CO2) and oxygen (O2) concentration in the exhaust gas.  

The net heat release rate (NHRR) is calculated by ap-

plying the first law of thermodynamics. The main equation 

to determine the apparent NHRR for the ICE can be ex-

pressed as 

 
dQ

dφ
=

γ

γ−1
× p

dVc

dφ
+

1

γ−1
× Vc

dp

dφ
 (17) 

where  

 γ =
Cp

Cv
 (18) 

The consumption of LPG and diesel fuel are measured 

by an electronic scales made by AWO firm. All the signals 

from the measuring devices and instruments were fed to  

a PC via USB interface. 

 

Fig. 9. Test bench schema 

 
Table 5. Base engine specifications  

Parameter Unit Value 

Displacement [cm3] 1896 

Diesel fuel injector type – pump and nozzle unit 

Gas fuel injector type – 4-cylinder LPG/CNG injec-
tion rail BARRACUDA 

Number of cylinders – 4 

Number of valves per 

cylinder 

– 2 

Bore [mm] 79.5 

Stroke [mm] 95.5 

Compression ratio – 18.0:1 

Maximum speed [rpm] 4000 

Rated power [kW] 85 

Maximum torque at 
1900 rpm 

[Nm] 285 

 

The effects of LPG proportion on combustion and emis-

sions under selected OP are investigated. The test fuel is 

DF100, DF90, DF80 and DF70, which include 0% LPG, 

10% LPG, 20% LPG and 30% LPG on an energy basis 

respectively. The physic-chemical properties of LPG and 

diesel fuel are shown in Table 6. 

To present the percentage of LPG in the blended fuel on 

an energy basis, the following equation is used, 

 SR =
ṁG×LHVG

ṁD×LHVD+ṁG×LHVG
× 100% (19) 

Increasing gaseous fuel quantity means changing the air 

fuel ratio. In order to ensure an equivalence engine perfor-

mance for both the normal diesel mode and the dual-fuel 

mode AFR must be at the same level (or need to be in this 

range). Obtaining similar AFR for an engine running in 

single- or dual-fuel mode required calibrations of the 
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EGCU lookup tables. The calibration process is described 

in sufficient detail in the previous work [14].  

AFR was calculated according to simple equation [7]: 

 λ =
21

21+O2
 (20)  

where O2 value presented in Fig. 14. 

 
Table 6. Properties of diesel fuel and LPG [11, 14] 

Parameter Unit Diesel fuel LPG (60% butane 
and 40% propane) 

Molecular 

weight 

[g/mol] 96 ≈ 52.5 

Liquid density 
at 20°C 

[kg/m3] 800–840 ≈ 566 

Vapor pressure 

at 25°C 

[bar] – ≈ 5 

Cetane number  40–55 ≈ 4 

Lower heating 
value 

[MJ/kg] ≈ 42.91 ≈ 46 

Latent heat of 
evaporation 

[kJ/kg] 

 

250 

 

≈ 405 

Stoichiometric 

air to fuel ratio 

[kg/kg] 14.6 ≈ 15.2 

5. Results and discussion  

5.1. The combustion characteristics  

Received pressure data was averaging and calculated 

pressure curves were positioned as a function of crank an-

gle, the results shown in figure below. The effect of various 

LPG to diesel fuel blends on in-cylinder pressure and net 

heat release rate in three OP (p1 – 1315 rpm, 22 Nm, p5 – 

1690 rpm, 71 Nm, p7 – 2280 rpm, 145 Nm) are shown in 

Fig. 10. Note, that all motored pressure traces were meas-

ured under zero load conditions. It is clearly seen from Fig. 

10, that the higher LPG percentage produces lower pressure 

rise rate compared to diesel fuel. This may refer to the re-

duction in volumetric efficiency, poor in cylinder mixing 

quality of fuels (LPG to Diesel), an abundant presence of 

residual gases and incomplete combustion of the fuel mix-

ture. 

It is found that the net heat release rate has same ten-

dency as pressure traces and for diesel NHRR is higher than 

the other LPG/diesel fuel blends. Lower NHRR except the 

reasons described above, may informs about low-

temperature flames during the combustion. Low tempera-

ture leads to a slower reaction rate, which influence on the 

concentration of NOx, HC and CO in the exhaust gases. It is 

also seen that as the load and speed increases, the NHRR 

increases too. This may refer to a faster reaction rate and 

better flame propagation with an increase in cylinder pres-

sure. 

Furthermore, the reduction in the amount of liquid fuel 

used to initiate the combustion has adverse effects on the 

quality of liquid fuel spray. This produces poor liquid fuel 

preparation and atomization due to a slow development of 

fine droplets which affects the mixture combustion process 

[15]. 

 

 

 

Fig. 10. Cylinder pressure and net heat release rate variations  

5.2. Emission characteristics 

After averaging the emissions data, the results has been 

presented in figures below. NOx is one of the main pollu-

tants emitted by diesel engines, which is toxic and the main 

precursor to photochemical smog. Nitrogen Oxides (NOx) 

are products of burning of hydrocarbon fuels under high 

pressure and temperature conditions in the cylinder. Figure 

11 shows the effect of LPG proportion on NOx emissions. 

With the increase of load and engine speed, NOx emissions 

increase too due to the higher in-cylinder temperature. 

Higher LPG proportion in fuel mixture leads to a simulta-

neous reduction in NOx emissions. The reasons, to explain 

this can be: 

1. As the LPG proportion increases the quantity of fed 

diesel simultaneously decreases. 

2. The temperature drop of the mixture due to heat absorp-

tion during LPG vaporization (as a result of higher la-

tent heat value of LPG). 

However, temperature drop can lead to incomplete 

combustion which results in increasing the content of HC 

and CO. 
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Fig. 11. The comparison of NOx emissions 

 

Figures 12 and 13 show comparative values of CO and 

CO2 in the exhaust gasses. It can be seen that CO emissions 

are higher under dual- fuel mode than those in single- fuel. 

The main reason is a low cylinder gas temperature due to 

temperature drop. In addition CO concentration in exhaust 

gases possibly increases due to low cetane number of LPG 

and problems associated with mixing air and gaseous fuel 

[15]. Carbon monoxide (CO) is a product of incomplete 

combustion due to limited oxygen supply or an excess of 

carbon. The higher CO concentration in exhaust gases can 

be overcome by varying factors i.e. pilot fuel quantity, 

injection timing. According to the author [3], the CO emis-

sions could be reduced with an earlier injection period, 

which would promote a better rate of CO emissions decom-

position and oxidation. Rise of CO when the LPG propor-

tion increases is caused by not optimal injection timing for 

dual fuel mode [9]. 

 

Fig. 12. The comparison of CO emissions 

 

CO2 as shown in Fig. 13 regardless to LPG proportion is 

on the same level. This can be explained by the fact that the 

same AFR (which is confirmed by the content of О2 in 

exhaust gases shown in Fig. 14) was maintained at all oper-

ational points.  

 

Fig. 13. The comparison of CO2 emissions 

 

Fig. 14. The comparison of O2 emissions 

6. Summary and conclusions 
The present paper collates the outcomes of a wide re-

search activity devoted to evaluating the effect of various 

LPG proportion on combustion and emissions under 

WLTC, in a four-cylinder dual-fuel direct injection turbo-

charged diesel engine AJM 1.9 TDI. Summing up the paper 

and the results of the research, the main conclusions drawn 

are: 

1. Back calculate methodology was proposed to estimate 

engine speed and torque during the WLTC driving cy-

cle. The procedure is based on the simple longitudinal 

dynamics approach. 

2. In order to determine OP’s, density based grid cluster-

ing method was proposed and implemented. 

3. The effects of various LPG proportion on combustion 

and emissions characteristics reveals that, in the tested 

operating points, the use of LPG offers a reduction of 

NOx compared to the diesel fuel. The drawbacks con-

cerning to the LPG use are associated with incomplete 

combustion, lower pressure rise rate with respect to 

original ones (diesel fuel) and an increment of unburned 

hydrocarbons that leads to a strong increment of carbon 

dioxide emissions. In addition by the fact that the AFR 

in single- and dual-fuel mode was at the same level, 

CO2 emissions under all OP’s are similar. 

It seems that LPG dual-fuel combustion mode is  

a promising technique for controlling NOx emissions [1] 

especially on existing diesel engines with slight modifica-

tion to the engine structure. Overall, the proper adaptation 

and optimization of the diesel engine operating conditions 

including the injection strategy as well as ECU operation 

algorithms need to be done in order to obtain the improved 

performance and engine out emissions in dual-fuel opera-

tion mode. For Euro 6 and higher engines, the addition of 

LPG will worsen the emission factors. 

The publication focuses on the preparation of a method-

ology for testing a dual-fuel engine on an engine dyna-

mometer. Although the diesel and LPG fueled engine was 

tested, the methodology is being prepared for other synthet-

ic fuels that will be used in the future. 
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Nomenclature 

AFR air fuel ratio 
DAQ data acquisition system 
DF diesel fuel 
ECU electronic control unit 
EGCU electronic gas control unit 
EGR exhaust gas recirculation 
FWD front wheel drive 
LPG liquefied petroleum gas 
NEDC New European Driving Cycle 
NHRR Net Heat Release Rate 
OP operation point 
PMR power to curb mass ratio 
SR substitution ratio 
WLTC Worldwide Harmonized Light Vehicles Test 

Cycles 
WLTP Worldwide Harmonized Light Vehicles Test 

Procedure 
Af cross-sectional area of the vehicle 
B vehicle width 
Cd aerodynamic drag coefficient 
Cp specific heat at constant pressure 
Crr rolling resistance coefficient 
Cv specific heat at constant volume 
d1 mass factor of the engine 
d2 mass factor of the wheel 
Fa aerodynamic resistance 
Fgrade gradient resistance 
Fi inertia resistance 
Fr rolling resistance 
Ft traction force 
Ftr total traction resistance 

g gravitational acceleration 
h tire height 
H vehicle height 
i0 gear ratio of the final drive 
ig gear ratio of the transmission for selected gear 
Jp moment of inertia of the rotating components 

associated with the power unit 
Jw wheel moment of inertia 
LHVG, LHVD lower heating values of gaseous and diesel fuel 
mG, mD mass flow rates of gaseous and diesel fuel 
mi vehicle mass of inertia 
mv total mass of the vehicle, represent mass of the 

base vehicle unit plus driver and all on-board 

systems associated with the power train system 
N, NA, NC, NS represent the engine, wheel, clutch, pro-

peller shaft, rotating speed respectively 
p in-cylinder pressure 
Q total amount of in-cylinder heat  

r rim radius 
rd dynamic radius of the tire 
Te, TL, Ttr represent the engine, powertrain resistance, 

traction, torques respectively 
Vc in-cylinder volume 
V velocity of the vehicle 
α slope angle of the road 
γ ratio of the specific heats 
δ mass factor  
ηt driveline overall efficiency 
λ air fuel ratio 
ρ air density 
φ crank angle 
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