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INTRODUCTION

According to a study by the European En-
vironment Agency, air transport accounts for 
nearly 3.5% of greenhouse gas emissions in the 
European Union. This is a significant figure, and 
it is important to note the fact that emissions 
have been steadily increasing, amounting to al-
most a 130% increase over the past two decades 
[1]. This allows us to conclude the demand for 
research in this area, with the aim of reducing 
further increases in pollutants emissions from 
aircraft turbine engines.

The largest concentrations of exhaust fumes 
are areas near airports, but also the stratosphere 
and the ozone layer. Standards for pollutants 
emissions from jet engines are already in place; 
however, they only apply to units with a thrust 
above 27 kN [2]. Low thrust jet engines and re-
ciprocating engines are still not covered by the 
standards. The rise in popularity of the so-called 
“air cabs”, and private single-engine jets, fur-
ther increases the negative impact of aviation, 
now and in the future, on the environment. Ex-
cessive carbon dioxide emissions are known to 
increase the greenhouse effect, while nitrogen 
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oxides contribute to the reduction of the ozone 
layer, smog formation and respiratory diseases. 
Harmful components also include unburned hy-
drocarbons and particulate matter, which are also 
responsible for the formation of smog, and have 
carcinogenic effects [3]. World and European or-
ganizations continue to work on analyzing these 
phenomena. In 2022, EASA released a report 
forecasting emissions until 2050. Fuel consump-
tion is expected to decrease between 39–56% 

Fig. 1. Predicted fuel consumption 
over the next few years [4]

Fig. 2. Predicted CO and UHC emissions over the next few years [4]

Fig. 3. Predicted CO2 emissions over the next few years [4]

Fig. 4. Predicted NOx emissions over the next few years [4]
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(compared to 2005), depending on the use of new 
technologies (Fig. 1). Unburned hydrocarbon 
emissions are also expected to decline slightly. 
However, carbon monoxide emissions are also 
expected to increase by about 14% (Fig. 2).  
In the case of carbon dioxide, the report predicts 
that there could be a 71% increase in emissions 
without the use of new technologies, and with 
the use of new technologies these emissions 
could be reduced by as much as 47% (Fig. 3).  
With nitrogen oxides, they are expected to in-
crease from 47% up to as much as 108% (Fig. 4) 
in the absence of the use of new technologies [4]. 

The problem concerning the reduction of pol-
lutants and the amount of exhaust gas is being 
solved in three main [18, 19]:
 • converting jet fuel to one that produces lower 

levels of pollutants compounds [21, 22, 25],
 • modification of aircraft takeoff and landing 

profile, [20, 23, 24], to protect the airport pe-
rimeter area, 

 • modernizing the design, such as by introduc-
ing variable geometry [18, 26], 

 • changes in the organization of the combustion 
process on the basis of studies of the operation 
of combustion chambers [27].

TESTS OF ENGINE OPERATING 
PARAMETERS

In view of the rapidly growing market for 
this type of aircraft and its contribution to pol-
lutant exhaust emissions, an attempt was made to 
study a turbine engine of a business jet in terms 
of the pollutants of its exhaust, in the fourth area 

concerning the possibility of changing the orga-
nization of the combustion process in the com-
bustion chamber. The test object was the DGEN 
380 engine (Fig. 5), manufactured by the French 
company Price Induction. DGEN is an engine 
manufactured for light aircraft, so-called Personal 
Light Jets. It is a two-duct turbojet engine, char-
acterized by its small size and weight. The engine 
was designed to reduce noise emissions, as well 
as reduce fuel consumption, which has a direct 
impact on reducing carbon dioxide emissions. 
JET A-1 fuel is used to power this engine [5]. The 
basic data of the engine is shown in Table 1. 

In order to determine the toxic composition 
of the exhaust gas as a function of the engine’s 
operating range, an experiment related to the ac-
tual DGEN 380 engine (Fig. 6) was conducted 
in the first stage. Such an engine is owned by 
the laboratory of the Faculty of Mechatronics, 
Armament and Aviation, Institute of Aircraft En-
gineering of the Military University of Technol-
ogy and its tests were performed on a station-
ary static thrust stand located at the Air Force 
Institute of Technology in Warsaw. The engine 
is equipped with the FADEC system and ancil-
laries from Price Induction.

Fig. 5. Design of the DGEN 380 engine [5]

Table 1. DGEN 380 engine characteristics [5]
Parameter Value

Thrust for Ma = 0.0 2.55 kN

Specific fuel consumption 0.44 lb/(h×lbf)

Thrust on the cruising range (Ma = 0.338) 1.05 kN

Bypass ratio of mass flow rate 7.6

Mass 85 kg

Maintenance interval 3 600 h
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A typical engine test program was performed, 
which included: 
 • startup (idle range), 
 • takeoff range, 
 • checking the specific engine operating 

parameters, 
 • acceleration control, 
 • engine cooling and shutdown. 

The engine has been placed on a stably fixed 
frame and a pylon, which are aligned with the 
axis of the tunnel (Fig. 6). The engine is located 
on the pylon by means of a mechanical connec-
tion. The pylon itself is equipped with a sensor 
responsible for measuring thrust values, as well 
as oil and fuel installations. The fuel system is 
connected to a room called the control room. A 
schematic of the test stand is shown in the Fig. 7. 

Pressure measurements are taken inside the 
engine through either 1.6 mm diameter capillaries 

or 4 mm diameter polyamide tubes. Each pressure 
measurement is associated with a pressure sen-
sor, located in a cabinet containing all the engine 
sensors. Thermocouples are used for temperature 
measurements. Some of them are permanently 
installed in the engine, while others can be ad-
ditionally connected. In addition, flow parameters 
are used for measurements, and rotor and pump 
speeds are read by FADEC, the electronic motor 
control system.

Price Iduction’s equipment is connected to 
the electrical grid located in the building via an 
electrical box. It transfers all the measurement 
data from the sensors to it and ensures that it is 
sent to the control panel. The data is presented on 
screens. The control room is also where the pro-
cess of controlling the motor thrust takes place, 
using the PLA (Power Level Angle) lever.

WESTT CS/BV is a state-of-the-art work-
station that simulates the operation and control 

Fig. 6. DGEN 380 engine integrated on a static thrust stand

Fig. 7. Diagram of the DGEN 380 static thrust stand
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system of the DGEN 380 engine. The worksta-
tion is built with:
 • two PCs and three monitors (2 for PC1 and 1 

for PC2);
 • an engine simulation system;

 • an engine control system (FADEC - Full Au-
thority Digital Electronic Control);

 • a system that connects the work of FADEC 
and PC1;

 • motor control panel;
 • communication panel.

The static thrust stand test performed on the 
DGEN 380 turbine engine was to provide the nec-
essary data (on the parameters of the working me-
dium) for further research. The engine’s operat-
ing range affects the amount of pollutant exhaust 
components (of each type) emitted for all types 
of turbine engines [9, 10, 13]. An increase in en-
gine spool speed is accompanied by an increase 
in the amount of NOx released with a decreasing 
amount of CO and unburned HC hydrocarbons 
(Fig. 8). This process occurs with both turbine jet 
engines and turbine propeller and helicopter en-
gines. The selection of the speed range is impor-
tant for the airport area [12], since the operating 
range of turbine engines in this area is associated 
with operation at high rotor speed values (on av-
erage above 60%). 

Fig. 8. Effect of relative rotor speed on pollutants 
composition of exhaust gas, where n̅ = relative rotor 
speed [8]

Fig. 9. Dependence of thrust and specific fuel consumption on the speed of the high-pressure rotor for 
a) testbench b) GasTurb analysis, where: nj - idle speed, nc – cruise speed, nmax – maximum speed
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Fig. 10. Dependence of exhaust gas temperature at the turbine inlet on the speed of the high-pressure 
rotor, where: a) data measured in the engine, b) calculated results from the GasTurb program

Fig. 11. Dependence of second fuel consumption on the speed of the high-pressure rotor, 
where: a) data measured in the engine, b) calculated results from the GasTurb program

The engine test carried out provided a range 
of data in terms of the thermogasodynamic pa-
rameters of the engine’s working medium, and 
the actual rotational characteristics of the DGEN 
380 engine were obtained, i.e. the changes in 
thrust and specific fuel consumption as a func-
tion of shaft speed (Fig. 9a). It was also deter-
mined numerically using GasTurb software. 
The data obtained numerically (Fig. 9b) largely 
cover the experimental (true) data. It can be seen 
that there was a slight shift in the curves on the 
cruise range and design speeds, towards higher 
parameter values. The engine thrust obtained in 
the computer simulation is about 1.5% greater 
than the thrust obtained in real conditions, while 
the specific fuel consumption for maximum 
speed is much higher for real conditions, as the 
difference is about 15%. 

In the case of numerical analyses, the results 
are presented from values above 32,000 rpm due 
to the fact that below this value the engine oper-
ates in transients, which is evident in the scatter of 
recorded parameters during the experiment (e.g., 
Fig. 10 a).

GasTurb software was also used in order to 
determine the necessary parameters for the nu-
merical testing of exhaust gas pollutants. The 
obtained results, i.e. the numerical map, were 
checked and compared with the experimental re-
sults (Fig. 10 and Fig. 11). 

The first parameter, and the primary one, 
which was subject to checking is the temperature 
before the turbine , which affects the pollutants 
of the exhaust gas because it is a consequence of 
the combustion temperature. Under real condi-
tions (Fig. 10a), as well as during simulation in 
the software (Fig. 10b), the exhaust gas tempera-
ture at the turbine inlet reaches its maximum near 
1400 K for maximum shaft speed values. At the 
same time, the minimum temperatures shown in 
the graphs oscillate around 1000 K. In the cases 
of the model simulated in the GasTurb environ-
ment, its range is shifted to a slightly higher shaft 
speed range. The maximum temperature at the 
exit of the combustion chamber, which occurs on 
the range of maximum shaft speeds, in real condi-
tions is about 1.5% higher than the simulation in 
GasTurb.
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Another parameter important in terms of the 
criterion of exhaust gas pollutants is the value 
of fuel consumption [11] per unit time. The 
obtained characteristics for the dependence of 
second fuel consumption on spool speed also 
show considerable similarity in both cases, test 
cell value (Fig. 11a) and calculated (Fig. 11b). 
The minimum second fuel consumption is about 
0.01 kg/s for this engine and occurs at a speed of 
about 32,000 rpm (idle speed). On the engine’s 
maximum speed range (51,000 rpm), it reaches 
values of about 0.04 kg/s. Actual fuel consump-
tion is 11% higher than that determined by Gas-
Turb software. 

A high correspondence between experimental 
and calculated parameters was obtained, which 
gave the possibility of using them in further anal-
yses of the exhaust gas pollutants of the studied 
engine. Both the combustion chamber exit tem-
perature, fuel consumption, as well as thrust and 
specific fuel consumption show a similar pattern 
of actual (obtained on a static thrust stand) and 
numerically determined rotational characteristics. 
This indicates the correctness of the computa-
tional model built, thus predestining it for further 
analysis of the effects of engine operating param-
eters on CO, CO2 and NOx emissions. 

MODEL DESIGN

The authors have access to two DGEN 380 
engines, the first of which is mounted on the test 
stand and was used for experimental research. 
The second was dismantled and, based on its ge-
ometry and technical documentation, a model of 
the reverse-flow combustion chamber was made 
(Fig. 12). DGEN 380 engine was fueled with 
JET A-1. The three-dimensional model of the 
chamber was made using Siemens NX software.  

A numerical simulation based on the Finite Vol-
ume Method was performed to determine the 
changes in individual parameters in the chamber 
during combustion and to determine the emis-
sions of specific exhaust components. The com-
bustion process is very complex and poses many 
computational problems that necessitate replac-
ing quantitative analyses with qualitative analy-
ses at this stage of the research.

The structural system of the combustion 
chamber of the DGEN 380 engine consists of a 
liner casing having small-diameter cooling holes 
on the surface. The air casing and the liner casing 
is a strength system for carrying various types of 
loads. 13 air inlets were modeled at the entrance 
to the combustion chamber, along with dual flow 
swirlers. The chamber is also equipped with 24 
zone holes for primary air and 24 holes for sec-
ondary air. The combustion chamber system is 
an axially symmetrical system; due to the distri-
bution of elements of the component, the whole 
system can be divided into 13 periodic compo-
nent sections; the software used makes it pos-
sible to account for interference between succes-
sive model elements. This provides the opportu-
nity to perform numerical analysis for a repeated 
section of the combustion chamber in the form of 
a 2D model. The generated computational grid 
consists of 21,758 elements (Fig. 13). In order to 
increase the quality of the mesh, boundary layer 
compaction was applied near the model walls, 
which is fundamental in performing accurate nu-
merical simulations. The thermal-fluid analysis 
of the model was performed in the ANSYS Flu-
ent environment. 

The calculations were performed for three en-
gine shaft speeds: 
 • idle speed − 53.0%, 
 • cruise speed − 88.7%, 
 • maximum speed − 100.0%. 

Fig. 12. Combustion chamber model
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The engine operating parameters at these 
ranges were determined using the GasTurb 
program and are shown in charts Figure 14 
and Figure 15. The defined boundary condi-
tions for each of these rotational speeds and 

the basic settings of the numerical model are 
included in Tables 2 and 3.

Chemical equilibrium was also assumed 
and a probability density function was used  
with the ability to calculate 25 chemical components, 

Fig. 13. Computational grid (a), and boundary conditions (b), based on Table 2

Fig. 14. Map of a high-pressure compressor
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Table 3. Combustion model settings
Turbulence model k-ε

Radiation model Discrete ordinates

Combustion model Non-premixed

but the main area of interest was the combustion 
products NOx and CO2. The model was tested in the 
initial “cold” phase, and in the final stage a module 
was also used to calculate nitrogen oxide emissions. 
Thermal and super-equilibrium nitrogen oxides are 
taken into account for nitrogen oxide emissions.

RESULTS

The numerical analysis provided information 
on changes in the pollutants components of the 

exhaust gas of the DGEN 380 aircraft turbine en-
gine as a function of changes in the engine speed 
range. The first parameter analyzed is carbon 
monoxide CO (Fig. 16–18). The results illustrate 
that the zones of origin and highest concentration 
of carbon oxides are located in the fuel-rich area, 
and therefore in the primary zone of the combus-
tion chamber, immediately after the swirler. The 
zone and amount of carbon monoxide formation 
rise with increasing shaft speed, which is due to 
the greater amount of fuel delivered as the engine’s 
operating range increases. As the speed increases, 
there is a change in the distribution of zones for 
obtaining CO, from the area of the input zone (the 
initial liner casing) the zone expands to the output 
zone (Fig. 18). In terms of values in zones, the 
smallest were obtained on the idle range, which 
can be thought to be the result of low engine load. 

Fig. 15. Fan map (under static conditions H = 0)

Table 2. Boundary conditions for one injector

Parameter Air output Fuel output Pressure at entrance to 
combustion chamber

Shaft speed n = nj = 27,145 rpm

Boundary conditions 0.05 kg/s 0.00066 kg/s 92.41 kPa

Temperature 355 K 290 K 832 K

Shaft speed n = nc = 45,392 rpm

Boundary conditions 0.1 kg/s 0.0019 kg/s 343.9 kPa

Temperature 460 K 290 K 1117 K

Shaft speed n = nmax = 51,196 rpm

Boundary conditions 0.13 kg/s 0.0034 kg/s 461.3 kPa

Temperature 508 K 290 K 1398 K

Note: nj - idle speed, nc – cruise speed, nmax – maximum speed.
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Fig. 16. Formation zones and CO emissions in the idle speed range

Fig. 17. Formation zones and CO emissions in the cruise speed range

Fig. 18. Formation zones and CO emissions in the maximum speed range
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Fig. 19. Formation zones and CO2 emissions in the idle speed range

Fig. 20. Formation zones and CO2 emissions in the cruise speed range

Fig. 21. Formation zones and CO2 emissions in the maximum speed range
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The resulting percentage difference between the 
maximum range and the idle range is about 14%. 
On the other hand, there is only about 8% differ-
ence in CO between the maximum range and the 
cruising range.

The second parameter that was tested was 
CO2 (Fig. 19–21). The zone of the amount of 
carbon dioxide in the initial zone of the combus-
tion fire tube decreases as the rotational speed in-
creases, while the outlet zone is the largest for the 
range of maximum rotational speeds. The high-
est concentration of carbon dioxide observed in 
the initial zone of the combustion chamber may 
indicate the proper process of creating a com-
bustible mixture by combining the fuel with the 
air stream and the correct combustion process.  

On the cruising range, the amount of carbon diox-
ide emitted into the atmosphere is nearly 40% less 
than when operating at maximum speed, while on 
the idling range the difference is 65%.

The most important parameter that gets the 
most attention during studies on exhaust gas pol-
lutants is NOx. The amount of nitrogen oxides in-
creases with shaft speed (Fig. 22–24), due to oper-
ation close to design conditions, and combustion 
close to complete. This is also due to the simul-
taneously increasing combustion temperature. 
It should be noted that thermal nitrogen oxides 
are formed at temperatures exceeding 1800 K.  
In the maximum shaft speeds range, the con-
centration of nitrogen oxides moves deeper into 
the combustion chamber (Fig. 24), resulting in 

Fig. 22. Formation zones and NOx emissions in the idle speed range

Fig. 23. Formation zones and NOx emissions in the cruising speed range
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increased emissions of these particles into the 
atmosphere. The change in the position of NOx 
formation zones shifts from the initial zone (Fig. 
22) toward the end zone of the liner casing. The 
amount of nitrogen oxides on the maximum 
range (Fig. 24) compared to the idle range (Fig. 
22) increases by as much as 99%, and compared 
to the cruising range (Fig. 23) is an increase of 
about 80%.

The combustion chamber results of the DGEN 
380 engine are summarized in a characterization 
showing the effect of engine speed on NOx emis-
sions (Fig. 25). The obtained graph shows that the 
amount of nitrogen oxides depends very strongly 

on the engine speed, which should force the use 
of a proper control algorithm or flight profile of 
the aircraft with the integrated DGEN 380 engine. 

CONCLUSIONS

The present paper is part of a worldwide line 
of research concerning the ever-increasing green-
house effect and the possibility of reducing it 
in the area of aircraft turbine engines. From the 
results presented in the paper, confirmation was 
obtained that for a new engine such as the DGEN 
380, the greatest influence on pollutants exhaust 

Fig. 24. Formation zones and NOx emissions in the maximum speed range

Fig. 25. Dependence of NOx emissions on shaft speed
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emissions is exerted by the engine’s operating 
range, i.e., speed, which translates into other en-
gine operating parameters, among others, operat-
ing medium temperatures, excess air ratio in the 
combustion chamber and thrust. In addition, an 
important aspect is the quality of the fuel-air mix-
ture, and therefore the process of fuel fragmenta-
tion and atomization [7]. Considering the oper-
ating time, the most pollutants can be generated 
during operation in the cruising range. 

The numerical analyses performed and their 
high convergence (Fig. 9–11.) allowed us to con-
clude that the numerical calculations of pollution 
will also converge with the results obtained on 
the static thrust stand. This provides an opportu-
nity for comparative analysis in terms of engine 
operation at different speed ranges. The results 
show a huge quantitative change in the NOx 
produced between the idle, cruise and maximum 
speed ranges. Moving the engine, between the 
two basic ranges, from the cruising speed range 
to the maximum range (a 12.8% increase) results 
in a 38.9% increase in the amount of NOx pro-
duced. Therefore, reducing the amount of these 
toxic compounds can be done through two routes. 
The first can involve reducing the maximum rota-
tional speed. Changing the speed by even 1% can 
produce noticeable effects. The second possibility 
is that the model built and the numerical analyses 
conducted also provided information about the 
zones inside of the liner casing that affect signifi-
cantly the amount of toxic compounds obtained, 
which can then be used in the work on improving 
the design in terms of reducing these products in 
case of the DGEN 380 engine. A variety of meth-
ods can be used for this purpose; for example, in 

order to reduce carbon monoxide and unburned 
hydrocarbons, it is advisable to fragmentate 
the fuel more finely and use pre-evaporation.  
In the case of nitrogen oxides, the stay time of the 
mixture in the combustion zone can be reduced, 
and efforts can be made to reduce the maximum 
flame temperature (e.g., water or steam injection 
– Fig. 26). Another way (design solution [3]) 
to improve the performance of the combustion 
chamber in terms of reducing NOx, CO and un-
burned HC hydrocarbons would be to redesign 
the chamber into a two-stage fire tube system 
(LPP-type combustion chamber). This allows the 
heat release rate 𝜉𝐾𝑆 to be kept high while idling. 
At maximum ranges, it gives large values of the 
excess air ratio 𝛼 and a reduction in the amount 
of NOx produced. From the literature data, the 
use of a catalytic combustion system (theoreti-
cally) or a more practical system in the form of a 
combination of an LPP-type chamber with cata-
lytic combustion can bring about a significant re-
duction in emissions of pollutants components of 
turbine engine combustion. Fully emission-free 
in the area of propulsion systems under study is 
only the electric system [14, 15, 16] or aircraft 
nuclear propulsion [17].
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