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CFD modelling of diesel engine at partial load
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Summary. The paper presents the results of CFD modelling 
of thermal cycle of compression ignition IC engine. The turbo-
charged 6CT107 engine powered by diesel oil was the object 
of investigations. The results of model validation at partial load 
are presented. Model of CI engine was used to the optimization 
of thermal cycle of the test engine. The simulations of the com-
bustion process have provided information on the spatial and 
time distributions of selected quantities within the combustion 
chamber of the test engine. 
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INTRODUCTION

CFD modelling of internal combustion engines has been 
greatly developing along with the increasing computational 

-
cesses, emissions and injection fuel using any computational 
meshes. To model a complete engine cycle with intake and 
exhaust stroke, some commercial programs are most often 
used. Internal combustion engine is such a complex object of 
modelling that building its model including all the important 

thermal cycle of the compression ignition engine appeared in 
the twenties of the last century. In 1926 Schweitzer published 
a model of heat release in the compression ignition engine. In 
the sixties, the development of computation models followed. 
At the beginning, the models were single-zone, and later 
they were extended to multi-zone direct-injection models. 
Models based on the fuel injection characteristics were cre-

process models for engines with liquid fuel injection to the 
combustion chamber was the CONCHAS-SPRAY model 

complemented with a number of sub-models and has become 

and fuel injection into the combustion chamber. During the 
model researches the commercial programme was used. For 
the last few years the modelling of thermal cycle of IC engine 
is performed using AVL Fire program. This program allows 

the intake and exhaust manifold and in combustion cham-
ber of internal combustion engine. It also allows modelling 
the transport phenomena, mixing, ignition and turbulent 
combustion in internal combustion engine. Homogeneous 
and inhomogeneous combustion mixtures in spark ignition 
and compression ignition engine can be modelled using this 

is described by combustion models which take oxidation 
processes in high temperature into consideration. Several 
models apply to modelling auto ignition processes. This pro-
gram allows for creating three-dimensional computational 
mesh, describing boundary conditions of surfaces as well as 
the initial conditions of simulation [14, 15, 16, 17, 18, 19].

Modelling is one of the most effective and readily used 
research methods. Advanced numerical models allow for 

-
bustion and spray. These models require a number of ini-
tial and boundary parameters. Therefore, before using the 

experimentally. Renganathan et. al. in their work presented 

direct injection diesel engine with an improved version of 

model using ES-ICE and STAR-CD codes. Combustion 
and emission characteristics were studied in the sector of 
engine cylinder, which eliminates the tedious experimental 
task with conservation in resources and time. It was found 
that higher NOx emissions occur at peak temperatures, while 
soot and CO emissions occur at peak pressures. Additionaly, 
they stated that the numerical modelling of the combustion 
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and emissions give clear understanding in the heat release 
and formation of reactant species in the direct injection Die-
sel engine [20, 21, 22, 23, 24, 25, 26].

Binesh et. al. present the results of modelling fuel 
mixture formation and combustion in the turbocharged di-
rect-injection compression-ignition engine. The numerical 
analysis was performed using the Fire program. As a result
of computations, cylinder pressure variations and the curves 
of NO

x
 and soot formation in the engine exhaust gas were 

obtained; these results were then compared with the result 
of research work carried out on the real engine. As a re-
sult, fairly good agreement between the modelling results 
and experimental test results were achieved; and what the 

-
fects of variablemixture strength on the primary premixed 

-

The modelling strategy was based on a theoretical analysis 

-

turbulence and frozen fuel-air distribution, and it provides 

radically different situations were predicted: for variations 
in mixture strength around mean stoichiometric conditions, 
unmixedness tends to have a net negative impact on the 

This paper presents results of thermal cycle modelling 
of turbocharged internal combustion diesel engine at full 
and partial loads [27, 28, 29, 30].

OBJECT OF INVESTIGATION

Contemporary engines are designed to minimize ex-
haust emissions while maximizing power and economy. 
Emissions can be reduced by equipping the engine with 
advanced exhaust after-treatment systems or by controlling 
the combustion process occurring in the cylinder of internal 
combustion engine. In order to improve the performance 
of the engine, research and optimization of the combustion 
process are carried out. This is dictated by growing con-
cern about decreasing energy resources and environmental 
protection. Therefore, intensive research is being carried 
out towards development of internal combustion engine 
systems. It involves improving the combustion process, 
introduction of a new fuel such as hydrogen as well as the 
optimization of engine parameters. The engine should op-

toxic compounds emissions [31, 32, 33]. 
Modelling of the thermal cycle of an auto-ignition inter-

nal combustion supercharged engine was carried out within 
the study. The object of investigation was a 6CT107 internal 
combustion engine powered by diesel oil, installed on an 

ANDORIA-MOT 100 kVA/ 80 kW power generating set. 
The engine was equipped with pressure sensors in each 
cylinder. The measurements results were used to the model 
validation. Based on the recorded results of indication, ther-
modynamic analysis of the engine was performed. Inter alia, 

were determined. It should be noted that in this engine the 

different from one another.

Parameters Value

displacement 6.54 dm3

rotational speed 1500 rpm

stroke 120 mm

cylinder bore 107 mm

connecting-rod length 245 mm

compression ratio 16.5 -

intake valve opening 10r4o BTDC deg

intake valve closure (IVC) 50r4o ABDC deg

exhaust valve opening 46r4o BBDC deg

exhaust valve closure (EVC) 14r4o ATDC deg

injection angle 9or1.5o deg

MODEL ASSUMPTIONS

The Fire program contains many submodels which are 
necessary to solve processes occurring in the combustion 
chamber of IC engine. The most important submodel is 
combustion model. The ECFM (Extended Coherent Flame 
Model) model was developed especially for modelling the 
combustion process in a compression ignition engine. The 
ECFM-3Z model belongs to the group of advanced combus-
tion process models in a compression ignition engine. For 
several years ECFM-3Z combustion model has been suc-

researchers. Together with turbulence process sub-models 
(e.g. the k-zeta-f), exhaust gas component formation, knock 
combustion and other sub-models, they constitute a useful
tool for modelling and analysis of the thermal cycle of the 
compression ignition internal combustion engine. To adapt 
the model for the modelling of the combustion process in 
the auto-ignition engine, a sub-model was added, which 
describes the process of mixing fuel to be injected to the 

-
bulent effect of load vortices and interaction between the 
burned zone and the unburned part of the load. This model 

front values. It is also assumed that the reactions occur in 
a relatively thin layer separating unburned gases from the 

front transfer equation, as well as on the mixing model 
describing the combustion of an inhomogeneous mix and 
the diffusion combustion model. The model assumes the 
division of the combustion region into three zones: a fuel
zone, a zone of air with a possible presence of exhaust gases 
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remained from the previous engine operation cycle, and an 
air-fuel mixture zone, where combustion reactions occur 
following the ECFM concept. The air-fuel mixture forma-
tion model provides for gradual mixing of fuel with air. The 
created combustion model is called ECFM-3Z (3-Zones 
Extended Coherent Flame Model). In this model, the mixture 
zone is additionally divided into a burned and an unburned 
zone. To initiate the combustion process, the auto-ignition 
model for the forming mixture zone and for the diffusion 

fuel oxidation mechanism (C
13

H
23

). The fuel oxidation 

formation of large amounts of CO and CO2 in the exhaust 
gas of the mixture zone, at the second stage in the mixture 
zone exhaust gas, the previously formed CO is oxidized to 
CO2.The combustion model for the auto-ignition engine 
was complemented with the unburned product zone. The 
exhaust gas contains unburned fuel and O

2
, N

2
, CO

2
, H

2
O,

H
2
, NO, CO. The fuel oxidation occurs in two stages: the 

of CO and CO
2
 in the exhaust gas of the mixture zone, the 

second stage in the mixture zone exhaust gas, the previously 
formed CO is oxidized to CO

2
. The reaction of formation 

of CO and H2 is taken into account for stoichiometric and 
fuel-rich mixtures, while for lean mixtures this reaction is 
omitted. In the ECFM-3Z model, transport equations for the 
chemical components O2, N2, CO2, CO, H2, H2O, O, H, 
N, OH and NO are also solved. The concept of the injected 
fuel and air mixing model relies on the characteristic time-
scale of the turbulence model. Because of the occurring 
process of fuel evaporation, it is necessary to determine the 
amount of fuel entering the mixture zone and to the pure fuel 
zone. In the injected fuel stream, fuel droplets are situated 
so close to one another as to form altogether a fuel zone. 

for mixing of the pure fuel zone fuel with air and formation 
of the combustible mixture. It is additionally assumed that 
the composition of gas, fuel + EGR is identical both in the 
mixture zone and in the zone which remins unmixed. The 
mixture auto-ignition delay is calculated from the empirical 

correlation. The combustion model for the auto-ignition 
engine was complemented with the unburned product zone. 
The exhaust gas contains unburned fuel and O2, N2, CO2, 
H2O, H2, NO, CO. 

Modelling parameters 

Parameters Value

Load 100% (80kW) 70% (58kW) 45% (37kW)

Initial pressure 0.164 MPa 0.137 MPa 0.124 MPa

Initial temperature

Injection angle -9 deg BTDC

Fuel temperature

Submodels

Model Name

Combustion model ECFM-3Z

Turbulence model k-zeta-f

NO formation model Extended Zeldovich Model

Soot formation model Lund Flamelet Model

Evaporation model Dukowich

Breakup model Wave

The above-mentioned submodels were used during mod-
elling. The parameters shown in Table 1 were taken from 
the experiment and then these were used as input values 
for modelling. 

RESULTS OF MODELLING

Modelling of the thermal cycle of the test supercharged 
compression ignition engine using the FIRE software was 
conducted. The object of research was the internal com-
bustion test engine 6CT107, operated at constant rotational 
speed equal to 1500 rpm. The researches were conducted 
for three loads. The initial parameters were taken from the 
previous experiment. The boundary conditions such as tem-
perature of combustion chamber parts, valves and ports were 
taken from literature .

Fig. 1. Computational mesh domains



100

Figure 1 shows the computational domains for, respec-
tively, intake stroke, compression and work stroke and ex-
haust stroke. During the calculation the program uses them 
consecutively. 

Fig. 2. Computational mesh which was created as a combination
of three computational domains

Figure 2 shows computational domain for complete en-
gine work space connected during calculation. The presented 
domain consists of 350000 cells and the density of this mesh 
was optimized. 

Figure 3 shows the pressure and heat release rate courses. 
The courses for real test engine were taken on the basis of 
engine indication process and these courses were compared 
with courses achieved by modelling. Also, the satisfactory 
consistency of results was obtained. Of course, there are 
some differences occurring, but considering the complexity 
of the processes taking place in the cylinder, the results of the 

Figure 4 shows indicated mean effective pressure and 
-

tion results of six cylinders of the test engine compared 
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Fig. 3. Pressure and heat release rate courses
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with the values   obtained by the modelling of engine at full 
load (100%). In the case of modelling the indicated mean 
effective pressure was equal 1.4 MPa and break thermal 

are varied in each cylinder. This could be due to different 

loads the similar correlations were obtained. 

CONCLUSIONS

The paper presents results of modelling of supercharged 
IC compression ignited test engine at partial loads. The cal-
culation was carried out using the Fire software . Pressure, 
temperature, heat release rate and other parameters in func-
tion of crank angle as well as spatial distribution of the 
above mentioned quantities at selected crank angles were 
determined. The biggest problem during modelling is to 
generate adequate mesh which will not affect the results. 
Obtaining the independence of the results on the density of 

-
cation of the mesh was used in order to improve the results 
while reducing cost of calculations. The created model of 

-
ferences are acceptable taking into account the complexity 
of the problem. The results of modelling allows the analysis 
of engine operation both in terms of thermodynamic and 

optimize the engine thermal cycle. 
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