
Advanced Diesel Combustion 
A Method Demonstrating Favorable 
Untreated Engine Emissions with 
Improved Consumption Characteristics
Future emission norms will further reduce the vehicle emissions of diesel engines. To meet the goal of achieving 
these stringent limits while maintaining attractive attributes of marketability, the combustion system needs also to 
be revised or redesigned in order to achieve the CO2 limits that will be demanded in the future, while simultane-
ously producing significantly reduced untreated NOx emissions. In the scope of this article, the basic conditions for 
the design of future combustion systems shall be discussed. As a possible solution, we will introduce the FEV 
combustion system HECS (High Efficiency Combustion System), with which very low fuel consumption can be ob-
tained even at high part loads, while producing minimal nitrogen oxides.
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1  Introduction

Since the beginning of the 90s, high-
speed direct injection diesel engines 
have made significant strides in the 
West European passenger car market. 
Apart from the traditional fuel con-
sumption advantage during on road 
driving, the primary factors for this 
 success have been a substantial im-
provement in performance and power 
density as well as a massive progress in 
the acoustic properties. 

Future emission norms (EU-6) and the 
legislation in other markets (US Tier2 
Bin5) will significantly reduce the per-
missible vehicle emissions of diesel en-
gines even further. If there is no major 
change to the combustion system or the 
combustion relevant hardware (injection 
system, boosting, exhaust gas recircula-
tion system, gas exchange, flow charac-
teristic in the combustion chamber), 
then any further reduction in nitrogen 
oxides, either raw or after treated, will 
lead to a significant deterioration in the 
fuel consumption [1]. This is counterpro-
ductive with respect to the limitation of 
the CO2 emissions being required in the 
future. Downsizing methods also neces-
sitate lowering nitrogen oxide emissions 
in the high load range with an accepta-
ble or possibly even improved specific 
consumption. This is due to the fact that 
the emissions-relevant load range is 
shifted towards high part loads through 
downsizing. At the same time, the attrac-
tive attributes offered by today’s diesel 
engine, such as performance, low fuel 
consumption and acoustic properties on 
par with those of gasoline engines must 
be retained.

Therefore, the combustion system 
must be developed for emission regula-
tions beyond EU-5 or those in force in 
other markets in order to resolve the con-
flict between the different target values, 
while maintaining or even improving 
the fuel consumption advantage innate 
to the diesel engine.

Hence, the framework for the design 
of future combustion systems shall be 
discussed in this article. As a possible so-
lution, we will introduce the FEV com-
bustion system HECS (High Efficiency 
Combustion System), with which a very 
good fuel consumption and low nitrogen 
oxide emissions can be achieved. The 

combustion system was named to reflect 
the good fuel consumption.

2  Basic Diesel Engine  
Combustion Methods

The general and overall design of a diesel 
engine combustion system usually in-
cludes the following setting parameters:
–  Fuel injection with nozzle geometry 

(number of holes, hole diameter, hole 
arrangement, cone angle, needle seat), 
injection pressure and characteristic 
injection timing, injection strategy 
and injection profile (ramp, rectan-
gle, „boot injection“, free control of 
the shape)

–  Combustion chamber with bowl ge-
ometry, compression ratio and dead 
space

–  Cylinder charge with thermodynam-
ic state variable, composition of the 
filling and flow condition (charge 
movement)

–  Gas exchange.
The general goal of combustion system 
development with optimised combus-
tion, lowest possible emissions and good 
fuel consumption has always been to 
minimize soot formation or to intensify 
soot oxidation. At the same time, the for-
mation of NOx is suppressed through an 
evenly distributed combustion with a 
low oxygen concentration and thus low-
er peak combustion temperatures. 

Since the variables listed above inter-
act with each other, the design of a new 
and advanced diesel combustion system 
is characterised by a close meshing of the 
application of CAE techniques and ex-
perimental work. This needs to be done 
based on a broad portfolio of experience 
and a representative database of previ-
ously implemented combustion systems, 
also taking special applications (e.g. mo-
tor racing) into account. 

Based on the requirements in the per-
formance specifications that must be met 
(performance, fuel consumption and 
emission targets) and depending on the 
possibly already given base specifications 
of the engine, the combustion system is 
predefined, Figure 1. This is done by link-
ing the benchmark with pre-liminary pis-
ton bowl design and the injection hard-
ware by means of CFD and a detailed defi-
nition of the flow characteristics as well 
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as that of the EGR and boosting system. 
Through experimental verification and 
with the methods and DoE approaches 
established at FEV (including those for a 
single cylinder engine), it is possible to op-
timise all parameters of the combustion 
system in a short period of time by con-
tinuously and iteratively using CFD analy-
sis. All the optimisation steps are accom-
panied by a combustion noise analysis. 

This optimisation process was also 
used to make the combustion system 
shown here ready for application.

3  Definition of the Goal for  
a Fuel Consumption Optimised  
Combustion System

3.1  Theoretically Achievable  
Limitation Cycle
For a conventional reciprocating piston en-
gine, the constant-volume cycle is the cycle 
with the best efficiency and is thus consid-
ered the thermodynamic limit for the effi-
ciency of the high-pressure cycle. The effi-
ciency is given by: ηth,v = 1-   1

 ___ ε K - l     [3].
Consequently, the process loss of the con-
stant-volume cycle depends solely on the 
compression ratio and the material prop-
erties of the working fluid. By compari-
son, the efficiency of the Seiliger cycle is 
a function of the permissible peak pres-
sure, the pressure at the start of compres-
sion, and the supplied heat. The efficien-

cy, particularly that of the peak pressure-
limited Seiliger cycle, improves only 
moderately with increasing compression 
ratio in the feasible range for diesel en-
gines. In contrast, the dependence of the 
cycle efficiency on the adiabatic expo-
nent is significantly more pronounced.

The gas properties of the real working 
fluids are a function of the temperature 
and the composition, which in turn de-
pends on the combustion air-fuel ratio 
and the exhaust gas recirculation rate. The 
tri-atomic molecules CO2 and H2O, which 
are unavoidable as the end product of a 
complete combustion, drastically reduce 
the adiabatic exponent. Primarily, only 

the combustion air-fuel ratio is of impor-
tance for the exhaust gas composition or 
the composition directly after combus-
tion. CO2 and H2O, which are introduced 
through the exhaust gas recirculation, are 
of relevance for the compression and com-
bustion begin. This is the main reason for 
requiring as much excess air as possible, 
as the basis for high cycle efficiency. 

The specific heat supplied has the big-
gest influence on the peak temperature. 
For a given constant energy supply, the 
specific heat supplied increases linearly 
with the specific volume at the start of 
compression. An increase in filling thus 
lowers the peak temperature and thus the 
cycle losses. The increase in density can 
occur through an increase in pressure 
and a decrease in filling temperature. In 
the process as a whole, the temperature 
decrease has a dual impact on the peak 
temperature, as the temperature level of 
the entire cycle is lowered in addition to 
the reduced specific energy supply.

The formation of thermal nitrogen 
oxides increases exponentially with the 
combustion peak temperature in a local-
ly stoichiometric mixture. Though the 
peak temperature depends on the tem-
perature before combustion, it is mostly 
governed by the oxygen content of the 
fresh mixture. Figure 2 shows the trace of 
nitrogen oxide concentrations in the ex-
haust gas plotted against oxygen concen-
tration in the intake manifold for an EGR 
variation experiment at eight different 
load points. We can see a high correla-
tion, even though the injection process 
and the filling temperature vary.

Figure 2: Dependence of the nitrogen oxide concentration on the oxygen concentration 
in the plenum of various, emission-relevant load points

Figure 1: Tools and optimization parameters of the HECS combustion system development
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The seemingly conflicting demand for 
a low oxygen content prior to combustion 
for a nitrogen oxide reduction and simul-
taneously high air excess in order to in-
crease the efficiency and lower the soot 
content can be solved through improved 
filling. In the process, lowering the tem-
perature before the compression phase 
seems to be the more effective measure 
from a thermodynamic point of view. 

Overall, the theoretical consideration 
of the air standard cycle requires a very 
good and cold filling of the combustion 
chamber, in order to substantially im-
prove the nitrogen oxide/ fuel consump-
tion trade-off. Figure 3 shows the efficien-
cy of the isochoric cycle as a function of 
the combustion air-fuel ratio and the ex-
haust gas recirculation rate given the fol-
lowing boundary conditions:
–  30 mg of diesel is burnt isochorically 

in real gas
–  No burnt gas remains in the combus-

tion chamber and the gas exchange 
takes place without any losses

–  The temperature before the start of 
compression is 323 K (constant)

–  Compression ratio 15.
The results of the cycle calculations show 
that the cycle efficiency improves with 
an increasing air excess and with an in-
creasing exhaust gas recirculation rate. 
Also shown is the trace of the exhaust 
gas recirculation variation of an EU V 
combustion system at a load point with a 
similar injection quantity. A further re-
duction in the oxygen concentration to 

approximately 16 to 17 %, to meet the 
EU-6 limits, by increasing the exhaust 
gas recirculation rate would lead to an 
excessive reduction of the combustion 
air-fuel ratio. The corresponding nega-
tive influence on the process efficiency 
must be prevented, even if it were possi-
ble to minimize soot formation through 
an increase in homogenization. The tar-
get of the HECS system that is defined 
accordingly is also shown in Figure 3. 
Both the exhaust gas recirculation rate 
and the air-fuel ratio can be increased 
through increased filling in order to low-
er the nitrogen oxide emissions to the 
EU-6 level and at the same time create 
the prerequisites for high cycle efficiency 
through reduced cycle losses. Besides, it 
is possible to avoid the soot problem 
through an increased air excess, thereby, 
promoting fast fuel burning rates. 

4  Consumption Potential of a 
 Conventional Combustion System

After the theoretical consideration of 
achievable cycle efficiency and defini-
tion of the boundary conditions of future 
combustion systems with respect to oxy-
gen concentration and combustion air-
fuel ratio in the high load range, the 
practically achievable diesel engine fuel 
consumption shall be discussed.

To maximise the fuel consumption po-
tential of a single stage, turbocharged EU 
V combustion system with state of the art 

injection system, exhaust gas recircula-
tion cooling, compression ratio and 
charge motion, the calibration was adapt-
ed at the test bench at two load points 
without taking emissions and acoustics 
into account. Figure 4 shows the break-up 
of losses in each case for the base point 
and the optimum point of optimum fuel 
consumption. At the lowest load point 
(1500 rpm, BMEP = 3 bar), it was possible 
to realise a minor consumption reduc-
tion, which, at this load point, is mainly 
the result of the reduced cycle losses, 
made possible through an increase in the 
combustion air-fuel ratio from 1.8 to 3. Al-
though the displacement of the centre of 
combustion in the direction of top dead 
centre reduces the non-ideal com-bustion 
losses, the higher temperatures lead to an 
increase in cooling losses. 

In the high-load operating point (2000 
rpm, BMEP = 12 bar), we can see a signifi-
cantly increased potential. The specific 
fuel consumption can only be lowered 
from 233 g/kWh to 209 g/kWh by chang-
ing the calibration. It was possible to re-
duce the cycle loss from 45.5 to 44.1 % by 
increasing air excess from λ = 1.3 to 1.7. 
The higher air excess implicitly also has 
a positive effect on the losses occurring 
during real and incomplete combustion, 
since the combustion is a lot faster. Fur-
thermore, the centre of combustion was 
brought forward by advancing the injec-
tion timing from 13° to 6.5° after top 
dead centre. The 3.1 % reduction in real 
and incomplete combustion losses offset 
an increase in cooling loss of 1.7 %. 

The cycle losses are expelled as heat in 
the exhaust gas for the most part and 
can at least be used in part in the turbine 
of the turbocharger. This, theoretically, 
results in the potential for generating a 
positive gas exchange loop. In this case, 
given sufficiently high exhaust gas en-
thalpy and a good turbocharger efficien-
cy, it is possible to utilise the energy at 
the piston during gas exchange, which 
otherwise would have been written off. 
However, in conventional high pressure 
exhaust gas recirculation systems, very 
high pressure ratios are sometimes nec-
essary in the exhaust gas recirculation 
tract in order to establish high EGR mass 
flow rates through the cooler and the 
across the valve. These scavenging pres-
sure drops that are frequently caused by 
VTG and/or throttle elements have an ex-

Figure 3: Dependence of the process efficiency on the different exhaust gas recirculation 
 rates and combustion air-fuel ratios – 30 mg of injected fuel
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tremely negative impact on gas exchange. 
In the selected high load point, the gas 
exchange loss was reduced from 2.7 % to 
1.5 % by dethrottling the VTG and in-
creasing the exhaust gas mass flow rate, 

even though the exhaust gas enthalpy 
was significantly reduced. 

The improvement in fuel consumption 
of 10 % in the high load point can there-
fore be attributed in equal measure to the 

improved process cycle, the earlier and 
faster combustion, and the lower gas ex-
change losses. The goal of the FEV HECS 
combustion system’s design is to realise 
the fuel consumption potential already 
shown through the effective optimisation 
of the boosting process and the combus-
tion chamber geometry, while at the same 
time lowering the engine’s untreated ni-
trogen oxide emissions to conform to fu-
ture emission limits. 

5  Definition and Potential of the HECS 
Combustion System 

5.1  Hardware for the HECS System
It was demonstrated in the previous sec-
tions that the cylinder filling and an op-
timised gas exchange are the key factors 
needed to realise excellent fuel consump-
tion with low nitrogen oxide emissions. 
To achieve the goal of obtaining good cyl-
inder filling quantity and low gas ex-
change losses, the boosting, the exhaust 
gas recirculation, and the port concepts 
were completely revised for the HECS 
combustion system.

The FEV HECS combustion system fea-
tures a 2-stage boosting system with inter-
cooling, Figure 5. The two charge air coolers 
IC1 and IC2, Figure 5, are designed as air/
water coolers with a second low-tempera-
ture circuit in order to achieve maximum 
cooling power at small air flow rates. To 
regulate the boost pressure, the small high-
pressure turbine is equipped with variable 
guide vane geometry (VTG) and a by-pass.   

The exhaust gas recirculation system 
features both a high-pressure and a low-
pressure path. The cooler of the high-pres-
sure path is supplied with coolant from 
the engine circuit. The cooler of the low-
pressure path is fed from a low-tempera-
ture circuit. The whole low-temperature 
circuit tract is optimised for a high flow 
rate, so that the exhaust gas throttle (T2) 
only has to be used at a minimum level. 
The control concept of the air and exhaust 
gas recirculation tracts is based on a mod-
el-based approach, which can continu-
ously adjust the most favourable combi-
nation of low-pressure and high-pressure 
EGR, with the help of the two exhaust gas 
recirculation valves (V1, V3) and the ex-
haust gas throttle (T2). This allows the two 
turbochargers to be operated in the re-
gion of best possible efficiency.Figure 6: HECS flow characteristic and comparison to conventional processes

Figure 4: Break-up of losses in the part load points 1500 rpm, pme=3 bar and 2000 rpm, pme=12 bar, in 
each case with calibrated for minimum nitrogen oxides emissions and minimum fuel consumption

Figure 5: Schematic of the boosting and exhaust gas recirculation system that is used to meet the 
HECS target range for the exhaust gas recirculation rate and combustion air-fuel ratio at high loads
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During the port design, particular em-
phasis was placed on optimised flow prop-
erties, as shown in Figure 6. This not only 
applies to the flow quality, but also to the 
robustness of the swirl generation in terms 
of the variance both between the individu-
al cylinders and the different cylinder 
heads during the production process. 

One intake port is designed as a filling 
port and the other as a classical tangential 
port. The generation of the charge motion 
is supported by seat swirl chambers on 
both intake valves. With the help of this 
optimised design, it was possible to signifi-
cantly increase the flow rates, particularly 
those of the outlet port. This also has a 
positive effect on cylinder filling, the re-
sidual exhaust gas flow rate and the flow 
losses. Therefore, it constitutes an impor-
tant component for the improvement in 
the consumption/nitrogen oxide trade-off.

The layout of the combustion chamber 
geometry consists of a conventional piston 
bowl, which, together with the nozzle ge-
ometry (8-hole nozzle, ks=1.5) was further 
optimised in order to achieve very good air 
utilization. The recessed valves make it pos-
sible to eliminate valve pockets in the pis-
ton and thus further improve the flow 
quality in the vicinity of the bowl. A com-
pression ratio of 15:1 was used to achieve 
an acceptable peak pressure in spite of the 
increased charge density. The system 
achieved a specific output of more than 
80 kW/l at maximum combustion peak 
pressures of below 180 bar. Thus, a 1.6 l en-
gine could achieve the performance of a 
single-stage turbocharged 2.0 l engine. Fur-
ther, due to the down-sizing effect, this 
leads to an additional fuel consumption ad-
vantage [2]. The injection system used is an 
advanced common rail system with quick 
injection needle opening and closing at a 
maximum injection pressure of 2000 bar.

5.2  Potential and Development
Figure 7 shows, exemplarily, an overview of 
the development stages starting from a 
representative EU-4 combustion system to 
a HECS combustion system for a high-load 
operating point. Starting with an unmodi-
fied base engine, the parameters exhaust 
gas recirculation cooling and nozzle defi-
nition were analyzed. Using enhanced ex-
haust gas recirculation cooling leads to an 
improvement in the NOx PM trade-offs by 
approximately 10 % due to a higher air ex-
cess, in particular at higher exhaust gas 

recirculation rates. Due to the increased 
air excess with enhanced exhaust gas re-
circulation cooling, the improvement of 
the NOx PM trade-off can be achieved, 
while maintaining fuel consumption un-
changed. Negative impacts of an optimised 
exhaust gas recirculation cooling on HC 
and CO emissions as well as combustion 
noise generation can not be detected.

The transition to an adjusted nozzle 
configuration with smaller nozzle holes 
shows a major improvement of about 
40 % in NOx PM trade-off. The reason for 
this is the improved air utilisation due to 
an optimised mixture formation with 
significantly decreased particulate emis-

sions for a given exhaust gas recircula-
tion rate. However, reducing the nozzle 
hole diameter leads to longer injection 
and combustion durations at higher 
loads, which, in combination with a re-
duced air excess and the now increased 
exhaust gas recirculation rates, lead to a 
deterioration in the efficiency. Hence, 
for a given ratio of NOx to PM emissions, 
the result of the smaller nozzle holes is a 
deterioration in consumption by 2.5 %.

The optimisation steps described above 
were integrated into the first develop-
ment stage of the HECS combustion sys-
tem. To utilise the advantage of an en-
hanced mixture formation with lower in-

Figure 7: Evolution of the HECS combustion system at a high partial load

Figure 8: λ/T classification of the mass fractions in the combustion chamber at 20°CA after 
top dead centre in the Euro 4 standard and HECS combustion system, high part load
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jection orifice diameters without having 
any fuel consumption drawback, an injec-
tion nozzle with eight nozzle holes in-
stead of six was used. Furthermore, the 
compression ratio was lowered by two 
units in order to obtain a favourable com-
bustion chamber geometry with lower 
free spray lengths as well as improved full-
load characteristics. With these measures, 
a reduction in the NOx PM trade-off of ap-
proximately 50 % is achievable; fuel con-
sumption as well as HC, CO, and the 
acoustic behaviour remain comparable. 

Figure 8 illustrates an example of the 
improvement in mixture formation. Here, 
the λ/T gas mass distribution in the com-
bustion chamber for the EU-4 configura-
tion and the HECS system are shown at a 
crank angle of 20° after top dead centre. 

Especially, in the region between 
0.6<λ<1, the significantly higher homo-
geneous gas mass distribution in the 
HECS system, can be seen. Moreover, 
with the HECS system, there are no mass 
components in the λ-T-range (marked in 
red) that are relevant for soot formation, 
whereas the distribution in the region 
marked in green, representative of the 
conditions for a good post oxidation of 
the soot, is similar. 

The boosting system was left unmodi-
fied compared to the EU-4 standard variant 
in the development steps discussed so far. 
Thus, the use of a powerful, 2-stage boost-
ing system as well as the further develop-
ment of the combustion system form the 
next optimization steps of the HECS con-

cept. The design and the development of 
the boosting group are described in [2]. The 
further development combustion system 
mainly consists of a flow-optimized cylin-
der head and a further reduction of the 
compression ratio to a ratio of 15:1. 

With this fine-tuned technology pack-
age, it is possible to significantly reduce 
untreated emissions even further while 
improving fuel consumption values. Com-
pared to the EU-4 base, a 70 % improve-
ment in NOx PM trade-offs was achieved. In 
contrast to the concepts considered thus 
far, this NOx reduction comes along with a 
fuel consumption advantage of 5 %. The 
next section will provide a detailed analy-
sis of this improvement in efficiency.

5.3  Differentiated Analysis of the 
 Efficiency Improvement
In Figure 9 the break-up of losses of the 
HECS combustion system for the high 
load point 2400 rpm, pme=13.5 bar was ap-
pended. It also shows the NOx-particulate 
and fuel consumption-NOx trade-offs. 

The effective optimisation of the air 
path for maximum cylinder filling and 
cooling makes it possible to increase both 
the exhaust gas recirculation rate and the 
air/fuel ratio. As a result, the process tem-
perature drops to the point where cooling 
losses are significantly lower, and where 
the process losses are even lower than in 
the „EGR-free“ variant optimised for fuel 
consumption. The two-stage charging 
process and the use of low pressure ex-
haust gas recirculation systems in combi-
nation with the ports result in gas ex-
change loss levels, which are comparable 
to those of the calibration optimised for 
fuel consumption, in spite of the consid-
erably larger filling quantity.

6  Summary and Outlook

In the scope of this article, the technical 
potential of an advanced diesel engine 
combustion system designed was dis-
cussed, which, in addition to achieving 
very low untreated engine emissions to 
meet the most stringent exhaust emis-
sions standard, also retains the tradition-
ally good efficiencies of diesel engines. 
The key elements for achieving the dem-
onstrated potential are: 

Figure 9: Break-up of losses and trade-offs at the part load point 2000 rpm, pme=12 bar

Figure 10: Emission and CO2 potential of HECS in the NEDC, vehicle with a flywheel mass 
classification of 1590 kg
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–  Charge motion and gas exchange
–  Cylinder charge cooling (fresh air and 

exhaust gas recirculation)
–  Fuel injection and mixture formation.
The intelligent combination of these as-
pects with the help of advanced develop-
ment tools (CAE, DoE) provides further 
options for lowering the vehicle-based CO2 
emissions, since smaller displacement 
volumes can be controlled as a result of 
the reduction of the displacement („Down-
sizing“), while at the same time the power 
density is further increased. Figure 10 
shows the potential of a representative ve-
hicle with a flywheel mass classification 
of 1590 kg, based on cycle simulations of 
stationary engine results. Starting with a 
2.0 l base engine with an EU-4 base sys-
tem, the EU-4 limits could, initially, no 
longer achieved with a displacement re-
duction to 1.6 l; the improvement in fuel 
consumption is approximately 9 percent. 
If the characteristics of the HECS system 
described above are applied to this en-
gine, it is possible to achieve a fuel con-
sumption reduction of approximately 17 
percent while meeting the EU-5 limits. 
The EU-6 NOx limits can also be met, al-
though with a reduced fuel consumption 
advantage. Nevertheless, the CO2 emis-
sions would still be clearly below those of 
the 2.0 l EU-4 baseline engine.

In the future, this will lead to further 
market options for passenger car diesel 
engines as powertrains that are environ-
mentally friendly with fun to drive.
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