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ARTICLE INFO

Droplet combustion has been studied by experiments and numerical simulation for many years, and most of

studies were done about single droplets. As for droplet groups, some theoretical and experimental studies were
reported, but less of numerical studies. One of the important characteristics is the drag of combusting droplets,
which is closely related to flame structure, and is a sub-model in numerical simulation of spray combustion.
There are contradictory research results for the drag of combusting droplets. In the present paper, large-eddy
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simulation (LES) is used to study the flame structure and drag of a combusting ethanol-droplet group. The
results show that there are three combustion modes: fully-enveloped flame, partially-enveloped flame and wake
flame in a droplet group, leading to the change of the drag with inlet velocities. It is found that the drag of
droplets in the group is much smaller than that of a non-combusting particle in isothermal flows.

Key words: droplet-group combustion; large-eddy-simulation; flame structure; drag force

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Spray combustion is widely encountered in various en-
gines [1-3]. It was studied by large-eddy simulation [4, 5],
where droplets were taken as volume-less point-source
particles. Droplet combustion is an important part of spray
combustion. The droplet combustion has been studied both
experimentally and analytically for many decades since the
middle’s years of the last century [6-9]. The experiments
were done for suspended droplets, falling droplets and
flying droplets of different fuels. The so-called d*law was
examined and the “evaporation constant” K = d(dpzldt)
under different gas relative velocities, gas temperatures and
pressures were studied. In analytical studies, most of them
are based on simplified 1-D “spherical stagnhant-film” mod-
els. Even now, the sub-models for spray combustion in
modern CFD software are still based on these models.
These simplified studies cannot give the detailed structures
of droplet flames. In recent years, more detailed theoretical,
experimental and numerical studies of droplet combustion
were reported. Awasthi et al. [10] simulated the effect of
ambient temperature and initial droplet size on the combus-
tion of a heptane droplet. The focus was paid on the hep-
tane-droplet ignition delay and the comparison between the
heptane and methanol droplets in flame location and evapo-
ration rates. Kitano et al. [11] simulated single and multi-
ple-droplet combustion, but used a given evaporation model
to study the effect of ambient pressure and gas temperature
on droplet evaporation. No information on the detailed gas
flow, species concentration and gas temperature distribu-
tions surrounding the droplets were reported. Zhao et al.
[12] simulated the effect of gas temperature on droplet
combustion, only the effect of gas temperature on the drop-
let evaporation rate was reported and the comparison was
given with the numerical results of other investigators. Chiu
et al. [13, 14] reported an analytical model of droplet-group
combustion. Segawa et al. [15] studied experimentally the
ignition and early combustion behavior of 49 droplets under
microgravity condition. Mikami et al. [16, 17] reported the
droplet interactions in flame spreading characteristics of

100 n-decane droplets under micro-gravity conditions.
Manish and Sahu [18] used PIV (particle imaging veloci-
metry) to measure the group combustion of droplet clusters
in spray flames.

Regarding to droplet combustion characteristics, the
drag force of evaporating/combusting droplets is an im-
portant sub-model in spray combustion modeling. Different
research results were reported. The measurement results
reported by Eisenklam et al. [19] are that evaporation re-
duces the droplet drag. Yuen et al. [20] did experimental
studies, and Renksizbulut and Yuen [21] did analytical
studies of different evaporating droplets; the conclusion is
that evaporation does not affect the droplet drag. Makino
and Fukada [22] measured the velocity of a falling com-
busting sodium droplet. The results show that combustion
increases the droplet drag. Sugimoto [23] measured the
velocity of a combusting methanol droplet; the results are
that combustion reduces the droplet drag.

In general, the flow and flame structures surrounding
a combusting droplet-group are unclear and the drag of
combusting droplet group has not been reported. In this
paper, large-eddy simulation (LES) is used to study a com-
busting ethanol-droplet group. The obtained flame struc-
tures and drag force are reported. The results will help to
improve the drag model in numerical simulation of spray
combustion in engines

2. Controlling equations and closure models

for LES of a droplet-group combustion

To study the detailed flow and flame structures sur-
rounding ethanol droplet group, the filtered governing
equations for 3-D LES are given as

Op , 0p, N _
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The sub-grid—scale (SGS) stress was closed by the dy-
namic eddy-viscosity model [24]

Sgs = 2pCA%[S[S,

1 <L1] 1])
C=—"—3x= 5
s 2 82(|3[3;;545)-82([35;;5) Q)
where Ly = U;0; — 0;0y;, A= 2A, A is the filter size/grid
size, and
_ 1oy Ou] 5 A
A= 2 <6x] 0x1> | | S

The SGS mass and heat fluxes are closed by gradient
modeling

I Y5
Bisgs = p(qus - qus) = :_:{a_xl (6)
g aT
qjsgs = p(U]T - u]T) = :_;O_XJ (7)

The sub-grid scale reaction rate is closed by the second-
order moment combustion model [25]

_ (Y)Y, XY, XY,
W =W \3Y, TR, TR
142 1 2
oD\ ow
@& e
b = ——nT (24 20 (8)

where @, WV, ¢ and ¢ denote the filtered and sub-grid-scale
fluctuation values of Y4, Y, and K respectively.
— — _ E -1
tr = 1/I5]; T = [Bp(Yo, + BYcu, Jexp (- )]
For ethanol-oxygen reaction mechanism, a global sin-
gle-step reaction is used

2C2H5OH + 602 - 4CO2 + 6H20 (9)

The Arrhenius expression of the single-step global reac-
tion kinetics for the reaction rate is

wg = 8.345 X 10%p2Yq, Yoxexp[—1.26 x 108/(RT)] (10)
with boundary conditions at the droplet surface, accounting
for the Stefan flux

w (j_I)W = PwVwle=

dy
= mqe - prw (a)w + YspwVw = UPwVw

ZY, = IYp + 2oy + EYpp + ZYjy = 1

where, s=F(fuel), a=1,s=F, a =0. «is a notation for
different species. For obtaining the fuel vapor concentra-
tion, the fuel vapor partial pressure should be obtained by
using the Antoine equation.

3. Computation domain and solution procedure
The computation domain is shown in Fig. 1. The sizes
and position of simulated droplets are shown in Fig. 2 and

Table 1. The grid sizes in x, y, and z directions are 10-300 pm;
the time step was taken as 0.000001 s; and the grid number

is about 1400000.

Fig. 1. Computation domain

Fig. 2. Droplet sizes and position

The PISO algorithm was used for p—v corrections; the
second-order implicit difference scheme was taken for the
time-dependent term, the second-order upwind difference
scheme was taken for the convection term, and the central
difference scheme was taken for the diffusion term. For the
gas boundary conditions, a uniform gas inlet velocity was
taken. The boundary condition at the exit was based on
a fully developed flow assumption, where the gradients for
all flow variables in the axial direction were set to be zero.

Tablel. Droplet sizes and position

Group No./ Droplet position
Droplet size [um] X [um] y [um] z [um]
wl 34.3 301.5 —433.7 515.1
w2 215 —293.9 —420.8 -180.0
w3 273 7.1 -291.0 -364.1
w4 17.1 238.9 408.9 -298.7
w5 29.2 469.1 —294.9 -139.3
w6 36.4 551.1 377.1 334.1
w7 23 -507.9 451.4 394.6
w8 279 496.1 -175 520.8
w9 20.3 158.8 360.3 2145
w10 32.8 —483.0 —429.7 309.3
wil 19.4 56.3 498.9 -129.3
wil2 30.6 -257.0 137.0 195.5

4, Simulation results

4.1. Instantaneous flame structures

Figure 3 shows three combustion modes of the droplet
group. There are fully-enveloped flame, partially-enveloped
flame and wake flame under different gas relative velocity,
similar to the numerical results of a single droplet [26], and
the PLIF measurement results obtained by Mercier et al.

COMBUSTION ENGINES, 2023;193(2)
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[27]. However, in case of the droplet group, different com-  Stefan flow surrounding the droplets in the azimuthal direc-
bustion modes may exist in the same region, since there are  tion is non-uniform, which will cause the change of drag
different droplet sizes in a computation domain. Since the  with the inlet velocity.

(@ 1m/s (b) 4 mis (c) 10 mfs

(d) (gas velocity 4m/s, gas temperature 1200 K)

Fig. 3. Three combustion modes of multiple droplets

Fig. 4. Molar fraction of ethanol-vapor concentration

Fig. 5. Molar fraction of H,O concentration
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Figures 4 and 5 show the predicted molar fractions of
ethanol-vapor and H,O surrounding the droplet group re-
spectively. The distribution of ethanol-vapor concentration
is axis-symmetrical, but the reaction zones are somewhat
declined with an angle of o due the interaction between
droplets. Figures 6 and 7 are velocity vectors and stream-
lines surrounding the combusting droplet group respective-
ly. Obviously, velocities ahead of droplets are larger than
those behind droplets due to the Stefan flow, leading to the
change of drag. The similar phenomenon was observed in
the velocity vectors surrounding a single droplet [26]. The
streamlines are distorted due to the interaction between
droplets.

Fig. 6. Velocity vectors surrounding combusting droplets

Fig. 7. Streamlines surrounding combusting droplets

Figure 8 gives the vorticity maps surrounding a droplet
group and a single droplet. The vortex shedding in a droplet
inside the group is weaker than that in a single droplet ow-
ing to droplet-droplet interactions.

Fig. 8. Vorticity maps surrounding a droplet group

4.2, Statistics of the combusting droplet drag

The statistics gives the comparison between the widely-
used Wallis-Kliachko formula of the drag for non-
combusting particles in isothermal flows, modified droplet

drag accounting the effect of the Stefan Flow given by the
1-D model [28] and the LES results for a single combusting
droplet, as shown in Table 2. The Wallis-Kliachko formula
[28] gives

24 2/3
—(1+Re;°/6) Re, <1000
Cpo = {Rep P

0.44 Re, = 1000

_ pedp|Ur — T
[

The modified formula in the 1-D stagnant-film theory
[28] gives

Cp = CpoIn(1 +b) /B; B = ¢, (T, — Ty)/L

p

where B is the transfer number, related to the boiling point
and latent heat of the liquid.

Obviously, the drag coefficient of combusting droplet is
much smaller than that of hon-combusting particles in iso-
thermal flows. The physical explanations may be the injec-
tion effect of non-uniform Stefan flow surrounding the
combusting droplet and the effect of cold droplet-surface
temperature on the reduction of friction force due to the
reduction of gas viscosity.

Table 2. Drag coefficients for a single combusting droplet (T, = 1200 K)

Vrel CDO (Wa”iS' CD CDO X
[m/s] Kliachko Formula) (LES) x In (1+B)/B
0.2 3.950 1.100 2.370
1.0 1.960 0.344 1.176
4.0 0.963 0.235 0.576

The drag coefficient of a droplet in its group is still
smaller than that of a single droplet, as shown in Table 3.

Table 3. Drag coefficients for a droplet in its group

Vel Co Cp (Single Cp (Droplet in
[m/s] (Wallis-Kliachko) droplet) a group)

1 1.960 0.344 0.297

4 0.963 0.235 0.144

Figure 9 gives the drag coefficient of the single com-
busting droplet vs droplet Reynolds number, reported in
[26]. It is seen that as the droplet Reynolds number increas-
es to be greater than 280, the reduction effect of drag grad-
ually diminishes.

30

25

—Wallis-Kliachko
20
“#Numerical Simulationresults

—Ln(1+B)/B Revised

0 —
0 50 100 150 200 250 300 350 400
R,

Fig. 9. Drag coefficient vs droplet Reynolds number
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Figure 10 shows drag coefficients of droplets of differ-
ent sizes in their group under various gas relative velocities
and temperatures, indicating that the effect of gas tempera-
ture is more sensitive to drag reduction.

Fig. 10. Drag coefficients of different droplets in their group

Conclusions

Three modes of flame structures were observed in
a droplet group: fully-enveloped, partially-enveloped and
wake flames, and Stefan-flow structure was observed for
the droplet-group combustion, leading to the change of drag
force with the increasing inlet velocity. The drag force of
combusting multiple droplets is much smaller than that of
non-combusting particles in isothermal flows. Future work
should be done for finding a new drag-force model of com-
busting droplets in numerical simulation of spray-
combustion engines.
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The article presents the results of a numerical simulation of the working process carried out in a diesel

engine. In the applied utility program DIESEL-RK, the laboratory engine Farymann Diesel type D10 was
implemented. A selected inoperability of its functional fuel supply system — reduced opening pressure of the
injector pi,y — was introduced. The values of adequate diagnostic parameters were determined: working gas
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concentration of nitrogen oxides in the exhaust gas NO,. Experimental tests were carried out on the
experimental engine with the inoperative condition actually introduced, analogous to the numerical simulation,
and the diagnostic parameters Teq and NO, were recorded. The results obtained by numerical simulation of the
processes and during the active experiment on the experimental engine were compared.
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1. Introduction
Parametric diagnostics of marine diesel engines is essen-

tial for the long-term and safe operation of a ship's engine

room and power plant. It is a rapidly developing area in
terms of the measurement sensors (e.g., temperature or pres-
sure) used in diagnostic systems [3, 6, 13, 14]. An important
support for these systems and the operators themselves are
usable computer programs that allow numerical simulation of
the processes occurring in the engine during the realized
operating cycle. It is also important to determine, by means
of further calculations, the values of diagnostic parameters,
authoritative in the case of the occurrence of impurities or
inefficiency of structural elements surrounding the combus-
tion chamber, but also of the fuel supply system or intake air.

Carrying out numerical simulations of the working process

allows the selection of adequate diagnostic parameters,

which, recorded during experimental tests or normal opera-
tion of a marine engine, can give the most diagnostic infor-
mation about the analyzed inefficiency. This article proposes

a method of determining the effect of a selected inefficiency

in the functional fuel supply system of a marine diesel engine

on its diagnostic parameters, according to the following steps:

1. Selection of one of the most common inefficiencies in
the functional systems of marine diesel engines, based
on literature data.

2. Introduction of design changes in the DIESEL-RK
computer program and determination of adequate diag-
nostic parameters by numerical simulation of the work-
ing process occurring in a 4-stroke marine diesel engine,
for the Farymann Diesel type D10 experimental engine
implemented in the program.

3. Conduct an active experiment on the experimental en-
gine's laboratory stand and determine the diagnostic pa-
rameters for the actual change in the structural design,
analogous to the numerical simulation.

4. Comparison of the effect of changing the structural
design parameter of a selected component of the en-
gine's fuel supply functional system on the diagnostic
parameters obtained by numerical simulation of the
working process and as a result of an active experiment
on an laboratory engine.

2. Results of numerical simulation of diesel engine
working cycle in DIESEL-RK program

A numerical simulation of the operating process of
a Farymann Diesel type D10 laboratory engine was carried
out. The DIESEL-RK program for numerical simulation of
thermodynamic processes occurring in a piston engine was
used [7, 8, 17, 19]. The DIESEL-RK computer program in
the public version is designed to simulate and optimize the
thermodynamic processes of two-stroke and four-stroke
engines, for all types of supercharging and for the various
fuels used. The possibilities of the software allowed to
implement into the program the structural (e.g. piston di-
ameter, combustion chamber volume) and operational data
(such as rotational speed of the crankshaft or type of fuel)
of the laboratory engine Farymann Diesel type D10 — Fig.
1. The elementary composition of the marine gas oil
(MGO) feed fuel used during the laboratory tests was en-
tered. Calculations of the working process were carried out
for two engine states: reference and for reduced opening
pressure of the injector piy (2:10° Pa less).

The choice of injector opening pressure was based on
the fact that the fuel supply system is one of the functional
systems of a marine diesel engine that most often malfunc-
tions [14-16]. Analyzing the damage to marine diesel en-
gines, the most critical functional systems are the fuel sys-
tem (nearly 50% of all damage) and the working gas ex-
change (24.7%). In the case of the fuel supply system, in-
jectors (41%) and injection pumps (38%) are the compo-
nents most frequently damaged [15].
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Fig. 1. View of the window of the DIESEL-RK computer program, in
options: "General parameters" and "Fuel"

In his dissertation, Dr. Eng. S. Bruski presented the re-
sults of a statistical study for medium-speed engines oper-
ated on the Navy's ships [1]. The author shows that the
most frequent failures happened in the fuel supply (72%),
the valve train (19%) and the air supply (9%) systems. With
54% of injector failures in the fuel supply system, they
accounted for 38.9% of all engine failures in operation.
A research team from Vietnam, on the basis of their relia-
bility analysis of the structural components included in the
functional systems of a marine diesel engine, identified the
injection system as one of all the functional systems of
a marine engine that wears out at the fastest rate — each
additional 500 hours of engine operation doubles the prob-
ability of damage to the components of this system [11].

a)

Due to the subject matter of the author's research, this
article presents simulation results on the following output
parameters, calculated in the DIESEL-RK program [9, 10]:
— temperature of working gas in the cylinder (Tqy),

— temperature of the exhaust gas in the outlet channel

(Texh),

— combustion (flame) temperature in the cylinder (T comb),
— concentration of nitrogen oxide particles NO, in the
exhaust gas (ppm).

The results of calculations of the working process car-
ried out in the engine implemented in the program, for the
two analyzed states of the design structure are presented in
graphical form in Fig. 2-5. In the case of the introduced
changes in the design structure of the fuel injection system
of the experimental engine, their effect on the working gas
temperature in the T, cylinder was most evident in the
work stroke, in the area of the maximum value of this pa-
rameter of engine operation — Fig. 2a. The introduced
change in injector opening pressure resulted in a decrease in
the temperature of the working gas in the cylinder. The
largest difference occurred at the maximum value of Ty
and was about 25 K — Fig. 2b. The difference between the
waveforms of the working gas temperature in the cylinder
for the rest of the working cycle realized in the modeled
engine was much smaller or did not occur at all. Also in the
case of the waveforms of changes in the temperature of the
exhaust gas T, the greatest differences in the values of
this parameter occur in the region of the maximum — Fig.
3a. Reduced injector opening pressure piy resulted in an
increase in exhaust gas temperature by about 10 K at the
maximum value of T, — Fig. 3b. The difference in the
value of exhaust gas temperature Ty, for the two analyzed
states is also visible for the rest of the engine cycle, howev-
er it is smaller — Fig. 3a. The course of changes in the tem-
perature of combustion (flame) of gas in the cylinder Tcomy
in the case of lowering the opening pressure of the injector
Pinj Showed a slight decrease — about 6 K. This difference
remained at a similar level during the whole duration of
combustion of the fuel-air mixture — Fig. 4a and b. Thus, all
considered parameters of the design structure of the mod-
eled engine and changes in their values influenced varia-
tions in the values of temperatures Ty, Texn and Teomp.

b)

Fig. 2. Courses of changes in the temperature of the working gas in the cylinder Ty as a function of the angle of rotation of the crankshaft, for the whole

working cycle of the engine (a) and for the range of occurrence of the maximum value of the temperature in the cylinder (b), achieved as a result of nu-

merical simulation of the working process of the engine in the program DIESEL-RK under the conditions of introduced changes in the opening pressure
of the injector pin;
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a) b)

Fig. 3. Courses of changes in the temperature of the exhaust gas Tex as a function of the angle of rotation of the crankshaft, for the part of the working

cycle of the engine (a) and for the range of occurrence of the maximum value of the temperature of exhaust gas (b), achieved as a result of numerical

simulation of the working process of the engine in the program DIESEL-RK under the conditions of introduced changes in the opening pressure of the
injector Pin;

a) b)

Fig. 4. Courses of changes in the combustion temperature (flame) in the cylinder T.ms as a function of the angle of rotation of the crankshaft, for the

engine working stroke (a) and for the range of occurrence of the largest differences in combustion temperature for the considered states (b), achieved as

a result of numerical simulation of the working process of the engine in the program DIESEL-RK under the conditions of introduced changes in the
opening pressure of the injector piy;

a) b)

Fig. 5. Courses of changes in the concentration of NOy particles in the exhaust gas as a function of the angle of rotation of the crankshaft, for the working

stroke of the engine (a) and for the range of occurrence of the maximum value of the concentration of NOy particles (b), achieved as a result of numerical

simulation of the working process of the engine in the program DIESEL-RK under the conditions of introduced changes in the opening pressure of the
injector Pin;

The DIESEL-RK simulation program also allowed us to 3. Results of a laboratory tests on an experimental

deduce that for reduced injector opening pressure there is engine Farymann Diesel type D10

a Significant effect on the value of NO, particle concentra- The mathematical models used in computer programs
tion in the exhaust gas — lowering piy, resulted in a decrease  that allow numerical simulation of thermodynamic process-
in the concentration of NOy particles in the exhaust gas —  es occurring in a diesel engine contain certain simplifica-

Fig. 5. From the beginning of combustion (formation of  tjons (e.g., the working medium is treated as a perfect gas,

exhaust gases), the difference in NO, concentrations be-  and the equations of behavior do not consider mass or ener-
tween the reference state and that for reduced injector open- gy osses). Therefore, it is necessary to carry out experi-

ing pressure was about 98 ppm. mental verification of simulation results, keeping in mind
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that the results of laboratory tests are subject to uncertainty,
which is due to interference (uniqueness) of the engine
operating process and many sources of measurement uncer-
tainty, among others, imperfection of the measurement
method (measurement track), the impact of environmental
conditions on the measurement result or the error of the
researcher (e.g., when reading the indication of an analog
instrument) [5, 12, 18]. Of course, knowledge of the ther-
modynamic processes and transformations occurring in the
engine and in the exhaust gas channel is necessary to
properly interpret the obtained measurement results and
compare them with the results of numerical simulation [4].

3.1. Description of the laboratory test stand
and the measurement devices used

The research was conducted on the laboratory test stand
of the single-cylinder, four-stroke Farymann Diesel engine
type D10 (Fig. 6), located in the Laboratory of Marine
Power Plants, Faculty of Mechanical Engineering and Ship
Technology, Gdansk University of Technology. The most
important technical parameters of the laboratory engine
include: nominal power 5.9 kW, nominal rotational speed
1500 min™*, nominal torque 38 N-m, cylinder diameter 90

mm, piston stroke 120 mm, compression ratio 22:1, volume
of cylinder stroke 765 cm?®,

During the research, the following were recorded: ex-
haust gas temperature and pressure, piston TDC signal, load
current and voltage of the generator, exhaust valve opening
signal, flue gas composition. In Table 1 shows the measured
control parameters and the measuring equipment used during
research.

A multifunctional measurement and recording module
type DT-9805 from Data Translation was used to record:
the quickly changing temperature and pressure of the ex-
haust gas and the piston top dead center signal. Matlab
software was used to record the measured values. A con-
stant crankshaft speed of 1442-1444 rpm was kept during
the test. The sampling frequency was 7000 Hz. The pre-
sented research results are the average of 90 subsequent
measurements recorded under the same engine operating
conditions determined by the engine load, crankshaft speed
and ambient parameters. A KIGAZ-310 analyzer was used
to monitor the composition of the flue gas. During the tests
the engine was burning marine gas fuel — MGO.

Table 1. The parameters of the Farymann type D10 single cylinder diesel engine recorded on the laboratory test stand

Item | Parameter Measuring device Unit Measurement range
Thermocouple type K, with welded
1. Exhaust gas temperature — T, joint to 0.5 mm diameter jacket, K 273-1273
made from Inconell
5 Exhaust gas pressure in the exhaust channel | Optical pressure sensor — Optrand Vv 0-689475.73 Pa (0-100 psi),
: ~Psp C12296 sensitivity 6.01-108 V/Pa (41.43 mV/psi)
Engine speed (angular position °CA) —n Induction engine speed sensor and ]
3. min 0-3000
Top dead center — TDC TDC sensor
4. Load current of the generator — Iy, Electric current meter A 0-15
5. Voltage at the armature terminals — Uy, Voltmeter \Y 0-250
Lo Gap type optoisolator with a com- \% 0-5
6. Exhaust valve opening signal parator LM393 mm 10 (gap)
a) b)

Fig. 6. a) Diagram of the laboratory test stand with the sensor mounting locations marked: 1 — Farymann D10 engine, 2 — engine rotational speed and TDC

sensor, 3 — exhaust valve opening sensor, 4 — A/C converter, 5 — recorder, 6 — software, 7 — component to increase the volume of the combustion chamber,

8 — pressure sensor, 9 — water cooled thermocouple, 10 — exhaust gas channel, A — intake air with ball valve on the channel, B — exhaust gas, C — fuel ling;

b) view of the stand with the location of the sensors highlighted: 2 — engine speed and TDC sensor, 3 — exhaust valve opening sensor, 7 — component to

increase the volume of the combustion chamber with a pressure sensor, 8 — pressure sensor, 9 — water cooled thermocouple, A — intake air with ball valve
on the channel, C — fuel line
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3.2. Results of the laboratory research

The experimental research was carried out on the Fary-
mann Diesel engine type D10 (Fig. 6). Due to the limited
measurement capabilities of the experimental engine, the
following in-cylinder parameters were not recorded: flame
temperature and the working gas medium in the combustion
chamber. However, it was possible to record and compare
with the result of a numerical simulation of the working
process: the temperature of the exhaust gas Te and the
composition of the exhaust gas (concentration of nitrogen
oxide particles NO,). The test was conducted for two dif-
ferent technical states of the research object. The first de-
fined as the reference (benchmark, baseline) condition.

The second condition — partial suitability, resulting in a
decrease in the opening pressure of the injector, was intro-
duced through changes in the design structure of the injec-
tor: the thickness of the shim under the injector spring was
changed. Changing the shim to a thinner one caused the
spring tension force to decrease, thus simulating relaxation
of the spring's structural material [2]. This is one of the
most common states of operational unfitness in a marine
engine. The engine under test has an injector with shims
with a total thickness of &,; equal to 2.3 mm, resulting in a
fuel injector opening pressure value of about 12 MPa (the
value for the reference condition) — Fig. 7. During the test,
shims with a total thickness of 1.8 mm were installed in the
injector, resulting in a reduction of the injector opening
pressure to 10 MPa, which simulated a malfunction in the
fuel injection system involving too early injection of fuel
into the combustion chamber.

The temperature of the exhaust gas Te, values were
recorded with a K-type thermocouple, with a sheath welded
joint, with an outer diameter of the sheath of 0.5 mm and
a time constant of 65 ms, mounted at a distance of 15 cm
from the outlet valve seat. The concentration of NO, parti-
cles was obtained by measurements in the exhaust gas
channel using a KIGAZ-310 exhaust gas composition ana-
lyzer.

Fig. 7. View of the structural components of the injector used during the
tests, including the replaceable shims under the injector spring

Table 2 shows the values obtained both by numerical
simulation and measured during the active experiment, for
the reference condition and for the reduced opening pres-
sure of injector pjy,;. In addition, the percentages of changes
AX of these diagnostic parameters relative to the values for
the engine's reference condition and the character (increase
or decrease) of each change were determined, according to
the relationship:

AX =

| ®
where: X..s — value of the diagnostic parameter for the ref-
erence condition, X, — value of the diagnostic parameter for
reduced injector opening pressure.

During simulation, the average value of the exhaust gas
temperature Ty, for the reduced injector opening pressure iy
increased by 0.9% (5.52 K), while the measurement on the
experimental engine showed an approximate 4% (8.3 K)
decrease in the average value of this parameter. As for the
concentration of NO, particles in the exhaust gas, the low-
ered piy; resulted in a 95% (525 ppm) increase in concentra-
tion during the laboratory test, while the simulation showed a
5,77% (93.2 ppm) decrease in the value of this diagnostic
parameter. During the active experiment, the recorded diag-
nostic parameters are the averaged values within one cycle of
the experimental engine, while the average values too were
determined for the numerical simulation — Fig. 2-5.

Table 2. Average values of the diagnostic parameters for the numerical simulation of the working process and for the active experiment for two operating

states, and the percentages and character of the changes of the diagnostic parameters with relation to the reference state

Diagnostic parameter
Operational status Numerical simulation Active experiment
Temperature of exhaust Concentration of particles Temperature of exhaust Concentration of particles
gas Texn, K NOx, ppm gas Texn, K NO,, ppm
State of full suitability
(reference) piy; = 12 MPa 889.35 1614.85 478.95 553
Condition of partial suitability
(reduced injector opening 894.87 1521.65 470.65 1078
pressure) pip; = 10 MPa
Value and the character of the
change in the value of the 15.52 K (0.9%) 193.2 ppm (5.77%) 1 8.3 K (4%) 1 525 ppm (95%)
diagnostic parameter

4. Conclusions

The achieved values of selected diagnostic parameters
such as the exhaust gas temperature T, and the concentra-
tion of NO, particles, as well as the character and magni-
tude of their changes relative to the reference condition,
differ when we compare the values obtained by numerical

simulation in the DIESEL-RK program and for the experi-

mental test. There may be many reasons for these differ-

ences, but the following should be considered the most

important:

1. Simplifications used in the computer program's calcula-
tion algorithms, such as not taking into account the real
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phenomena occurring in the diesel engine and exhaust
gas channel, or treating the working medium as a per-
fect gas.

The presence of many sources of measurement uncer-
tainty during the experimental test, among others, the
influence of external factors on the engine operating
process and the measurement track. This factor is not
considered to any degree by the numerical simulation in
the computer program.

Phenomena occurring in the exhaust gas channel, such
as: heat release in the process of expansion, delay and
deformation of recorded signals, flow resistance in the
exhaust gas channel depending on its structural form,
technical condition of the internal surface, etc., wave

phenomena occurring in the channel (interference and
reflection of pressure waves), adiabatic compression of
the gas column located in front of successive pulses of
exhaust gas leaving the engine cylinders [6].

Programs that allow the numerical simulation of the

working process occurring in diesel engines, such as the
presented DIESEL-RK, can be considered useful at the
stage of selecting the analyzed parameters of the engine's
design structure and the adequate diagnostic parameters that

will

respond most strongly to the introduced changes, be-

fore proceeding to tests on a laboratory engine or under

ope

rating conditions on a ship. However, this is a very

multifaceted issue that requires further research and analy-

SIS.
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Condensation particle counters (CPCs) use light scattering to count particles after they have grown to

micron size in a supersaturated environment. In single counting mode each particle is counted depending on
whether the scattered light exceeds a threshold value or not. In photometric mode the total scattered light is
converted in particle number concentration. While for laboratory grade particle number systems, CPCs are
allowed to operate only in single counting mode, there is no such requirements for portable emissions
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photometric modes with silver and graphite particles with sizes ranging from 10 nm to 100 nm. The results
showed that the concentration was measured accurately enough for particles in the 25 nm to 50 nm size range,
but was underestimated and overestimated for smaller and larger particles, respectively. The key message is that
the photometric mode should be avoided or calibrated in function of concentration and particle size.
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1. Introduction

The particulate matter (PM) emissions from diesel vehi-
cles are regulated since the beginning of the 1990s in the
United States of America (USA), European Union (EU) and
Japan. Other countries, such as China and India, introduced
limits at the beginning of 2000. The method is based on (i)
testing the vehicle over a prescribed test cycle on a chassis
dynamometer; (ii) weighing of a filter that collected PM
from a diluted part of the exhaust gas. The introduction of
particulate filters at the exhaust aftertreatment of diesel
vehicles rendered the filter method unsuitable due to the
low mass of the collected PM. Furthermore, concerns that
ultrafine particles might have more adverse health effects
than bigger particles for the same mass led to assessment of
a particle counting method for regulatory purposes. This
was tasked in 2003 to the particle measurement programme
(PMP) informal group of the United Nations Economic
Commission for Europe (UNECE). Dedicated evaluations
and inter-laboratory studies confirmed the suitability of the
particle number (PN) counting method for introduction in
the regulations [1]. The PN method was introduced in the
EU regulation for light-duty diesel vehicles in 2011. The
PM and PN limits were extended to gasoline vehicles with
direct injection engines, heavy-duty engines, and non-road
mobile machinery (NRMM) [2, 3]. A similar method has
also been proposed for measurement of particles from brake
emissions [4].

A further big step in the EU regulation was the control
of vehicles on the road with portable emissions measure-
ment systems (PEMS) during real-driving emissions (RDE)
testing [5-8]. On-board vehicle testing requires small,
lightweight instruments and consequently the technical
requirements of the laboratory grade equipment were re-
laxed for PEMS. Laboratory grade systems require calibra-
tion of the thermal pre-treatment unit and the particle num-
ber counter (PNC) separately. On the other hand, PEMS

can be calibrated as a complete unit. Most importantly,
while the laboratory grade systems have condensation par-
ticle counters (CPCs) for counting the particles, PEMS can
have any detector, as long as they fulfil the counting effi-
ciency requirements. CPCs are instruments that optically
count particles using light scattering after their growth to
micron size in a supersaturated environment [9, 10]. The
CPCs of the laboratory systems have strict linearity require-
ments (£5%), while the PEMS more relaxed (£15%) [2].

The previous discussion was referring to instrumenta-
tion for the type-approval and in-service conformity (ISC)
of the vehicles, which is responsibility of the vehicle manu-
facturers. The same instrument requirements apply for the
market surveillance, which is responsibility of type-
approval authorities and the European Commission. Type-
approval, ISC or market surveillance is conducted on
a limited number of vehicles from the vehicle fleet. On the
other hand, every vehicle circulating in the market needs to
be tested for its roadworthiness every few years. This is
responsibility of the vehicle owner, who brings the vehicle
to an appropriate testing center for the periodic technical
inspection (PTI). The control of the PM is conducted with
an opacity meter only for diesel vehicles. The opacity
measurement however, is not appropriate for particulate
filters equipped vehicles, because it can hardly detect
a removed or tampered particulate filter [11, 12]. A new PN
methodology was introduced in Belgium in July 2022,
while the Netherlands, Germany and Switzerland will in-
troduce the new methodology in 2023. The sensors that are
used are handheld devices designed for garage environ-
ment. Thus, their technical specifications are even more
simplified than for PEMS. There is no requirement for the
principle of operation of the detector, and the linearity ac-
curacy requirements are £25%.

Laboratory grade CPCs have to be used in single count-
ing mode, while for PEMS or PTI devices there is no such
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requirement, and thus, the use of the photometric mode is
not excluded. In single counting mode the particle concen-
tration is determined by counting discrete events of light
scattered by a particle(s) passing through an inspection
volume. The light scattered creates an electric pulse, which
above a threshold value is considered a particle count. In-
ternal corrections such as for coincidence for older CPCs,
or dead/live time for newer CPCs are typically applied. In
photometric mode the concentration is determined by
a bulk measurement of the amount of light scattered by
a particle(s) passing through the inspection volume. Correc-
tions include functions that turn the photometric measure-
ment into a concentration. In theory, the photometric mode
could be used for single particles counting as well. Howev-
er, the accuracy is not as good as with single counting mode
because of the sixth power dependence of light scattering
intensity on particle size for particles small compared to the
wavelength of scattered light [9, 10]. Thus, the transition
between the two modes is typically done at some upper
limit, typically when the internal single counting mode
corrections reach a 10-20% value. The transition concen-
tration is between 10* #/cm? to 10° #/cm?, depending on the
CPC model. The PTI limit in Belgium and the Netherlands
is 10° #/cm?, thus a CPC with a 10:1 dilution, in principle,
could avoid the use of the photometric mode. The tailpipe
exhaust concentrations measured by PEMS can be as high
as 10° #/cm® [13]. A dilution of 1000:1 could avoid the use
of the photometric mode, but for typical dilutions of 100:1
there will be instances that the CPC measures in the photo-
metric mode.

In theory, once calibrated, the photometric mode should
remain in acceptable levels of accuracy (+20%) inde-
pendently of the original type of particles, because all parti-
cles grow in similar sizes in the micrometer range before
detection and they should have the same refractive index
due to the condensed vapor of the working fluid. However,
recently we found that small silver particles were underes-
timated at least 40% compared to soot particles [14]. There
are not many studies that have examined the photometric
mode range of CPCs, and even less any size dependency
[15]. The knowledge on the topic is based on studies on the
growth of particles in the CPCs at low particle number
concentrations [9, 16], but has not been expanded to high
concentrations. Furthermore, usually, CPCs are not accom-
panied with calibration certificates for the photometric
range and thus the true uncertainty at these high levels is
not well known. Current regulations for PEMS and PTI
devices permit the photometric mode and different materi-
als can be used for calibration. For example, for PEMS only
soot-like particles are permitted, while for PTI additionally
salt or other materials can be used. Furthermore, for PEMS
calibration is done at sizes > 45 nm, while for PTI between
70 and 80 nm. Consequently, the main questions raised are
(i) what is the uncertainty of the photometric mode and (ii)
whether the uncertainty can be kept at low levels with spe-
cific calibration requirements. In order to address these
questions, and cover this gap in the literature, in this study
we compare two identical CPCs in both single and photo-
metric counting modes with different materials (graphite,
silver) and different sizes. The results of this study are not

useful only for vehicle exhaust emission measurements
[17-19], but any other aerosol measurement field (e.g.
nanomaterials, ambient air, work exposure) [20, 21].

2. Materials and methods

Figure 1 presents the experimental setup. Two particle
generators were used to generate particles of different mate-
rials (graphite or silver) and sizes: the geometric mean
diameter (GMD) ranged from below 10 nm up to 100 nm.
Silver particles are typically small (< 20 nm) and can be
assumed that they resemble more the metal oxides from the
lubricant. Graphite particles have similarities with soot
particles from combustion engines [22, 23]. Furthermore,
vehicle exhaust regulations require the measurement of the
non-volatile (solid) particles, thus the silver and graphite
particles of this study should be representative of the results
expected with exhaust particles.

[ o
Particle /. SMPS
generator
[Je
[— CPC,
¥ Dilution
excess bridge  ONO ______________
‘ e
\ (Filter = !
SNl
Diluter DIL | ai e CePCe

Fig. 1. Experimental setup. With dotted lines we indicate instruments that
were optionally used

The concentration was further decreased in a dilution
bridge. The size distributions were determined by a scan-
ning mobility particle sizer (SMPS) with a long differential
mobility analyzer (DMA) 3081, and a 3010 butanol CPC
with 50% efficiency at 10 nm (SMPS model 3936, TSI Inc.,
Shoreview, MN, USA). Corrections for multiply charged
particles and diffusion losses were applied by the manufac-
turer’s aerosol instruments manager (AIM) software ver-
sion 9.0.0. The SMPS was evaluated before the measure-
ment campaign [14]. In parallel to the SMPS, two identical
CPCs were measuring; one of them optionally with a diluter
(DIL). The protocol included tests at different concentration
levels adjusting the dilution bridge. The SMPS due to its
lower resolution time (around 2.5 min) was not used at all
concentrations steps, but at indicative intervals. For silver
particles only part of the size distribution was captured by
the SMPS. The missing part was taken into account by
fitting the measured part (Fig. 2). The “missing” part be-
low 7.5 nm was around 28-30%, while below 4 nm around
0.5-1.5%. The correction of the particle concentration for
the “missing” part was between 1.35 and 1.55. Details for
the instruments follow.

2.1. Particle generators

The DNP 3000 (Palas GmbH, Karlsruhe, Germany)
produces graphite particles by high-voltage spark discharg-
es between two graphite electrodes in a N, flow [24]. Sub-
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sequent internal dilution with filtered air reduces the parti-
cle number concentration. The two settings used were: (i)
for GMDs 25 nm to 50 nm: medium energy 3.0 kV, cur-
rent 2 mA, N, carrier 3 dm*min, mixing air 8 dm*min; (ii)
for GMDs 60 nm to 100 nm, medium energy 3.0 kV, cur-
rent 5 mA, N, carrier 3 dm®min, mixing air 3 dm*min. The
size was adjusted by modifying the residence time in the
tubing between the generator and the instruments.

Silver particles were generated by an in-house tungsten
glowing wire generator (GWG) [25]. Accordingly, a silver
filament was placed around tungsten. The silver filament
was heated resulting in silver vapors. N, was used as carrier
gas to avoid oxidation of the tungsten wire and the silver
particles. The carrier gas was further mixed with N, to
reduce the silver particles concentration.

Fig. 2. Examples of particle number size distributions measured by SMPS.
Grey dotted lines present the fittings to the measured silver size distribu-
tions

2.2. Condensation Particle Counters (CPCs) model 3752

Two identical butanol CPCs (model 3752, TSI) with
50% efficiency at 4 nm were measuring the particle number
concentration [26, 27]. The CPCs were used with 1.5
dm®min flowrate. From this flow, 0.3 dm*min pass
through the optics, while the 1.2 dm*min bypass the optics.
Flow rate measurements confirmed that these flows were
within 5% of the nominal values. One of them (CPC,) was
calibrated 10 months before the measurement campaign.
The other (CPCg) was calibrated three years before the
measurement campaign. However, due to the COVID-19
lockdown, its use the last two years was limited. All cali-
bration certificates, for the initial and subsequent calibra-
tions, included only a single check in single counting mode
at 50,000 #/cm® and no information on the photometric
mode. This certificate calibration factor was taken into
account in the results.

2.3. Diluter (DIL)

One of the CPCs (CPCg) was also used downstream of
a diluter (model DDS 560, Topas GmbH, Dresden, Germa-
ny) in order to keep the concentrations in the single count-
ing mode. The principle was similar to the dilution bridge
concept (i.e. bifurcated diluter). A fixed dilution of 50:1
was used for all tests. We calibrated the diluter (DIL) at this
specific dilution 50:1 before the measurement campaign.
The penetration with silver and graphite particles is given in
Fig. 3. The procedure was according to the regulation for

particle number systems: Regulation (EU) 2017/1151. The
penetration was around 95% for 25 nm particles, 82% for
15 nm, 60% for 8 nm. Based on the fitting of the experi-
mental data and to take into account the particle losses:
a 1.05 correction was applied when 25 nm size distributions
were measured with graphite particles and 1.65 for 8 nm
size distributions with silver particles.

Fig. 3. Penetration of diluter DIL with silver and graphite particles at
dilution ratio 50:1

3. Results

3.1. Inter-comparison of CPCs

Figure 4 plots the difference of the two CPCs at various
concentrations. The tests were conducted without any dilu-
tion upstream of the CPCs, thus the “raw” concentrations
refer to the readings of the CPC (including the certificate
calibration factors).

Fig. 4. Comparison of CPCa with CPCg. No dilution DIL was used up-
stream of any CPC. CPC,,, refers to the concentration measured by the
CPC, including the certificate calibration factors

Up to 10° #/cm?®, the differences were within 5%. Then
the differences followed a wavy curve: they increased up to
25% at concentrations 2-4x10° #/cm®, then they decreased
to —55% at concentrations 2-4x10° #/cm®, and then they
further increased. The behavior was independent of the
material or the size distribution. Since these are nominally
the same devices, this behavior points towards inaccurate
calibration at high concentrations. The actual correction
applied in photometric mode is not known. From this com-
parison it was not clear which CPC was the correct one, if
any of the two. It should be noted that the calibration certif-
icates of the specific CPCs included only one point in the
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single counting mode at 5x10* #/cm?, and no points in the
photometric mode.

3.2. CPC vs. SMPS

Figure 5 and Figure 6 compare CPCg and CPC,, respec-
tively, with SMPS for various materials and size distribu-
tions. The SMPS silver particle size distributions were
corrected by a factor 1.35 to 1.55 depending on the missing
part of the size distributions (see Fig. 2). The y-axis plots
the difference of the corrected CPC concentration (i.e. cer-
tificate calibration factor, dilution ratio, diluter losses) to
the SMPS. The x-axis plots the raw CPC concentration, i.e.
without dilution correction (if any).

Fig. 5. Comparison of CPCg with SMPS. “dil.” indicates measurements
that the CPCg was used downstream of the diluter

Fig. 6. Comparison of CPCx with SMPS

The measurements with graphite particles resulted in
a reasonable agreement with the SMPS (5% to 40%) [28]
for both CPCs up to a concentration of 10° #/cm® and up to
the maximum concentration of 10’ #/cm® for CPCa. In the
photometric mode, the two CPCs showed different trends
partly in agreement with their relative comparisons, as
presented in Fig. 4.

The comparison to the SMPS, however, revealed a con-
sistent effect of the aerosol in the CPC/SMPS correlations.
In particular, both CPCs were found to measure systemati-
cally lower concentrations of silver particles, with the dif-
ference increasing with the concentration reaching as high
as —90% at 10" #/cm? (i.e. one order or magnitude lower).

3.3. CPC, vs. CPCg downstream of a diluter
The uncertainties associated with the SMPS data inver-
sion including the external correction for the undetected

fraction of the silver particle distribution, can raise con-
cerns. Furthermore, high concentrations of charged parti-
cles, if not properly neutralized, can lead to overestimation
of the SMPS concentrations. For example, the graphite
particles can be highly charged [29] or high charges from
the glowing wire generators have been reported [30]. In
order to confirm that the findings were true and not experi-
mental errors we repeated some tests using CPCg down-
stream of the diluter as reference instrument. The CPC
concentrations, when used in single counting mode, should
be very accurate, but CPCs, do not give size information.
Figure 7 compares the readings of CPC, without any dilu-
tion to the readings of CPCg corrected with the dilution
50:1 of the upstream diluter. Thus, the concentrations
measured by CPCg were approximately 50 times lower than
those shown in the x-axis of Fig. 7 and always in single
counting mode. Furthermore, particle losses for the diluter
according to Fig. 3 were applied.

For concentration levels up to 10° #/cm? the differences
were within £5% for graphite or +£10% for silver particles.
When the two CPCs were compared to each other, their
differences were within 5% (Fig. 4). The higher variability
with silver particles (10% vs. 5%) had to do with the uncer-
tainty of the particle loss corrections for the diluter DIL.
Nevertheless, the variability is smaller than when the CPCs
were compared to the SMPS (Fig. 4 and 6).

Fig. 7. Comparison of CPCa with CPCg downstream of diluter DIL;

CPCgcor refers to the concentration after correction with the dilution ratio

of DIL 50:1, certificate calibration factors, and losses in the diluter DIL;
CPCgaw Was always in the single particle mode

In the photometric mode, CPC, underestimated the
concentrations for silver particles. On the other hand, it
overestimated the concentration for large graphite particles
at concentrations > 10° #/cm®. Only for the 25 to 50 nm
graphite particles the differences remained within 20%.

The results were very similar to those of Fig. 6, where
the reference was a SMPS, confirming the reliability of the
data. The results and trends were also very similar with
those of CPCg (Fig. 5). However, as noted also in Fig. 4,
for concentrations > 1x10° #/cm® CPC, was measuring
much lower, or as the previous results showed, CPCg was
actually measuring much higher (overestimating). Combin-
ing the information from Fig. 5-7 it can be concluded that
the calibration of CPC, in the photometric mode was more
accurate.
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4. Discussion

This study addressed a critical question; what is the un-
certainty of the photometric mode of the CPCs. While
CPCs for laboratory grade equipment are allowed to oper-
ate only in the single counting mode, there is no such re-
quirement for PEMS and PTI. Thus, it was important to
evaluate whether the uncertainty remains within 15% for
PEMS and 25% for PTI instruments, as prescribed in the
relative regulations. It should be emphasized that the specif-
ic CPCs that we evaluated are not used for PEMS or PTI
testing, and the aim of this study was to assess the principle
of photometric mode in such applications, and not the spe-
cific CPCs per se.

The results showed that in most cases, a calibrated CPC,
can remain within 25% (Fig. 6), which includes also the
uncertainty of the reference system. This value is close to
the one typically reported as uncertainty for photometric
mode (20%) from the instrument manufacturer. The results
were confirmed using either a SMPS as reference instru-
ment or a CPC downstream of a diluter measuring in single
counting mode. However, the results also revealed that: (i)
for very small particles (around 10 nm) the concentration
was underestimated; (ii) for very large particles (> 60 nm)
the concentration can be overestimated; (iii) the deviations
depended on the concentration levels; (iv) the two CPCs
had large differences in the photometric mode.

This is one of the few studies that have examined the
high concentration (photometric) range of the CPCs, and
probably the first one that covered from very small to large
particle sizes (range at least 10 nm to 100 nm). It is also the
first study that raises concerns for the photometric mode for
large sizes. The assessment of the photometric mode (prin-
ciple) at low concentrations is not something new. The first
photoelectric instrument was developed early in 1940 [9].
The aerosol was saturated by diffusion of water vapor. The
subsequent expansion to atmospheric pressure produced
cloud by condensation. The attenuation was measured with
a photoelectric cell. Such an instrument developed in 1970s
was capable of reaching concentrations up to 10° #/cm?
[31]. A commercially available and commonly used in-
strument since the 1980s was the TSI model 3020 [32]. It
operated in the photometric mode for concentrations higher
than 1000 #/cm®. The photometric mode was based on the
scattered light by the aerosol cloud and an empirical cali-
bration. The successor was the TSI model 3022A using
butanol as a working fluid, which was replaced by model
3775 and later by 3752, the model that was assessed in our
study.

The first question would be how the photometric mode
is calibrated and which are the reported deviations reported
in the literature. Calibration of the first photoelectric coun-
ters was conducted with a “tube bridge” or dilution bridge
in mid-1940s and polydisperse aerosol, which practically
halved the aerosol concentration [33]. Since the 1970s the
preferred method was, and still is, using monodisperse
aerosol with a differential mobility analyzer (DMA) and
determination of the concentration with an electrometer [9].
Our tests were a combination of the two methods: We used
a DMA and a diluter upstream of the reference CPC. By

characterizing the diluter, it was possible to minimize the
measurement uncertainty.

One study [34] with a CPC model 3022 found a con-
stant deviation of 20-30% for concentrations up to 4x10°
#/cm?® for polydisperse 35 nm and 92 nm NaCl, 82 nm car-
bon, 111 nm and 233 nm di-ethyl-hexyl-sebacate (DEHS)
particles. However, higher concentrations were not tested.
Others have tested the transition from single counting mode
to photometric mode and noticed differences for a Grimm
5.401 CPC [35], a TSI 3022A [36] and a water CPC [37].
The only study with high concentrations, up to 107 #/cm®
[15], compared many instruments with various polydisperse
materials. The 3022A was within 5% of the average value
for concentrations up to 10° #/cm® for all materials. At
higher concentrations the deviation was much higher: -65%
at 2x10° for 7 nm silver, —=30% at 5x10° for 11 nm tungsten
oxide, —50% at 5x10° for 20 nm NaCl, but +20% at 5x10°
for 130 nm DEHS particles. However only two instruments
could measure above 10° #/cm®. The findings demonstrate
large deviations in the photometric mode, that depend on
the particle size. Thus, our results are in good agreement
with the literature.

Even though there is only one study that examined the
photometric mode experimentally and there was no “true”
reference, insight for the measured deviations can be gained
by older studies at low concentration levels. Already in the
early 1980s researchers observed that pulse heights pro-
duced by the photodetector of the TSI 3020 decreased with
decreasing particle size for particles smaller than 15-20 nm
[9]. The super-saturation that is required to activate conden-
sational growth increases as droplet sizes decrease (Kelvin
effect). Saturation ratios increase from a value of unity near
the condenser inlet to a maximum in the midsection [38—
41]. Due to the Kelvin effect, smaller particles travel further
in the condenser before their activation and therefore they
have less time to grow, resulting in lower scattered light
and pulse height. For example, when the flow rate of a TSI
3020 decreased from 300 to 200 cm®min, the counting
efficiency of 5 nm particles increased by as much as six-
fold, indicating that the particles grew more in size [42].
However, too low flowrate can result in excessive particle
losses before their growth. Particles activated near the en-
trance of the condenser reach similar final sizes and pro-
duce similar pulse heights [43].

Extrapolating the findings of the above mentioned stud-
ies from low to high particle concentrations, it can be de-
rived that the signal of the photometric mode depends on
the initial particle size when at the steep part of the count-
ing efficiency curve. Figure 8a plots the ratio of the CPC,
to the SMPS in function of the GMD of the measured size
distributions. The data are based on Fig. 6 with a correction
factor of 1.15 to bring the ratio to 100% at large sizes. The
reason of this 15% correction was not investigated in detail,
but is well within expected differences between SMPS and
CPCs [44, 45]. The same figure plots (dotted line) the ex-
pected ratio measuring polydisperse aerosol, based on the
monodisperse counting efficiencies found in the literature
for the specific CPC model [27]. Small symbols are meas-
urements in photometric mode, while big symbols in single
counting mode. Figure 8b plots the same information for
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CPCs. Although the single counting mode (large) points lay
on the expected curve, the measurements in photometric
mode of small particles are much lower. In single counting
mode the pulse height is not important because each parti-
cle is counted, as long as the pulse height is above a thresh-
old level. In photometric mode, the total scattered light is
translated into particle concentration. Since the scattered
light from each particle is lower for small particles, the total
scattered light and the resulting concentration will be lower.

The pulse height depends on the final particle size and
consequently on the saturation profile. The saturation pro-
file depends on the geometry and the operating conditions
of the CPC, which determine the heat and mass transfer
[43]. Thus, different CPC models with differences in satu-
rator temperatures will have different super-saturation rati-
os (and profiles) and thus different droplet growth [38].

Fig. 8. Ratio of CPCs relative to SMPS for polydisperse particles in func-
tion of the geometric mean diameter (GMD). Dotted line is the expected
curve for polydisperse aerosol based on the typical counting efficiency of
the same model. Small symbols are concentrations in photometric mode,
while larger symbols are in single counting mode: (a) CPCa; (b) CPCg

The previous studies can explain why there is a lower
detection efficiency for smaller particle sizes, but they can-
not explain why this difference varies with particle concen-
tration (for the same size). Particle concentrations can also
influence pulse-heights through vapor depletion as it was
shown theoretically for the TSI 3022A [46] and for a TSI
water CPC 3785 [47]. Experimentally it was found that
pulse heights drop linearly with increasing concentration
for all particle sizes [16]. However, the pulse height differ-
ence for particles of different initial size is a very weak
function of aerosol concentration. A detailed theoretical
study clearly demonstrated that at high particle number

concentrations the super-saturation ratios decrease due to
[48]: (i) depletion of the working fluid vapor due to the
uptake by the droplets, and (ii) increase in the equilibrium
vapor pressure due to warming of the flow from condensa-
tional heat release. Thus, with increasing particle number
concentrations, the critical activation diameters increase
and the final droplet sizes are smaller [48]. The later activa-
tion also results in smaller droplets due to less time in the
condenser, as discussed previously. Concluding, the cali-
bration should be model specific and in function of the
particle concentration. Our results with the rest of the stud-
ies indicate that the calibration is valid only in the plateau
region of the CPC, and attention is needed at small particle
sizes.

Although less pronounced than for small sizes, why the
calibration was not valid for big particles is not entirely
clear. A plausible explanation is that the calibration was
done at around 50 nm, for which the pulse height was not
the maximum. Still some small differences of the final size
can be seen for bigger particles, as they are activated earli-
er, although very small to fully explain this trend [41]. The
linear pulse heights drop with increasing concentration
probably is not taken into account correctly with the inter-
nal calibration functions. Another explanation could be the
decrease of the droplet size with the temperature increase
from the condenser to the optics. We are not aware of stud-
ies discussing this, and it’s a topic that needs further inves-
tigation.

Finally, the influence of particle composition on pulse
heights was also studied by other researchers [16]. Sulfuric
acid and tungsten oxide particles had the same pulse height
dependence with size below 10 nm [16, 43], while above 10
nm the dependency was very small in function of size.
NaCl had differences at sizes < 10 nm, but they were at-
tributed to the cubic shape of NaCl particles. For the same
electrical mobility diameter, the length of the cube is 0.72
times the diameter of a sphere [16]. Thus, for the same
electrical mobility size, the cube length is smaller and the
activation more difficult. Based on these findings, the re-
searchers concluded that the pulse height is not affected by
the chemical composition, but weakly on the shape (surface
area). Differences in the counting efficiencies in the cut-off
curve have been reported by many researchers testing in the
single counting mode [49-51]. These findings justify why
there were no differences of the material in the plateau
region (25 to 50 nm range) in the photometric mode for
graphite, soot, and salt particles in our previous study [14].

Summarizing, the pulses depend on the size of particles
and the particle number concentration. The chemical com-
position probably does not have any impact in the plateau
region, but shape could have an effect at the steep part of
the efficiency curve. However, at the sub-10 nm region,
most particles are spherical so the shape impact should be
negligible for most applications in practice. The key find-
ings of this study is that the photometric mode needs de-
tailed calibration in function of (i) the concentration and (ii)
size, similar to what is done for the single counting mode
for each instrument. For one of the tested CPCs the valid
range (around 25 to 50 nm) was appropriate for PEMS

20

COMBUSTION ENGINES, 2023;193(2)



Assessment of two condensation particle counters (CPCs) in photometric mode...

which measure from approximately 23 nm, but not for PTI
instruments which are calibrated at 70 to 80 nm.

The key messages of this study are: (i) current calibra-
tions in the photometric mode (if any) are not sufficient.
Typically, no data are provided or in some cases a single
concentration point. The material and the size is often not
reported; (ii) more studies are necessary to confirm the
findings of this study and whether the impact of con-
centration and size can be extrapolated to other designs. At
the moment the use of the photometric mode for regulatory
PEMS and PTI tests should be avoided; (iii) future calibra-
tion certificates should cover the concentration range of the
photometric range and the size range of validity.

5. Conclusions

In this study we assessed two TSI 3752 CPCs in the
photometric mode with silver and graphite particles in the
size range of 10 nm to 100 nm. The two CPCs were within
+20% up to 10° #/cm® but had higher difference at higher
concentrations. The differences were independent from the
material indicating that one of them needed better calibra-
tion in the photometric mode. When a SMPS or a CPC
downstream of a diluter (in order to keep it in single count-
ing mode) were the reference instrument, it was found out
that the silver 10 nm particles were almost linearly underes-
timated with increasing concentration. The underestimation
was around —50% at 10° #/cm?, reaching —90% at 10’ #/cm®.
Large particles > 60 nm were overestimated around 50% at
3x10° #/cm® exceeding 100% at 10 #/cm>. Only particles
in the size range of 25 nm to 50 nm were accurately meas-
ured in the whole concentration range for one of the CPCs.

The behavior for small particles was attributed to the
different position and time of particles activation in the
condenser and consequently the different final size before
optical detection. The resulting smaller final growth of
smaller particles resulted in different scattered light and
consequently particle number concentration. The particle
concentration due to vapor depletion and condensational
heat release reduced the super-saturations, and consequent-
ly resulted in larger activation diameters and smaller final
droplet sizes. Consequently, smaller particles had an in-
creasing deviation from the reference instrument in function
of the concentration. The behavior for large particles needs
further investigation, but it could be related to the internal
calibration curve optimized for mid-sized particles. The
important message is that the photometric mode should be
avoided, and used only when its calibration remains unaf-
fected in the size range of interest for the specific applica-
tion.
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Nomenclature

AIM aerosol instruments manager
CPC condensation particle counter
DEHS di-ethyl-hexyl-sebacate

DIL diluter

DMA differential mobility analyzer
EU  European Union

GMD geometric mean diameter
GWG glowing wire generator

ISC in-service confirmity

NRMM non-road mobile machinery

PEMS portable emissions measurement system
PM  particulate matter

PN  particle number

PNC particle number counter

PTI  periodic technical inspection

RDE real-driving emissions

SMPS scanning mobility particle sizer

USA United States of America
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an increase in nitrogen oxides (NO,) emission. Technical solutions applied to bring main engines into
compliance with current NOy emission standards set by the Tier Il limits include the use of SCR and EGR
systems, the implementation of the Otto cycle, and the application of liquified natural gas (LNG) as the low-
emission fuel. Impact of the available Tier Ill-compliant technologies on the heat balance results is analysed

using the example of the currently most popular dual-fuel main engines, i.e. WinGD X92DF and MAN G95ME-
C10.5-Gl. The possibilities of waste heat recovery in the electricity generation process and thereby improving
the ship energy efficiency are discussed.
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1. Introduction

Two-stroke engines, achieving an overall efficiency of
more than 50% and not requiring the use of reduction gears,
are unrivalled as the most efficient source of mechanical
energy needed to move the ship at the set sailing speed. As
such, they are widely used on all types of cargo ships (in-
cluding container ships, bulk carriers, and tankers), whose
geometry allows the main engine of considerable height to
be installed inside the ship's engine room space in the plane
of symmetry of the hull's skeg. The highest overall efficien-
cy among all internal combustion engine types is due not
only to the low speed and large piston stroke, but also to the
relatively high combustion temperatures of the compressed
fuel-air mixture. It promotes efficient utilisation of the
chemical energy contained in the supplied fuel, but is asso-
ciated with an undesirable significant increase in nitrogen
oxides (NO,) emission [7]. NO, emission increasing with
the combustion temperature of hydrocarbon fuels, especial-
ly intensively above 1300°C, are an inherent part of the
operation of all internal combustion engines [3]. The nega-
tive impact of NO, emission on the environment and human
health has been recognised by the International Maritime
Organisation (IMO) and MARPOL Annex VI has been
expanded to include provisions obliging shipowners to
implement technical solutions to reduce NO, emission from
ships. The requirements for the prevention of NO, emission
apply to engines with a rated brake power of more than 130
kW as defined in rules 2.12 and 2.14. The most stringent
NO, emission standards have been set by the Tier Il limits
since 2015 [13]. Despite the enduring popularity of direct-
driven main propulsion systems with a two-stroke engines,
publicly available analyses and studies of the heat balance
results refer to an outdated state of the art. The main engine
operation was then unaffected by the selective catalytic
reduction (SCR) or exhaust gas recirculation (EGR), ensur-
ing the exhaust gas composition in compliance with current
NO, emission standards, liquified natural gas (LNG) was
not yet in widespread use as the low-emission fuel and

there were no main engines implementing the Otto cycle
instead of the Diesel cycle [10]. Thus, the purpose of this
paper is to compare the percentage share of heat losses in
the heat balances of the most popular dual-fuel two-stroke
main engines, i.e. WinGD X92DF and MAN G95ME-
C10.5-Gl, operating in a Tier Ill-compliant gas mode under
ISO ambient conditions [7]. The realisation of the chosen
objective will facilitate the selection of a gas-fuelled two-
stroke main engine in terms of waste heat recovery in the
process of electricity generation based on the thermody-
namic cycle appropriate for the parameters of available heat
losses [1].

2. Heat balance of the internal combustion engine

The heat balance is a compilation of the distribution of
the total heat supplied to the main engine with fuel into
useful heat, equivalent to the brake power, and the sum of
heat losses. To make the heat balance more readable, the
percentage of all components in relation to the total heat
supplied is given. The heat balance is carried out at a con-
stant load for the contract parameters after the engine has
reached thermal equilibrium, and the results obtained are
presented analytically. Performing a heat balance with the
presentation of results makes it possible to determine ways
of increasing its efficiency, which is particularly important
in terms of waste heat recovery. Equations (1)—(4), applica-
ble to the heat balance of all internal combustion engines,
are listed below [2].

=0+ W

hence:
D =(+ ) 2+ Q) @

hence:

D Q= (@ + Qu + Qua + Qer) 3)
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and:

. Qu IJB
=—=— 4
Qr e . )

thus for LNG-fuelled engines [12]:

_ Py (LCVgo - SFOC + LCV;; - SGC) :
T 3600 ®)

where: Qr — total heat supplied with fuel, kW; Q, — useful
heat, kW; ¥ Q;, — sum of all heat losses, kW; Qg — exhaust
gas waste heat, kW; ¥ Q; — sum of the low-temperature
heat losses, kW; Q, — radiation waste heat, kW; Q, — cool-
ing oil waste heat, kW; Q,, — jacket water waste heat, KW;
Q.. — scavenge air waste heat, kW; Qggr — EGR cooling
waste heat, if applicable, kW; Py — main engine brake pow-
er, kW; n, — main engine overall efficiency; LCVgg — lower

calorific value of the pilot fuel oil, ll:—;; SGC — specific LNG

consumption, ﬁ; SFOC - specific pilot fuel oil consump-
tion, —5—; LCV,, — lower calorific value of the LNG, 2.
KWh kg

Qgcr is a total heat dissipated in plate heat exchanger
according to Fig. 1. This heat loss is unique to engines
equipped with each of the EGR system variants [15].

Fig. 1. Overview of the EGR cooling system [21]

The overall efficiency of the contemporary two-stroke
dual-fuel main engines operating at maximum continuous
load under ISO ambient conditions exceeds 50%, which
means that such a proportion of the fuel-supplied energy is
converted into brake power, with the rest being lost [11].
Potentially, therefore, very large amounts of heat could be
recovered, which is severely hampered by the relatively low
temperature of the waste heat carriers. Conventional waste
heat recovery systems reach for exhaust gas characterised
by sufficiently high inlet and outlet temperatures that allow
the use of this waste heat carrier in electricity generation
based on steam Rankine cycle (SRC), Brayton cycle (BC)
or combined cycle (CC) [1]. The other waste heat carriers,
i.e. scavenge air, jacket water, lubricating oil and EGR
cooling water, are distinguished by significantly lower
temperatures (Table 3) that preclude water steam produc-
tion. Only the scavenge air gives off a portion of its heat to
the feed water supplying an exhaust gas economiser in
several maritime applications. Consequently, they have not
yet been used in the electricity generation required to re-
duce the energy efficiency index for designed (EEDI) and

existing (EEXI) ships [14]. The amount of the useful heat
and the individual heat losses in the heat balance as well as
the temperatures of waste heat carriers are subject by both
the engine thermodynamic cycle and the operation of the
SCR or EGR systems used [1]. The impact of the operation
of the mentioned systems and thermodynamic cycle real-
ised by the two-stroke dual-fuel main engine on the availa-
ble waste heat amounts and temperatures are discussed and
illustrated by the heat balance results later in the paper.

3. Methodology

The impact of technical solutions to adapt main engines
to the Tier 11l emission standards on the heat balance results
and the temperature of waste heat carriers is illustrated
using the example of the currently most popular two-stroke
dual-fuel main engines, i.e. WinGD X92DF and MAN
G95ME-C10.5-Gl. These have found the application,
among others, on all the series of dual-fuel ultra-large con-
tainer ships built in the last three years [7]. Table 1 contains
the basic design and operating parameters of the analysed
main engines.

Table 1. Basic design and operating parameters of the WinGD X92DF and
MAN G95ME-C10.5-GI main engines [15]

. . MAN G95ME-
Parameter Unit WinGD X92DF 10.5-Gl
Piston stroke m 3.468 3.46
Piston bore 0.92 0.95
Maximum contin- "

min 80
uous speed
i in- kW

Maximum contin KW 5320 6870
uous power cyl.
Available number
of cylinders B 6-12
Auvailable range of
contract maxi-
mum continuous kw 23,520-63,840 27,120-82,440
power
Compression ratio — 6.25 12
Sas supply pres- MPa 0.75-15 20-30

Simulations of the operation of selected main engines
were performed in the MAN Computer Engine Application
System and General Technical Data for WinGD 2-Stroke
Engines software for the boundary conditions indicated in
Table 2. In this manner the full heat balance results of the
analysed main engines were received, including the amount
of all heat losses as well as the temperature and mass flow
of the available waste heat carriers. The most important
data are presented in graphical (Fig. 2-3) and tabular (Table
3) form later in the paper.

The reference engine load equal to 75% of the maxi-
mum continuous rating allows obtaining information useful,
among other things, in calculating EEDI and EEXI and in
developing how to recover available waste heat amount. In
addition, it should be noted that the scope of EEDI and
EEXI does not include the use of waste heat for heating
services as well as in the process of domestic hot water and
fresh water production. Improving the energy efficiency of
a ship as defined by these technical measures, therefore
requires the production of electricity in recovery turbine
generator units. In this way, some of the diesel generating
sets of the ship's electric power station can be set aside and
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the surplus power transferred to the main engine crankshaft
by means of a shaft generator operating in a PTO (Power
Take-Off) mode [4].

Table 2. Boundary conditions assumed for the simulation of the selected
main engines operation [4]

Boundary conditions Remarks
75% of maxi- Engine !oad is related to_th_e
. - calculation of energy efficiency
Engine load mum continu- . S b
oS Power design (EEDI) and existing ship
P (EEXI) index
91% of maxi- Engine speed corresponds to the
Engine speed | mum continu- operation of the engine according
ous speed to the propeller curve
Ambient 1SO Ambient air and scavenge air
conditions coolant temperature is 25°C
Regasified LNG | Gas mode in which the pilot oil
Fuels used MGO as a pilot | dose is involved in the initiation
oil of ignition
Cpmpllance Tier 11l and WinGD X92DF in a gas mode
with NOy consequently ire th £
emission less stringent does not require the use of SCR
A or EGR systems
standards Tier Il

In turn, the presentation of heat losses as a percentage of
the energy supplied with fuel makes it easier to relate these
values to main engines with any available number of cylin-
ders. On the other hand, the temperature of each of the
waste heat carriers refers to the thermodynamic cycle
whose realisation enables the production of steam to drive
the steam turbine generator unit [11].

4. Results and discussion

The heat balance results of the WinGD X92DF and
MAN G95ME-C10-GlI operating in a Tier Ill-compliant gas
mode under 75% maximum continuous rating and 1SO
ambient conditions received in the simulation carried out
for the boundary conditions listed in Table 2 are shown in
Fig. 2. All the symbols used are identical to those men-
tioned below equations (1)—(5).

Fig. 2. Heat balance results of the gas-fuelled MAN G95ME-C10.5-Gl and
WinGD X92DF operating in a Tier Ill-compliant gas mode under 75%
maximum continuous rating and 1ISO ambient conditions

On the basis of a comparison of the heat balance results
shown in Fig. 2, it was found that the realisation of the Otto
cycle by the WinGD X92DF was associated with up to 2.88
percentage points lower overall efficiency and thus much
higher waste heat resources than the Diesel-cycle MAN
G95ME-C10.5-Gl. This was caused by a significantly low-
er compression ratio as well as the combustion temperature
of the compressed fuel-air mixture (Table 2). Otto cycle is
the most efficient thermodynamic cycle of the internal
combustion engines assuming the same compression ratio.
However, the almost twice lower compression ratio than in
the case of the Diesel cycle determines the lower efficiency
of Otto-cycle WinGD X92DF [10]. In addition, it is im-
portant to note the largest share of exhaust gas and scav-
enge air heat losses with the smallest share of jacket water
and lube oil heat losses in the WinGD X92DF engines
waste heat. This is due to the lack of any additional systems
to ensure the exhaust gas composition complied with Tier
Il emission standards, and a slightly larger piston stroke
(Table 1) than the competing MAN G95ME-C10.5-GI [21].

MAN G95ME-C10.5-GI equipped with the LPSCR sys-
tem stands out for the highest overall efficiency and share
of exhaust gas waste heat in the total heat loss. This was
attributed to the lack of interference of low-pressure selec-
tive catalytic reduction in the combustion process and thus
the highest exhaust gas temperature and mass flow values
among the available main engine configurations from this
manufacturer [23]. Those equipped with both EGR system
variants, on the other hand, are characterised by an unique
EGR cooling heat loss (Qgcg), Which is greater the higher
the percentage of exhaust gas is recirculated. The appear-
ance of this heat loss in the heat balance is linked to the
significant decrease in the contribution of exhaust gas and
scavenge air heat loss to total waste heat (Fig. 2) [13].

The inlet T; and outlet T, temperatures of the available
waste heat carriers obtained from the MAN Computer En-
gine Application System and General Technical Data for
WinGD 2-Stroke Engines software are shown in Table 3.

Table 3. Inlet T; and outlet T, temperatures of the available waste heat
carriers

Waste heat carrier Exhaust gas Scavenge air | Jacket water
X92DF 351 206 | 185 31 84
GI5ME LPSCR 424 254 | 188 32 75
-C10.5- | EGRTC 294 214 | 193 33 87

Gl |"EcoEGR | 200 | 213 | 192 | 35
Symbol T; To Ti To Ti To
Unit °C
Waste heat carrier Lube oil EGR cooling
water
X92DF 55
N/A
GI5ME LPSCR 45
-C10.5- | EGRTC 54 44
e] 25
EcoEGR 45
Symbol Ti To Ti To
Unit °C
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The temperature values of the available waste heat car-
riers shown in Table 3 are not the highest achievable due to
the reduction of the main engine load to 75% of the maxi-
mum continuous rating. The exhaust gas temperatures of all
the analysed main engines are among the lowest range due
to the location of the operating point in the area of highest
overall efficiency, when the temperatures of the rest of
waste heat carriers increase proportionally to the main en-
gine load [11]. Exhaust gas is the only waste heat carrier
whose sufficiently high temperature makes it possible to
use them directly in the electricity generation process on the
basis of both conventional thermodynamic cycles, i.e. the
steam Rankine cycle (SRC), Brayton gas cycle (BC) or
combined gas-steam cycle (CC), as well as the organic
Rankine cycle (ORC). Each of the other waste heat carriers,
due to their temperature precluding the steam production,
can only be used to generate electricity in an ORC using an
organic working fluid with a sufficiently low boiling point.
In this way, superheated steam can be produced using waste
heat carriers with a temperature below the water boiling
point [1]. So far, only waste heat recovery based on con-
ventional (SRC, BC and CC) thermodynamic cycles
adapted to the main engine output has been implemented on
some ships [8]. On the basis of comparison of the data
contained in Figure 2, it is concluded that the use of a main
engine equipped with any of the available EGR system
variants can make waste heat recovery of the exhaust gas
alone unprofitable in terms of the economy and improving
ship energy efficiency defined by EEDI and EEXI values.
This results from the relatively small share (6.35 + 7.37%)
of exhaust gas waste heat from in the heat balance. This
means that its amount, expressed in kilowatts, is almost 3
times smaller than that of main engines equipped with
LPSCR or implementing the Otto cycle. The share of ex-
haust gas and low-temperature (3) waste heat in the sum of
heat losses are shown in Fig. 3.

Fig. 3. Share of exhaust gas and low-temperature waste heat in the sum of
heat losses

Analysis of the data contained in Fig. 3 has shown that
waste heat recovery based on the ORC is particularly im-
portant for improving the energy efficiency of ships pow-

ered by main engines equipped with EGR systems. The
waste heat of low-temperature carriers (3) in their case is
equivalent to as much as 81.48-84.25% of the sum of heat
losses, while for Diesel-cycle main engines equipped with
LPSCR and Otto-cycle X92DF this share is within the
limits of 28.67-34.21%. The indicated percentage of avail-
able waste heat can only be recovered in the power genera-
tion process in turbine generator units based on the ORC. It
should also be emphasised that there is some waste cold
amount from the LNG regasification process, which can be
utilised to discharge heat from the steam in the condenser
and in consequence significantly increase the ORC effi-
ciency [1].

Conclusions

Performed analysis of the heat balance results of the two
most popular two-stroke gas-fuelled main engines, i.e.
WinGD X92DF and MAN G95ME-C10.5-Gl, revealed that
all available Tier Ill-compliant technologies have a signifi-
cant impact on overall efficiency and the share of heat loss-
es in the total waste heat.

Gas-fuelled Otto-cycle WinGD X92DF meets the most
stringent Tier 111 emission standards without the use of any
additional systems due to the lower combustion temperature
of the less compressed fuel-air mixture. However, this is
linked to the less efficient use of the chemical energy con-
tained in the supplied fuel and therefore a decrease in over-
all efficiency and exhaust gas temperature (Table 3). Fur-
thermore, it stands oud for the largest share of exhaust gas
and scavenge air heat losses, while having the smallest
share of cooling water and lube oil losses in total waste
heat.

Gas-fuelled Diesel-cycle MAN G95ME-C10.5-Gl re-
quires the use of one of the available Tier Ill-compliant
SCR or EGR systems due to the higher combustion temper-
ature of the more compressed fuel-air mixture. LPSCR does
not interfere with the combustion process, so main engines
equipped with this system are characterised by the highest
overall efficiency and exhaust gas temperature, as well as
the largest share of exhaust gas waste heat in the sum of
heat losses. Those equipped with both EGR system vari-
ants, on the other hand, are distinguished by their unique
EGR cooling waste heat, which is greater the higher the
percentage of exhaust gas is recirculated. The appearance of
this EGR heat loss in the heat balance is associated with a
significant decrease in the share of the exhaust gas tempera-
ture and waste heat as well as scavenge air to the total
waste heat. In contrast, the temperature differences of the
other waste heat carriers are negligible regardless of the
Tier l11-compliant technology used or lack thereof.

The reduction of EEDI and EEXI values requires the
use of available waste heat in the electricity generation
process. Exhaust gas is the only waste heat carrier with a
sufficiently high temperature to enable its direct use in the
electricity generation process on the basis of conventional
thermodynamic cycles, i.e. the steam Rankine cycle (SRC),
Brayton gas cycle (BC) or combined gas/steam cycle (CC),
as well as the organic Rankine cycle (ORC). Any of the
other low-temperature waste heat carriers, due to their tem-
peratures precluding steam production, can only be used for
power generation based on an ORC using an organic work-
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ing fluid with a sufficiently low boiling point. Having re-
gard to the dominant share of low-temperature waste heat
carriers in the total heat loss of EGR-equipped main en-
gines, it becomes ineffective to improve the energy effi-
ciency of the ship driven by them without the use of waste

heat recovery based on the ORC. Available waste cold
amount from the LNG regasification process, which can be
utilised to discharge heat from the steam in the condenser
and consequently significantly increasing the ORC effi-
ciency.

Nomenclature

EEDI energy efficiency design index
EGRTC exhaust gas recirculation turbocharger cut-out
LPSCR low-pressure selective catalytic reduction

EEXI energy efficiency index for exisiting ships
ECOEGR Eco-exhaust gas recirculation
ORC organic Rankine cycle
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The article presents the results of statistical analysis of aircraft piston engine operational pa-
rameters during normal operating conditions. Test was carried out on ultralight gyroplane Tercel
produced by Aviation Artur Trendak equipped with CA 912 ULT piston engine. Research was
conducted under normal operating conditions of the autogyro and data was collected from 15
independent tests including a total of 14 flight hours conducted during training flights. Engine and
flight parameters were recorded at 9 Hz during each flight using on-board Flight Data Recorded
system. The data collected was subjected to statistical analysis to determine the statistical distribu-
tion of parameters defining the engine's operating condition. The analysis covered engine speed,
intake manifold pressure, oil temperature, head temperature and exhaust gas temperature. The
results were presented in the form of histograms showing the characteristic ranges of the parame-
ters in aviation engine operation. An analysis of the rate of change of the analysed parameters was
then carried out. This was the basis for defining the engine's steady state. The results showed that
the steady state of the engine under these operating conditions accounted for more than 78% of
the total engine operating time. A Power Consumption Ratio indicating the load range of the
engine was determined for steady states. It was shown that most of the time the motor operates at
an average load of between 50% and 80% of the nominal value.
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1. Introduction

Aviation continues to be one of the leading industries
and a driver of innovation [1]. The main directions of avia-
tion development are to increase the safety of the structure
and its operation, and to increase its efficiency, defined as
the energy consumption to transport the load. This is par-
ticularly important in the case of the fastest growing
branches of aviation is ultralight aviation, i.e. small, maxi-
mum two-seat aircraft with take-off mass not exceeding
600 kg [2—4]. These are aircraft that can be used from short
grass airfields, significantly increasing their availability for
recreational and utility use. In addition, the regulations to
which they are subject significantly simplify the require-
ments for their use and maintenance, allowing low operat-
ing costs [5].

Modern technologies are widely used in ultralight air-
craft. Simplified construction certification procedures allow
modern solutions to be introduced into their design much
more quickly than in General Aviation or Transportation
Aviation [6]. The use of modern materials, such as carbon
fiber, allow a reduction in empty weight, therefore increasing
the payload weight [2, 7, 8]. The use of modern materials
also allows the shapes of the aircraft themselves to be opti-
mized, thereby increasing their aerodynamic efficiency [9].
This makes it possible to reduce energy requirements or
increase cruise speeds [10, 11].

Optimization also extends to powertrains. For ultralight
aircraft, the main propulsion system currently used is
a small piston engine. They are characterized by construc-
tion simplicity, low failure rate and low weight [12, 13].
The development of that engines is mainly aimed at in-

creasing the power-to-weight ratio. It is done by minimize
the size of the engine components and reduce of its weight
without changing the power or by increase power while
maintaining or slightly increasing the weight of the engine.
A common solution is the turbocharging systems [14]
which allows to obtain higher power at similar weight.
However it leads to increase of the thermal and mechanical
load of the engine [15]. This requires increased attention in
operation and maintenance.

The best solution would be to combine both methods or
to introduce a new type of power unit that meets the criteria
of a higher power-to-weight ratio than at present. This leads
to ideas of using electric or hybrid systems [16-18]. Such
systems have been well introduced in automotive propul-
sion systems [19].

In both cases, the optimization of current propulsion
systems and the introduction of new ones requires the gath-
ering of data on the range and operating conditions of these
units under actual operating conditions. This is because the
conditions of operation, particularly the load range of the
engine and the steady-state and transient operation ratio,
strongly influence the stresses on the structures and their
lifetime [20-22]. However, these data cannot be translated
between different types of vehicle, and especially between
motor vehicles and aircraft.

The authors of the work [19, 23], highlighting the sig-
nificant contribution of dynamic states under normal vehi-
cle operating conditions. They show that dynamic condi-
tions occupy from 20% to 50% [19]. For aircraft engines,
the contribution of dynamic conditions is much smaller [16]
and do not across ranges from 5% to 20% of the engine
operating time [17]. The difference also are shown in the
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average conditions of steady state engine operation. In the
vehicles, the average conditions correspond to about 20% to
30% of the nominal power [1], while in the case of aircraft
engines, they are much higher, about 50 to 70% [17, 24].
Knowledge of the exact distribution of operating parame-
ters is therefore important for the development of propul-
sion systems.

This paper presents an analysis of performance of CA
912 RSTi engine, used to propel the Tercel autogyro in real
operating conditions.

2. Methodology and research object
2.1. Research object

The research was carried out on a autogyro with regis-
tration number SP-XXBX type Tercel, produced by Avia-
tion Artur Trendak. It is a two-seat ultralight autogyro,
designed for recreational, training, commercial use and
sport. The Tercel autogyro is shown in Fig. 1. Basic tech-
nical data of the tested autogyro are shown in Table 1.

Fig. 1. Test object: Tercel autogyro produced by Aviation Artur Trendak

Table 1. Technical data of Tercel autogyro [25]

Dimensions
Rotor diameter 8.60 m
Rotor disc area 60.82 m’
Rotor blade chord 0.20 m
Overall length (without rotor) 5.04 m
Hull width 2.35 m
Cabin width 2.20 m
Cabin width 1.36 m
Overall height 2.35 m
Wheel diameter 2.87 m

Weight

Maximum take-off weight 560 kg
Empty weight 295 kg
Payload weight 265 kg
Propulsion System
Engine gear ratio 1:2.43
Propeller diameter 1.72 [ m
Propeller Kaspar Aero 2/3 LT
Fuel tank capacity 120 [ 1

The Tercel is powered by a CA 912 RSTi engine. It is
four cylinder boxer type engine, turbocharged with elec-

tronic injection system. The technical data of the CA 912
ULT engine are shown in Table 2.

Table 2. Technical data of CA 912 ULT engine [25]

Parameter Value
Cylinder no. 4, boxer
Displacement 1211 cm®
Cylinder diameter 79.5 mm
Piston stroke 61 mm
Compression ratio 9.0:1
Engine gear ratio 2.43:1

Fuelling system Indirect, multipoint injection system
Auris by Auto&Aero Technologies
Turbocharger with an exhaust gas
pressure control valve
140 HP (at 5800 rpm)

125 HP (at 5500 rpm)

2000 rpm

Turbocharging

Take-off power
Nominal power
Idle speed

2.2. Scope of research

The aim of the study was to analyse the statistical distri-
butions of the main parameters of the aircraft engine opera-
tion in real operating conditions in steady and transient state.
The data was collected by Flight Data Recorder FDR K.01
produced by Auto&Aero Technologies Sp. z 0.0. and built
into the autogyro as standard equipment. FDR collects the
information from the avionics system and the engine control
system via RS485 communication (Fig. 2).

Fig. 2. Flight Data Recorder used in the research

The tests were conducted from 19.10.2021 to
28.10.2021 in Baranow airbase. There were 20 independent
tests (flights) during pilots training flights — Table 3. These
flights included mainly full Airfield traffic pattern with full
landing or touch-and-go. In 4 cases these were navigational
distance flights. The time to take one Airfield traffic pattern
was about 8 to 15 minutes and the time for a single record-
ing (single flight) ranged from 22 to 90 minutes. In total,
the flights covered 1009 minutes and 88 take-offs and land-
ings.

During the flights, the following parameters, among
others, were recorded at 9 Hz:

— Air speed, km/h;

— Altitude, m. asl;

— Climb rate, m/s;

— Rotor speed, rpm;

— Crankshaft speed, rpm;

Intake manifold pressure, kPa;

— intake manifold air temperature, °C;
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— fuel pressure, kPa;

— oil pressure, kPa;

— oil temperature, °C;

— 2 x head temperature, °C;

— 2 x exhaust temperature, °C.

Table 3. Test flights

No Date Duration, min Landings
1 19.10.2021 65 8
2 19.10.2021 35 4
3 19.10.2021 60 8
4 19.10.2021 88 8
5 20.10.2021 58 1
6 20.10.2021 22 2
7 20.10.2021 65 7
8 20.10.2021 64 7
9 21.10.2021 60 5
10 22.10.2021 19 1
11 26.10.2021 61 6
12 26.10.2021 57 6
13 26.10.2021 58 1
14 26.10.2021 58 4
15 27.10.2021 38 4
16 27.10.2021 36 2
17 27.10.2021 61 2
18 27.10.2021 33 4
19 28.10.2021 34 4

20 28.10.2021 37 4

Total 1009 88

2.3. Methodology

The collected data were subjected to statistical analysis.
For each parameter, an occurrence histogram was deter-
mined. In the case of speed and intake manifold pressure,
a histogram of the occurrence of the dependence on these
two variables was also determined.

The next step was a steady-state and transient analysis.
For this purpose, an analysis of the rate of change of the
analyzed parameters was carried out. According to the
literature [15, 18, 26], it was assumed that steady state can
be defined as such a state of engine operation in which the
rate of parameters defining the operating point does not
change by more than 1% of range per second. On this basis,
steady-state operating points were determined. The parame-
ters considered in this case are engine speed, manifold air
pressure and the thermal state of the engine expressed by
oil temperature and head temperature. The stability of all 4
parameters together define the steady-state operating point
of the engine.

For such a defined steady-state operating point, a load
distribution analysis of the engine was carried out. The
engine load (Pcr — power consumption ratio) was deter-
mined as a relative value:

MAP;—MAPjq1e
MAPpom—MAPjqgle

nj—Njdle

M

where: n; — engine speed at the analysed point; MAP; —
manifold air pressure at the analysed point; n,o, — engine
speed at the nominal power (5500 rpm); MAP,,, — mani-
fold air pressure at the nominal power (135 kPa); nige —
engine speed at the idle (1800 rpm); MAP;q, — manifold air
pressure at the idle (30 kPa).

PC =
R
Nnom—Njdle

The value of the defined coefficient is defined in the
range of engine operation from idle (value 0) to nominal
power (100%). When the engine is operating at take-off
power, the coefficient value will be greater than 100%. This
approach is in line with the definition of engine load in the
aircraft engine certification specification. The values corre-
sponding to idle and rated power were determined from the
engine manufacturer's data.

The above analyses were carried out for all flights to-
gether. The results were presented as histograms of the
distribution of the analysed parameters.

3. Analysis of results

Figure 4 shows the distribution of engine operating
point rates during tests. The operating points are defined by
engine speed and manifold air pressure. Two groups of
operating points can be seen: the idle range (n = 1500-2000
rpm and MAP = 20-40 kPa) and the engine load (n = 4000—
6000 rpm and MAP = 70-140 kPa). The highest frequent
engine operating points occur at idle for 1500-2000 rpm
and intake manifold pressure 30—40 kPa and their rate is
28.3%. In the case of engine loads during normal flight, the
frequency is 55.5% and occurs at 4000-5400 rpm and MAP
= 80-120 kPa. The distribution of points is fairly uniform
over this range, with the highest frequency occurring at
5000 rpm and MAP = 115 kPa and equal to 5.4%. There is
also a significant occurrence of the engine starting power
(n = 5500-6000 rpm and MAP = 120-140 kPa) amounting
to 5.1% in the studied flights. This power is used during
takeoffs and the climb after take-off. A very small propor-
tion of intermediate conditions is also evident.

Fig. 4. Distribution of engine operating points during flights

This is more visible if we look at the distribution ob-
tained as a map of the occurrence of work points. Figure 5
shows this distribution, assuming that the size of the circle
at a given operating point corresponds to its frequency of
occurrence. It can be seen that most of the working points
are concentrated along one line — the propeller characteris-
tic (marked in Fig. 5 by the line). This is a characteristic
distribution for the cooperation of the engine with the pro-
peller with constant characteristics. The concentration of
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operating points in the idle, flight and take-off and climb
(TOGA) range, as described earlier, is also visible.

Fig. 5. Distribution of engine operating points during flights

Next the analysis was performed only for engine speed
(Fig. 6) and separately for manifold air pressure (Fig. 7).
For the flights, the highest frequency of occurrence was
a speed around 1600 rpm corresponding to engine idle. The
engine operated at this speed 17.0% of the total engine run
time. The second most common speed range is around 4800
rpm. The 4600-4800 rpm range is 25.8% and the 4800-
4500 rpm range is 20.1%. These ranges correspond to
a cruising power of about 50% to 80% of the hominal pow-
er of the engine. The speed range 2000-2400 rpm, corre-
sponding to the engine warm-up process, is also a signifi-
cant part of the engine work and occupies a total of 12.3%.
This is due to short single flights, for which the warm-up
time is a significant part.

Fig. 6. Distribution of engine speed during flights

Similar distributions are seen in the manifold air pres-
sure (MAP) (Fig. 7). The most common pressure is the
range 40-50 kPa corresponding to engine idle. This occurs
for 19.7% of the engine operating time. The MAP ranges
from 100 kPa to 120 kPa occur with a similar frequency of
about 5-8% for each 5 kPa interval considered.

.
22

Frequency of occurence, %
L e e

o

20 30 40 50 60 70 80 SO0 100 110 120 130 140 150 180

Manifold Air Pressure MAP, kPa
Fig. 7. Distribution of manifold air pressure during flights

Another group of analyses concerns temperatures. One
of the important temperatures during engine operation is the
oil temperature. Among other things, this is used as a basis
for the decision to start (according to the operating manual,
the oil temperature must exceed 60°C). As shown in Figure
8, the oil temperature is quite stable and after the engine
warm-up was maintained in the range of 70°C to 86°C. It
can be seen that the warm-up period accounted for a total of
7.3% of the total engine running time (temperatures below
62°C).

A similar stability can be observed by analysing the
temperature of the cylinder heads (Fig. 9). Both sides of the
engine maintain a similar temperature between 64°C and
84°C for more than 85% of the engine running time.

Fig. 8. Distribution of oil temperature

Fig. 9. Distribution of cylinder heads temperature
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Similar to oil, the warm-up time (reaching 60°C) is a total
of 8.0% of the engine operating time. It should be noted here
that the stability of these temperatures is also related to the
installation of the engine on the airframe and the proper heat
dissipation from the oil and engine coolant cooling systems.

The distribution of exhaust gas temperatures (Fig. 10)
shows a very high stability in the engine's operation under
load. temperatures are maintained in the range of 760°C to
820°C for more than 65.3%. At lower loads, however,
a significant difference in the temperature distribution for
both sides of the engine (EGT 1 and EGT 2) is apparent. In
this case, the right side of the engine (EGT 1) maintained
about 150°C higher gas temperatures than the left side
(ETG 2). This is a common case in these engines resulting
from both combustion irregularities. Once the temperature
exceeds 750°C (corresponding to about 50% of the nominal
power), this difference practically disappears.

Fig. 10. Distribution of exhaust gases temperature

Another analysis included the rate of change of engine
speed (Fig. 11). For analysed flights, more than 85% of the
operating time is stable conditions in which the rate of
change of engine speed does not exceed 50 rpm/s. Rate of
change higher than £150 rpm/s is only 2.6% (symmetrically
1.3% decrease and increase of speed). These values are due
to the landing (taking off the throttle before landing) and
takeoff (rapid addition of throttle) stages. Assuming a 1%
range/s limit of 58 rpm/s, it can be assumed that more than
87.5% corresponds to the steady state condition.

Fig. 11. Distribution of engine speed rate of change

The stability of engine operating conditions is even
more apparent when the rate of change of manifold air
pressure is analysed (Fig. 12). For analysed flights, the
pressure practically does not change faster than +3 kPa/s —
89.2%. Assuming a 1% range/s limit of 1.5 kPa/s, it can be
assumed that more than 82.3% corresponds to the steady
state condition. Maximal changes do not exceed +9 kPa/s.

Fig. 12. Distribution of manifold air pressure rate of change

By analysing the rate of change of the oil temperature
(Fig. 13), we can see that the rate of change is very low.
The thermal capacity of the system causes most of the
change to be in the range of £0.2°C/s: over 87.9%. Taking
1% of the variation range kPa/s as the stability index
(0.8°C/s), it can be assumed that 99.2% of the points meet
the conditions for stable operation.

Fig. 13. Distribution of oil temperature rate of change

Similar results were observed for head temperatures
(Fig. 14). Again, 99.4% of cases are within 1% (1°C/s). As
for the oil, 91.7% of cases are within £0.2°C/s. Thus, virtu-
ally all points meet the engine's steady-state condition.

On the basis of the assumed limits of engine dynamics,
an analysis of engine operating states was carried out. The
engine was assumed to operate as a steady state condition
for four parameters: speed, intake manifold pressure, oil
temperature and head temperature. On this basis, an analy-
sis was carried out for the entire flight range. Figure 15
shows the results of the analysis. The vast majority of en-
gine operation is at steady state: 78.9 %.
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Fig. 14. Distribution of cylinder head rate of change

Fig. 15. Distribution of steady state and transient condition of engine work

The next step of the analyses was to analyse the Power
Consumption Ratio distribution for steady-state engine
operation (Fig. 16). It can be seen that idling is 18.6% and
warming up (5% power) is 15.1%. The engine works very
seldom in the power range between 10 and 45% of the
nominal power and this applies mainly to transient condi-
tions. The next range, covering about 55% of nominal pow-
er, is 7.8% and corresponds to stable flight at low cruise
speed. Increasing speed causes an increase in power de-
mand, which corresponds to further points in the range
from 60 to 80% of nominal power. The distribution of oc-
currence here is quite constant and is for each range about 5

to 7%. Take-off power (above 100% nominal power) oc-
curs a total of 3.3% of the time and nominal power 2.1%.
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Fig. 16. Distribution of Power Consumption Ratio

Conclusions

The research shows that the aircraft engine operates in
the vast majority of steady-state conditions. In the analysed
flights, steady state was 78.9% of the total operating time.
If we take into account that most of these flights were car-
ried out as airport circle flights as part of pilot training, the
dynamics in cruise flight use should be even lower. Chang-
es in speed and air pressure in the intake manifold are main-
ly responsible for the transient. Variations in oil, head and
exhaust gas temperatures are much smaller and mostly fall
within the definition of steady state.

Aircraft engines operate at average high loads. During
the flights, the most common operating condition was an
engine load of 50-80% of nominal power — 55%. The sec-
ond most frequent operating condition of the engine is
idling (18.6%) and warming up (15.1%). Take-off power
(above 100% nominal power) occurs a total of 3.3% of the
time and nominal power 2.1%. Small engine loads (below
50%) practically did not occur during the research. Their
share in the total engine operating time is marginal.
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1. Introduction

With the development of technology, more and more
complex and expensive to build machines are created. In
order to reduce the costs of manufacturing and testing pro-
totypes, their smaller models are often built, on which it is
possible to test various design and technological solutions.
It was similar in aviation. The first flights were always
associated with a high risk, which is why some designers
decided to build smaller, unmanned prototypes. For them,
sufficiently small power units were needed; initially, minia-
turized steam engines were used, then internal combustion
engines. Over time, with the development of aviation, the
role of experimental models has decreased. However, they
began to be used for hobby and recreational purposes [14].

The subject of model aircraft propulsion is extremely in-
teresting, and unfortunately, over the last several decades it
has been quite disregarded in domestic literature. The last
monograph devoted entirely to modeling engines “Popu-
larne mikrosilniki spalinowe” [17] was written over 40
years ago by W. Schier, a great mentor of Polish aviation
modeling.

During the time of the People’s Republic of Poland,
new monographs in this field, which were created almost
every few years, testified to the great interest in the subject
of model engines. The first monograph after the war was
published in 1946: “Silniki lotnicze do modeli latajacych”
by W. Niementowski [8].

The subject of miniature aircraft engines for flying
models certainly deserves a new study, mainly due to the
use of new design concepts and the development of model
engines that have taken place in recent years. This article
attempts to conduct a comparative analysis of the most
important design parameters and operational indicators of
modern model engines and to assess the current level of
their development.

2. The history of the development of model engines

The second half of the nineteenth century was a time of
an intensive development of steam engines. Then, they
were the main source of propulsion, except, of course, for

draft animals. With the advancement of steam engines, the
need quickly arose to test various designs and construction
concepts on scaled-down prototypes. It allowed to avoid
significant costs of building expensive and complicated
devices in real sizes.

For the first time a steam engine to drive an aircraft
structure was used by an Englishman, John Stringfellow, in
1848, Fig. 1. The engine propelled a three-meter model,
which made several successful jumps at a distance of less
than 40 meters [18].

Fig. 1. John Stringfellow’s airplane [41]

The steam engine of that time, however, was too heavy
to be effectively used on a larger scale in aviation. There-
fore, other solutions were sought. In the late 19th century,
experiments were conducted with compressed air engines.
The real breakthrough came with the development of inter-
nal combustion engines. In 1901, the first internal combus-
tion miniature aircraft engine, designed by Samuel Pierpont
Langley, was developed in the United States. Its power was
2 HP (about 1.5 kW) and allowed the flight of the model
weighing 13.5 kg.

Soon after, the first “large” aircraft with a combustion
engine was built [9]. Therefore, miniature engines began to
lose their relevance. However, they quickly found a new
application in aviation modeling. Initially, they were small-
er and simplified versions of “large” four-stroke aircraft
engines. Compressed air drive has been experimented with.
A simple rubber drive was invented, which is used to this
day in the simplest aircraft models. The first model engine
with a classic design, similar to modern engines, was made
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in 1934 in the USA; It was called Brown “Junior”, Fig. 2. It
was a two-stroke, single-cylinder, spark-ignition engine,
also called gasoline engine in modeling terminology be-
cause of the fuel it burns. It had a displacement of 9.72 cm®.
It reached the power of 0.25 HP (approx. 0.2 kW) and the
maximum speed of 6000 rpm. Currently, engines of this
size can have nearly 10 times the power and 2-3 times the
maximum speed. Nevertheless, at that time the Brown
“Junior” engine was a breakthrough design and for those
times — very modern.

Fig. 2. Engine Brown “Junior” [25]

The main problem in spark ignition engines was the
considerable weight of the ignition system, especially the
battery. The Swiss managed to solve this problem in 1940.
They created a compression-ignition engine for model air-
planes with the same layout as previously built model en-
gines, i.e. the so-called self-ignition engine. It sucked in
a fuel-air mixture from the carburetor, similar to spark
ignition engines. The Swiss dubbed the new engine “Dyno
1”. It had a displacement of 2.04cc. It reached the power of
0.09 HP (approx. 0.07 kW) and the maximum speed of
7500 rpm [17].

After the end of World War I, self-ignition engines
spread throughout Europe, almost completely replacing
spark-ignition engines by the end of the 1950s [13].

The construction of the self-ignition engine offered
many possibilities that were impossible to achieve with
gasoline engines. Very small engines were built, even be-
low 1 cm? of cylinder capacity, which — if they had a heavy
ignition system with a spark plug — would not have any
practical application [15]. A model powered by such
a small motor would not be able to lift the battery.

Over the years, the modeling engines have been im-
proved more and more. New, better and better flushing
systems began to be used in two-stroke engines. A good
example is the 1.8cc “Elfin 1.8” engine. It reached the pow-
er of 0.11 HP (about 0.8 kW) and the volumetric power
ratio of 61 HP/dm® (45 kW/dm?®), which was much more
than in the analogous spark ignition engines of that time.
Such engines were also built in Poland. An example can be
the famous “Jaskotka” Fig. 3 [14].

Fig. 3. Polish self-ignition engine “Jaskotka” with a capacity
of 2.5 cm® [26]

Despite the popularity of self-ignition engines in Eu-
rope, they never became widespread in the USA. Gasoline
engines were constantly improved there, achieving a power
ratio of over 100 KM/dm® (76 kW/dm?®), higher than most
of the then engines [17]. Still, an unsolved problem was the
considerable weight of the ignition system, especially the
battery [22].

The breakthrough for American modeling was the in-
vention of the glow plug by Roy Arden. He used it for the
first time in his “Arden .09” engine. The model automatic
engine with glow plug ignition, also referred to as a glow
engine, which he created had the same structure as the rest
of the model engines [14]. The only difference was the
glow plug, which does not need to be permanently connect-
ed to the power source, but only during start-up. Therefore,
the battery that powers it does not have to be on board an
airplane model. It only needs to be connected to the plug on
the ground when starting the engine, before take-off [6].

For some time, the development of model engines was
different in America and Europe. Spark ignition engines in
the USA were replaced by compression ignition glow en-
gines, and in Europe by compression ignition self-ignition
engines [14].

In the 1950s, further development of model drives
showed the superiority of glow engines in terms of the
power achieved. However, in Europe, self-ignition engines
were already very common. They also burned less fuel.
Glow engines slowly began to appear on the European
market in the second half of the 1950s, but they were fully
ousted only several dozen years later, Fig. 4.

Fig. 4. Modern ASP S52A glow engine [29]
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The 1950s and 1960s were a period in which the so far
built sub-square [1] engines with a large piston stroke,
larger than the cylinder diameter, were more and more
often replaced by engines with the same stroke as the diam-
eter or with a stroke greater than the diameter, i.e. square
motors. The stroke-to-diameter ratio is usually only slightly
less than one, although in the 1960s experiments were con-
ducted on motors with a very small ratio of these sizes. An
example is the Soviet self-ignition engine by engineer Bli-
nov, where this value was 0.27 [14].

In the 1960s, the so-called multi-range engines, i.e. with
the possibility of changing the rotational speed, and not, as
before, without such a possibility. In order to ensure the
maximum simplification of construction, initially efforts
were made to solve their operation in various unusual ways.
Experiment with adjusting the engine speed only by chang-
ing the position of the needle valve (needle) of the carbure-
tor. For some time, a popular solution was to use a special,
simple, controlled shutter of the outlet opening in the cylin-
der. By exposing the exhaust port, the exhaust gases from
the cylinder were allowed to flow out normally, and by
obstructing their outflow. Eventually, development of rota-
ry damper carburetors began. Thus, at the end of the 20th
century, multi-range engines with a rotary throttle in the
carburetor almost completely replaced those without the
possibility of rotational speed control [17].

Interesting solutions tested in the 1960s were Wankel
engines, i.e. engines with a rotating piston. Despite their
short-lived popularity, they did not enter into wider use for
a long time. An example can be the Polish “SW-92" engine
designed by MSc. J. Falecki from the Institute of Aviation
in Warsaw. Its structure, together with executive and as-
sembly drawings, is presented by W. Schier in the book
»~Miniaturowe silniki spalinowe” from 1967 [14].

By the end of the 20th century, self-ignition engines
were practically out of use. Currently, virtually no one
produces them. There are only rare exceptions to the solu-
tions offered as “retro engines”. Very small self-ignition
engines for particularly small model aircraft are also ap-
pearing in the USA. In recent years, however, spark igni-
tion engines have become widespread. They are designed
for large aircraft models where the weight of the ignition
system is of little importance. This is possible because
currently used nickel or lithium batteries are much lighter
than those used in the past. Therefore, no such engines are
produced with displacements of less than 10 cm®. The main
advantage of spark ignition engines is the low price of
gasoline that drives them in relation to methanol-based
fuels used in glow engines. Currently, almost all engines
with a cylinder capacity exceeding 20-30 cm3 are built as
spark ignition engines, Fig. 5 [6].

Nowadays, very large, multi-cylinder model engines are
also built, the power of which can exceed 20 HP (approx.
15 kW). Such engines are usually built in a system with
push-pull pistons (the so-called boxer), less often in an in-
line configuration.

Four-stroke engines are also being built. They have less
power and a lower maximum speed than two-stroke en-
gines, but they are considered more exclusive, and the
sound they make is extremely beautiful. Manufacturers

often advertise the sounds of their engines. Four-stroke
radial engines and sometimes also four-stroke in-line en-
gines are considered extremely exclusive. They are valued
primarily for their aesthetic qualities. They can also be used
in mock-ups of airplanes that actually had radial engines.
Thanks to this, instead of inserting a mock-up of a radial
engine into the engine cover, you can place a real engine
there, which powers the model during flight [21].

Fig. 5. O.S.Gasoline spark ignition engine MAX GT60 [33]

3. Comparative analysis of two-stroke

and four-stroke engines

Nowadays, the vast majority of aircraft engines for fly-
ing models are built as two-stroke engines, Fig. 6, Fig. 7.
They have a simpler and cheaper structure than four-stroke
engines and have greater power [10]. The only technical
advantage of four-stroke engines is that they burn less fuel.
Fuel injection and power stroke occur every second revolu-
tion of the crankshaft. Valves opened at appropriate mo-
ments prevent the formation of such large losses of the
mixture during injection, as in two-stroke engines, in
which, during the rinsing process, part of the mixture es-
capes along with the exhaust gases through the outlet port
[2]. Nevertheless, with such small displacements, the dif-
ference in the fuel used is so small that the difference in the
price of the fuel used is negligible in relation to the differ-
ence in the price of the engines. Therefore, four-stroke
engines (Fig. 8) in modeling will probably never fully re-
place two-stroke engines [12].

Fig. 6. Cross-section of a typical two-stroke glow engine, fragment of the
assembly drawing [12]
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Fig. 7. ASP 180 AR two-stroke glow ignition engine [29]

The only real advantage of 4-stroke engines is their
clear sound when operating. It is especially appreciated by
modellers. In models of real aircrafts, it allows not only to
match the original appearance, but also in terms of the
sounds that the plane makes during the flight. Four-stroke
engines are considered more elegant and exclusive than
ordinary two-stroke engines [11].

As can be seen from the comparison in Table 1 and 2,
the power of two-stroke engines is much greater than the
power of four-stroke engines. Two-stroke engines with
small and medium displacements also have significantly
higher maximum speeds. In four-stroke engines, however,
they do not change significantly with increasing displace-
ment, while in two-stroke engines they decrease significant-
ly. Thus, large four-stroke engines (from about 15 ccm)
often have higher RPMs than similarly sized two-stroke
engines.

Fig. 8. The Saito FA-125 A four-stroke glow-ignition engine [36]

The main parameters by which two-stroke and four-
stroke engines can be compared are the maximum speed
and power. These are also the basic parameters provided by
the producers. Tables 1 and 2 provide lists of engines for
two selected cylinder capacities. Only the glow engines
were selected for comparison as they are the most popular.

The unit power of two-stroke engines decreases with the
displacement, and in four-stroke engines it remains un-
changed. Nevertheless, for typical displacements used in
single-cylinder model aircraft engines, its value is always
higher for two-stroke engines.

Two-stroke engines with small displacement can generate
very high power in relation to their displacement. An exam-
ple is ASP 12A with a capacity of 1.94 cm?, for which this
ratio is as much as 309 KM/dm® (about 228 kw/dm®) [11].

Table 1. Glow engines with a displacement of approximately 10 cm®[27, 28, 30, 32, 35, 38-40, 42]

Two-stroke Maximum Power Specific power Four-stroke Maximum Power Specific power
engines rotational speed [hp (kwW)] [KM/dm?] engines rotational speed [hp (kW)] [KM/dm?]
[rpm] [rpm]
MAX-55AX 17,000 1.68 (1.24) 188 0.S. MAX 13,000 0.99 (0.73) 106
FSa-5611
ASP S61A 17,500 2.19 (1.61) 229 Saito FA-62B 11,000 1.01 (0.74) 101
MAX-65AX 12,000 1.73(1.27) 163 ASP FS61AR 11,500 1.14 (0.84) 114
Super Tigre G- 16,500 1.80(1.32) 180 0.5, MAX FS- 11,000 1.08 (0.79) 107
61 Ring 62V
Average 15,750 1.85 (1.36) 190 Average 11,625 1.06 (0.78) 107
Table 2. Glow engines with a displacement of approximately 20 cm®[27, 28, 30, 32, 35, 38-40, 42]
Two-stroke Maximum Power Specific power Four-stroke Maximum Power Specific power
engines rotational speed [hp (kW)] [KM/dm3] engines rotational speed [hp (kW)] [KM/dm3]
[rpm] [rpm]
MAX-120AX 9600 3.06 (2.25) 153 0.S. MAX FS- 12,000 2.07 (1.52) 104
Ring 120SI1
ASP 120AR 9600 3.60 (2.65) 180 ASP FS- 11,500 2.13(1.57) 107
120AR
Moki M140 RC 13,000 3.90 (2.87) 173 Saito FA-125a 11,000 2.22 (1.63) 108
Average 10,730 3.52 (2.59) 169 Average 11,500 2.14 (1.57) 106
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4. Comparative analysis of glow and spark ignition
engines

Currently, most of the engines for models produced are
compression ignition engines with a glow plug. It is exactly
the opposite of aero engines for propulsion of "large" air-
craft, where compression ignition engines are a minority
[5]. However, more and more often engines with a cylinder
capacity exceeding 10—15 cm? are built with spark ignition,
Fig. 9. At the beginning of the history of engines for model
aircraft, only spark ignition engines were produced [14].
Their main disadvantage was the weight of the ignition
system, especially the battery. Currently used nickel or
lithium batteries are much lighter than those used in the
past, so their weight in larger models with spark ignition
engines is not a problem [6]. The use of a glow plug allows
the construction of very small engines for small models.
The glow plug needs to be connected to the power source
only during start-up, therefore the battery does not have to
be on board the model. The construction of spark ignition
and glow engines is practically no different. The only sig-
nificant difference, apart from the ignition system, is the
compression ratio — in glow engines it is higher [17].

Spark ignition engines burn ordinary gasoline, which
can be obtained, for example, at a gas station. That is why
they are also called gasoline engines in modeling. Fuel for
glow engines is much more expensive. Its main ingredient
is methanol. Usually it also contains nitromethane, which
increases the calorific value of the fuel. Usually its content
is significant, it can reach even 30-40% of the total volume
of the fuel consisting of pure methanol. Such fuel is pro-
duced especially for incandescent engines. Fuel with

a composition of 70% methanol and 30% nitromethane has
a calorific value of about 25% greater than that of pure
methanol [16]. You can buy it only in stores and modeling
wholesalers, which makes it much more expensive than
gasoline. This is the main reason why gasoline engines are
used, not just glow ones.

Fig. 9. Spark ignition engine O.S. MAX GT15 [29]

As in the case of the comparison of two-stroke and four-
stroke engines, Tables 3, 4 and 5 contain lists of engines for
selected cylinder volumes, giving the power and maximum
rotational speed of these engines.

Table 3. Engines with a displacement of approximately 15 cm®[27, 28, 30, 32, 35, 38-40, 42]

Glow engines Maximum rotatio- Power Specific power Spark igni- Maximum rota- Power Specific power
nal speed [rpm] [KM (KW)] [KM/dm?] tion engines | tional speed [rpm] | [KM (kW)] [KM/dm?]
Super Tigre G-90 16,000 2.5(1.84) 170 0.S. MAX 15,000 2.47(1.82) 165
Ring GT15
ASP S91A 18,000 2.8 (2.06) 187 RCGF 15cc 15,000 2.4 (1.77) 160
MAX-95AX RING 16,000 2.86 (2.1) 184 ngh GT17 9000 2.1 (1.54) 124
Average 16,700 2.72 (2.0 180 Average 13,000 2.32(1.71) 150
Table 4. Engines with a displacement of approximately 20 cm®[27, 28, 30, 32, 35, 38-40, 42]
Glow engines Maximum rotatio- Power Specific power Spark igni- Maximum rota- Power Specific power
nal speed [rpm] [KM (KW)] [KM/dm?] tron engines | tional speed [rpm] | [KM (kwW)] [KM/dm?]
MAX-120AX Ring 9600 3.06 (2.25) 153 DLE20 9000 2.5(1.84) 125
ASP 120AR 9600 3.6 (2.65) 180 RCGF 20cc 10,500 2.8 (2.06) 140
Moki M 140 RC 13,000 3.9(2.87) 173 Valley View 9000 2.5(1.84) 125
20cc
Average 10,600 3.45 (2.54) 169 Average 9500 2.6 (1.91) 130
Table 5. Engines with a displacement of approximately 30 cm®[27, 28, 30, 32, 35, 38-40, 42]
Glow engines Maximum rota- Power Specific power Spark igni- Maximum rotatio- Power Specific power
tional speed [rpm] [KM (kW)] [KM/dm?] tron engines nal speed [rpm] [KM (KW)] [KM/dm?]
Moki M 180 RC 12,000 4.1 (3.02) 138 MVVS 30 9500 4.1 (3.02) 137
IFS/ICU-L
ASP 180 AR 10,000 6.0 (4.41) 201 DLE30 8500 3.7(2.72) 123
Average 11,000 5.05 (3.71) 170 average 9000 3.9 (2.87) 130
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As can be seen from the presented comparisons, glow
engines are usually more powerful than spark ignition en-
gines. The maximum speed is similar, although in glow
engines it is usually slightly higher than in spark ignition
engines. The unit power of glow engines is much greater
than those of spark ignition engines. For both types of en-
gines, it decreases as the displacement increases. It should
be noted that the comparisons were made for extreme val-
ues. A displacement of 15 cm?® is perfectly normal for glow
engines, while for gasoline engines it is almost the lower
limit, below which they are usually no longer built. There
are only a few types of smaller displacement engines.
20cm® glow engines are much rarer than spark ignition
engines of this size. 30cm® engines are very rarely built as
glow engines. Here, the glow engines with the largest value
of cylinder capacities and the spark ignition engines for the
smallest were compared.

The smallest glow engines have very high maximum ro-
tational speeds. An example would be the ASP AP. 061 A
Wasp engine, with a rotational speed of 25,000 rpm. This
engine has a displacement of 1 cm®. Building a spark igni-
tion engine of this size would be possible, but it would be
practically pointless, as its applicability would be signifi-
cantly limited by the considerable weight of the ignition
system [11].

5. Engines with push-pull cylinder arrangement

The largest modeling engines are those with a push-pull
cylinder arrangement, also known popularly as boxers, Fig.
10. The largest of them exceed the volume of 300 cm®,
reaching a power of 40 HP (approx. 30 kW) or more. Usu-
ally they are not smaller than 20-25 cm®, i.e. about 10 cm®
per cylinder.

There are several reasons why boxer engines are built.
First of all, the capacity of a single cylinder cannot be in-
creased without limit. 1t would be difficult to fit in the fuse-
lage of an aircraft or in the engine nacelle, and the large and
protruding cylinder would be a significant drag in flight
[19]. In many models of real airplanes, a single cylinder
protruding beyond the fuselage would spoil the silhouette
of the model [21], especially in airplanes that also original-
ly had a boxer engine. Engines with a push-pull cylinder
arrangement are also characterized by the lowest vibrations
during operation. Vibrations from opposite cylinder can
cancel out partially.

Due to the fact that boxer engines usually have large
displacement volumes, the vast majority of them are spark-
ignited. Glow plug ignition engines are also built, usually

then also four stroke. Their displacement volumes do not
exceed 60 cm®, i.e. up to 30 cm® per cylinder. However,
they are quite rare exclusive products, in which the aesthet-
ic values and the sound they produce outweigh the practical
ones; similar to the single cylinder four-stroke engines.
Pull-push cylinder arrangement engines are usually built for
high horsepower, and therefore have a two-stroke cycle.

Fig. 10. Two-stroke gasoline boxer engine RCGF 70cc T [34]

Engines with a push-pull arrangement of cylinders al-
ways have at least one pair of cylinders located opposite to
each other [4]. The axis of one of them is slightly shifted
back to the axis of the other, which is due to the location of
the connecting rods on the crankshaft. Each pair has a
common crankcase and carburetor. The pistons in a pair
simultaneously execute the same power stroke. As a result,
the boxer engines are characterized by low vibrations dur-
ing operation and good balance. Single boxer engines (i.e.
with one pair of cylinders) or double boxer engines (i.e.
with two pairs of cylinders) are built. Engines with three
pairs of cylinders are much less common.

It is difficult to compare engines with a push-pull cylin-
der arrangement and single cylinder engines, as few designs
have similar displacements. Table 6 presents a simplified
comparison of several; push-pull (boxer) engines with sin-
gle-cylinder engines of the same displacement.

Table 6. Comparison of basic indicators for single-cylinder and boxer engines with comparable displacements [27, 28, 30, 32, 35, 38-40, 42]

20 cm?® 30cm? 40 cm® 60 cm?®
Single-cylinder Boxer Single-cylinder Boxer Single-cylinder Boxer Single-cylinder Boxer
engine engine engine engine
Name RCGF 20cc RCGF DLE 30 RCGF Zenoah DLE 40 0.S. MAX DLE 60
20ccT 30ccT 38cm GT60
Power [KM (kW)] 2.8 (2.06) 2.8 (2.06) 3.7 (2.72) 3.7(2.72) 2.64 (1.94) 4.8 (3.53) 6.0 (4.41) 7.0 (5.15)
Maximum rota- 10,500 8600 8500 8500 9500 8500 8000 8500
tional speed [rpm]
Mass [g] 798 920 1140 1145 1623 1450 1400 1950
COMBUSTION ENGINES, 2023;193(2) 41
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From the list in Table 6, it can be concluded that the
maximum rotational speeds of the engines with the push-
pull cylinder arrangement and the single-cylinder engines
do not differ significantly. But you can see some difference
in the achieved power. The boxer engines have a displace-
ment similar to that of single-cylinder engines in the region
of 30 cm®. In engines with a displacement of 40 cm?®, there
is already a significant difference in favor of the boxer
engines. It should also be noted that the boxer engines are
usually heavier than single-cylinder engines [11].

6. Radial engines

Radial engines (Fig. 11) in modeling are used to a fairly
limited extent, as they are among the most expensive recip-
rocating model engines. They are considered the most ex-
clusive. Therefore, they are only built as four-stroke. Radial
engines do not match the performance of engines with a
similarly sized push-pull cylinder arrangement. Their use is
limited primarily to models where appearance matters. An
example of this is models of real aircrafts where a real radi-
al engine adds authenticity compared to a single-cylinder or
boxer engine, often hidden or integrated into a model of a
radial engine.

The smallest of the model radial engines have several
dozen cm® of displacement, the largest ones can even be up
to 400 cm®. Together with the engines with the push-pull
cylinder arrangement, they are among the largest model
engines. They can be built with both glow and spark igni-
tion.

Fig. 11. 7-cylinder Evolution Radial 260cc engine [37]

In a radial engine, connecting rods with pistons are
placed radially around the crankshaft [23]. To avoid reso-
nance of inertia forces, their number is always odd. 3-
cylinder, 5-cylinder, 7-cylinder and 9-cylinder engines are
built. In “real” aviation, there are engines with a greater
number of cylinders, in a double or even quadruple radial
system [23]. In modeling, however, motors in a multiple
radial system do not exist.

Table 7 presents an illustrative comparison of spark-
ignition radial engines with two-stroke boxer engines, also
with spark ignition. Due to the relatively small number of
model radial engine types produced, the list is simplified, as
in the case of boxer engines.

On the basis of the quoted list, the following conclu-
sions can be drawn: above all, radial engines are inferior in
all respects to engines with an push-pull cylinder arrange-
ment. Therefore, in terms of performance, the boxer en-
gines are much more profitable as large model engines.
Radial engines are always inferior to them in terms of pow-
er, usually also in terms of maximum speed and weight.

7. In-line engines

In-line engines (Fig. 12) are rarely used in modeling;
there are very few designs of such engines. Two-stroke in-
line engines may be an alternative to push-pull cylinder
engines in airplanes which require a narrow fuselage for
some reason. An example can be models of real airplanes,
which in fact also had an in-line engine [21]. The four-
stroke in-line engines are more exclusive. By using such
engines in models of real aeroplanes, you also get pure
sound, more like the original engine used in a real, original
airplane.

Fig. 12. MVVVS 116 iL two-cylinder two-stroke in-line engine [31]

Table 7. Comparison of basic indicators for radial and boxer engines with comparable displacements [27, 28, 30, 32, 35, 38-40, 42]

Ca. 20 cm® Ca. 60 cm® Ca. 125 cm® Ca. 180 cm®

Radial engine Boxer Radial engine Boxer Radial engine Boxer Radial engine Boxer
Name Saito FG-19R3 | RCGF 20cc TWIN | Saito FG-60R3 | DLE60 | UMS5-125cc | DLA 128 | UMS 5-180cc | DLA 180
Power [KM(kW)] 15(1.1) 2.8 (2.06) 45(3.31) 7.0 (5.15) 8.0 (5.88) 13.0(9.56) | 10.9(8.02) |18.5(13.61)
Maximum rotational 10,000 8600 7000 8500 6000 6600 5500 6200
speed [rpm]
Number 3 2 3 2 5 4 5 2
of cylinders
Mass [g] 950 920 1850 1950 3900 3780 4700 4130
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Table 8. Comparison of basic indicators for in-line and two-stroke boxer engines with comparable displacements [27, 28, 30, 32, 35, 38-40, 42]

60 cm? 100 cm? 116 cm®

In-line engine Boxer In-line engine Boxer In-line engine Boxer

Name Moki G 360 RC DLE60 DA-1001 DA-100L DLA160i2 MVVS 116NS
IRS

Power [KM (kW)] 7.3(5.37) 7.0 (5.15) - 9.8 (7.21) 13.0 (9.56) 11.0 (8.09)
Maximum rotational speed [rpm] 11,000 8500 6800 6800 6500 7500
Number of cylinders 2 2 2 2 2 2
Mass [g] 2450 1950 3450 2800 3744 3310

Table 9. Comparison of basic in

dicators for in-line and four-stroke boxer engines with comparable displacements [27, 28, 30, 32, 35, 38-40, 42]

60 cm® 85 cm®
In-line engine Boxer In-line engine Boxer
Name ngh GF60i2 Saito FG-61TS ROTO 85 FSI ROTO 85 FS-NG
Power [KM (kW)] 6.3 (4.63) - - -
Maximum rotational speed [rpm] 7500 7400 5800 -
Number of cylinders 2 2 2 2
Mass [g] 2940 2090 3000 2790

The pistons in an in-line engine are arranged in a row,
one after the other on the crankshaft. “Large” in-line en-
gines may have cylinders arranged in two or more rows.
This happens only in the largest engines, which are no
longer being built [7]. In modeling engines, however, such
a solution has never been used.

The vast majority of in-line miniature aircraft engines
for flying models are built with spark ignition. There are
only a few designs of compression-ignition in-line engines.

Table 8 shows a simple comparison of the spark ignition
two-stroke in-line engines with the push-pull cylinder two-
stroke engines, also with spark ignition. The second list in
Table 9 concerns four-stroke spark ignition engines.

Due to the small number of produced types of in-line en-
gines, it is difficult to make a meaningful comparison. In
addition, rarely used engine types have little data available.
However, on the basis of the quoted summaries, several
conclusions can be drawn. Inline and boxer engines have
similar values of operational indicators. The main difference
is the much greater weight of the inline engines. As a result,
the use of in-line engines in modeling is unprofitable, except
when it is absolutely necessary to keep a narrow fuselage.

8. Summary and conclusions
This article presents a comparative analysis of the con-
struction of model aircraft engines. This required supple-

menting the information in relation to the last monographs
entirely devoted to this issue from forty years ago. During
this time, a lot of changes took place in the technique of
miniature motors.

Currently, the modeling market is dominated by glow
engines and large, more and more perfect spark ignition
engines. Self-ignition engines are practically no longer
used. Small internal combustion engines have been largely
replaced by brushless (induction) electric motors [6]. In the
past, even small engines with a displacement of 0.5 cm?®
were produced. Motors with such small capacities turn out
to be heavier than electric motors of similar power together
with the battery.

Model making is constantly evolving, and there are still
many people in Poland who deal with it. Unfortunately,
currently no one in Poland produces piston model engines.
Although there is a company near Poznan that produces
turbojet engines for models, they are not the most popular
propulsion for model aircraft and do not fit into the subject
of this study.

In the Czech Republic, however, model making is de-
veloping very intensively. Particular attention can be paid
to excellent Czech gasoline engines from companies such
as MVVS or ZDZ. Their products far surpass most other
motors.
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growing areas of passenger transport, and airlines carry more and more passengers from year to year. Due to
the growing negative impact of air transport on the natural environment, research aimed at the development of
technologies to reduce the negative impact of air transport is becoming more and more important. One of the
possibilities for improving the situation is the use of alternative energy sources, limiting the emission of

greenhouse gases into the atmosphere. The paper aimed to analyze the meaningfulness of replacing the classic
power unit in a light transport aircraft with a hybrid, combustion-electric power unit. Analyzes were made with
the use of simulation methods for the PZL M-28 aircraft.
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1. Introduction

According to ICAQO's annual global statistics, the total
number of passengers carried by regular services in 2019
was 4.5 billion, and the number of flights reached 38.3
million [1]. 11.1 million flights were made in the ECAC
area. Eurocontrol's forecast for 2027 predicts an increase in
the number of flights in the ECAC area by 6 to 17% [2].

Unfortunately, the development of aviation is also asso-
ciated with an increase in carbon dioxide emissions to the
environment. Research shows that aviation is responsible
for over 2% of global carbon dioxide emissions [3]. Carbon
dioxide is not the only product of fuel combustion. Nitro-
gen and sulphur oxides as well as soot also have atmospher-
ic altering properties. In 2017, air navigation was responsi-
ble for 3.4% of total green-house gas emissions [4]. Alt-
hough it is not the highest source of greenhouse gas emis-
sions, it is in this sector that the greatest increase in the
production of atmospheric pollutants is noticeable. Fore-
casts suggest that aviation could be responsible for 20.2%
of global green-house gas production in 2050 [5].

According to the Intergovernmental Panel on Climate
Change (IPCC), global greenhouse gas emissions must fall
by around 60% by 2050. Only thanks to this will it be pos-
sible to achieve the assumed climate goal [6]. The Interna-
tional Civil Aviation Organisation (ICAO) plans, after
2021, to initiate the Program of Compensation and Reduc-
tion of Carbon Dioxide Emissions in International Aviation
(CORSIA) [7]. The purpose of this program is to help tack-
le the problem of the annual increase in CO, emissions
from international civil aviation. Aircraft operators are
tasked with monitoring and reporting the fuel consumption
of international flights in order to determine their annual
carbon dioxide emissions. Title offsetting is based on emis-
sions trading, not emissions reduction — aircraft operators
will have to buy carbon credits from the carbon market [8].
The International Air Transport Association (IATA) is also
striving to reduce emissions of harmful gases. Its goal is to
achieve net CO, emissions of 50% of 2005 emissions by
2050 [7].

The need to reduce the emissions of air transport was
a factor that initiated work on the search for new types of
power units and new fuels for transport aircraft. Aviation
fuels must have certain properties, the most important of
which are: excellent combustion properties, low viscosity,
high energy density and low freezing point. Among the
potential candidates for the fuel of the future aircraft, hy-
drogen seems to be the ideal solution because it has very
good energy properties and is also environmentally friend-
ly. In aviation, hydrogen can be used in two ways — as
a replacement for petroleum fuels in large aircraft or in fuel
cells to produce electricity. The second solution is intended
for smaller transport aircraft. Unfortunately, replacing kero-
sene with hydrogen requires modification of both the air-
craft and the entire aviation fuel production and distribution
system. Hydrogen must be stored at low temperature and in
well-insulated tanks, 3 times larger in volume than current
kerosene fuel tanks [9, 10].

Electricity can also be a fuel substitute. Fully electric
power units are popular in the automotive market, especial-
ly in cars and ships. Research typically divides electric
drives into three main groups:

— fully electric drive,
— turboelectric drive,
— hybrid electric drive.

Unfortunately, only a small number of experimental air-
craft use electric propulsion. This is mainly due to insuffi-
ciently developed battery technology, which limits the
flight range [12]. Research conducted by Safran has shown
that a small aircraft needs cells with a specific energy of at
least 500 Wh/kg for flight, which is much more than lithi-
um-ion batteries can offer. An alternative for them could be
lithium-air batteries with the theoretical specific energy of
11500 Wh/kg [13], unfortunately their lifetime is insuffi-
cient when it comes to use in the aviation industry. Lithi-
um-sulfur batteries seem to be the most promising replace-
ment for lithium-ion batteries. It is predicted that by 2030
their specific energy may reach the value of 650 Wh/kg and
their service life in the range of 1500-2500 cycles [11].
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Nevertheless, in Norway it is planned that by 2040 all
short-haul flights will be performed by electric aircraft [22].
The situation is a bit different in the case of a hybrid-
electric aircraft, where the weight of the load carriers is
smaller. On the basis of research by Geifl and VoitNitsch-
mann, it was found that hybrid-electric general aviation
aeroplanes, designed for short-range missions, are able to
use less energy than conventional aircraft [14]. Airbus, in
collaboration with Siemens and Rolls-Royce, proposed the
creation of a hybrid airliner. Their design, called the E-Fan
X, involved replacing one of the four jet engines with an
electric motor [15]. Unfortunately, in 2020, a year before
the first flight of the pioneering machine, the companies
announced the end of the demonstration program.

The solution that can revolutionize the aviation industry
is the use of fuel cell (FC) technology and a hybrid energy
storage system (HESS). Fuel cells are a quiet and clean
source, and additionally, the energy density of hydrogen
tanks is definitely higher than in batteries [20]. Unfortu-
nately, the power density of fuel cells is insufficient. Bat-
tery energy storages are characterized by high energy con-
version efficiency (nearly 85%), high response speed and
high power density (output current up to 5C) [21]. Combin-
ing fuel cells with a hybrid energy storage system can im-
prove the mileage, dynamics and economy of vehicles.
Considering the above advantages, such connections may
have a promising future in aviation applications.

2. Methodology

The concept of hybrid propulsion in aviation is at a low
level of technological maturity. Currently, research and
development works are carried out on the development of
the concept of using hybrid drives. They are supported by
experimental tests carried out with the use of stationary
laboratory test stands or with the use of light unmanned
aircraft or motor gliders. Currently, it is not possible to
conduct experimental research with the use of light, real-
size transport aircraft. For this reason, the basic research
method used in research on hybrid power units in aviation
is the computer simulation method. It requires building,
verification and validation of mathematical models, selec-
tion of appropriate tools and research methods as well as
methods for analysing the obtained results.

Research problem: currently available technological so-
lutions do not allow passenger flights with hybrid-powered
planes. The main limitation is the selection of the electric
motor, batteries needed to power it and a less powerful
internal combustion engine so that the take-off weight (es-
timated) of the aircraft does not exceed its maximum take-
off weight.

Hypothesis: the optimal distribution of power between
the internal combustion engine and the electric motor,
which together form a hybrid propulsion, can allow to fly
a satisfactory distance.

Objectives: the main objective of the study is to select
the components of a hybrid drive in such a way that it can
replace the internal combustion drive powering the PZL
M28 class aircraft, which consists of two PT6A-65B en-
gines.

Research methods: the study used the computer simula-
tion method. The MATLAB Simulink program was used to
carry out the simulation.

General research plan:

1. Building and verification of needed mathematical
models

2. Case study

3. Analysis of the obtained results

4. Analysis of the impact of new technologies on aircraft
performance

3. Models definition

A hybrid drive is a combination of at least two types of
drives for moving one device. A Hybrid Electric Drive
(HEP) is a combination of two or more energy sources, at
least one of which is electrical. Of the many types of hybrid
electric drives available on the market, the most popular is
the series and parallel connection of an electric motor with
a combustion engine. Figure 1 shows a schematic of the
hybrid drive that served as the starting point for creating the
mathematical model.

Fig. 1. Diagram of a hybrid drive

The analyzed mathematical model includes the follow-
ing assumptions: the plane is not affected by any external
forces, the plane is treated as a material point, and the flight
takes place in the atmosphere with the parameters of
a standard atmosphere.

It was assumed that the aerodynamic characteristics of
an aircraft with a hybrid propulsion did not change com-
pared to an aircraft with a traditional propulsion. The clas-
sical approximation of the aerodynamic characteristics in
the aerodynamic polar, which is a square approximation of
the drag coefficient as a function of the lift coefficient, was
used. The minimum drag coefficient was estimated at 0.028
and the Oswald efficiency factor at 0.8.

The take-off weight of an airplane consists of the weight
of the empty airplane, engines weight, fuel weight, weight
of crew, batteries weight as well as the weight of passen-
gers and their baggage. Therefore, the formula for the take-
off weight of an airplane is as follows:

My, = Mempty + mg + Mpax + Mpag + Mep + Meye) + Mpat (1)

The only constant value in this equation is the weight of
the empty aircraft (mempy), but it varies depending on the
airframe model chosen. The weight of the crew (2) depends
on the number of its members (n.):

me. = 85 ng, 2

Weight of passengers (3) and baggage (4) are closely re-
lated to number of passengers (Npax)
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Mpax = 85 Npax (3)
mbag =20 npax (4)

The weight of electric and turboprop motors depends on
three variables. The first one is the power of the motors
they have to replace (P). The second variable is power-to-
weight ratio of the electric motor (PWR.) and power-to-
weight ratio for turboprop engine (PWR,). The third varia-
ble is the power share between electric motors and turbo-
prop engines. Depending on the selected variant, it will
vary from 0% to 100%. So if electric motors will be re-
sponsible for x% of the total power needed, then turboprop
engines will be responsible for (100-x)% of the power.
Taking into account all variables, the weight of the engines
(5) can be calculated from the following formula that takes
into account the assumed power split between the electric
and the turboprop engine:
X%:-P
PWR,

(100-x)%P
PWR; ®)

Mg,y =

The weight of fuel, as well as weight of engines, de-
pends on the power share between the electric motors and
turboprop engines, but also on the flight distance (s), flight
speed (V) and the specific fuel consumption (SFC). The
created model analyzes only a horizontal flight at a constant
altitude with a constant speed. Additionally, it does not take
into account the change in fuel weight during the flight to
compensate for the first assumption, a 20% fuel reserve is
made, and then to compensate for the second assumption,
the weight of the fuel is averaged by dividing it in half.
Taking into account all variables, the fuel weight can be
calculated from the following formula which only considers
the fuel consumed by the turboprop engine for the assumed
power split:

1.2-(%-51«‘0*(100—)()%-13)

: (6)

The weight of batteries largely depends on the selected
battery type and its specific energy (Ewb), but it is also
dependent on the efficiency of the electric motor (n.), flight
distance (s) and flight speed (V). As in the case of fuel
weight, a reserve of 20% is taken to compensate for the
lack of calculations for the take-off, climb and landing
phases. Therefore, the weight of the battery can be calculat-
ed from the formula which takes into account the mass of
the battery resulting from the power required of the electric
motor for the assumed power split:

Meye] =

Y (7)

Using the formulas (2)—(7) and (1) the take-off weight
of the airplane can be calculated. The necessary condition
that must be met in order for the combustion engine to be
replaced with a hybrid propulsion is such that the calculated
take-off weight of the airplane cannot be higher than its
maximum permissible take-off weight:

m, < MTOM ©))

The formulas presented above were used to create a com-
puter simulation model in the MATLAB Simulink. The dia-
gram of the above-mentioned model is presented in Fig. 2.

Fig. 2. Simulation model

4. Case study

Computer simulation in MATLAB Simulink has been
performed for the PZL M28 class aircraft powered by two
PT6A-65B turboprop engines from Pratt&Whitney Canada
with a total power of P = 1640 kW. The crew of the select-
ed aircraft consists of 3 people. Despite the fact that the
maximum permissible number of passengers is 19, the
research assumed that there would be 10 people on board.
As part of the research carried out for the purposes of this
article, three variants of the percentage power share into
electric motors and turboprops are analyzed. Variant ,,A”
assumes that 25% of the power will come from electric
motors and 75% from turboprop engines. In variant ,,B” an
equal division of 50% was assumed. Variant ,,C”, on the
other hand, assumes that 75% of the power will be generat-
ed by electric motors and 25% by turboprops. The weight
of empty airplane is equal to Mempy = 3654 kg.

In order to be able to count the weight of electric motors
and turboprop engines for consecutive variants, it is neces-
sary to know the PWR, and the PWR,. There are various
types of electric motors available on the market, but due to
the reliability and high specific power values, the best choice
is the high power density brushless motor. The power-to-
weight ratio of the selected type of electric motor is [16]:

PWR, = 2.68 f{—"g" )

The power-to-weight ratio of the turboprop engine was
calculated with the use of generally available data concern-
ing the turboprop engines available on the market. It is:

PWR, = 3.64 % (10)
kg

For the calculation purposes, it was assumed that the
speed of the aircraft will be VV =270 km/h, and the flight
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distance s = 80 km. The SFC was calculated on the basis of
data from several different turboprop engines. It is:

_ ke
SFC = 0.328 & (11)

A lithium-ion battery was selected to power the electric
motor, the specific energy of which is [17]:
Wh

Ew, = 250k—g (12)

The efficiency of the electric motor was assumed to be

Ne = 0.95. The necessary condition that must be met in

order for the combustion engine to be replaced with a hy-

brid propulsion is such that the calculated take-off weight

of the aircraft cannot be greater than its maximum take-off
weight. The maximum take-off weight of the PZL M28 is:

MTOM = 7500 kg (13)

Calculations were made using the simulation model cre-
ated and the data collected above concerning the discussed
case. The obtained results are presented in Table 1.

Table 1. Calculation results

Symbol Value

Mempty 3654 kg

mg, 255 kg

M,y 859 kg

Mpag 200 kg

variant ,,A” 491 kg

variant ,,B” Mgy, 531 kg

variant ,,C” 572 kg
variant ,,A” 71.7 kg
variant ,,B” Mgyel 47.8kg
variant ,,C” 23.9kg
variant ,A” 613.8 kg
variant ,,B” My, 1227.6 kg
variant ,,C” 1841.4 kg
variant ,,A” 6135.5 kg
variant ,,B” My, 6765.7 kg
variant ,,C” 7395.9 kg

5. Results and discussion

5.1. Dependence of take-off weight on flight distance for
different power splits
Figure 3 shows the dependence of the airplane take-off
weight on the flight distance. The calculations were carried
out assuming that there are 3 crew members and 10 passen-
gers with baggage on board, and the cruising speed of the
plane is 270 km/h.

Fig. 3. Graph of dependence of take-off weight on flight distance for
different power share

The chart shows that an airplane powered in 25% by
electric motors and 75% by turboprop engines can fly the
greatest distance. This distance is 239 km, which is about
16% of the maximum distance that the PZL-M28 can trav-
el. The aircraft powered in 50% by electric engines and
50% by turboprop engines can fly only 126 km. Increasing
the share of electric motors to 75% will reduce the flight
distance to 84 km.

5.2. Dependence of take-off weight on flight distance for
different number of passengers

Figures 4-6 show the dependence of the airplane take-
off weight on the flight distance for a different number of
passengers taken on board for three variants of the power
splits into electric motors and turboprop engines. In each of
the following cases, the plane is flying at a speed of 270
km/h and there are three crew members on board.

The number assigned to a specific line in the graphs rep-
resents the number of passengers taken on board. The max-
imum take-off weight of an airplane is a limit that cannot be
exceeded with the specific number of passengers on board.
This means that everything on the graphs above the black
line representing the maximum take-off weight of the air-
plane does not meet the necessary condition and must be
discarded.

A. power share — 25% electric motor 75% turboprop
engine

Figure 4 shows the dependence of the airplane take-off
weight on the flight distance for a different number of pas-
sengers for variant "A". It is clear that the longest flight can
be with one passenger on board, although even in this case
it will not be possible to travel a route longer than 375 km.

Fig. 4. Graph of the dependence of take-off weight on the flight distance
for a different number of passengers— variant ,,A”

B. power share — 50% electric motor 50% turboprop

engine

Figure 5 shows the dependence of the airplane take-off
weight on the flight distance for a different number of pas-
sengers for variant ,,B”. Increasing the consumption of
power from electric motors is associated with reducing the
distance that the plane can fly. Taking 19 passengers on
board, the plane can fly no longer than 67 km.
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Fig. 5. Graph of the dependence of take-off weight on the flight distance
for a different number of passengers— variant ,,B”

C. power share — 75% electric motor 25% turboprop
engine

Fig. 6. Graph of the dependence of take-off weight on the flight distance
for a different number of passengers— variant ,,C”

Figure 6 shows the dependence of the airplane take-off
weight on the flight distance for a different number of pas-
sengers for variant ,,C”. Where most of the power comes
from electric motors, an airplane with one passenger can fly
over 125 km. If there are 15 passengers on board, the dis-
tance drops to about 60 km.

6. The impact of new technologies

The main factor that inhibits the growth of interest in
airplanes powered by fully electric or hybrid engines is the
low specific energy of the battery and the insufficiently
high power-to-weight ratio for the electric motor. This
chapter focuses on the analysis of the dependence of the
airplane take-off weight on the flight distance for three
different percentage power splits, assuming that the lithi-
um-ion battery was replaced with a lithium-air battery with
specific energy:

Wh
Ew, = 11,680 (14)

and that the power-to-weight ratio for the electric motor is:

kw

PWR, =5 o (15)
Figure 7 consists of 3 graphs and shows the dependence

of the airplane take-off weight on the flight distance at three
different power splits. It was assumed that there are 3 crew
members and 10 passengers with their baggage on board,

and the cruising speed of the plane is 270 km/h. Calcula-
tions were made for the following four variants:
e Variant|

kw
~ PWR, =286
— lithium-ion battery, E,,, = 250‘:_:
e Variant Il
kw
— PWR, =5-—
— lithium-ion battery, E,,, = 250‘:_:
e Variant I
kw
~ PWR, =286
— lithium-air battery, E,,, = 11,680‘:—:
e Variant IV
kw
~ PWR, =572

- lithium-air battery, E,,, = 11,680

Fig. 7. Graph of the dependence of the take-off weight on the flight dis-

tance for the power split of: A — 25% from electric motors and 75% from

turboprop engines, B — 50% from electric motors and 50% from turboprop
engines, C — 75% from electric motors and 25% from turboprop engines
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The graphs show that changing the electric motor,
whose power-to-weight ratio is 2.86 kW/kg, to one whose
ratio is 5 kW/kg, will slightly extend the distance that the
plane can fly. The comparison of these distances is shown
in Fig. 8. The biggest difference in distance that can be
travelled when a lithium-ion battery is changed to an air-
lithium battery. In these two cases, for the first time, in-
creasing the share of power from electric motors increases
the distance that the plane can fly. It is enough for electric
motors to be responsible for 50% of the required power so
that the maximum distance that the PZL-M28 would be
able to fly exceeds the maximum distance of this aircraft
according to the Flight Manual.

Table 2. Maximum distance for maximum take-off weight for different
variants and different power share

25% electric, 75% turboprop

variant Distance [km]

| 169

1 176

1l 1358

\Y 1434

50% electric, 50% turboprop

variant Distance [km]

| 88

1 97

11l 1522

[\ 1676

75% electric, 25% turboprop

variant Distance [km]

| 59

1 69

1] 1730

v 1999

Summary

The calculations which was made as part of this study
were to prove that it is possible to replace the internal com-
bustion engine of a small passenger aircraft with a hybrid
electric drive.

The conducted analyzes are intended to demonstrate the
reasonableness of the development of hybrid power units in
small transport aviation. Technological progress in the field
of batteries will make the analyzed solutions even more
attractive from the point of view of reducing transport air-

craft emissions. They may also justify undertaking further
research and experimental work, which will be character-
ized by higher costs and workload.

The presented results complement the research conduct-
ed so far, which mainly focuses on fully electric aircraft.
The analyzed solution seems to be more attractive, due to
the level of technological development of electric drives,
concerning commuter-class transport aircraft.

The performed calculations, taking into account the
adopted assumptions, showed that such a replacement is
possible. However, it should be remembered that the
change of the type of propulsion may, to some extent, limit
the throughput of the aircraft or the number of passengers
taken on board will have to be reduced, for example, the
aircraft powered in 25% by turboprop engines and in 75%
by electric motors with 10 passengers on board is able to
overcome only 84 km, while when there are only 3 passen-
gers on board, this distance increases by 36.9% to 115 km.
In the case of an aircraft powered by in 50% by turboprop
engines and in 50% by electric motors, the same change in
the number of passengers will increase the travel distance
by 36.5% from 126 km to 172 km. In the case of an aircraft
powered in 75% by turboprop engines and in 25% by elec-
tric motors, the increase will be 35.9% with an increase in
distance from 239 km to 325 km. This means that regard-
less of the percentage power share into electric motors and
turboprops, a change in the number of passengers has the
same effect on extending or shortening the travel distance.

An aircraft powered to a greater degree of turboprop
engines can travel more than twice as far as its counterpart
powered by more green energy. This is due to the lack of a
battery with the appropriate specific energy.

Nevertheless, the research carried out for the air-lithium
battery clearly shows that with the development of the
battery, hybrid drives can be used more and more in the
aviation industry. The calculations show that when the
lithium-ion battery is replaced with a lithium-air battery, the
aircraft powered as described above with 10 passengers on
board will be able to cover 1730 km, which is more than the
PZL M28 powered only by internal combustion engines can
overcome.

Nomenclature

Ewb specific energy [Wh/kg]
my,  takeoff weight [kg]
Mempyy aircraft empty weight [kg]

Mg Crew weight [Kg]
My Passengers weight [kg]
My baggage weight [kg]

Men  engines weight [kg]

MTOM maximum teakoff mass [kg]

New  Number of crew

Neax  NuMber of passengers

P power of the engine [kW]

PWR, power-to-weight ratio of the electric motor [KW/kg]
PWR; power-to-weight ratio for turboprop engine [kW/kg]
\% speed of flight [km/h]

mee  fuel weight [kg] MNe efficiency of the electric motor
mpy  battery weight [kg]
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Syngas has a promising future as alternative to petroleum products and as a fuel for combustion engines.
This study provides an overview on the feasibility of using syngas to power internal combustion engines. It
presents technological process solutions for producing syngas toward minimizing the formation of tars as the
most undesirable component for engine applications.. The combustion process characteristic of syngas composi-
tion has been tackled including critical criteria such as the flammability limit, ignition delay, laminar velocity,
turbulent velocity, and the subsequent challenges in determining a numerical methods that best matches the
experimental datas. The syngas usage as alternative resource, while tackling the uncertainty issue of its compo-
sition, for Compression Ignition (CI) and Spark Ignition (SI) with the emission and performance effectiveness
has been studied as well. The results of the review showed that syngas can be a viable alternative for some
stationary applications, such as advanced integrated systems (ICCG), but its application is, however, relatively
limited, for example as a secondary fuel in engines (CI) for automotive applications. However, significant
discrepancies between numerical (simulation) and experimental results have been noted. This suggests that there
are many scientific and experimental challenges in the area of syngas combustion processes in internal combus-
tion engines. However, given the potential of this group of fuels, especially in the face of the energy crisis, this
research is highly desirable and has a significant application perspective.
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1. Introduction

The fast depletion of fossil fuels has resifted the focus
towards alternative renewable fuel resources, such as syn-
gas which is produced from biomass or waste [1]. Although
current figures show that only 0.5% of syngas is produced
from renewable and waste [2], production rate has in-
creased significantly in the recent years with a great pro-
spect for the future as it is expected to grow at 9.3% from
2022 to 2029, reaching nearly US$ 376.7 Bn [3]. This posi-
tive trend in the syngas interest was not followed closely by
the literature in the past 10 years. Thus there was few re-
searches has been conducted on syngas, and the recently
published review papers were mainly referencing more than
10 years old results obtained. In our research we focused on
presenting up-to-date results and consolidate the work that
has been done by pervious research studies concerning
specific topics such as the discrepancy between numerical
and experimental results, toward drawing conclusion about
the current state of the art in the syngas production and
usage.

Currently there is globally almost 2.24 billon tones of
municipal waste, and 140 billion metric tons of biomass
wastes are generated every year from agriculture, which
creates many challenges both on managemental and envi-
ronmental aspects. As most of the waste goes to landfill,
utilizing that waste to produce syngas would produce less
emissions than otherwise if would go through incineration
while reducing the landscapes allocated for landfills [2].

Gasification and pyrolysis are the main process by
which the conversion of the hydrocarbons into syngas is
been done, although as efficacy and reliability gasification
process standout among all other conversion processes.

Gasification is a thermochemical process where carbo-
naceous materials conversion into gases occur at elevated

temperatures above 600°C. It is done by breaking the car-
bon bonds and adding hydrogen to the gaseous product [4].
The conversion process occurs when solid carbon fuel re-
acts with a gasifying agent such as air, oxygen, water vapor
or mixtures of air and water vapor.

In case oxygen or water vapor is used in the gasifying
process the product is called medium calorific value gas, or
as known simply syngas, which typically having a range of
10 to 20 MJ/Nm® heating value. The other name given to
the gas product in case of using air as gasifying agent is
producer gas, or lower caloric value gas which typically
have a heating value range between 4 to 6 MJ/Nm? [5].

It produces hydrogen (H,) and carbon monoxide (CO)
mainly, and other components such CO,, H,O, tar, hydro-
gen sulfide, water vapor, hydrocarbon such as methane, and
other trace species [6].

The inconsistency in the products of gasification pro-
cess of waste to produce syngas is particularly difficult to
control due to the varying source of the feedstock. Though
many solutions are available at the industry such as closely
monitoring by infrared sensors the gas composition during
the conversion process [7].

The gasification process itself involves multiple com-
plex reaction processes which also contributes to the vary-
ing composition of syngas. The generalized and specific
chemical reactions involved is presented in the Table 1 [8].

Table 1. Gasification chemical reactions [9]

General chemical reaction: Hydrocarbon feedstock — CO(g) +
Ha(g) + CO:(g)

Char-oxygen reaction 2C+0,=2CO0

Boudouard C+C0O;=2CO

Steam gasification/water-gas C+H,0=CO+H,

Methanation C+2H, = CH,

Shift reaction H,0 = H, + CO,
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Other factors that affect the production of syngas from
waste feedstock are residence time, temperature, pressure
and the atmosphere during the gasification process. All
above factors along with the varying feedstock composition
and the complex gasification chemical process can be han-
dled using many solutions that will be tackled in the follow-
ing chapter.

The syngas can be use as intermediary to produce other
chemicals, or for direct usage as fuel, the latter is our topic
of concern. From integrated gasification combined cycle
(IGCC) to internal combust engines (ICE) there is a wide
range of application for syngas.

The technology of using syngas from biomass is rela-
tively old, during WWII when there was shortage of gaso-
line, wood gas vehicles reached almost 7 million vehicles
with countries like Sweden, Germany France and Denmark
were on top of producers list. The technology was disre-
garded as there was a boom in gasoline availability. Strict
environmental regulation and phasing out the use of fossil
fuels revived the interest in synthetic gases [10-12].

In power generation/syngas has a very promising fu-
tures some studies suggest that typical incinerators of 1 tone
of waste can produce 530 kWh, gasification system with
integrated generation can produce from 650 kWh up to
1100 kWh [13].

2. Waste to syngas production solutions

Different types of gasification process can be achieved
depend on the design and intended quality and content of the
product. Since feedstocks vary significantly thus the product
outcome, it’s of a high importance to select the right gasifier
to insure a consistency of the gasification product with min-
imal contamination and reduced tar output values.

The varying composition of the waste feedstock and the
chemical process complexity of gasification presented chal-
lenges that is been overcame by the introduction of multiple
solutions that would ensure the consistency of the gasifica-
tion products and removal of impurities such as tar, Sulphur
and particulate matter, etc.)

Tar is a condensable hydrocarbon formed of single and
multiple aromatics compounds along with polycyclic aro-
matic hydrocarbons. The challenge of removing tar from
the syngas product is one of the main challenges that need
to be overcome in order to make the valorization technolo-
gies such as syngas production through gasification eco-
nomically feasible [14].

The tar can lead to engine fouling and catalyst deactivation
due to polymerization characteristics and condensation [15].

A number of solutions has been proposed in order to re-
duce the tar content during the gasification process. For in-
stance, injecting CO, during gasification process can reduce
the tar formation resulting in close to zero CO, process [16].

Typically, there is four types of gasifiers: updraft and
downdraft fixed bed, bubbling or circulating fluidized bed
reactors. Figure 1 show the principle upon which the four
gasifiers work.

Each type of gasifiers has its own advantages and dis-
advantages which will be presented. Along with the results
of some studies that tackled the issue of tar in syngas pro-
duction from biomass waste and the solution it was provid-
ed for each gasifier type.

UPDRAFT DOWNDRAFT
feedstock l guI 'stlockl
Drying 2«
—}—Duving zone Pyrolysis zone
_ | Pyrolysis zone Hearth zone
Reduction zone air Ly P
T i N Reduction zone
Hearth zone oivie
grate -
gas
— —
air ash
ash pit
BUBBLING CIRCULATING
b
feedstock
__| gasphase
feaction
feedstock
bubbling
[ Tuidized bed
inert + char
grate (SRS grat
—
I ash ash
Vair Vairl air ¥ air
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Fig. 1. Four gasifier operation principles, fixed bed (updraft, down draft)
and Fluidized bed (circulation, bubbling) [14]

2.1. Fixed-bed gasifier

As for fixed-bed (updraft, downdraft) gasifier the chal-
lenge in maintaining the desired temperature and mixture
composition in the process area which can lead to incon-
sistency in the products.

2.1.1. Updraft type

The particle size range of feedstocks for updraft type
range between 2 to 50 mm under pressure range 0.15 to
2.45 MPa, with a residence time 15 to 30 min. The long
residency time result in low efficiency and throughput and
high tar content, thus it is not recommended for internal
combustion engines instead its more suitable for heat gen-
eration. In one of the studies which used wood chips for an
8.5 MWh updraft gasifier to produce syngas, and without
modifying the normal operation conditions of the gasifier or
the properties of the feedstock. It recommended the usage
of updraft gasifier when the fuel moisture is 20% with par-
ticles that is larger than 6.3 mm, since it would achieve
a higher syngas quality and lower tar concentration [17].
Another solution presented in another study where a com-
parison between an updraft and downdraft type gasifier was
conducted to produce syngas out of municipality green
waste. It showed that incorporating a circulating cyclone to
updraft type yield a higher gas output by 10-15% to
downdraft type which is normally have a higher yield and
lower tar formation performance. This is mainly due to
recirculating the syngas inside the reactor back to the com-
bustion zone which lead to higher rate of thermal decompo-
sition of volatile organic substance, thus reducing tar col-
lection [18].

Another major advantage is the ability of the updraft to
handle biomass with high inorganic content with high
moisture which is mainly suitable for municipal waste
feedstock [19].

2.1.2. Downdraft type
The second type of fixed bed gasifier is the downdraft,
where the typical size of feedstock ranges between 1 to 30
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cm with moisture content up to 30% and its mostly suitable
for high volatile fuel for power generation. It usually suf-
fers from high ash content when compared to the updraft
type, but when its compared to updraft type its much suita-
ble for combustion engines since 99.9% of the tar is been
removed in the process [19]. In a study that utilized agricul-
tural waste in Scotland using the typically used downdraft
gasifier type in a combine gasification with CHP engines
for power generation. It tackled the design constraints and
optimization of downdraft gasifier to achieve better yield
from the gasification process as well as reduction in tar
formation. It was found that with a moisture content of less
than 10% and an equivalence ratio (®) of 0.3-0.35 would
yield a higher syngas output efficiency. The equivalence
ratio also has favored gasification temperature thus leading
to lower tar formation. According to the study the highest
heating value was found for barely dust which is the main
crop in Scotland and barely screening (6.4 MJ/Nm?) with
tar content circa 2%mole % of produced gas) [20].

2.2. Fluidized bed gasifiers
Fluidized bed gasification main advantage is maintain-
ing the uniformity of temperature in the combustion zone.

2.2.1. Bubbling fluidize gasifier

It has many advantages since it can accept a wide range
of particle sizes, Main advantage its high yield with low tar
content produced from this type < 1-3 g/Nm® and low un-
converted carbon, as well as yield a uniform syngas as it
also achieves a uniform temperature distribution throughout
the reactor between 700 and 1000°C by controlling the
air/biomass ratio [19]. In a study that used a bench-scale
fluidized bed reactor, and feedstock from biomass waste
(switchgrass, pine residues) at operating temperature circa
780°C, equivalence ratio (®) = ~0.32. They investigated the
effect of the be materials such as sand, Al,O; and CaO on
the overall yield of containment, and tar reduction. It was
found that the usage of Al,Osor CaO has reduced tar pro-
duction circa 5.8 to 6.5 gtar/kg dry biomass through thermal
cracking and oxidation reactions [21].

2.2.2. Circulating fluidized bed gasifier

The gasifier operates at high pressure, this would be
ideal for usage of the gas that is require to be compressed in
the later stages, such as in applications for gas turbines. It
has many advantages in term of the speed by which the
reaction occurs, and provide products with high yield, low
tar and unconverted carbon. Although there is some tech-
nical downfall on the gasifier due to the rapid production
rate, which can also be limited by the fuel particles size that
determine the speed of the flow and the stability of the
production becomes a concern after long operating duration
and the bed materials should have strong abrasive materials
[22]. In a study that investigated the potential of using
a combination of synthetic and mineral catalysts to achieve
better syngas yield production and lowering tar was able to
achieve promising results. The catalysts used in the gasifier
is of an importance factor in increasing the reaction rate at
low-temperature, and the conversion of tar into valuable
syngas via thermal cracking, steam reforming, and dry
reforming.

The synthetic catalysts give better results but the down-
fall its high cost, while minerals can achieve good results
but it could not yield in satisfactory results. The feedstock
used in that study was pine sawdust collected from wood
treatment plant, feed to a circulating gasifier operating
under 750°C to 950°C temperature with the gasification
medium was air. At first the experiment compared the re-
duction percentage of tar by using non-active bed material
(silica sand) to a Rawe-olivine, the results show a 40.6%
reduction using Olivine, and a far much better results were
achieved when using synthetic catalysts Fe (5%) in combi-
nation with Olivine to reach 81.5% reduction in tar com-
pared to raw-Olivine because of the existence of because of
existence of Fe,03, NiO and NiO-Mg [23].

2.2.3. Syngas composition and applications

Understanding the effect of each component in the syn-
gas along with their physicochemical properties on the
combustion process in internal combustion engine would
facilitate the understanding of the application methods for
syngas in the different types of combustion engines.

In the following sections each component role and ef-
fect on the combustion process and thus the expected im-
pact on the efficiency of the engine will be tackled. In the
next section the specific application of syngas in Compres-
sion Ignition (CI), Spark ignition (SI) and homogenous
charged compression (HCCI) engines will be discussed.

3. The physicochemical properties of typical syngas

The laminar flame speed and flammability limits are
two elements that favor syngas as secondary fuel for inter-
nal combustion engines over other fuels such as hydrogen,
biogas, methane or fossil fuels. In the following section we
shall tackle the main burning characteristics of syngas,
better understand the behavior of each component of the
syngas effect on the combustion process, and subsequent
challenges that arise in modeling this behavior in numeri-
cally form that can be generalized.

3.1. The laminar flame velocity

The laminar flame speed is one of the most important
properties of the combustion process specially when operat-
ing an engine at fuel-lean conditions. The higher values
promote for stable operation at lean conditions, and in ultra-
lean spark ignition engines when syngas used as secondary
fuel [24]. The laminar flame speed serves as basis to turbu-
lent combustion, also contain fundamental information on
diffusivity, reactivity, and exothermicity. The propensity of
a flame, flashback and blowoff are heavily impacted by the
laminar flame speed among other important combustion
characteristics such as flame spatial distribution [25].

The importance of laminar flame speed led to various
methods in obtaining its measurements, such as constant
volume combustion bomb, heat flux method, Bunsen burner
and externally heated diverging channel method [26].

There have been multiple tests published in the past
about the laminar flame speed of syngas but they only tack-
le the combustion mixture at stoichiometric or at rich condi-
tions, which is not suitable for modern combustion engines
which favor lean-mixture [25].

The same issue could be said about the pervious pub-
lished works regarding the kinetic schemes. The reaction
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model predictions that give numerical predictions of lami-
nar velocities was found to have a lot of discrepancy be-
tween the calculated and experimental data [27].

In more recent research that studied the demarcation of
reaction effects on laminar burning velocities of diluted
syngas—air mixtures. Results showed that using modified
Davis mechanism with lower third-body efficiencies can
predict accurately laminar burning velocities of mixtures
with high dilution of CO, and N, mixture. As for FFCM-1
showed comparable results at all dilutions except for high
dilution of CO, circa 70%.

The final outcome of this study showed among other re-
sults the effect of dilution of CO,, N, on the burning veloci-
ties. Where dilution of CO, specially at higher temperatures
where N, had much less impact on the burning velocity [28].

The pervious study [28] was mainly concerned about
tackling the discrepancy of LFS for high temperature and
pressure (HTP) applications for Syngas. In another study [29]
that tackled the discrepancy in the LFS data provided by
literature under Normal Temperature and Pressure (NTP).

The discrepancies from different group of studies were
presented in Fig. 2 between the results obtained from the
OPF method vs David et al. using CHEMKIN-PREMIX
code chemical mechanism for predicting LFS. As it can be
seen in the Fig. 2 the discrepancies are very large at very
lean and very rich mixtures, and with the discrepancy about
8 percent between equivalence ration (®) 1 and 3.

The source of uncertainty has been investigated, and the
effect of the initial conditions and equivalence ratio has
been presented. The results showed that the mixture prepa-
ration had insignificant impact on the measure LFS, such as
slight perturbation in equibalance ratio, temperature an
pressure. It was concluded that the linear extrapolation is
more sensitive to the flame radius range than nonlinear
extrapolation, which can strengthen the impact of the flame
radius range selected on the uncertainty, in particularly at
the very lean or very rich mixtures. The study ended by
declaring that there is still a lot effort needed to reduce the
uncertainties in measuring LFS [29].

Fig. 2. Deviation of laminar speed measured by different studies in litera-

ture from the predicted laminar speed by simulation (PREMIX) based on

the mechanism of David et al. for Hy/CO/air (H:CO = 50%:50%) at
NTP [29]

3.2. Ignition delay time (IDT)

In an effort to solve the same issues of laminar flame
velocity discrepancy between the measured and reaction
model prediction calculations of IDTs. In addition to the
emergence of advanced integrated systems such as ICCG as

replacement to coal-fired conventional power plants. This
promoted researches to reproduce the experiments using
rapid compression machines and shock-tubes at higher
temperature and pressures, whereas such data was only
available at low temperature and pressured using mostly
a shock-tube tube confined to a limitation up to 2.2 bar
pressure and 2850 K temperature [30].

Following the effect of Pressure, Temperature and
Equivalence ratio, CO, CH, on the Ignition Delay Time
shall be discussed.

3.3. Pressure and syngas components effects on ignition
delay
The influence of pressure on ignition delay was studied
on multi-component syngas with and without ammonia
having the following. The baseline mixture and the addi-
tional components were studied at 3 different pressures 1.6,
12.5, and 32 atm, at equivalence ratio (®) equal to 0.5 [31].

Fig. 3. Effect of the pressure on the ignition delay time [30]

In Fig. 3, a selected fuel composition was presented
since the other compositions exhibited similar results, for
example BS results where close to (Neat-H,, BS-H,0, BS-
CO,) and Biosyn to (BS-CH,). The result shows an im-
portant effect of pressure on ignition delay values between
1.6, 12.5 and 32 atm [31].

At pressure 1.6 atm (Fig. 4) the following has been con-
cluded that neat H, and BS (around 15% longer than neat
H,) exhibit similar ignition delay values, while the addition
of H,O to BS only slightly decreased ignition delay. As for
temperature below 1550 K the results showed that ignition
delay is further increased, compared to BS CH,.

Fig. 4. Effect of the composition on the ignition delay time for a syngas
with a H,/CO ratio set to 1 and at a pressure around 1.6 atm [30]
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3.4. Turbulent flame speed (TFS)

The inconsistency in the feedstock and different fuel
composition of syngas by which it would replace traditional
fuel. It mandates the investigation of all the combustion
characteristics, such as TFS which is an important criterion
in the combustion process. The high values of laminar
flame speed due to high mass diffusivity of H, and subse-
quently lower Lewis number, required different operating
conditions for engines to gives the intended performance
and emissions of using syngas as alternative fuel. Such as
improving the flammability limits, and enhancing the burn-
ing velocity and reducing the CO, emission [32].

Thus Turbulent flame speed is of high interest just as
the LFS. In literature regarding the topic of measuring the
TFS of syngas-air mixture focus on investigating the pres-
sure, fuel composition due to concern of inconstancy in the
feedstock supply, and obtaining (ST) coloration from ex-
perimental data at certain operating conditions and general-
ize them.

In a study that investigated the TFS of syngas at differ-
ent compositions of hydrogen volumetric fractions (20%,
50% and 80%), at turbulence intensities of (0 to 3.54 m/s)
and pressure (0.5 to 5 bar), and concluded with unified
scaling of turbulent burning velocity. The experiment was
conducted on spark ignition engine with constant volume,
and to create the effect of turbulence inside a regular en-
gine, fan-stirred turbulent combustion chamber was used.

At first the test was conducted under different turbu-
lence intensities and initial pressures where the turbulent
flame velocity where determined, secondly the turbulent
flame velocity where compared under different hydrogen
fraction in the syngas.

The results of the effect of pressure at constant turbu-
lence intensity and vice versa is shown in Fig. 5.

The general understanding that the turbulent burning ve-
locity increased as pressure and intensity increased. This
relation is almost linear in case of intensity, but in reality
(which is not covered as a range in this study) the turbulent
velocity would reach a climax before it would actually start
to decrease gradually due to local extinction. As seen in the
Fig. 5b the growth becomes slower at higher pressures. This
phenomenon is due to laminar flame thickness and Kolmo-
gorov length scale which can be studied further in this ref-
erence [33]. In principle as the turbulence intensity and
initial pressure increase, the flame surface wrinkles more
intensely which leads increase in turbulence stretch and
flame intrinsic. Thus, increasing the flame surface area.

The effect of hydrogen fraction in the syngas composi-
tion on turbulent flame speed is shown in Fig. 6, where the
error bars represent the standard deviation of five loops.

The results show that the global turbulent velocity is
more sensitive to hydrogen fraction with the increase in
turbulence intensity as shown in (Fig. 6a). The same could
be found in relation to the sensitivity of turbulent velocity
to the turbulence intensity with the increase of hydrogen
fraction. This could be explained due to the fact that the
flamelets becomes more wrinkled with higher turbulence
intensity, which in turn strengthened the diffusional-thermal
instability [34]. As of result the turbulent burning velocity
becomes sensitive to the hydrogen fraction in the syngas.

The same could be said about the non-equal diffusion
which is strengthened with the higher hydrogen fraction.
Thus, the turbulent burning velocity will becomes sensitive
to the flamelets wrinkling which is in turn dependent on the
turbulence intensity.

Fig. 5. Global turbulent burning velocity: (a) P = 1 bar under different u’;
(b) v’ = 1.77 m/s under different P [33]

Fig. 6. Global turbulent burning velocity under different hydrogen frac-
tions: (a) x-axis is hydrogen fraction; (b) x-axis is u’ [33]

The obtained results match another research conducted
to study the effect of higher hydrogen proportions of H,/CO
(5/95, 25/75, and 50/50 to 75/25) in syngas on turbulent
flame speed, which indicated also an increase in OH radi-
cals concentration. OH radical is a fundamental radical in
the flame. Its concentration level can characterize the com-
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bustion intensity [35]. The setup used was a water-cooled
McKenna burner, and mass flow controllers. In addition,
their results showed that dilution of syngas with Nitrogen
(varied from 0, 10%, and 30% to 50%) was found to give
the reverse effect on turbulent burning speed.

Fig. 7. OH distribution instantaneous image of syngas with volumetric

ratio of 5% H,—95%CO under different dilutions and Reynolds numbers:

(al-a4) Re = 6110; (b1-b4) Re = 10,690; (c1-c4) Re = 15,270. 1,2,3, and

4 indicate nitrogen dilution volumetric proportions of 0%, 10%, 30%, and
50%, respectively [36]

A unified scaling was conducted through dimensionless
parameters to the turbulent burning velocity in order to
extract general correlation of (ST) from experimental data.

The laminar flame and turbulence characteristics are
two main elements that defines the turbulent burning veloc-
ity and thus it must be included in the unified scaling. The
kinematic viscosity which is a dimensionless parameter in
the turbulent Reynold number equation (Re = VVDp/u) was
used to reflect turbulence characteristics. Along with the
ratio normalization of turbulent over laminar flame speed as
show in Fig. 8, which was correlated with turbulent Reyn-
old number ratio, suggesting that turbulent Reynolds num-
ber is a suitable to correlate turbulent burning velocity.

In quantitative level, the power exponent which 0.46 as
show in Fig. 8, was found to be close to the experimental
result 0.53 done by Shy et al. [37] and another theoretical
result 0.5 of Chaudhuri et al. [38]. This indicated the validi-
ty of the unified scaling method regardless of initial pres-
sures and type of fuels, so for the different turbulence inten-
sities. The correlation obtained gave such satisfactory re-
sults due to the fact that most experimental results are at
20% hydrogen fraction and Lewis number around unity.

In another study they utilized the results obtained in the
current study to verify their modified correlation for buta-
nol/air flames Sy ~ Da%* Le %%, With the difference be-
tween their correlation and the current study to having the
Lewis number included in the equation [39].

The unified scaling method which includes Lewis num-
ber other than unity could be represented as follows with
ST /SL ~ Re%*® Le 3¢ where the value of 0.36 close to
0.46 suggested by the current study. Additionally it was
suggested that Da modified correlation (Damkohler number
correlation) ST ~ Da’* Le®* is not only applicable to
butanol/air flames, but also for syngas/air flames of differ-
ent molecular transport effects as show in the Fig. 9.

Fig. 8. A unified scaling of global turbulent burning [33]

Fig. 9. Validation of modified correlation: (a) Da>*Le*%, (b) (Da Le™)** [39]

4. Syngas in internal combustion engine

Syngas has many applications in stationery and
transport energy sector. It has been used a primary or sec-
ondary fuel depend on the type of engine, its operating
conditions, performance requirements, and the phychemical
properties of syngas. An important aspect for example is
the autoignition in compression ignition engines (ClI),
which is difficult to achieve with syngas. Thus, diesel fuel
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is used as secondary fuel to help ignite the syngas-air mix-
ture. The challenge then is to replace the highest percentage
of fuel mixture with syngas, where literature providing
wide range of solutions from 25% up to 90%. The necessity
is to reach a better understanding of the behavior of syngas
in combustion engines based on the many criteria that de-
fine those limitations. Among many applications we shall
discuss about the usage of syngas in Compression Ignition
engines (Cl), Spark Ignition engines (SI), Homogenous
compression engines (HCCI) and advanced dual engines
called reactivity-controlled compression ignition (RCCI).

4.1. Spark ignition engines

The research on spark ignition engines utilizing syngas
as alternative to gasoline mainly on the aspect of fuel con-
sumption and emissions. Spark ignition engines operating
with fossil fuel at lean or even extremely lean condition has
been the focus of researchers, with main goal is to achieve
higher thermal efficiency due to lesser heat losses a pump-
ing energy requirements, as well as lowering NO, with
lesser combustion temperatures [40]. This trend continued
with the current experimental which utilizing syngas as an
alternative fuel, where the syngas serves as an extender to
the lean limits of Sl engine operation. This is mainly
achievable by direct injection strategies and the dilution of
intake charge. The improving of the engine performance
through implementing the typical strategies such as boost-
ing, utilizing EGR, and engine downsizing is under investi-
gating for the syngas application in Sl engines.

The usage of syngas in spark ignition engines can vary
depend on the engine type. For instance, the syngas applica-
tions on direct injection SI, carbureted and port fuel injec-
tion, and modified CI engines into SI engines. Also, wheth-
er the syngas would be used as primary, dual or as second-
ary fuel, but more importantly the applicability of the syn-
gas usage in term of its advantages and disadvantages.

Many considerations such as combustion process, the
typical engine operating range, and the LHV of syngas
which is lower than gasoline, causes droppage in engine
performance. Therefore, it has led to favoring the usage of
100% syngas as primary fuel for portal port fuel injection
and carburetor Sl engines in power generation rather than
for vehicular applications. Since the operating point of
fixed engines are limited, thus it can be optimized and the
possibility of engine modification is more suitable.

This has been demonstrated in a study that replaced
gasoline with syngas for a 650 W Yamaha 950 generator
set. The syngas was derived from wood pellets through
gasification which had lower heating value of 4.5 MJ/kg.
The modification was done on the engine included the
lubrication system, the air and fuel flow control, and the
ignition timing. The Ignition timing had to be advanced by
13 degree to compensate, as we explained in pervious sec-
tion, due to the high laminar velocity of syngas. Whereas
the 45% decrease in power output compared to gasoline of
360 W [41].

Despite the negative impact on engine performance, uti-
lizing syngas in Spark Ignition engines has significant im-
pact on reduction of emissions [42]. A study done using
a laboratory scale gasifier and portable gasoline generator
of 8.5 compression ratio and 2.8 kW. Their emission results

showed consistency with another study done on generator
running at 740 Watt [43], with maximum power output of
1392 W. It is worth mentioning that there is scarcity in
experimental work which compares generators running on
gasoline vs syngas since the year 2010 onwards. Table 2
shows comparison between gasoline and syngas emission
results. The CO emission was less by 20 times compared to
gasoline, and reduced of NO, emission by one-third. In
totality the emission flow amount was about 25% less when
operated on syngas.

Table 2. Gasoline and syngas emission comparison [42]

0z in co NO NOy SO,
exhaust [mg/m’] | [mg/m’]@ [mg/m?® [mg/m’®

Fuel [%] @13% 0, | 13% 0, | @13% 0, | @13% O,
Gasoline 8.93 24,700 454 69.7 50
Syngas 8.5 14,000 22.8 35 n.d.
Syngas 8.8 3100 24 38 n.d.
Syngas 9.12 12501 21.0 32 n.d.
Syngas 10.1 1120 16.6 25.6 n.d.
Syngas 10.8 1700 15.9 24.6 n.d.
Syngas 11.4 4000 16.8 26 n.d.

4.2 Syngas for dual-fuel CI engines

Due to high self-ignition temperature of syngas, typical-
ly about 500°C [44], syngas cannot be ignited by compres-
sion ignition diesel engines, combined with the the low
reactivity of syngas-air mixture in Cl engines. Thus the
solution is typically dual fueling method is used, where
diesel is injected as a pilot fuel to initiate the ignition while
syngas injected into the induction system.

The dual fueling where a premixed fuel and piolet fuel
is injected is gaining moment in the research area due to the
ever-strict emission regulation for diesel engines. Literature
shows that utilizing syngas in dual system is to certain
degree beneficial as the other alternatives in term of per-
formance and emission such as compressed natural gas and
liquefied petroleum gas, with the advantage over them
being a renewable energy.

In term of performance, its been reported that there is
a decrease in power output due to lower volumetric effi-
ciency of syngas [45]. As for emission CO and HC reduc-
tion was mainly observed under medium load conditions,
but in general there is an increase in emissions including
soot and NO,. Other studied resulted in concluding that the
incomplete combustion and excessively high Ringing In-
tensity (RI) are the major challenges of RCCI engines with
lean premixed syngas [46].

Many strategies are being developed to reduced emis-
sion and enhance engine performance, one of which the
Reactivity Controlled Compression Ignitions, where an
early pilot injection during compression cycle is introduced.

In a study that tested syngas-diesel fueled RCCI engine
was numerically investigated using KIVA-3V code, which
was validated with experimental work [47]. The influence
of syngas composition on RCCI combustion were investi-
gated. Eight typical syngas compositions at Initial tempera-
ture valve closing and 360 K and syngas premixed ratio
60%. It was found that the H, from 50% in syngas 4 to 75%
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in syngas 8 as show in Fig. 10 inhibits the autoignition of
the mixture due to the active OH radicals being consumed
which is required by the diesel low-temperature oxidation.
Therefore, it leads to a retarded initiation of combustion
shown in the heat release graph, Fig. 10.

Fig. 10. In cylinder pressure and heat release graphs for pure H, and CO
syngas. Syngas 4 (50/50), Syngas 6 (66.6/33.3), Syngas8 (75/25) [47]

The increase of H, lead to a decrease in combustion du-
ration and higher thermal heat release rate which in turn
lead to an increase in the combustion efficiency. Another
syngas compositions were tested and it was found that the
impurities for example CH, which transform OH to H,0,
can lead to a further increase in reduction of OH radicals
which leads to lesser combustion efficiency. Soot reduction
was also observed with the increase in syngas where the
soot precursors H, and CO are mainly responsible for the
soot reduction as show in Fig. 11.

Fig. 11. Soot distributions under different initial temperatures [47]

The study concluded with suggesting an optimal syngas
premixed ratio of 60% and H, volume fraction of 75% for
best RCCI engine performance and lower emissions [47].
Similar results were obtained by another study where the H,
optimal ratio range given was between 60-80% [46].

4.3 Syngas for HCCI engines

In the previous section syngas for spark ignition en-
gines, we have mentioned that the usage of syngas for pow-
er generation is more suitable than vehicular application
due the limitation syngas imposes on the operation of SI
engines. Still syngas causes reduction in power by almost
up to 40%.

Another major issue is the knock, which makes HCCI
engine favorable as a solution for knock for syngas as fuel
alternative in power generation applications.

For syngas to operate in S| engines it requires cooling to
avoid knock, which leads to condensation of tar impurities
that clog up critical process components. The tar removal
procedure is costly and can make the usage of syngas eco-
nomically unfeasible. HCCI which requires normally higher
intake temperatures could be a solution to this critical issue
in normal spark ignition engines. Thus the biomass syngas
can leave the gasifier without having to go through cooling
process to the HCCI power generator [48].

The knock limitation of syngas is mainly the topic that
is been researched to identify the maximum compression
ratio of HCCI engine, where the higher the compression
ratio the better is the engine performance. According to the
literature, for HCCI engines the low volumetric efficiency
due to the addition of gas in the premixed charge, and the
trade off between NO, and CO remains an unsolved issues
needed to be researched.

In a study done on an 435 cc mono-cylinder HCCI 12
compression ratio engine, tolerant to tar impurities above
the tar dew point, they tested the sensitivity of HCCI to the
ratio variation of H,:CO from 30:70 to 55:45%.

Moisture up to 12% by volume, and tars (from 3 to 17
g/Nm®) at the intake temperatures of around 250°C. The
250°C for the intake temperature experiment was chosen
due to the fact that it the dew point of class 5 tar at a con-
centration of about 1 g/Nm?®, where there is mainly 6 classes
of tar been identified, and class 5 dominating the tar dew
point [48].

The results of the CO emission is shown in (Fig. 12b).
Where the CA 10-90 represent combustion duration de-
fined as the difference between the CA90 and the CAL0,
represented as the heat release duration. Since there is not
any significant amount of hydrocarbon to contribute for the
emission of CO, its considered that the CO emission is
directly correlated with the unburned CO.

Fig. 12. Combustion efficiency and unburnt portion of CO measured in the
emissions as a function of the combustion duration CA90-CA10 for
various H,:CO mixture ratios [48]
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The similarity in the shape of the curve of the engine ef-
ficiency and CO is due to the slowing down effect on the
combustion of the CO component.

It was also reported an increase in the NO, emission as
the combustion duration decrease, due an increase of the
combustion temperature. The combustion temperatures in
HCCIT are still less when it’s compared to SI and CI en-
gines, thus NO, emissions results are better for HCCI. It
was also observed that the H,:CO ratio did not have any
significant effect on the NO, emissions.

Besides the NO,, CO trade-off issue in HCCI engines
run on syngas, the volumetric efficiency issue has been
investigated. The low heating value (LHV) of syngas along
with high inlet temperature caused a significant reduction in
the volumetric efficiency of the engine, thus low indicated
mean effective pressure.

Fig. 13. Experimental NO, measurements as a function of peak cycle
temperature [48]

Fig. 14. Inlet pressure effect at different compression ratios on IMEP and
CA50 [48]

For this purpose, researchers investigated the effect of
pressure inlet effect. Satisfactory results were obtained
which indicates that the workout of the engines could be
controlled by adjusting the pressure inlet. Changing the

compression ratio on the other hand showed a minimal
impact on the IMEP, due to to high Maximum Pressure
Rise Rate (MPRR) and improper phasing CA50. The best
result for the whole range of pressure inlet where found to
be at compression ratio 12, where the whole range of pres-
sure inlet fulfilled the constraints they set for this study in
term of CA50 (-5 and 10 CAD), engine knock MPRR (max
10 bar/CAD), and maximum cylinder pressure (100 bars) as
it can be seen in Fig. 14.

Similarly, the temperature inlet had a significant impact
on the (230, 250 and 270°C). The higher the temperature
the earlier CA50 is achieved and the shorter the combustion
duration. For instance, an increment by 20 degree in inlet
temperature advanced the CA50 by about 8 degrees, with
an increase in MPRR by 3.6 bar/CAD. Thus, it was con-
cluded that As Inlet temperatures increases, the bad phasing
decreases both the indicated efficiency and the indicated
mean effective pressure (IMEP).

5. Summary and conclusion

This paper provided an in-depth review of the current
syngas production processes and its applications, along
with their utmost critical issues been tackled by the litera-
ture. Syngas as an alternative fuel has drawn recently in-
creasing attention with the ever-stricter environmental regu-
lations. The research area regarding syngas has mainly
focused on the possible ways of achieving high production
yields while reducing tar during the gasification process
instead of being processed at later stages. This is mainly
due to higher costs that makes syngas economically and
technically invalid. Besides, the inconsistency of the feed-
stock components plays a major role in the combustion
process of syngas as fuel in combustion engines, thus creat-
ing a greater challenge in accurately anticipating the com-
bustion behavior of syngas at different loads, equivalence
ratios, and initial conditions. Thus it necessitates to study
each components and its effect on the combustion process.
Based on the learned behavior of syngas during the com-
bustion process, and the possible applications was dis-
cussed. The most important conclusions will be summa-
rized as follows:

The main four types of gasification process as the most-
ly used tools to produce syngas from waste biomass feed-
stock has shown many advantages and disadvantages alike.
Thus, it been recommended different applications to each
type based on many criteria and their subsequent possible
issues they could create in the engines. Multiple possible
way was suggested to tackle those issues to reduce for in-
stance their tar production and increases their yield produc-
tion rate. For instance, incorporating a circulating cyclone
to updraft type shown to yield a higher gas output by 10—
15%, which is due to its feedstock long residency time,
result in low efficiency and throughput and high tar content.
Thus, it was not recommended for internal combustion
engines, instead it was found to be more suitable for heat
generation engine applications. Whereas the downdraft
gasifier being the favored method so far in term of tar pro-
duction rate with 99.9% being removed, which makes it
suitable for engine combustion engines, mainly for high
volatile fuel for power generation applications.
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Unlike circulation fluidized bed, budding type is capa-
ble to acquire larger feedstock particle size, whereas for
circulation gasifier type the particles size becomes a hinder-
ing criterion since larger sizes lowers and cause unstable
production rate. Thus, the advantage of the bubbling gasifi-
er bed is the uniformity in syngas production, where it
maintains a uniform temperature distribution throughout the
reactor between 700 and 1000°C by controlling the
air/biomass ratio.

The physicochemical properties of a syngas in terms of
laminar flame, turbulence flame speed, ignition delay, and
knock limitation are considered to be the most important
aspects has been researched in the effort to better under-
stand the combustion behavior of syngas in combustion
engines. The current literatures all agree that the discrepan-
cy between the numerical and experimental data results
need more investigation to tackle the reasons behind it, in
an effort to speed up the study of syngas as an alternative
fuel for combustion engines. In that regard the effect of
highly diluted syngas (CO, and N,) on the laminar flame
speed was investigated. Results showed that using modified
Davis mechanism can predict with high accuracy the LFS
for application which requires high temperature and pres-
sures such as for advanced technologies IGCC. Whilst
FFCM-1 method resulted in comparable results except for
high dilution of CO, circa 70%. In case of low temperature
and pressures application, an investigation was done to
better under the reasons behind the discrepancies between
the results presented in the literature which used Davis
mechanism and the measurements obtained using OPT
method. The source of discrepancies was found to be main-
ly at very lean and very rich mixtures, with about up to 45%
percent difference. It was due to the ignition which has
strong impact on the uncertainty, as well as the extrapola-
tion method used to study the LFS at early stage of spheri-
cal flame propagation, where the nonlinear method were
found more sensitive to the linear extrapolation method.

The different production processes of syngas that con-
stitute the product components and the physicochemical
properties defines the applicability of syngas in different
combustion engine type. Compression ignition engines self-
ignition requirements cannot be met for syngas at about
500°C, thus it usually used in dual mode where the chal-
lenge to increase the ratio of syngas as the primary fuel.
Such applications have been investigate and literature is
giving a wide range of solutions from 25% up to 90%. The
higher the percentage the lower the volumetric efficiency,
thus the lower power out can be achieved. Besides the re-
duction of emission is limited to CO and HC at particularly
medium loads while there is generally an increase in soot
and NO,. To overcome these issues advanced technologies
such as RCCI engines can be more suitable for syngas ap-
plication, although their main challenges when operating
with syngas is the high ringing intensity and incomplete
combustion, which requires further investigation for a com-
plete adaptivity. For RCCI engines multiple studied sug-
gested that the optimal syngas premixed ratio of 60% and
H, volume fraction of 75% for best RCCI engine perfor-

mance and lower emissions [47]. In spark ignition engines
(SI) the syngas is mainly been investigated as an extender
to the lean limits, since the advanced engine technologies
already been designed to operate on very lean mixtures.
Thus, the typical strategies such as boosting, utilizing EGR,
and engine downsizing is under investigating for the syngas
application in Sl engine, taking into consideration the lower
LHV of syngas compared to gasoline which leads to lower
of engine performance. Syngas in that regard were mostly
found to be useful in power generation rather than vehicular
applications since the engine calibration can be easily mod-
ified to fit the limited operation points in stationary engine
applications, with an advantage of reducing CO and NO,
emissions by up to 25%. Another main concern in spark
ignition engines is knock. As a solution HCCI engines
serves as viable alternative to regular Sl engines when op-
erating on syngas fuel. This in turns solves the tar major
issue in syngas usage. Unlike Sl engines, HCCI operates at
higher intake temperatures which avoid the necessity to
cool syngas which causes tar formation. As of result the
combustion temperatures in HCCI could increase affecting
the NO, emissions but when its compared to Sl and ClI
engines its of a lower NO, emission values. The main chal-
lenges been investigated in such types of engines is the
effect of initial pressure and temperature on the combustion
duration to achieve the lowest emission with highest engine
output power.

Syngas has a promising protentional to be usage as al-
ternative to traditional fossil fuels when its physicochemical
properties can be fully studied and numerical models are
established. This would help facilitate the speed up of the
investigation of syngas behavior in different engine applica-
tions to set the recommended percent usage and initial
conditions. It can be concluded that:

e Downdraft gasification is the most preferable type cur-
rently been used to produce almost tar free syngas.

e Other gasification types showing an improved and
promising tar and yield production rates with newly
proposed solutions, yet it requires further investigation
and research.

e The physicochemical properties of syngas in term of
turbulent, laminar flame speed, and ignition delay time
is not fully yet comprehended. Which explains the sig-
nificant gap and discrepancies between the numerical
models and the experimental results.

e Although there has been a significant progress in estab-
lishing a reliable models that can speed up the research
of syngas as alternative fuel.

e Syngas has wide range of application in ICE, although
its limited due to its physicochemical properties such as
self-ignition temperature, where it could only be used in
dual fuel ClI engines.

e The applicability of syngas in stationary engines were
found to be more favorable than in vehicular engine ap-
plication due to the limited operation ranges that can be
modified and controlled.
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Nomenclature

Al,O3 aluminium oxide

IDT

ignition delay time

Ar  argon IGCC integrated gasification combined cycle
BS  baseline syngas IMEP indicated mean effective pressure
CA crank angle Le Lewis number
CH; methane LFS laminar flame speed
Cl compression ignition engines LHV lower heating value
CO  carbon monoxide Mg  magnesium
Da  Damkohler number correlation MPRR maximum pressure rise rate
EGR exhaust gas recirculation NiO nickel oxide
Fe iron NTP normal temperature and pressure
FFCM foundational fuel chemistry model OPF outwardly propagating spherical flame method
H,  hydrogen Re  rhenium
HCCI homogenous charged compression RCCI reactivity-controlled compression ignition
HTP high temperature and pressure Sl spark ignition
ICE internal combustion engines D equivalence ratio
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during the RDE test. The emission of carbon monoxide, hydrocarbons, nitrogen oxides, particulate matter and
carbon dioxide, as well as the number of particulate matter, were examined. The process of pollutant emission
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intensity and particle number intensity was presented. Tests were carried out on the statistical properties of the
car speed, the intensity of pollutant emissions, and the intensity of the number of particulate matter. Correlation
studies were carried out on the speed of the vehicle, the intensity of pollutant emissions, and the intensity of the
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1. Introduction
The article considers the problem of pollutant emissions

from automotive internal combustion engines in conditions

corresponding to the actual use of vehicles. The emission of
pollutants from internal combustion engines is treated as
one of their functional properties.

In order to be able to test the emission of pollutants from
an internal combustion engine in conditions corresponding to
its use in a vehicle, it is necessary to ensure the engine’s
operating states using the following methods [2, 3]:

— driving the vehicle in conditions corresponding to real
use — such tests may be carried out either on a chassis
dynamometer or in road conditions,

— simulating engine operating states in conditions corre-
sponding to actual use in the vehicle — tests are carried
out on an engine dynamometer.

For light vehicle engines (passenger cars, light trucks,
minibuses and L-category vehicles — motorcycles, mopeds,
quads and microcars), the tests may be carried out under
comparable conditions on a chassis dynamometer. It is also
possible to conduct tests in road conditions thanks to the
use of the PEMS (Portable Emissions Measurement Sys-
tem) mobile emission testing system [16, 18, 19]. This type
of research is carried out using type-approval tests of light
vehicles in order to determine the emission of nitrogen
oxides and the number of particulate matter [11, 20].

Heavy vehicles (trucks and buses) are mainly tested in
road conditions. This is mainly due to the difficulty of ac-
cessing large-sized chassis dynamometers, of which there
are very few. The tradition of testing heavy vehicles in road
conditions is due to the fact that the operational fuel con-
sumption of buses is determined using SORT (Standardized
On-Road Test) and UITP (The International Association of
Public Transport) tests [1].

In this work, the methods of creating driving tests that
simulate the movement of vehicles have been systematized.
The results of empirical tests of pollutant emissions from
the internal combustion engine of a passenger car during
the RDE (Real Driving Emissions) test in real driving con-
ditions are also presented.

2. Performance characteristics of automotive
internal combustion engines

The operational properties of internal combustion en-
gines relate primarily to [2]:

— energy characteristics,

— economic features,

— impact on the environment,

— serviceability, reliability and durability.

Energy features are characterized primarily by useful
power and dynamic properties — in the case of a car engine,
it is the maximum speed and maximum acceleration of the
vehicle. The economic features are characterized by the
overall efficiency of the engine. Due to the impact on the
environment, pollution and noise emissions are primarily
considered.

These properties are strongly dependent on the operat-
ing states of internal combustion engines in both their static
and dynamic states.

The following operating states of internal combustion
engines are described in [2, 3, 5]:

— rotational speed,
— load,
— thermal state.

The measure of load is usually the engine’s torque or net
power. The thermal state is most often characterized by the
temperature of operating factors: engine oil or engine cool-
ant. In a stabilized thermal state of the engine, its operating
states are therefore described by rotational speed and load.
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In the case of car engines, the main factor determining
engine operating states is the vehicle speed process [1-6].
For this reason, in order to simulate the operating states of
car engines, they are tested in conditions corresponding to
the movement of the vehicle.

3. Performance characteristics of automotive
internal combustion engines

Driving tests are developed to simulate the operating
states of internal combustion engines in conditions corre-
sponding to the real use of road vehicles. Driving tests are
processes of driving speed.

A process is a state quantity defined on a certain normed
space. The domain in which the process is defined is usual-
ly time or a monotonic function of time (process — time
function, time series) or an area of space (process — field).
In this article, a process is treated as a numerical function
whose argument is time or a monotonic function time. The
zero-dimensional characteristic of the process is the func-
tional of this process, e.g. the mean value of the process,
standard deviation of the process, extreme values of the
process relative to speed, etc.

There are two basic ways to create driving tests. The
first method of developing driving tests involves simulating
the speed process in the time domain [1, 6-8]. On the basis
of empirical tests of vehicles in real traffic conditions,
speed processes are recorded. Then, the registered velocity
processes are analyzed in terms of their selected properties,
e.g. the average value, the average value of the absolute
value of the product of velocity and acceleration, or the
probability density. There are two options for developing
driving tests in this way. The first option is to adopt the
selected recorded speed process as the driving test, with the
second being to create the driving test as a combination of
fragments of recorded processes. Examples of tests created
on the basis of simulating the time domain are the homolo-
gation FTP-75 (Federal Test Procedure) and WLTC
(Worldwide Harmonized Light Vehicles Test Cycle) [11,
20] tests, as well as special tests for simulating traffic con-
ditions in traffic jams — Stop&Go, or for traffic on motor-
ways and expressways — Autobahn [6].

Tests created on the basis of simulating the time domain
can be treated as stochastic processes in the form of a set of
realizations [15].

The second method of developing driving tests is the
arbitrary adoption of the speed process, and then the selec-
tion of the parameters of this process in accordance with the
principle of the similarity of these parameters with the
parameters of the processes recorded in the conditions of
the actual use of vehicles. The arbitrary adoption of the
speed process consists in adopting the character of the pro-
cess similar due to certain properties to the speed processes
actually occurring in the use of vehicles. Such parameters
are, for example, the average speed value, the maximum
speed value, or extreme acceleration values. Examples of
such tests are the following homologation tests: NEDC
(New European Driving Cycle), which consists of both
driving tests in cities — UDC (Urban Driving Cycle) and
driving tests outside cities — EUDC (Extra Urban Driving
Cycle) or Japanese 10-15 Mode [11, 20].

It is also possible to create driving tests based on the
similarity of frequency characteristics [9].

The developed tests are used for the following purposes:
— testing the compliance of the properties of light vehi-

cles; tested on a chassis dynamometer and in road con-

ditions using the RDE test. There are applicable legal
acts in approval procedures — the evaluation criterion is
the emission of pollutants and the number of particulate

matter [11, 20];

— an inventory of pollutant emissions carried out over the
course of 1 year — the result is the national annual pollu-
tant emission [5, 12];

— forecasting the state of environmental pollution by de-
termining the intensity of pollutant emissions and, by
modeling the spread of pollutants, determining the con-
centration of pollutants.

While the conditions of vehicle movement in the ap-
proval procedures are strictly defined, in the other two
applications, driving tests must simulate different traffic
conditions. Traffic models are usually distinguished: in
traffic jams, in cities (no traffic jams), outside cities, and on
motorways and expressways [5, 10]. Numerous tests have
been developed for these purposes as part of extensive
research programs. For example, under the ARTEMIS
(Assessment and Reliability of Transport Emission Models
and Inventory Systems) program, numerous CADC (Com-
mon Artemis Driving Cycles) tests [1] have been devel-
oped, which correspond to the movement of vehicles in
driving conditions in cities, outside cities, and on highways
and expressways.

Thanks to the study of pollutant emissions and fuel con-
sumption using various tests, it was possible to develop
software that allows the emission of pollutants and the
number of particulate matter for various vehicle traffic
conditions to be determined. This software contains, for
elementary and cumulative vehicle categories, formulas for
the emission of pollutants and the number of particulates
with regards to the average speed.

A category is a class of objects that have specific char-
acteristics and which are related to each other. Categories
of road vehicles are determined according to the following
criteria: application, contractual size, construction proper-
ties, fuel, and technical level [10].

The elementary category of road vehicles includes vehicles
with all the same criteria. The cumulative category of motor
vehicles includes vehicles with not all the same criteria.

Examples of emission simulation software are:
COPERT (Computer Program to Calculate Emissions From
Road Transport) [10], normally used for pollutant inventory
[5, 12], and HBEFA (Handbook Emission Factors for Road
Transport) INFRAS AG (Infrastructure, Umwelt- und
Wirtschaftsberatung) [13].

4. Empirical studies of pollutant emissions from
an internal combustion engine in conditions
corresponding to the actual use of vehicles
Empirical studies of pollutant emissions from an inter-
nal combustion engine in conditions corresponding to the
actual use of vehicles were carried out using the RDE test.
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The subject of the research was a passenger car with
a spark-ignition engine, which was equipped with an auto-
matic gearbox at the Euro 6 level due to road emissions.
The car was tested for pollutant emissions and fuel con-
sumption using the RDE test. The test is performed with
a cold engine start-up. The PEMS mobile pollutant emis-
sion testing system was used in the research [16]. The Sem-
tech DS analyzer [18] and the TSI 3090 EPSS™ (Engine
Exhaust Particle Sizer™ Spectometer) analyzer [19] were
used for the pollutant emission tests.

The recorded processes were subjected to low-pass fil-
tration using the second-order Savitzky-Golay filter [17] in
order to reduce the share of high-frequency noise in the
signals.
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Fig. 1. Car speed process — v during the RDE test
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Fig. 2. The process of carbon monoxide emission intensity — Eco from the
car engine during the RDE test
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Fig. 3. The process of hydrocarbon emission intensity — Eyc from the car
engine during the RDE test

Figure 1 shows the car speed process during the RDE
test. Figures 2-5 show the processes of the emission inten-
sity of pollutants: carbon monoxide, hydrocarbons, nitrogen
oxides and carbon dioxide from the car engine during the
RDE test.
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Fig. 4. The process of nitrogen oxide emission intensity — Exox from the
car engine during the RDE test
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Fig. 5. The process of carbon dioxide emission intensity — Eco, from the
car engine during the RDE test

Figure 6 shows the particle number intensity process
during the RDE test.
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Fig. 6. Process of particle number intensity — Epy from the car engine
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4000 5000 6000

The statistical properties [14] of the velocity process
and the processes of pollutant emission intensity and parti-
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cle number intensity were also tested. The following were
designated:

— minimum value — Min,

— maximum value — Max,

— range —R,

— average value — AV,

— median — M,

— standard deviation — D,

— coefficient of variation — W.

Figure 7 shows the zero-dimensional statistical charac-
teristics of the car speed process, Fig. 8-11 — the processes
of pollutant emission intensity, and Fig. 12 — the particle
number intensity process.
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For all the processes, the average value is greater than
the median.

Figure 13 shows the coefficient of variation of the ex-
amined processes.

The coefficient of variation characterizes the dynamic
properties of processes [14]. The processes of carbon mon-
oxide and nitrogen oxide emission intensity, as well as the
intensity of the number of particulate matter, are character-
ized by the strongest dynamic properties.

Correlation studies [14] of the following processes were
carried out: pollutant emission intensity and particle num-
ber intensity — the test results are presented in Table 1.
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Table 1. Coefficient of determination — R? between the tested processes
during the RDE test

v Eco Emc | Enox Ecor | Emx
Eco |0.0011
Egc [0.0639(0.1428
Enox | 0.0063|0.13390.8360
Ecoz [0.0903(0.1026|0.8573|0.6534
Epy |0.0043]0.0115|0.0723|0.0646 0.0926

The processes of the pollutant emission intensity and the
intensity of the number of particulate matter are weakly
correlated with the process of car speed — the weakest in the
case of carbon monoxide emission intensity, and the
strongest in the case of carbon dioxide emission. This re-
sults from the fact that with increasing speed, fuel con-
sumption also increases, and consequently carbon dioxide
emissions.

The process of particle number intensity is the least cor-
related with all the pollutant emission intensity processes.
The most strongly correlated is the intensity of hydrocarbon
emissions with the intensity of emissions of carbon dioxide
and nitrogen oxides.

An exemplary correlation relationship between pollutant
emission intensity processes during the RDE test is shown
in Fig. 14.
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Fig. 14. Correlation relationship between the carbon monoxide emission
intensity — Eco and the hydrocarbon emission intensity — Enc during the
RDE test

On the basis of the recorded pollutant emission intensity
and particle number rate, as well as the vehicle speed pro-
cess, the average values during the RDE test were deter-
mined: emission of pollutants and number of particulate
matter.

The average emission — b of pollutants during the RDE
test is the ratio of the emission of pollutants in the test — m
and the length of the road covered by the car in the test — L.

b =m/L 1)

The mean particle number during the RDE test — b_PN
is the ratio of the number of particles in the test — PN and
the distance traveled by the car in the test.

b_PN = PN/L )

The pollutant emission during the RDE test is the inte-
gral of the pollutant emission intensity — E.

m= [ E(Hdt 3)

where: t — time, T — test duration.
The particulate number during the RDE-PN test is the
integral of the particulate number intensity — EPN.

PN = [} Epy(t)dt @

The length of the road covered by the car during the
RDE test — L is the integral of the car's speed — v.

L=, v(®dt (5)

Table 2 presents the zero-dimensional pollutant emis-
sion characteristics during the RDE test.

Table 2. Zero-dimensional characteristics of pollutant emissions and fuel
consumption during the RDE test

bCO | bHc | bNo>< l bCOZ bPN
g/km 1/km
01994 [ 004387 | 05796 [ 1312 9.500E+12

In relation to the emission limits of pollutants and the
number of particulate matter at the Euro 6 level, the relative
values of the emission determined during the RDE test are
as follows: for carbon monoxide — 0.199, for hydrocarbons
— 0.439, for nitrogen oxides — 9.66, for the number of parti-
cles —15.8.

5. Conclusions
Based on the conducted research, the following conclu-

sions can be drawn:

1. The processes characterizing the emission of pollutants
are mostly poorly correlated with each other. These pro-
cesses are also weakly correlated with the car speed
process. The most strongly correlated is the intensity of
hydrocarbon emissions with the intensity of emissions
of carbon dioxide and nitrogen oxides.

2. For all the examined processes, the average value is
greater than the median.

3. In relation to the emission limits of pollutants and the
number of particulate matter at the Euro 6 level, the rel-
ative values of the emission determined during the RDE
test are as follows: for carbon monoxide — 0.199, for
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hydrocarbons — 0.439, for nitrogen oxides — 9.66, for
the number of particles — 15.8.
4. The strongest dynamic properties, assessed on the basis
of the coefficient of variation, are characterized by the 2.
processes of carbon monoxide and nitrogen oxide emis-
sion intensity and the intensity of the number of particu-
late matter.
5. The processes of pollutant emission intensity and the
process of particle number intensity are characterized by

states, to be obtained. Conducting empirical research in
individual implementations of stochastic processes ena-
bles research results to be statistically elaborated.

It is advisable to conduct separate tests for each phase of
the RDE test. The test results would enable the assess-
ment of the specificity of the car's traffic conditions on
the engine operating states and, consequently, on the in-
tensity of pollutant emissions and the intensity of the
number of particulate matter.

strong maxima for small process values. 3. It is interesting to compare the impact of the technical
It is expedient to continue working in the following di- level of cars in terms of pollutant emissions with the re-
rections: sults of the RDE test.

1. Itis advisable to treat the stages of the car velocity pro- 4.
cess, and consequently the operating states and the in-
ternal combustion engine during the RDE test, as sto-
chastic processes that are represented by sets of realiza-
tions. Empirical studies that are performed for many
implementations of the car speed process during the
RDE test enable the waveforms of the engine’s operat-

It is useful to compare the test results of the same car
during the RDE test and the WLTC test.
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ing states, which are actually the processes of these

Nomenclature

Cl compression ignition Japanese 10-15 Mode homologation test in Japan
CNG compressed natural gas L distance traveled by the car
DI direct injection m emission of pollution
LPG liquified petrolum gas M median
Sl spark ignition Max maximum value
ARTEMIS Assessment and Reliability of Transport Min minimum value
Emission Models and Inventory Systems NEDC  New European Driving Cycle
Autobahn driving test on highways and expressways NOx nitrogen oxides
AV average value PEMS  Portable Emissions Measurement System —
b average road emission of the pollutant/average portable emission testing system
road number of particulates PN particle number
CADC  Common Artemis Driving Cycles R range
Co carbon monoxide RDE Real Driving Emissions — test in the conditions
CO2 carbon dioxide of real use of the road vehicle
COPERT Computer Programme to Calculate Emissions SORT  Standardised On-Road Test

From Road Transport

Stop&Go driving test in traffic jams

D standard deviation t time
E pollutant emission intensity/particle number ubDC Urban Driving Cycle
intensity UITP The International Association of Public

EPSS™  Engine Exhaust Particle Sizer™ Spectometer Transport

EUDC  Extra Urban Driving Cycle v vehile velocity

FTP Federal Test Procedure w coefficient of variation

HBEFA Handbook Emission Factors for Road Transport WLTC  Worldwide Harmonized Light Vehicles Test

HC hydrocarbons Cycle
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factory control of the above-mentioned system. The results of the operating parameters of the system according
to the factory control and the results of the operating parameters according to the model predictive control were
compared. On their basis, it could be concluded that the model predictive control contributed to changes in the
power and electrochemical charge level of the energy storage system from 50.1% (the beginning) to 56.1% (the

end of course) and for MPC from 50.1% (the beginning) to 59.9% (the end of the course). The applied MPC with
13 reference trajectories (LQT) of power machines of the series-parallel HEV allowed for fuel savings on the

level of 4%.
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1. Introduction

The fuel consumption of HEVs is an important parame-
ter depending on the method of controlling the internal
combustion engine, generator and the electric motor. The
main purpose of this control is to increase the energy effi-
ciency of the HEV drive system. This control can be de-
fined as the cooperation of assemblies/components remain-
ing in continuous interaction with each other. This can also
be considered as energetic machines energy management
system [3, 10, 24].

The origins of HEV energy management systems are
seen in a control method based on heuristic hypotheses.
They assumed the expected operating conditions of the
drive system — commencement of operation and its contin-
uation in electrical mode to the set speed or reaching the
maximum torque. Within the range that the torque of the
electric motor decreased, the drive was supported by an
internal combustion engine [14, 17].

Another solution of the energy management system was
the use of statistical optimisation. This method did not
require knowledge of the actual power demand, but was
based only on taking into account its average value [3].

The low accuracy of the mentioned method resulted in
the development of the HEV drive energy management
system based on stochastic-dynamic programming (DP) [2,
10, 18, 19, 36]. In the model of the hybrid powertrain ener-
gy management system, the power demand, determined by
the driver, was of a stochastic process characteristics. In the
concept, however, the model of a hybrid vehicle was de-
termined. The optimisation of the target function was based
on the power demand in general road conditions and not on
a specific driving cycle. This resulted in low accuracy of
the method [19].

An interesting approach to the issue of energy manage-
ment of HEVs can be found in [24, 25]. They contain algo-
rithms of the equivalent fuel consumption strategy (ECMS),
among others, in HEVs equipped with fuel cells.

Such a control strategy presented as a function of cost
(the sum of fuel consumption and energy consumption of
a hybrid vehicle) also appears in [11, 30]. The main disad-
vantage of this type of control is the use of information
a priori regarding road conditions or conditions for con-
ducting laboratory tests (according to the adopted driving
cycle).

Modification of fuel consumption optimisation algo-
rithms (ECMS) for series-parallel electric hybrid vehicles
was undertaken by Liu and Peng [19]. The experimental
tests carried out by them using the SDP and ECMS strate-
gies resulted in an improvement in the dynamic properties
of HEV. They also contributed to the reduction of fuel
consumption of the HEV. The energy model of the HEV
vehicle powertrain system created by them automatically
generated dynamic equations of the system. The demon-
strated algorithms implemented an effective synergy of the
internal combustion engine with electric machines ensuring
a reduction in fuel consumption [20].

Another solution assumed the use of PSO (particle
swarm optimisation) [1, 6-8, 15, 31]. It was used in a hy-
brid vehicle enabling charging the traction battery from
a power socket (plug-in HEV) [6, 30]. This energy man-
agement strategy was based on a real-time algorithm used
to reduce fuel consumption. The result of Hwang and
Chen's research was an improvement in fuel consumption
to 9.4% compared to the base control model [15].

In parallel, research was conducted on the model predic-
tive control in energy management in HEVs [16]. The con-
trol applied enabled optimal torque distribution for the
parallel hybrid powertrain of the vehicle. The cost function
used in the strategy was minimised thanks to telemetric
estimation of vehicle speed [16].

Research was also carried out using model predictive con-
trol in parallel-series HEVs equipped with a supercapacitor [5].

Simultaneously, experiments were carried out with
HEVs equipped with a series powertrain system. A strategy
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to minimise fuel consumption was developed thanks to the
use of stochastic optimisation of the management process
using the Markov chain [23].

Model predictive control was also used to determine ex-
its from the system (economical driving reducing fuel con-
sumption) and also relied on information provided by the
Intelligent Transport System [36].

This energy management system was developed in [34,
35]. Linear square tracking (LQT) was applied to the model
predictive control. It supported the effective control of
power distribution in a series-parallel HEV. At the same
time, the LQT controller minimised the cost function, main-
taining the level of charge of the energy storage system at
the desired level [34, 35].

Another method of exercising model predictive control
in the energetic machines energy management model
of a HEV was also invented. Non-linear predictive control
(NMPC) has saved up to 8.8% of fuel consumption accord-
ing to the NEDC cycle. This result was obtained by com-
paring the values to the Factory Vehicle Energy Manage-
ment System [31].

The energy model of a series-parallel HEV is also pre-
sented in the article [6]. It was characterised by high accu-
racy; however, it was based on NEDC and HWYCOL road
tests.

It is also important to mention about the other actual ef-
fective energy management systems proposed in HEVS. It
was based on distributed deep reinforcement learning
(DRL). Paper presented DRL algorithms just like: a deep g-
network (DQN), asynchronous advantage actor-critic
(A3C) and distributed proximal policy optimalization
(DPPO). Simulation results show that tree DRL based con-
trol strategies can achieve near optimal fuel economy but
also outstanding computational efficiency [32].

It is worth noting that above all presented energy man-
agement systems, the MPC is a proven and effective meth-
od used by many researchers [28, 34-36]. But the main
problem of MPC is that it is useless to achieve a lower level
of HEV fuel consumption without reference trajectory (in-
finite prediction horizon). So, as it was mentioned, LQT
with MPC can reduce fuel consumption [34, 35]. But it was
proven only for maximum load of ICE. It was only one
reference trajectory. An important aspect is how to reach
the lower level of HEV fuel consumption? Maybe the use
of dozen reference trajectories, not only for maximum pow-
er but also for partial loads of ICE, would solve this prob-
lem? To reach this, it is required to collect operational
points of ICE under real conditions. Only a few works were
carried out in road conditions, e.g. [4, 27-29] not based on
simulations or observations and measurements in stationary
(laboratory) conditions [15, 30, 32-35].

In real life operation, it is possible to get more necessary
information useful to optimise the HEV energy manage-
ment control. This translates into its mileage of fuel con-
sumption.

The vast majority of the publications cited outline the
study of the mileage fuel consumption of the HEV in sta-
tionary conditions. The experiments are then carried out on
the basis of specific road tests (often poorly reflecting the
actual road conditions). However, there is no information

on changes in the mileage fuel economy of the HEV in
actual road operation using the model predictive control
mode. Hence, it seemed necessary to carry out tests of the
mileage fuel consumption value of the HEV vehicle with
the model predictive control. For this purpose, a diagnostic
computer for a specific car model was used. Such research
is a novelty in this field. The above observations became
the basis for formulating the main purpose of the work.

2. Purpose and scope of research

The aim of the study was to assess the fuel consumption
of HEV with model predictive control in real road condi-
tions (case study).

Raising this issue was due to the insufficient level of
knowledge about the impact of the change in the energetic
machines management control in the HEV concerned on its
fuel consumption (in real road conditions). The additional
purpose of the research was to verify the energetic ma-
chines operating parameters of the series-parallel HEV
powertrain system.

The basic study questions were as follows: 1) does MPC
strategy with 13 reference trajectories really contribute to
improving the fuel economy of a HEV? 2) does this EMS
have an good effect on the battery state of charge (SOC)?

The aim of the work is considered to be achieved when
the answers to the research questions are obtained. The
values of operational parameters during real vehicle traffic
conditions should be taken as the basic evaluation criterion.
Within the framework of the defined objective of the work
the following specific objectives were implemented: —
determination of percentage differences in the course of
fuel consumption according to MPC with 13 reference
trajectories (LQT) and factory control, — comparison of the
obtained values with the values provided by the vehicle
manufacturer. Experimental assessment of HEV fuel con-
sumption in real road conditions as the main scientific goal
will allow to prove the rightness and to indicate the benefits
of the MPC with 13 reference trajectories application of the
HEV working machines.

The scope of research will be based on the experimental
method. It will include tests of the fuel consumption of the
HEV with factory control in real road conditions. Then, the
values of the parameters of the internal combustion engine and
electrical machines will be simulated. This will be implement-
ed in accordance with the energy management strategy for
model predictive control — also in real road conditions.

The studies will be carried out in urban and extra-urban
traffic conditions with the use of a specific HEV vehicle.
They will be carried out in accordance with the presented
HEV energy consumption model.

The subject of the studies will be a Toyota Prius 3 car
(produced in 2012), a HEV equipped with a series-parallel
hybrid powertrain system.

The technical and operational characteristics of the test
object are presented in Table 1 [13, 19].

3. HEV energy consumption model

In order to determine the value of the mileage fuel con-
sumption of the HEV according to the predictive control, it
was necessary to determine the type of parameters related
to the cost function. These included:
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a) power of the internal combustion engine,

b) angular speed of the internal combustion engine,

c) power of the generator,

d) angular speed of the generator,

e) power of the electric motor,

f) the angular speed of the electric motor,

g) power of the traction battery,

h) the level of charge of the traction battery.

The indicated parameters are related to the power

transmission in the powertrain system of the HEV.

Table 1. Specifications of Toyota Prius 3 2012 vehicle [13]

Parameter Unit Value

Total mass kg 1630

Wheel dynamic radius m 0.29

Wheels moment of inertia kg m? 2.7

Facing Surface m? 1.62

Rolling resistance coeffi- - 0.0084

cient

Air drag coefficient - 0.25

Drive system type - Series and parallel

Internal combustion engine

Ignition type spark ignition

Capacity dm?® 1.8

Number of cylinders 4

Max. power kw 73

Max. power  rotational rpm 5200

speed

Max. torque Nm 142

Max. torque rotational rpm 4000

speed

Mass moment of inertia kg m? 0.18

Generator (MG1)

Type - three-phase synchronous
AC

Function — generator, ICE starter

Rated voltage \Y 650

Maximum output power kw 42

Max torque Nm 45

Current at max torque A 75

Max. rotational speed pm 10,000

Mass moment of inertia kg m? 0.023

Electric motor (MG2)

Type three-phase synchronous AC

Function generator, wheel drive

Rated voltage \ 650

Maximum output power kW 60

Maximum torque Nm 207

Current at max torque A 230

Max. rotational speed rpm 13000

Mass moment of inertia kg m? 0.05

Electrochemical accumulation system and inverter

Battery type NiMH

Nom. voltage \Y 201.6

Capacity Ah 6.5

3.1. Power transmission in the powertrain system

The power generated by the internal combustion engine
is transferred to the yoke of the satellite wheels. Then it is
directed onto the planetary gear crown wheel. After exiting
the planetary gearbox, the power drives the axles of the
vehicle's wheels using the counter drive gear and the final
drive gear. The MGL1 generator, connected to the sun gear,
acts as a starter and is used to charge the battery while driv-
ing. The MG2 electric machine is connected to the sun gear
of the second planetary gear. It is designed to support the
internal combustion engine in generating power, but also to
ensure energy recovery during braking [22] (Fig. 1).

R T
JRJ_ |
FR
F1(R1+S1)@ry 2M20R2

1
1
1
1
1
1
1 Oc2 :
1
1
1
]

battery
=) T =) == T |<==
Pe, Pe, Flslws{ F2S,ms, rM
O [ Om la
S
N % 51| 1> WlL__Ime2
ICE MG1 Gy |C = &=
resis
+ 4L Pw
R1 RZ
Pr,
le P | heel
B
Fi(R1+S1)

FiR;

b) second planetary gear (MG2 side)

Fig. 1. Power transfer dynamics in the series-parallel powertrain system of
the HEV

The operation of the above system is described by the
following angular speed relationships [22]:

R S

Weyp = ! WR + ! Wg1 (1)
R S

Wep = 2 WR + 2 Wgo (2)

The yoke of the second gear's satellites is blocked,
therefore we, = 0.
__Re b 3
TS, +R, RTS, R, %2 )

0
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S,+R, * S, +R, °2
S,
WR = —R_Z(Dsz (5)
Wgy = Wy, Wgp = WE, Wgp = Wg (6)
S,
Wg = —R—sz (M)
wg = Ry wg + 31 W (8)
E7”S, +R, ®'S, +R, ©
= — o — _I_ [
CETTS IR, R,MT S, ¥R, G ©)
R
WM —_sz (10)
S,
wg(R; +S1) R;S,
W = S, S, R, WM (11)

As it can be seen from the above relationships, the an-
gular speeds of individual HEV energy machines are close-
ly related.

The angular speed at the output of the gearbox results
from the angular speeds of individual energetic machines.
The vehicle speed is described by the following relationship
[35]:

WR * I'q

V=— (12)
Irp

Limitations of power transmission in the powertrain
system:
a) power of the internal combustion engine:

0 < Py < Pnax (13)

b) angular speed of the internal combustion engine:

ol < @ < I (14)
c¢) power of the generator (MG1):

pRin < p, < pEax (15)
d) angular speed of the generator (MG1):

oIl < g < T (16)
(e) power of the electric motor (MG2):

Pin < Py < PR (17)
() rotational speed of the electric motor (MG2):

olN < Wy < oBAX (18)

The propulsion system of the HEV is characterised by
different relationships when the vehicle is in the steady
conditions or unsteady conditions.

3.2. Movement of the HEV under steady state conditions

During the steady movement of the vehicle, there is no
resistance to inertia forces, hence the mass moments of
inertia of individual energetic machines are not taken into
account. Then the operation of the powertrain system (Fig.
1) describe the following equations [26, 32]:

Pg Me,r 0zt =Fi(R; +S;) (19)
Pg ' Ms,/c, " wg' = —F;1S; (20)
Py " Ng,y/r - 0y = F,S; (21)

It can also be noted that the output power of the system
depends on the power of individual power machines:
(22)

Hence, the power acting on the wheels of the vehicle,
taking into account the output power of the system and the
efficiency of the main transmission, takes the form of:

Pz ne,r + Pu Mg, r = Pr

Pw =Pr Nta = (Pg *Neyr + Py Mry/r) *Nea (23)

The movement of the HEV under steady state condi-
tions is characterised by a constant speed. In such condi-
tions, when driving on a smooth, straight road (without
bends), the HEV overcomes rolling resistance, air re-
sistance, or hill resistance. Then, the relation of the HEV
movement, expressed by the power acting on the wheels, is
as follows:

P, =F,-v (24)
1:)w = Presis (25)
Py =Fresis ' V=(F  +Fs+Fg) v (26)

1
P, = (mgf, cosa + mgsina + 5 pa - CgAvd) v (27)

3.3. Vehicle movement under unsteady (transient) state
conditions
During the transient movement of the vehicle there are
inertia resistances, hence in this case the mass moments of
inertia of individual energetic machines are taken into ac-
count. This is described in the following equations [28, 34]:

Jg - wg = Pg "N, rwg " — F1(Ry +S;) (28)
Jo - wg =Pg M, /¢, " wg' +FiS; (29)
Jm - @M = Py Mgy/r - oy — F2S, (30)

Jr- U;R = F;R; + F,R; — Rroog?
R
R, + 5, E "Mc,/RWE s, M (31)
“MRry/R - WM — Prwg!

The movement of the HEV in transient conditions is
characterised by variable speed. In such conditions, when
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driving on a smooth, straight road (without bends), the
HEV overcomes rolling resistance, air resistance, inertia
resistance, or potentially hill resistance. Then the relation of
the movement of the HEV, expressed through the power on
the wheels, takes the form of:

v2 v2
P, = f Fresisdv = f (F, + Fs+F; +F)dv
v v

1 1

(32)

v2
1
P, =J- (mgf.cosa+ mgsina+8-m-a+=p,
v 27 (@39)
. CdAsz)dV

When overcoming inertia resistance by the vehicle, an
important parameter is the rotating mass coefficient. Taking
into account the mass moments of inertia of energetic ma-
chines, it takes the following form:

S=w; +w,id +wy-ii+w,if (34)
w1—1+% i—z (35)

W, Z%IG 'ﬂrfg'i?d (36)

Wi :%.]E 'ﬂrfg'i?d 37)

_ 8 Jm M if (38)

4= 2
G ry
Using relations from (28) to (31) with the assumptions

of the model (Jg = 0), a simplified version of the predictive
control model is presented below:

t
_ 0
Qused - t

lfo Ibatncoulomb dt

Please note that I, > 0 (discharging), lys < 0 (charging).
Hence, the derivative of the electrochemical charge level of
the energy storage system can be presented as follows:

(42)

Ibat

Qmax
Power of the electrochemical energy storage system:

1:)bat = Ubus : Ibat = (Voc - Ibat : I'bat) : Ibat
— 2
= Voclpat — Ibat * That

Ultimately, the charging or discharging current of the
battery takes the following form:

Voc = v/ Vic = 4TbatPoat
21'batQmax
The power of the energy storage system Py is used dur-
ing all driving modes. Both during the drive or recuperation
process. To cover the power demand generated by the gen-
erator and/or the electric motor according to the following
relation:

Poar = P *N§ *Nct + Py i "Nz = Paes — P& (46)
P4es 1S the power expected through pressing the acceler-
ator or brake pedal. The power of the energy storage system

shall be either a positive value during discharge or a nega-
tive value during charging.

S0C = — (43)

(44)

S0C = — (45)

3.5. Restrictions to the energy storage system

The applied energy management strategy — the predic-
tive control is characterised by specific limitations of the
energy storage system:

[IE e R1+sl) ] g — []G% . (:)M =P ) a) traction battery power:
Ney k- 05+ Pg M Nsy/c, pmin < p < pmax (47)
(b) the level of charge of the traction battery:
e s e e -m () ) €
e mas st s, mmo\g) Ry M SOC™In < SOC < SOC™ax (48)
=P —nc1 wg! + Py - &HRZ ~The mathematical model has been linearised to the spe-
Ri+5; S ® (40) cific conditions. The linear form of the MPC model is rep-
ol + brkf Nfd +_ on - Cq - Af resented by the matrices:
2 2 d3 ? E11 _Elz (A;
S;7 - wm” 1y rq . SZ-rd [E]
.W—mg.a(frcosa+sma) E;i Eap—pa-Cq-Af- R2§ | Loy
R,
‘wpt - 0 P - wg' (49)
3.4. Operation of the electrochemical energy storage | MemTE R, MG [PE wi]
R,y R, G Wg
system . . . . s aR 0 < Mo/ | [P - @it
The full electric hybrid powertrain system of the vehicle 1T 2
assumes the efficient use of an electric power source. The _
status of available electricity is reflected in the battery ~— Where:
. R{+Sq _ R1:S2-(R1+S1)
charge level (SOC) [12, 20, 34, 35]: Enn=Jg + ]G( 1 ) Epp= [IG% ,
Qmax — Qused _ Ry _ R2 ra\? Sz
SOC = — -100% (41) Exn= []E 'm], 2= []MS_ —m- (a) ‘R_z] (50)
2 3
The used _electrica_ll capacity of the battery is described Ep =E11(Eyy —p - Cq - A R2 £, . S I -
by the following relation:
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3.6. Mileage fuel consumption

The mileage fuel consumption of the HEV is a result of
several other parameters. Not only the fuel consumption of
the internal combustion engine, but also the equivalent fuel
consumption of the electric motor should be taken into
account here. This is described in the following relations
showing the relationships between the required power val-
ues of the internal combustion engine and the electric motor
[28, 35]:

(51)

° P es
mEh (52)

The calorific value of the fuel (petrol) was equal to
44 - 108 J/kg. The equivalent fuel consumption, calculated
on the basis of the consumed energy of the traction battery,
has been determined in accordance with the formula:

Meq = Cbat ' l:)bat = Cbat ' Voc : Ibat (53)

Ultimately, the equivalent fuel consumption takes the
form of:

. Cha
Meq = —bat [V(?c - Voc Y Vgc - 4'rbatpbat]

2I'pat

(64)

The value of the equivalent fuel consumption coeffi-
cient Cpy; was determined and equalled 0.0000227. The
parameter was determined on the basis of the equivalent
fuel consumption. As the power of the traction battery to
the calorific value of the fuel coefficient. According to [11],
the values of b1l and the coefficient al were adopted from
0.0000227 to 0.0000237.

Taking into account the above relationships, the instan-
taneous fuel consumption of the HEV (related to the dis-
tance) can be described using the formula:

100 (m+m,) m+me
~ 3600-ppv

The mileage consumption of the HEV is related to the
cost function, which is associated with the predictive con-
trol model of the HEV's powertrain system energetic ma-
chines. The main objective of the presented energy man-
agement system is to minimise fuel consumption and
equivalent fuel consumption. The parameter describing the
total fuel consumption of the vehicle is determined by the
relation [16]:

(55)

T 36-ppv

J = SN (fuel, + agAZo) — min (56)
_ (SOC, — SOC4 SOC, < SOCq
Asoc= { 050C, = SOC, 67

Using the previous dependencies, the cost function takes
the following form:

= o een ]

. 2
+ [meq(pG,desr l:)M,desr T)] )}d‘t
— min

(58)

The expected value of the torque in the function of cost
is related to the value of the output power from the system.
Relation (58) takes the form of [34, 37]:

] = foN.td[Ppre(T) - PR]2 + p([r;l(PE_des'T)]z +

. 2 . (59)
[meq(PG_des: PM_des.T)] )}dt — min

Since the function of cost is non-linear, according to re-
lation (59) the control of the output parameters must be
converted to the category m and meg:

1:)E_des =MNg- Wu : 1’;1 (60)
Equations (51) and (53) take the form:
. . 2
m r -m
Pios = —2 — lmt—mz + P (61)
Coat Vgc - Cpat

The linear model of the operational points themselves is
as follows:

. 1 .
TE:_ETE'i‘Feme'(DE‘}'Fem‘m (62)

. 1
To =Tgre Te ——Tg

= (63)

Ty =Tmre " Te = — Tv + Imog - W + TMay - OM
™ . (64)
+ rMeq N meq

where:
rooo e Warmo 1 N W g
ewe — 2 »4em
g WEgo Te  WEo
Forg = — o« —1 66
GTE — % R, +S; (66)
1 Ry S, wgo
T - . e Y
MTE ™ S1+R; Ry wme 67
T =— —
MwE ™™ ©mo (68)
1 m;qo Tpat * mtzeqo
Mwm Ty - (1)]2\/[0 Cbat Vozc K Cgat EO (*)EO)
Ipat
Mygg=-——————(1-2—>"2) (70
d Tm * Cpat - Wy Vozc * Cpat (70)

The linear form of the energy management model is as
follows:

{)‘( =Aix+B.u (71)

m
y:CCX+DCU'u_[ y ]y_PR

meq

Equation describing A.:
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1

TE

Tete

r‘MTE

Bz _5ocy- A 255:3 E( Ry ) B2z _
Rz'fd'ED Ep \R;+S;
B R
Ep Ep \R{+S;

0

(73)

|
FMeq‘| (74)

N (75)

L o

D.=0
X =Ax+B.u
y = Ccx
where A described in (72):

The solution of the mathematical model presented
above is the use of the LQT controller (Fig. 2) and the con-
version of the analytical version of the model to a discrete
version.

(76)

(77)

input

Reference trajectory

LQT controller

‘)utput, min J

SO.CO discrete model station
R % {X = Acx + B.u
. = Ccx
meq(] y C
P

— return compression (constraints) €

Fig. 2. LQT algorithm architecture

0 0 lewe 0 0
—Ti 0 0 0 o0
G
1
0 _-r_ l—‘MooE l—‘MmM 0
sZ.r3 R E 11;4 (72)
 Ca- A, —21d 1 Eiz Ry
P Ca-Ar R2-f5-Ep (R1+51) Ep S; 0 0 0
_@( Ry ) E11'Ry 0 0
Ep \R;+S; Ep'Sz
FSG FSM 1—‘sme l—‘smM 0]

The LQT controller uses input parameters that are the
parameters of the model. Also, the linear form of the model
(discrete) in order to search for the optimal (minimum)
solution of the cost function J. The return compression is
supposed to provide the optimal value of the cost function.

The values of the input parameters for the implementa-
tion of the presented LQT algorithm are presented in Table 2.

Table 2. Simulation parameters

Machine Parameter Value
Vehicle total weight 1630 kg
combustion start delay 05s
engine time constant 1s
max. output power 73 kw
electric motor output power 60 kW
electrochemical SOC upper level 0.75
energy storage SOC lower level 0.45
system SOC objective 0.60

4. Test results
4.1. Statistics of ICE

The most important parameter that affects power was
the torque of ICE. Within 616 seconds of travel, in the test
it was measured 241 ICE operating points. This parameter
has been ordered from the minimum to maximum value.
After that, the created series was divided into groups. After
calculating the frequency of occurrences in a given group,
we obtained a distributive series. Each distributive series
was characterized by the class intervals of groups and the
number of cases occurring in subsequent groups. These are
the parameters of the ICE statistics (Table 3) that were used
to describe the distributive series.

Table 3. ICE statistics parameters

Distributive series — torque of the ICE

Parameter Value
Number of observations (n) 241
Number of classes (k) V241=15.52~16
Minimum value (Min) 0.01 Nm
Maximum value (Max) 142 Nm
Max-min 141.99 Nm
(Max-min)/k 8.87~9
Descriptive statistics — torque of the ICE

Average 23.36 Nm
Median 12.23 Nm
Variance 670.93 Nm
Standard deviation 25.90 Nm
Lower Quartile 2.78 Nm
Upper Quartile 36.83 Nm
Skewness 1.33
Kurtosis 1.14
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According to the presented graph (Fig. 2), the values of
the ICE torque were divided into 16 classes. But in the last
3 classes (117...142 Nm) there were no torque operating
points. For this reason, 13 value classes have been selected
to declare 13 reference trajectories.

13 reference trajectories were described in Table 4 (be-
low) and were used in LQT algorithm architecture (Fig. 2).

There were estimated based the equations of trend

curves (values of ICE torque).

120

Histogram
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ICE torque

Fig. 2. Histogram of ICE torque (red line — expected normal)

Table 4. Reference trajectory

IFO<Tg<9 Nm
THEN:

Teges= —7 - 1077
PEdes= TEdes* WEg
PEdes= PE

“nE 2+ 0.0033 - ng — 0.3969

IF9<Te<18 Nm
THEN:

Traes= 3 - 10 - ng>—0.0016 - ng + 14.903

PEdes= TEdes* WEg
Prdes= Pg

IF 18 <Tg <27 Nm
THEN:

Thaes=—1-107° -

Prdes= TEdes* WEg

ng 2+ 0.0053 - ng + 16.245

Prdes= Pg
—_ 1. —6 2 _ .
IF 27 < Te < 36 Nm ';Ejes: Tld 12) ng ©—0.0058 - ng + 38.056
THEN: Edes= 1 Edes® WE
Prdes= Pg
—_ 1. —6 2 .
IF 36 < Ts < 45 Nm 'lI)'Edes: Tl .10 ng “+0.001 - ng + 42.293
THEN: Edes= lEdes* Wg
Prdes= Pg

Trdes=4 - 107" - ng °— 0.0008 - ng + 48.387

IF 54 <Te <63 Nm
THEN:

Prdes= TEdes* WEg
Prdes= Pg

IF45<Ty<54Nm | o ** .
THEN: Edes= lEdes’ WEg

Prdes= Pr

Thdes= —6 - 10°° - ng >+ 0.0196 - ng + 46.391

IF63<Te<72Nm
THEN:

Traes=—2 - 107 -

PEdes= TEdes* WEg
Prdes= Pg

ne 2+ 0.0069 - ng +59.273

IF 72 <Te <81 Nm
THEN:

Thaes=—1- 107 -

Prdes= TEdes* WEg
Prdes= PE

ne 2+ 0.00457 - ng + 42.177

IF 81 <Te <90 Nm
THEN:

Thaes=—3 - 107 -

Prdes= TEdes® WEg
Prdes= PE

ng 2+ 0.0859 - ng + 27.572

IF 90 < Te <99 Nm
THEN:

TEdes=—0.0002 -
Prdes= TEdes* WEg
Prdes= PE

ne 2+ 0.3827 - ng— 130.24

IF99 < Te <135 Nm
THEN:

Trdes= 5 10 - ng 2 — 0.1633 - ng + 240.11

Prdes= TEdes* WEg

4.2. Speed profile

On Figure 3 it was presented speed profile during the
road tests.
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Fig. 3. Speed profile during the road tests

The HEV’s speed varied from 0 km/h to 102 km/h over
the entire period of time. The values of this parameter were
characteristic for urban driving (less than or equal to 50
km/h) and extra-urban driving (greater than 50 km/h).
When driving below 50 km/h, the electric drive mode of the
HEV was frequently engaged. Above this speed, the elec-
tric hybrid powertrain was operating in the Normal Drive
Mode (NORMAL)

4.3. Power of energetic machines

On Figure 4, the degree of electrochemical charge of the
energy storage system is presented. It is worth noting that
the applied model predictive control contributes to a higher
level of charge of the traction battery while driving.

60%

58%

56%

C

o
O 54%

52%

50% -
0 200 400 600

Time [s]

—— MPC+LQT factory control

Fig. 4. Level of charge of the traction battery

This is due to the energy accumulation system power
values (Fig. 5), which translate into the level of battery
charge. Negative power indicates charging of the energy
storage system, while positive power indicates the discharg-
ing thereof.

For the factory control, the power of the traction battery

Prdes= P& varies from —17.87 to 26.96 kW. For the model predictive
— 4. —6 2 . R . B
[F 135 < Ty < 142 Nm TEdes: 4-107° - ng?+0.035 - ng + 73.868 control, the power of the traction battery varies from —20.16
THEN: Prdes= TEdes' Wg to 27.85 kW
Prdes= PE
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Fig. 5. Power of battery
For the factory control, the power of the internal com-
45 bustion engine varies from 0 to 26.50 kW. For the model
g 35 predictive control, the power of the internal combustion
= o5 engine varies from 0 to 27.58 kW. It can be concluded that
g 15 the change of control type has an impact on the change of
5 5 the power value of the internal combustion engine.
g 5 An important fact is that the power of the battery de-
2 15 pends on the power balance of the generator and the electric
25 motor. Hence, the negative power values of the electro-
35 chemical energy storage system indicate that the power is
45 | being recovered. This can be achieved during regenerative
0 100 200 300 400 500 600 braking of the vehicle. Positive values of battery power

) indicate the use of energy accumulated in it.
Time [s]

4.4. Rotational velocities of energy machines

Rotational velocities of energetic machines (Fig. 8) are
Fig. 6. Power of MGL1 the same for both factory control and model predictive
control of the system.

- PG factory control and MPC

For the factory control and for model predictive control,

the power of the MG1 varies from —43.09 to 20.49 kW. factory control, MPC
60 . 12000
E
B £ 7000
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o
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i 0 200 400 600
Time (s) Time t [s]
nG nM nE

PM factory control =~ -eeseeeeeee PM MPC

Fig. 8. Rotational speeds of energetic machines
Fig. 6. Power of MG2
The rotational speed of the internal combustion engine
For the factory control, the power of the MG2 varies s between 0 and 4800 rpm. The rotational speed of the
from —26.19 to 56.24 kW. For the predictive control, the  generator is between —4769 and 10,292 rpm. The rotational

power of the traction battery varies from —26.19 to 59.16 speed of the electric motor is between 0 and 7630 rpm.
kW.
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4.5. Fuel consumption of internal combustion engine
and electric motor

Figure 9 and Fig. 10 show the equivalent consumption
of fuel of the battery and the fuel consumption of the inter-
nal combustion engine.
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Fig. 10. Fuel consumption

In the course of the factory control mode, the equivalent
fuel consumption is between —0.42 g/s and 0.63 g/s. For
model predictive control equivalent fuel consumption val-
ues range from —0.47 g/s to 0.65 g/s.

The fuel consumption of the internal combustion engine
reaches values from 0 to 2.22 g/s (factory control) and from
0to 2.06 g/s (MPC).

4.6. Power map of the internal combustion engine

Figure 11 presents power maps of the internal combus-
tion engine in the course of factory and model predictive
control.

On the basis of the graphs, some differences can be no-
ticed in the location of the useful power values of the en-
gine (with factory control and model predictive contral).

In the case of the factory control, the useful power val-
ues are distributed in the range from 0 to 26.5 kW. This
corresponds to an overall engine efficiency from 0 to 34%.
In the case of the model predictive control, most of the

useful power of the internal combustion engine is concen-
trated in the range from 0 to 27.6 kW. For this type of con-
trol, the overall efficiency values of the internal combustion
engine are between 0 and 34%.
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Fig. 11. Power map of the internal combustion engine

5. Model validation

Model validation was based on comparison of fuel con-
sumption value of the HEV according to the manufacturer,
factory control and MPC with LQT (Table 5).

Table 5. Mileage fuel consumption

mileage fuel consumption

[dm*/100 km] [mpa]
factory control 1.90 123.78
MPC 1.79 130.98
Manufacturer 2.10 111.87

The mileage consumption of the Toyota Prius 3 (2012)
HEV provided by the manufacturer was determined on the
basis of tests in established laboratory conditions (for
a mixed cycle). It is 10% higher than the value of the mile-
age consumption of the HEV obtained on the presented
route. The difference may be due to different measurement
conditions. This could have been caused by other speed and
acceleration values in road conditions, additional electric
receivers turned off on the route, etc. The simulation of
energy management of energetic machines according to
MPC allowed to reduce the mileage fuel consumption from
1.90 to 1.79 dm%100 km. This is the HEV fuel consump-
tion savings of 4%.

80
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6. Conclusion

The mileage consumption of the Toyota Prius 3 (2012)
HEV provided by the manufacturer was 10% higher than
the value of the mileage consumption of the HEV obtained
on the presented route. The evaluation of the HEV mileage
fuel consumption in real road conditions according to MPC
with 13 reference trajectories showed total fuel savings of
4%. The energy management system used have good effect
on SOC in comparison to factory control. Under MPC (with
13 reference trajectories) at the end of the course SOC was
6.7 % higher than under factory control. Changes of SOC —
factory control: from 50.1% (the beginning) to 56.1% (the
end of course); for MPC from 50.1% (the beginning) to
59.9% (the end of the course). The research method used
was a case study. The values of the mileage fuel consump-
tion were considered for one specific HEV model (and one

specific route). Due to the great similarity in the design of
the drive system of the test object and other HEVS, it can be
assumed that the test results were general in nature. The
percentage improvement in fuel economy in MPC can also
translates into other HEVs. The adopted work methodology
contained certain limitations. They included, among others
road tests in urban and extra-urban conditions (motorway
conditions have not been taken into account) as well as
considering only mileage fuel consumption. The directions
of future research follow directly from the limitations. It
would be worth carrying out road tests of HEV fuel con-
sumption with MPC not only in urban and extra-urban
conditions, but also in highway conditions. An interesting
idea would also be road tests of HEV exhaust emissions
with MPC.

Nomenclature

HEV
ICE
MPC

hybrid electric vehicle

internal combustion engine

model predictive control

MG1 generator

MG2 electric motor

As frontal area of vehicle (m?)

b specific fuel consumption (kg/Ws)

Cq air drag resistance coefficient

C, number of teeth of the first set satellites (m)
C, number of teeth of the second set of satellites (m)
fy total gear ratio

f, rolling resistance coefficient

Fa air resistance (N)

Fi inertia resistance (N)

Fo propelling force (N)

F rolling resistance (N)

Fs slope resistance (N)

Fi internal force between teeth of the first gear (N)
F, internal force teeth force of the second gear (N)
fuel;  fuel consumption (g)

g gravitational acceleration (m/s?)

lbe  battery charging/discharging current (A)

J cost function (g)

Je mass moment of inertia of the ICE (kgm?)

Jo  mass moment of inertia of the MG1 (kgm?)

Jr mass moment of inertia of the planetary gear ring
wheel (kgm?)

Ju mass moment of inertia of the MG2 (kgm?)

m total mass of vehicle (kg)

m actual fuel consumption (kg/s)

equivalent fuel consumption (kg/s)

N number of steps

Poat  power of battery (W)

Pe power of the ICE (kW)

Ps generator power (KW)

Puv  electric motor power (KW)

Pr power of the ring gear of the planetary gear (kW)

desired power of the ICE (kW)

desired power of the generator (kW)

desired power of the electric motor (kW)

Poe  expected system power (KW)

resistance power (kW)

Qmax Maximum battery capacity (Ah)

Qused  battery capacity used (Ah)

lnat  internal battery resistance (€2)

rg dynamic wheel radius (m)

R number of teeth of the ring gear (m)

R; number of crown wheel teeth (m)

R, number of ring wheel teeth on the electric motor side (m)
S step

state of charge (%)

SOCy desired state of charge (%)

Si number of teeth of the first sun gear (m)

S; number of teeth of the second sun gear (m)
t time (5)

ty jump (step level)

Presis

T brake torque (Nm)
Tges desired torque (Nm)
U  Voltage in the battery circuit (V)

Vven  Vehicle speed (m/s)

open-circuit voltage of the battery (V)

W, calorific value of fuel (J/kg)

a slope of elevation (°)

og penalty factor

ocy;  angular speed of the satellite yoke C, (1/s)

O angular speed of the ICE (1/s)

wg  angular speed of the generator (1/s)

oy angular speed of the electric motor (1/s)

wr  angular speed of the crown wheel R (ring) (1/s)

ws;  angular speed of the sun wheel S1 (1/s)

s  angular speed of the sun wheel S2 (1/s)

P coefficient occurring between the tracking error and
the equivalent fuel consumption

pr  air density (kgm™)

MNeoulomp  COUlomb efficiency

Ner  generator efficiency

Nec2  motor efficiency

efficiency between the first set satellites and the ring

gear

Ne overall engine efficiency

ng  final drive efficiency

Ncur
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nror  efficiency between the second ring wheel teeth and Tg internal combustion engine operation time (s)
the ring gear g generator operation time (s)

nsuc1 efficiency between the first sun gear and the firstset ~ ©v  electric motor operation time (s)
of satellites

Bibliography

[1] Abido MA. Optimal power flow using particle swarm opti- [16] Kim TS, Manzie C, Sharma R. Model predictive control of
mization. Int J Elec Power. 2002;24:563-571. velocity and torque split in a parallel hybrid vehicle. IEEE
https://doi.org/10.1016/S0142-0615(01)00067-9 Sys Man Cyber. 2009:2014-2019.

[2] Back M. Pradikitive Antriebregulung zum Energieoptimalen  [17] Kleimaier A, Schroder D. An approach for the online opti-
Betrieb von Hybridfahrzeugen. 2004. Dissertation, Univ. mized control of a hybrid powertrain. 7th International
Karlsruhe. Workshop on Advanced Motion Control. 2002:215-220.

[3] Barsali S, Miulli C, Possenti A. A control strategy to mini- https://doi.org/10.1109/AMC.2002.1026919
malize fuel consumption of series hybrid electric vehicles.  [18] Lin CC, Peng H, Grizzle JW, Kang J-M. Power manage-
IEEE Trans Veh Technol. 2004;19(1):187-195. ment strategy for a parallel hybrid electric truck. IEEE T
https://doi.org/10.1109/TEC.2003.821862 Contr Syst T. 2003;11(6):839-849.

[4] Bienick A, Graba M, Mamala J, Praznowski K, Hennek K. https://doi.org/10.1109/TCST.2003.815606
Energy consumption of a passenger car with a hybrid [19] Lin CC, Peng H, Grizzle JW. A stochastic control strategy
powertrain in real traffic conditions. Combustion Engines. for hybrid electric vehicles. P Amer Contr Conf. 2004;
2022;191(4):15-22. https://doi.org/10.19206/CE-142555 (5):4710-4715.

[5] Borhan HA, Vahidi A. Model predictive control of a power- https://doi.org/10.23919/ACC.2004.1384056
split hybrid electric vehicle with combined battery and ultra- ~ [20] Liu J, Peng H. Modeling and control of a power-split hybrid
capacitor energy storage. Proceedings of the 2010 American vehicle. IEEE T Contr Syst T. 2008;16(6):1242-1251.
Control Conference. 2010:5031-5036. https://doi.org/10.1109/TCST.2008.919447
https://doi.org/10.1109/ACC.2010.5530728 [21] LiuJ, Peng H. Automated modelling of a power-split hybrid

[6] Cao J, Peng J, He H. Modeling and simulation research on vehicles. IFAC P Vol. 2008;41(2):4648-4653.
power-split hybrid electric vehicle. Energy Proced. https://doi.org/10.3182/20080706-5-KR-1001.00782
2016;104:354-359. [22] Merkisz J, Pielecha 1. Uklady mechaniczne pojazdow hy-
https://doi.org/10.1016/j.egypro.2016.12.060 brydowych. Wydawnictwo Politechniki Poznanskiej. Po-

[71 Chen S-Y, Hung Y-H, Wu C-H, Huang S-T. Optimal energy znan 2015.
management of a hybrid electric powertrain system using  [23] Moura SJ, Fathy HK, Callaway DS, Stein JL. A stochastic
improved particle swarm optimization. Appl Energy. optimal control approach for power management in plug-in
2015;160:132-145. hybrid electric vehicles. IEEE T Veh Technol. 2011;19:
https://doi.org/10.1016/j.apenergy.2015.09.047 545-555. https://doi.org/10.1109/TCST.2010.2043736

[8] Chen Z, Xiong R, Cao J. Particle swarm optimization-based = [24] Musado C, Rizzoni G, Guezennec Y, Staccia B. A ECMS:
optimal power management of plug-in hybrid electric vehi- an adaptive algorithm for hybrid electric vehicle energy
cles considering uncertain driving conditions. Energy. 2016; management. Eur J Control. 2005;11(4-5):509-524.
(96):197-208. https://doi.org/10.1016/j.energy.2015.12.071 https://doi.org/10.3166/ejc.11.509-524

[9] Chen Z, Xiong R, Wang K, Jiao B. Optimal energy man-  [25] Paganelli G, Delprat S, Guerra T, Rimaux J, Santin J.
agement strategy of a plug-in hybrid electric vehicle based Equivalent consumption minimization strategy for parallel
on a particle swarm optimization algorithm. Energies. hybrid powertrains. IEEE Vehicular Technology Confer-
2015;8:3661-3678. https://doi.org/10.3390/en8053661 ence. 2002;4:2076-2081.

[10] Delprat S, Lauber J, Guerra TM, Rimaux J. Control of a https://doi.org/10.1109/VTC.2002.1002989
parallel hybrid powertrain: optimal control. IEEE Trans Veh  [26] Paganelli G, Guezennec Y, Rizzoni G. Optimizing control
Technol. 2004;53(3):872-881. strategy for hybrid fuel cell vehicle. SAE Technical Paper
https://doi.org/10.1109/tvt.2004.827161 2002-01-0102, 2002. https://doi.org/10.4271/2002-01-0102

[11] Gao J, Zhu G, Strangas E, Sun F. Equivalent fuel consump-  [27] Pielecha I, Cieslik W, Fluder K. Analysis of energy man-
tion optimal control of a series hybrid electric vehicle. P | agement strategies for hybrid electric vehicles in urban driv-
Mech Eng D-J Aut. 2009;23:1003-1018. ing conditions. Combustion Engines. 2018;173(2):14-18.
https://doi.org/10.1243/09544070JAUTO107 https://doi.org/10.19206/CE-2018-203

[12] Golebiewski W, Lisowski M. Theoretical analysis of electric ~ [28] Prajwowski K, Golebiewski W, Lisowski M, Abramek KF,
vehicle energy consumption according to different driving Galdynski D. Modeling of working machines synergy in the
cycles. IOP Conf Ser Mater Sci Eng. 2018;421:022010. process of the hybrid electric vehicle acceleration. Energies.
https://doi.org/10.1088/1757-899X/421/2/022010 2020;13:5818. https://doi.org/10.3390/en13215818

[13] Grudzinski P. Toyota Hybrid Drive System. Toyota Motor ~ [29] Prajwowski K, Golebiewski W, Lisowski M, Eliasz J. Road
Poland. 2022. tests of selected electrical parameters of hybrid vehicle ac-

[14] Guzzella L, Sciarretta A. Vehicle Propulsion Systems. In- cumulation system. IEEE Trans Veh Technol. 2021;70(1):
troduction to Modeling and Optimalization. Berlin: Spring- 203-211. https://doi.org/10.1109/TVT.2020.3043852
er-Verlag. 2005, 190. [30] Sciarretta A, Back M, Guzzella L. Optimal control of paral-

[15] Hwang H-Y, Chen J-S. Optimized fuel economy control of lel hybrid electric vehicles. IEEE T Contr Syst T. 2004;
power — split hybrid electric vehicle with particle swarm op- 12(3):352-363. https://doi.org/10.1109/TCST.2004.824312
timization. Energies. 2020;13:2278. [31] Shi DH, Wang SH, Pisu P, Chen L, Wang RC, Wang RG.
https://doi.org/10.3390/en13092278 Modeling and optimal energy management of a power split

hybrid electric vehicle. Sci China Technol Sc. 2017;60:713-
725. https://doi.org/10.1007/s11431-016-0452-8
82 COMBUSTION ENGINES, 2023;193(2)


http://dx.doi.org/10.1109/TVT.2004.827161
https://doi.org/10.1243/09544070JAUTO107
https://doi.org/10.1088/1757-899X%2F421%2F2%2F022010
https://doi.org/10.3390/en13092278
https://doi.org/10.3390/en13215818

Modeling the fuel consumption by a HEV vehicle — case study

[32]

[33]

[34]

[35]

Tang X, Chen J, Liu T, Qin Y, Cao D. Distributed deep
reinforcement learning- based energy and emission man-
agement strategy for hybrid electric vehicles. IEEE T Veh
Technol. 2021;70(10):9922-9934.
https://doi.org/10.1109/TVT.2021.3107734

Wu X, Cao B, Wen J, Bian Y. Particle swarm optimization
for plug-in hybrid electric vehicle control strategy parame-
ter. 2008 IEEE Vehicle Power. 2008:1-5.
https://doi.org/10.1109/\VVPPC.2008.4677635

Yang J, Zhu G. Adaptive recursive prediction of the desired
torque of hybrid powertrain. IEEE T Veh Technol. 2015;
64(8):3402-3413.

https://doi.org/10.1109/tvt.2014.2357395

Yang J, Zhu G. Model predictive control of a power split
hybrid powertrain. Amer Contr Conf. 2016:617-622.

Wawrzyniec Golegbiewski, DEng. — Faculty of
Mechanical Engineering, West Pomeranian Univer-
sity of Technology in Szczecin, Poland.

e-mail: wawrzyniec.golebiewski@zut.edu.pl

Konrad Prajwowski, DEng. — Faculty of Mechanical
Engineering, West Pomeranian University of Tech-
nology in Szczecin, Poland.

e-mail: konrad.prajwowski@zut.edu.pl

Prof. Maciej Lisowski, DSc., DEng. — Faculty of
Mechanical Engineering, West Pomeranian Univer-
sity of Technology in Szczecin, Poland.

e-mail: maciej.lisowski@zut.edu.pl

[36]

[37]

[38]

https://doi.org/10.1109/ACC.2016.7524982

Yu K, Yang J, Yamaguchi D. Model predictive control for
hybrid vehicle ecological driving using traffic signal and
road slop information. Control Theory Technol. 2015;
13(1):17-28. https://doi.org/10.1007/s11768-015-4058-x

Zhu 'Y, Chen Y, Tian G, Wu H, Chen Q. A four-step method
to design an energy management strategy for hybrid vehi-
cles. P Amer Contr Conf. 2004;1:156-161.
https://doi.org/10.23919/ACC.2004.1383596

Zhu D, Pritchard E, Dadam SR, Kumar V, Xu Y. Optimiza-
tion of rule-based energy management strategies for hybrid
vehicles using dynamic programming. Combustion Engines.
2021;184(1):3-10. https://doi.org/10.19206/CE-131967

Prof. Krzysztof Danilecki, DSc., DEng. — Faculty of
Mechanical Engineering, West Pomeranian Univer-
sity of Technology in Szczecin, Poland.

e-mail: krzysztof.danilecki@zut.edu.pl

i ‘

Mirostaw Radwan, MSc., Lieutenant Colonel —
Command of Territorial Defense Forces, Poland.

e-mail: mirek_swir@poczta.onet.pl

COMBUSTION ENGINES, 2023;193(2)

83


http://dx.doi.org/10.1109/TVT.2014.2357395

Article citation info:

Kazmierski B, Kapusta L.J. Numerical evaluation of urea-mixing devices for close-coupled selective catalytic reduction systems.
Combustion Engines. 2023;193(2):84-93. https://doi.org/10.19206/CE-162624

Bartosz KAZMIERSKI
Lukasz Jan KAPUSTA

Polish Scientific Society of Combustion Engines

Numerical evaluation of urea-mixing devices for close-coupled selective catalytic
reduction systems

ARTICLE INFO

The following research presents a numerical evaluation of existing and conceptual urea-mixing devices

used in close-coupled (to the engine) selective catalytic reduction (SCR) systems. The analysis was aimed at the
assessment of urea-mixing devices that could considerably enhance the reduction of nitrogen oxides from the
diesel-engine combustion process under a wide range of operating conditions, including cold starts. The
analysis showed that replacing blade-equipped static mixers with perforated stationary mixing devices may
provide a more uniform spatial distribution of ammonia at the inlet to the SCR catalyst and reduce pressure
drops generated by mixing devices. Moreover, the conceptual mixing devices, based on combinations of the
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blade and perforated mixers to develop intensive turbulence, enabled the increase of the mixing length leading
to effective decomposition of the urea-water solution (UWS), and provided uniform spatial distribution of
ammonia, even for the small-sized mixing systems. However, the intensive mixing was often associated with
a significant rise in the pressure drop.
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1. Introduction

The continuing use of diesel engines has become ques-
tionable due to the emission of harmful substances such as
nitrogen oxides (NO,). However, current exhaust gas after-
treatment systems enable a significant NO, reduction,
providing that they work under proper conditions, including
the appropriate system temperature. One of the most effec-
tive NO, abatement methods is selective catalytic reduction
[25]. However, SCR systems are efficient only if the tem-
perature of the substrate lies within a specific range [4, 34],
which is dependent on the catalytic coating. Additionally,
the temperature of the flue gas needs to be high enough to
provide water evaporation and thermal decomposition of
urea.

In a typical automotive SCR system, UWS is supplied
upstream to the SCR catalyst using low-pressure injectors
and immediately mixes with the relatively hot exhaust gas.
Each single UWS droplet undergoes a process in which the
water evaporates first [38, 48]. When a particle mostly
composed of urea reaches a sufficiently high temperature
(higher than 152°C [45]), chemical reactions occur. The
primary reaction is thermolysis, expressed by Eq. (1):

(NH,),CO - NH; + HNCO 1)

The generated ammonia (NH3) and isocyanic acid
(HNCO) are mixed with the exhaust gas, and the mixture
enters the SCR catalytic converter, where the HNCO is
converted into ammonia in a hydrolysis reaction (Eqg. (2)):

HNCO + H,0 — NH; + CO, )

The ammonia developed in the thermolysis and hydrol-
ysis is used to reduce the ammonia oxides to water and
nitrogen, according to the governing chemical reactions

(Eq. 3-5)):

4NO + 4NH; + 0, - 4N, + 6H,0 3)
2NO, + 4NH; + 0, - 3N, + 6H,0 (4)
NO + NO, + 2NH; — 2N, + 3H,0 (5)

In order to reduce heat losses, the current SCR systems
are combined into close-coupled modules containing diesel
oxidation catalysts (DOC), diesel particulate filters (DPF),
SCR converters and ammonia clean-up catalysts (CUC).
Moreover, DPF and SCR catalysts are commonly integrated
into one catalyst, referred to as an SDPF (SCR-coated die-
sel particulate filter). This SCR system’s size reduction and
location close to the engine both enable a decrease in the
time required to achieve a suitable temperature inside
a catalytic converter [31]. Moreover, an increased operating
temperature before the SDPF catalyst favours UWS de-
composition [4]. However, the system’s size reduction
shortens the droplets’ pathlines, adversely affecting UWS
decomposition before reaching the SCR catalyst.

The concept of the SCR system implies that accurate
dosing of the UWS to properly match the amount of NO,
could lead to the complete conversion of nitrogen oxides
into non-toxic substances. Therefore, assuming the perfect-
ly uniform distribution of the velocity of the exhaust gas
entering the SCR catalyst, it is also important to reach
a uniform distribution of ammonia, achieved by the mixing
process of UWS droplets and their by-products with the
flue gas. However, the uniformity of gas velocity or ammo-
nia distribution is often far from ideal, particularly regard-
ing the wide span of operating conditions of diesel engines
used in vehicles and transportation machines. Moreover, the
efficiency of the conversion of UWS to ammonia (reactions
(1)—(2)) is imperfect. Finally, the reactions (3)—(5) are not
the only reactions occurring in the SCR systems as biuret,
ammelide and other by-products are produced under certain
conditions [17, 54], and they may occur as solid deposits
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[54]. Payri et al. [42] also pointed out the importance of the
UWS injector’s position and its direction in aftertreatment
system-relevant conditions, which affect the ammonia gen-
eration. The importance of the injector's direction is in
accordance with our previous numerical study [21], which
showed that it needs to be altered when the spray properties
(most importantly, droplet size distribution) are changed.
This was caused by the momentum exchange between drop-
lets and cross-flowing gas, leading to the spray drift [13].

An effective way to enable more complete UWS de-
composition is the application of static mixers [14], which
also enhance spatial mixing of UWS droplets and their by-
products with exhaust gas. The most common forms of
static mixers are blade-based and baffle mixers aimed at
vortex generation [50]. The advantage of blade mixers is
their simplicity and the possibility of the use of the blades
as impingement plates for droplets [47]. This may lead to
droplet break-ups and the reduction of their size [28]. Addi-
tionally, static mixers reduce the velocity deviations of the
gas entering the SCR catalyst [39]. On the other hand,
blade-equipped mixers tend to work properly only under
specific operating conditions [49], including with a suitable
gas mass flow rate and temperature. While the first aspect
influences the mixing (too strong or weak vortices may
increase the local concentration of ammonia at the SCR’s
inlet), the temperature governs the UWS decomposition and
evaporation of potentially occurring liquid film. Moreover,
the blade-equipped mixers may not be easily adaptable to
different spray characteristics, such as those attained
through flash boiling [21].

Tan et al. [47] stressed the positive influence of the tur-
bulence intensity increased by mixers on the UWS decom-
position. Capetillo et al. [7] carried out numerical research
to assess the impact of the blade angle, blade number and
mixer's location in an SCR system equipped with a static
mixer. In the case of the considered conditions, the biggest
influence on the ammonia uniformity, pressure drop and
liquid film’s formation was observed to come from the
angle of the blades. Shortening the distance between the
injector and mixer also had a positive effect on NH3 uni-
formity; however, this factor was of low importance. This
shorter distance additionally enabled a slight reduction in
the pressure drop. Ye et al. [50] analysed the influence of
the mixer type, the number of mixers and the injector’s
position in the SCR system. Two types of mixers were
considered — a conventional blade mixer and a conventional
baffle mixer. The application of a single baffle mixer
downstream to the injection or any two mixers enabled the
increase of the ammonia uniformity index even by 136.4%,
as well as an increase in ammonia generation. Nevertheless,
the double-mixer configurations resulted in a considerable
rise in overpressure. Mehdi et al. [33] performed a numeri-
cal study on blade and baffle mixers’ performance in
a marine SCR system. A combination of two mixers en-
sured the best uniformity of velocity and ammonia concen-
tration. Even though the UWS residence time was the
shortest for this configuration, the urea conversion was the
most efficient. Two types of mixers were numerically tested
by Park et al. [40], namely, a regular baffle-shaped mixer
and a version generating swirl. The latter provided the best

compromise between the ammonia uniformity index and
the pressure drop.

Hui et al. [18] pointed out that it is difficult to achieve
the uniform distribution of NH; using hole-type UWS in-
jectors. While, Jang et al. [19] observed a decrease in ex-
haust gas temperature in a marine SCR system equipped
with a mixer, along with a rise in the ammonia concentra-
tion. This was attributed to the endothermic thermolysis
reaction and the increased area where the reaction took
place. The application of a mixer particularly enhanced the
uniformity of the NH; distribution, while its impact on the
uniformity of the velocity distribution and ammonia con-
centration was much lower.

Another solution proposed for SCR mixers is a perforat-
ed tube inside which the UWS injection takes place, with
only a part of the exhaust gas entering the tube. Therefore,
the momentum exchange between the UWS droplets and
gas is reduced, which in turn reduces the impact of the gas
mass flow rate on the trajectories of the droplets. The main
advantage of perforated mixers is their versatility. It is
assumed that the adequately designed perforated mixer may
enable more efficient UWS decomposition under a wider
range of operating conditions than a blade mixer. The main
drawback, in turn, is an increased tendency to liquid film
deposition within the perforations, as well as raised manu-
facturing complexity. Zhang et al. [51] numerically ana-
lysed baffle-type and blade-based mixers, using a perforat-
ed tube as a secondary mixer at the inlet to the diffuser. The
combination of the main, baffle-type mixer with additional
blades at the circumferential part and the secondary perfo-
rated-tube-mixer provided the most uniform ammonia dis-
tribution, the lowest pressure drop and the lowest mass of
the solid deposit under the tested conditions. Different
mixers were also numerically tested and compared in an
SCR system employing blade or baffle mixers with an
additional perforated tube by Fu et al. [11]. The simple
double-bladed design generated much higher backpressure
and film deposition than other designs. The baffle mixer led
to the lowest uniformity index of ammonia at the SCR’s
inlet, which was attributed to the least intense turbulence.
However, this design generated the lowest pressure drop
and provided the highest NO, conversion efficiency due to
the lowest film generation and the most complete droplet
evaporation. Zhao et al. [52] presented an SCR mixer that
generates spiral flow, elongating the droplets’ pathlines,
despite the small overall volume of the mixer. The mixer
was enclosed by the perforated diffuser with a baffle-type
mixer in the central part, which was aimed at uniform dis-
persing of the ammonia and balancing the centrifugal effect
caused by the spiral part. In their numerical analysis,
Kazmierski et al. [24] utilised the concept of the perforated
mixer equipped with guiding vanes outside the tube to
develop the washing flow of the exhaust gas. This mixing
device was used in a close-coupled SCR system providing a
relatively high NH3 uniformity index and low liquid film
formation. The complex perforated mixer equipped with the
vanes and the spinning disk was used by Huang et al. [16]
in their numerical analysis of an SCR system, in which they
determined the uniformity index of the ammonia, the pres-
sure drop and the solid deposit formation, including the
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species’ analysis. The authors stated that additional holes in
the ring baffle enabled the reduction of the system’s over-
pressure. Interestingly, the number of vanes had a low im-
pact on the pressure drop. Moreover, it was found that the
number of swirling vanes could improve the ammonia uni-
formity at the SCR’s inlet; however, exceeding a certain
number would deteriorate it [16]. Therefore, the careful
design process of mixers is crucial for beneficial selective
catalytic reduction. The liquid film and solid deposit for-
mation process was numerically investigated by Li et al.
[30] for the perforated mixer. The authors observed that in
the case of relatively high temperatures the mixer’s geome-
try had a primary influence on the deposit’s location; while
at lower temperatures, its location was more dependent on
the position and orientation of the UWS injector.

This efficient mixing performance with low deposit
formations has also been attained with unconventional
mixers by other researchers. Millo et al. [37] presented two
unconventional SCR mixers generating separated vertices
at gas and spray zones that provided an NH; uniformity
index of 96-98%, and a time-averaged NO, conversion
efficiency of 98-99%, for the gas mass flow rate of 125
kg/h and temperature of 250°C. Michelin et al. [35] devel-
oped and tested an innovative design of an SCR mixing
device, characterised by its minimised volume to enable
maximum compactness of close-coupled systems. The
operating principle was the development of a spiral gas
trajectory and subsequent increase in the evaporation length
for the UWS droplets. The evolution of innovative SCR
mixers was also presented by Michelin et al. [36], compris-
ing asymmetric vortex generation from a U-shaped design
with swirling vanes or symmetric-vortex generation via an
internal catcher and baffles. Moreover, the underfloor SCR
layouts, including additional heating, were compared with
close-coupled systems. The modern close-coupled layout
provided the highest NO, conversion efficiency for the
same mixing device [36]. Another example of an unconven-
tional solution was a mixer-less SCR system dedicated to
close-coupled layouts [23]. Efficient mixing was attained at
diverse mass flow rates of the flue gas and different spray
set-ups (conventional and flash-boiling injections). The
mixing performance was assessed by the uniformity index
of the ammonia distribution; it was attributed to the inten-
sive turbulence reached in the mixing chamber, and due to
the abrupt change of the flow direction. Zheng et al. [53]
developed conical-blade, two-stage and butterfly mixers for
SCR applications. The butterfly-shaped mixer provided
particularly high ammonia uniformity and NO, reduction,
as well as relatively low pressure drops at the same time.
The authors stressed that SCR mixers are incapable of
reaching a high performance in all applications and condi-
tions. Kulkarni et al. [28] proposed reducing UWS surface
tension by adding surfactant. The authors stated that this
addition might improve mixing in urea-SCR systems due to
the enhanced evaporation, attributed to the increased
spreading factors of the droplets (ratios of a lamella size to
the droplet diameter before the collision) and the narrower
droplet size distributions reached for the secondary drop-
lets.

The aforementioned investigations indicate there is no
single, unquestionably best solution for a urea-SCR mixer
intended for close-coupled applications. Therefore, the aim
of this research was to find the answer to the following
problem: what form of a urea-SCR mixer is the most effi-
cient in terms of mixing performance and pressure drop?
For this reason, seven different mixing devices were numer-
ically tested in the same simplified close-coupled SCR
system. All the mixing devices were supposed to be univer-
sal solutions; hence, specific, unconventional designs ad-
justed to any particular applications were not considered.
The conclusions, including the greatest overall performance
of the perforated mixers, are expected to orient the future
design process of SCR mixers and increase the effective-
ness of selective catalytic reduction systems.

2. Methods

The following research comprises a numerical analysis
of the distinct forms of static mixers placed in the same
close-coupled SCR system. The system was simplified to
exclude the influence of complex geometrical shapes on the
results. The presented analysis was performed numerically
based on the Reynolds-averaged Navier-Stokes (RANS)
approach with the k-C-f turbulence model [15], and the
hybrid (compound) wall treatment [15, 43] applied.

2.1. Simulated system

The considered SCR system design was based on the
close-coupled systems which have recently been widely
used in the automotive industry, due to their provision of
reduced heat losses [31], faster heating of the system and
improved NO, conversion efficiency [36]. The first compo-
nent of the computational domain was the stabilisation
volume followed by the diesel oxidation catalyst (DOC).
Downstream from the DOC, there was an investigated
mixing device, inside which UWS was injected. The exter-
nal shape of the system was unchanged. The only differ-
ence between the investigated solution was the design and
arrangement of the internal mixing elements. In the base
model MO (Fig. 1a), a simple elbow connected the DOC
and SDPF catalysts with no additional mixing device
placed inside. In the M1 model (Fig. 1b), the mixing ele-
ment was a simple blade-based mixer, with a 45° inclina-
tion angle of each blade. In the M2 model (Fig. 1c), a com-
bination of two analogous mixers was used, with the second
mixer being counter-rotating. Such a layout aimed to in-
crease the turbulence intensity by reversing the direction of
the vortex generated by the first mixer. In the M3 model
(Fig. 1d), the perforated tube was applied. The tube was
equipped with holes around the bottom part. The upper part
contained two symmetrical slots, which were shifted to-
wards the inlet to work as a gas intake for the mixer’s tube.
Therefore, it was intended that only a minor fraction of the
exhaust gas would enter the mixing tube so that diverse
operating mass flow rates of gas would not cause a spray
drifting effect. The UWS droplets were thereby formed in
the high-temperature zone, without a too excessive momen-
tum exchange between gas and droplets, favouring reduc-
tion of the liquid film and UWS decomposition. Then, the
mixture of the flue gas and urea or decomposed by-products
escaped the tube via the holes, forcing changes in flow
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direction and increasing the ammonia spatial uniformity. The
analogous mixer was employed in the M4 model (Fig. 1e),
however the perforations were made exclusively in its low-
er part located farther from the inlet and outlet. Hence, the
escaping mixture of the flue gas and urea/ammonia was
forced to change its flow direction completely, and the
pathlines became elongated and more uniformly spread.
The mixers M5 (Fig. 1f) and M6 (Fig. 1g) were the hybrid
mixing devices that posed combinations of M1 with M3,
and M1 with M4, respectively. They were aimed at the
generation of the swirling flow exclusively outside the tube.

Fig. 1. The geometrical models of close-coupled SCR systems used in the

simulation: a. system without mixing elements; b. single-bladed mixer;

c. double, counter-rotating blade mixers; d. perforated mixer; e. partially

perforated mixer; f. hybrid, blade-perforated mixer; g. blade-partially-
perforated mixer

2.2. Computational mesh

A numerical mesh was generated in the AVL FAME™
M 2021 meshing module. The mesh consisted of polyhedral
cells to reduce their sensitivity to numerical diffusion and
reproduce sharp edges, while simultaneously maintaining
their adequate quality. The boundary layer consisted of six
layers with a total thickness of approximately 3 mm with
automatic adjustments. The base cell size of the polyhedral
cells was 5 mm, reduced to 3 mm in proximity of the walls.

The mixers’ surfaces were refined to reach the cell size of
approximately 2 mm to properly simulate the behaviour of
impinging droplets and the possible liquid film. Additional-
ly, the mesh was refined with 1-mm cells within the prima-
ry injection zone (see. Fig. 2):

Fig. 2. The cross-section of the computational mesh of the SCR system

2.3. Numerical cases

The operating conditions were selected to reflect the
conditions in exhaust systems of medium-sized passenger
cars under high and medium loads [20]. The considered
mass flow rate of exhaust gas was 300 kg/h (OP1) and 150
kg/h (OP2). In the case of both operating points (OPs), the
gas temperature was the same: 400°C. The relatively high
temperature favoured the evaporation of water from UWS
droplets and accelerated urea decomposition, therefore,
minimising the risk of liquid film occurrence. For this rea-
son, the comparison of various types of SCR mixers was
focused exclusively on the mixing performance and not on
the tendency to generate liquid or solid deposits. Since the
spray was modelled according to the Eulerian-Lagrangian
approach (see section 2.4), spray properties were used as
input data, and they were derived from previous experi-
mental measurements of the two-hole injector (Bosch
0444025030) [21, 22], working under the injection pressure
of 5 bar. The constant injection frequency of 4 Hz was
assumed in accordance with the previous injector’s mass
flow measurements [21]. The amount of the urea-water
solution per single injection was dependent on the injector’s
opening time. The UWS mass per injection was calculated
based on the assumed NO, concentration (specifically:
nitric oxide concentration) of 150 ppm, corresponding to
the medium load of a mid-sized passenger car (with exhaust
gas recirculation) in urban traffic conditions [9]. The re-
placement of NO, only with nitric oxide was based on the
experimental measurements [32] that indicated the prevail-
ing composition of NO over NO, at the catalyst’s inlet.
Nonetheless, the NO, conversion was not simulated; hence,
the exact NO, composition had a negligible effect on the
results. The summary of the operating conditions, including
the UWS dosing, is presented in Table 1.

Table 1. The summary of operating conditions

COMBUSTION ENGINES, 2023;193(2)

Operating | Gas mass | Gas tem- Injector’s UWS mass
point flowrate | perature opening time per injection
OP1 300 kg/h 400°C 22.77 ms 9.99 mg
OP2 150 kg/h 400°C 11.39 ms 5.00 mg
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The dimensions of the catalytic converters, namely the
DOC and SDPF, were defined based on similar catalytic
converters used in mid-sized passenger cars. They were
modelled as porous zones with a predefined, longitudinal
flow direction. The pressure drops in the substrates were
determined by Forchheimer’s formula [10], which in the
case of unidirectional flow, is expressed by Eq. (6).

dp p 2
L= uu—=g->ru (6)
where: x — distance along the flow direction; a — viscous
loss coefficient; p — dynamic viscosity; u — local gas veloci-
ty (unidirectional) inside the porous object; T — inertial loss
coefficient; p — gas density. In the case of the following
analysis, the a and ¢ coefficients were also adopted based
on similar catalytic converters from mid-sized passenger
cars, with an adaptation to the specific porosity fraction.
The porosity fraction (ratio of the open volume to the
whole volume of a substrate) was assumed as unity to sim-
plify the simulated system to the maximum extent and
focus exclusively on the differences caused by the various
mixers. The properties of the substrates (in this case: porous
objects) are presented in Table 2.

Table 2. Properties of the substrates

Catalytic Length Diameter Viscous Inertial Porosity
converter loss loss fraction
coefficient | coefficient
1 1
DOC 150 mm | 100 mm 2107 — a0t 1
m m
1 1
SDPF 180 mm 140 mm 108~ 5001 1
m m

Multiple parameters can be used to evaluate the perfor-
mance of SCR systems. These are: the efficiency of NOy
conversion; the uniformity of the ammonia (reducing agent)
and gas velocity entering the SCR catalyst; the total pres-
sure drop; the liquid film formation; and the risk of deposit
formation.

While the NO, conversion efficiency reflects the overall
effectiveness of the system, it also depends on the NH;
uniformity and liquid film deposition. Hence, the uniformi-
ty of the reducing agent is a direct and independent parame-
ter, and it was indicated as the most important criterion by
Zheng et al. [53]. Moreover, Xu et al. [49] showed that the
ammonia uniformity at the SCR’s inlet is linked with NOy
conversion efficiency. In the present analysis, the compari-
son of different mixer designs in close-coupled SCR sys-
tems was made based on the uniformity index of the am-
monia concentration in the inlet to the SCR catalyst (ap-
proximately 10 mm behind the front surface of the porous
zone — see Fig. 3). The uniformity index of the velocity was
also determined in the same control section according to
Eq. (7):

2(lui—ul-Aj)
y=1-""—— (7
where: u; — local velocity component in the i-th cell;
u — area-averaged velocity within the whole control sur-
face; A; — area of the i-th cell; A =)} A; — total area of the
control surface.

It is to be noted that the calculation of the NH3 uni-
formity index was based on Eq. (7); however, it was aver-

aged in time and space. Moreover, the pressure drop of the
mixing device was evaluated (defined here as the difference
between the total pressure at the outlet at the DOC and inlet
to the SDPF catalyst). Since negligible liquid film for-
mation was expected, and the velocity uniformity index was
close to 100%, the NO, conversion would depend mostly
on the spatial distribution of NH; within the SDPF’s inlet
and the urea-to-ammonia conversion. Therefore, the NHj
uniformity index was assumed as the most accurate indica-
tor of the mixer’s effectiveness. Additionally, considering
the hydrolysis reaction, Eq. (2) or NOy reduction was un-
necessary. Hence, the assumed concentration of NO, was
used exclusively to determine the dosing of UWS.

Fig. 3. The cross-section of the SCR system with the visible control sec-
tion located 10 mm downstream from the SDPF’s inlet

2.4. Computational mesh

The injection of the urea-water solution was simulated
employing a discrete droplet model (DDM) [8], which is the
Eulerian-Lagrangian particle tracking method. Droplets were
randomly dispersed in the space starting from the predefined
nozzles’ locations. To reduce the numerical effort, droplets of
similar properties are grouped into parcels in the DDM ap-
proach, and such parcels are tracked instead of single drop-
lets. In a typical DDM approach in low-pressure UWS
sprays, it is assumed that the size of the introduced droplets is
the size reached after the primary break-up. The secondary
break-up is not present due to low Weber numbers [1], and
the application of the break-up models for such low Weber
numbers can be unsuccessful [41].

Therefore, droplet size measurements are required to
model the droplet size distribution properly. The most suit-
able measuring methods are optical laser techniques, in-
cluding phase Doppler anemometry, high-resolution laser
backlight imaging and high-speed microscopic imaging [6].
In this study, a pre-calibrated spray model was taken from
previous work [21]. The calibration was done for the com-
mercial two-hole UWS injector (Bosch 0444025030) exper-
imentally tested in [21,22] using optical methods. The spray
parameters used in the study here are shown in Table 3.

In order to increase the accuracy of the spatial droplet
dispersion, two separated conical zones with individual
droplet size distributions were defined for each spray
plume, as initially proposed in [44]. These individual drop-
let size distributions (for each spray zone) were also derived
from the research [21, 22] (Fig. 4).
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Fig. 4. The droplet size distributions of the two-zone representation of the
spray used in simulations [21, 22]

The dynamics of the droplet was evaluated employing
the Schiller-Naumann drag-estimation approach [46] and
the Kuhnke splashing model [27] extended by Birkhold [2]
to ultimately account for the droplet deposition, splashing,
rebound, and break-up, but also partial rebound and partial
break-up. Both spray and liquid film decomposition were
modelled by the approach proposed by Birkhold [3] with
the reaction’s (thermolysis) activation energy and frequen-
cy factor fitted to Kim’s experiment [26]. Moreover, the
turbulent dispersion model was taken into account in terms
of the droplets’ behaviour [12].

Table 3. The summary of spray properties

Spray property Value

Initial velocity 31.1m/s

Inner cone angle 2°

Quter cone angle 5°

UWS mass ratio (outer-to-inner conical zones) 0.266
3. Results

A comparative analysis of the universal mixing devices
dedicated to close-coupled SCR systems was performed.
The effectiveness of a particular mixer was assessed based
on the uniformity index of the ammonia 10 mm after the
SDPF’s (SCR’s) inlet, and on the pressure drop of the mix-
ing device. Additionally, the values of the velocity uni-
formity index measured 10 mm behind the SDPF’s inlet
were compared. The results showed that no liquid film was
observed in any of the considered cases, which was ex-
pected due to the relatively high temperature of the exhaust
gas.

3.1. The ammonia uniformity

The time-averaged concentration of the ammonia at the
SDPF’s control section (Fig. 3), obtained after four UWS
injections, is presented in Fig. 5 (operating point 1) and
Fig. 6 (operating point 2). The number of simulated injec-
tions was selected as a compromise between the computa-
tional time and the stabilisation of the investigated parame-
ters. Lee [29] addressed the different behaviour of the drop-
lets after the first injection compared to after the following
injections. Droplets from the first injection flowed back-

wards and mixed with the droplets from the second injec-
tion. Later, the droplets from the following injections
were mixed, and many of them were registered at the inlet
of the mixer. However, the increased residence time was
reported as advantageous for water evaporation and urea
thermolysis [29].

Fig. 5. Ammonia distribution at the control section located 10 mm down-
stream from the SDPF’s inlet; OP1

Fig. 6. Ammonia distribution at the control section located 10 mm down-
stream from the SDPF’s inlet; OP2

It is seen that there were highly concentrated ammonia
spots at the circumference of the SCR system without any
mixing element; and those locations were completely dif-
ferent in the cases of the high (Fig. 5a) and low (Fig. 6a)
mass flow rates of flue gas. This suggests that the distribu-
tion of ammonia resulted from the intensive momentum
exchange between droplets and gas; since the velocity dis-
tribution maps (Fig. 7) did not indicate significant differ-
ences between operating points 1 and 2. Moreover, the
higher velocity values in Fig. 7 did not correspond with the
high-ammonia-concentration spots (Fig. 5a and Fig. 6a).

The application of the blade mixer (Fig. 5b and Fig. 6b)
significantly improved the spatial distribution of ammonia.
However, the diagonal traces of the increased NH; concen-
tration were visible as a result of the generated swirl (Fig.
5b and Fig. 6b). The double-bladed mixer (M2) and the
fully perforated mixer (M3) left the least distinguishable
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traces of high-ammonia concentration, except for the cir-
cumference of the control section (Fig. 5c, d and Fig. 6c, d).
The partially perforated mixer (M4) and hybrid mixers
(M5, M6) caused the occurrence of undulated ammonia
traces (Fig. 5e-g and Fig 6e—g), which were the effect of
the sudden deflection of UWS/ammonia pathlines due to
perforations (M4) or due to the single blade mixer (M5,
M®).

Fig. 7. Velocity distribution at the control section located 10 mm down-
stream from the SDPF’s inlet; MO; a. OP1, b. OP2

The registered ammonia uniformity index reached simi-
lar values for both operating points 1 and 2 (Fig. 8). Addi-
tionally, the common relationships between those values for
different mixing devices remained similar in the case of
OP1 and OP2 (Fig. 8). The SCR system without any mixing
elements (MO) resulted in an ammonia uniformity index of
approximately 50%, which is an unacceptably low result.
The application of the conventional, blade-equipped mixer
(M1) raised the yyps index to 72-74%. In the case of the
double-bladed mixer (M2), with the second mixer generat-
ing a swirling flow in the opposite direction, yynz Was con-
siderably increased to approximately 86% for both OP1 and
OP2, which is an acceptable value in industrial applications
[5]. However, it is to be noted that the presented SCR sys-
tems were simplified to the maximum extent to compare
exclusively the mixer’s performance, which explains the
relatively low overall scoring. The application of the perfo-
rated mixer, with the holes around the whole of the lower
part of the tube’s surface, did not improve the yyys much
(64%). Nonetheless, in the case of perforations made exclu-
sively at a further distance from the SDPF (M4), which hin-
dered the direct outflow from the tube’s interior to the cata-
lyst and elongated the pathlines of the flue gas-UWS mix-
ture, it led to a rise in the NH3 uniformity index to 74-79%.

Finally, the blade mixer used in model M1 was com-
bined with perforated mixers (M3 and M4, respectively).
The first combination (M5) resulted in yyys Of the same
level as for the partially-perforated mixer (M4) — approxi-
mately 75-77%. A slightly positive influence from the
combination of the blade mixer with the fully perforated
tube was observed. However, the improvement was minor
compared to the blade mixer alone (ynys = 73% for blade
mixer vs. ynyz = 76% for the first hybrid mixer).

Almost the same value of yyys as in the case of the M5
was reached by the last mixer (M6). The combination of the
partially perforated tube with the blade mixer was ineffec-
tive as it significantly increased the manufacturing com-
plexity, while it did not bring an improvement compared to

the partially perforated mixer alone. This is in accordance
with the analysis by Xu et al. [49], who tested not only
single, unconventional urea mixing devices, but also their
combinations. They reported that the single, counter-swirl
mixer produced a superior performance compared to other
unconventional mixers and provided the highest NO, con-
version efficiency, the lowest ammonia non-uniformity
index, and a relatively low pressure drop.

90%
— @O0P1 @OP2
80% _ —

Uniformity index of
ammonia

1]

MO M1 M2 M3

M4 M5 M6

Fig. 8. Ammonia uniformity index at the control section located 10 mm
downstream from the SDPF’s inlet

3.2. Pressure drop

The second-ranked criterion in the following research
was the pressure drop generated by the mixing devices,
which was calculated as the difference between the total
pressure at the outlet of the DOC and at the inlet to the
SDPF catalyst. The results are presented in Fig. 9. Accord-
ing to the expectations, the common relationships between
the pressure drops generated by the individual mixers are
analogous for both operating points 1 and 2. It is seen that
the pressure drop generated by the single blade mixer (M1),
fully perforated mixer (M3) and partially perforated mixer
(M4) are almost the same: ~200 Pa at operating point 1 and
~60 Pa at operating point 2. The negligible influence of the
number of perforations on the pressure drop resulted from
the fact that only a certain amount of the flue gas entered
the perforated tube, while the majority washed over it from
the outside. The increase of the number of blade mixers to
two, with the forced change in the swirl’s direction by the
second mixer (M2) led to a tremendous increase in the
pressure drop — more than twofold compared to the version
with a single blade mixer (M1). The combination of the
single blade mixer with perforated mixers (M5 and M6)
also led to a significant rise in the pressure drop (from ~200
Pa for M1 at operating point 1 to ~360 Pa and ~430 Pa for
M5 and M6, respectively). However, it is to be noted that
the ammonia uniformity index was not improved noticeably
by the hybrid mixing devices, which makes this type of
design questionable. Moreover, in the case of the hybrid
mixers, the number of perforations resulted in a difference
in the pressure drop, being higher for the reduced number
of perforations (M6). This might have come from the syn-
ergy between the swirling flow outside the tube and the
outflow from the tube’s holes. Additionally, the increased
sensitivity of this type of hybrid design (M5, M6) to the
working conditions could occur during real driving cycles.
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Fig. 9. Pressure drop generated by each UWS mixing device

3.3. Uniformity of velocity

Even though the analysed SCR systems were simplified
to the maximum extent, the velocity uniformity index de-
termined 10 mm after the SDPF’s inlet exceeded 99% in all
the considered cases (Fig. 10). Similarly to the ammonia
uniformity index, the relationship between the values
reached by specific mixers is analogous at operating points
1 and 2. Surprisingly, the uniformity index registered for
the MO geometry is the second highest, which may result
from the lack of geometrical contractions and highly uni-
form velocity field within the system’s inlet and DOC cata-
lyst. However, the achievement of the highly uniform ve-
locity and temperature fields at the catalyst surface requires
a lower effort compared to the uniformity of the reducing
agent, as reported by Zheng et al. [53]. Nonetheless, all the
values of the velocity uniformity index are close to unity,
and the exact comparison requires caution, since the differ-
ences might be a result of numerical solutions.
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I
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99.5%
99.4%

Uniformity index of
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Fig. 10. Velocity uniformity index at the control section located 10 mm
downstream from the SDPF’s inlet

4. Conclusions
This research was aimed at an evaluation of urea-mixing

devices that could considerably enhance the reduction of
nitrogen oxides in close-coupled SCR systems. Seven dif-
ferent mixing devices were numerically tested in the same
aftertreatment system and under the same operating condi-
tions corresponding to high- and medium-load engine oper-
ation. The analysis led us to the following conclusions:

— Each mixing device improved the ammonia uniformity
index.

— All mixing devices provided a velocity uniformity index
exceeding 99%.

— All systems were almost insensitive to changes in the
operating conditions (exhaust gas mass flow rates).

— The SCR system without mixing elements (MO0) provid-
ed a highly uniform velocity field; however, the uni-
formity index of ammonia measured in the same control
section was only 50%.

— The biggest improvement in the ammonia uniformity
index was observed for the double counter-rotating
mixer (ynys = 86%). However, this design (M2) gener-
ated the highest pressure drop (more than twofold com-
pared to the version with the single blade mixer).

— The partially perforated mixer (M4) enabled the
achievement of a high ammonia uniformity index (74—
79%), while generating a relatively low pressure drop;
which was the same as for the single blade mixer (M1).

— The hybrid mixers provided a relatively high but not
improved ammonia uniformity index compared to the
single blade or perforated mixers, but they did cause
a significant rise in the pressure drop.

— Perforated mixers alone are expected to be used as one of
the leading solutions in future SCR systems, providing
a compromise between great mixing performance and
manufacturing complexity.
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Nomenclature

A total area of the control surface
A area of the i-th cell
cuc clean-up catalyst

DOC diesel oxidation catalyst

DPF diesel particulate filter

HNCO isocyanic acid

NO, nitrogen oxides

SCR selective catalytic reduction

SDPF SCR-coated diesel particulate filter

u local gas velocity (unidirectional) inside the
porous object

=]

area-averaged velocity within the whole con-
trol surface
u local velocity component in the i-th cell

UWS urea-water solution

X distance along the flow direction
a viscous loss coefficient

4 inertial loss coefficient

1 dynamic viscosity

p gas density
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The results of an experimental study of the effect of the pressure drop of the air filter pf on the operating

parameters and exhaust emissions of a modern ClI internal combustion engine of a truck equipped with an
electronically controlled power system are presented. The tests were carried out for an air filter with a clean
filter cartridge A4pp = 0.58 kPa and with a cartridge contaminated after a service mileage (about 50 thousand
km) Appp = 2.024 kPa. In each test, engine performance, exhaust emissions and relative change in emissions
were determined: CO, NOy, HC, CO,, H;0. It was found that an increase in the filter resistance pf causes a
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maximum of 30°C and an increase in specific fuel consumption by almost 5%. Air filter resistance has no
significant effect on NO, emissions and HC concentration. There is a reduction in H,O emissions by up to 7%,
CO by up to 13% and CO, by up to 4%, and an increase in oxygen emissions by 15%, depending on operating
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1. Introduction

The basic component of the working medium of any in-
ternal combustion engine is air drawn from the atmosphere.
The engine's intake system is responsible for supplying
ambient air to the engine's cylinders with the right purity
[1], in the right quantities and at the right pressure and
temperature to ensure proper fuel combustion in the cylin-
ders [2] and minimize wear on engine components [3, 4]. In
addition, the intake system, has the task of suppressing the
noise caused by the flow of the air stream [5] and forcing
the wave phenomena of the flowing air causing resonant
charging, which increases the filling pressure py in the
cylinders, resulting in an increase in engine power [6].

Along with the ambient air, various impurities are
drawn into the cylinders of internal combustion engines,
mainly mineral dust. About 10-20% of the mass of dust
that enters the engine with the air is retained on the walls of
the cylinder liner, penetrates between the friction surfaces
of the association: piston-piston rings-cylinder (P-PR-C) of
the engine, causing abrasive wear [7]. SiO, (silica) and
Al,O5 (alumina) grains are the basic components of mineral
dust [8, 9]. The mass share of these two components in the
dust reaches up to 95%. Other components in mineral dust:
Fe,Os, (iron oxide), MgO (manganese oxide), CaO (calci-
um oxide) [10]. The chemical composition of mineral dust
is influenced by: the type of substrate [11], climatic factors
(wind, rain, snow, drought, etc.) [12], as well as industrial
dust, forest fire dust and volcanic dust [13]. Dusts from the
wear of clutch friction linings and pads [14] and car brake
discs [15, 16], as well as tires and road surfaces [17], have
a large impact on dust emissions into the environment.

Mineral dust grains are lumps with very irregular shapes
and sharp edges, usually characterized by high hardness.
Silica has a hardness of 7, and alumina has a hardness of 9
according to the 10-point Mohs scale. Abrasive wear of
engine components is mainly caused by particles of 1-40

um [18] with the most damaging particles having a diame-
ter in the range of 1-20 um [19]. The author of the paper
[20] states that about 30% of the pollutants entering the
engine cylinders with the air can escape unchanged with the
exhaust gas, thus increasing particulate matter (PM) emis-
sions from the engine. The primary way to prevent particu-
late matter from entering the environment with the exhaust
gases is to use special filters [21].

The most dangerous for the two mating components are
dust particles, whose diameter dp is equal to the thickness
of the oil film h,;, between the two friction surfaces. In
typical internal combustion engine associations, oil film
thicknesses take on varying values in the range of hy, =
=0.3-50.0 pum [22].

Progressive abrasive wear of the piston-piston rings-
cylinder assembly is the cause of significant blowing of
fresh charge into the crankcase during compression of the
medium. This reduces the mass of the charge, decreases the
compression pressure, resulting in a decrease in engine
power and an increase in specific fuel consumption [23]. In
order to reduce frictional losses and wear in the components
of a reciprocating internal combustion engine, wear-
resistant coatings are appropriate, which are applied to the
sliding surfaces of piston rings and cylinder faces [24].
A decisive role in reducing friction losses in the friction
pairs of an internal combustion engine can be achieved by
ensuring the continuity and thickness of the oil film. This is
realized by properly selecting the shape of the sliding sur-
faces of the upper as well as the lower sealing ring [25, 26].

It is the responsibility of the air filter to supply the cyl-
inders of an internal combustion engine with air of suffi-
cient purity. For the filtration of air of passenger car en-
gines, which are used in conditions of low concentrations of
dust in the air (highways 0.04-10 mg/m®) [27], single-stage
filters with a paper panel cartridge characterized by low
dust absorption (200-250 g/m?), but high (¢ = 99.5%) fil-
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tration efficiency are used. Trucks, work machinery and
special vehicles that are operated under conditions of high
dust concentration in the air of 2-10 g/m® are equipped with
two-stage filters [28]. The first stage of filtration is then
a battery of cyclones (multicyclone) [29, 30], and the second,
a porous baffle set in series behind it in the form of a cylin-
drical cartridge made of pleated filter paper with an appropri-
ately sized surface [31-33] or a PowerCore cartridge [34].

An inherent phenomenon during the operation of a baf-
fled air filter is an increase in its pressure drop, resulting
from the continuous influx and retention of dust in the filter
bed (Fig. 1).

a) b) hap
F
AH 0 = Opax~ const. .
§ = const. A Ap,. +
o 5> Pr2 pfl: F
4 / .
—
Ap =Apigop / D/
52 D / D
Apfo Operating the filter
0 Vehicle mileage Sp — 0
I
0 Dust mass retained in the filtermp Am=mpp Qmi”_ Omax
Air stream

c)

Fig. 1. The essence of baffle filters: a) filtration efficiency ¢ and pressure

drop Aps of the air filter with filter media during use (1 — low dust concen-

tration, 2 — high dust concentration), b) aerodynamic characteristics Aps =

= f(Q) of the air filter, c) changes in the absorptive capacity of the filter
bed when loaded with dust

Due to their small thickness, on the order of g, = 0.4-
0.8 mm, filter papers have limited dust absorption. After the
dust fills the free spaces between the fibers (depletion of the
bed's absorbency), the dust settles on the surface of the bed
obstructing the flow of air, which manifests itself in an
additional increase in pressure drop.

The intensity of the increase in air filter pressure drop
depends on the conditions under which the vehicle is used,
including the concentration of dust in the air, the fractional
and chemical composition of the dust, and the duration of
engine operation. The higher the value of dust concentra-
tion in the air drawn into the engine, the faster the filter bed
fills with dust and the faster the filter reaches the permissi-
ble pressure drop value — Apsgep (Fig. 1), which has a differ-
ent value for each engine and air filter mated with it [35,
36]. For the vehicle operator, reaching the value of the
filter's permissible resistance determines the need to per-
form filter maintenance — replacing the filter element with
a new one [37, 38].

The value of the permissible pressure drop prgop Of the
air filter of a passenger car engine is determined from the
condition of a 3% decrease in engine power and is at the
level of 2.5-4.0 kPa [39, 40]. For truck engines, the value
of Aprqop is 4—7 kPa [41]. For special-purpose vehicle en-
gines, the Apjqp value is determined from the condition of
a 5% decrease in engine power and is in the range of 9-12

kPa [42, 43]. Operation of the vehicle after the Ap¢qo, Value
of the air filter is possible, but not advisable.

After the Apsgop Value is reached, the air filter continues
to undergo the filtration process, which is characterized by
an increasing increase in pressure drop while maintaining
a high value of filtration efficiency. This stage of air filter
operation creates two unfavorable phenomena for the en-
gine: accelerated wear of its components and excessive
power loss. Firstly, the air filter flow resistance, which is
significantly increased above Apygqp, and the high air flow
velocity in the filter bed, can cause "secondary emission™ of
dust grains. This is the detachment of dust grains from
agglomerates and their movement toward the filter outlet.
This phenomenon results in an increased number of large
dust grains (about 10-25 pum) in the air downstream of the
filter and reduced efficiency, resulting in accelerated wear
of P-PR-C association elements.

Operation of the air filter after the Apgp Vvalue is
reached is not advisable due to the adverse effect of filter
pressure drop on engine operation and performance and
exhaust emissions. Increasing air filter pressure drop during
operation lowers the value of mass air flow, which can
cause a decrease in the engine's fresh charge. Deficiency of
oxygen in the fuel-air mixture is the cause of disruption of
the mixture preparation and combustion process, prevents
the combustion of an adequate mass of fuel, which is the
direct cause of a decrease in engine power (torque) an in-
crease in specific fuel consumption and an increase in ex-
haust smoke [44]. These phenomena increase in intensity
when the permissible resistance value is exceeded. Hence
the need to replace the filter element when a certain pres-
sure drop Apsgop i reached. The operation of an air filter is
a technical compromise between pressure drop (car mile-
age), separation efficiency and accuracy, and engine wear
and durability, as well as facility reliability [45, 46].

The primary fuel of modern compression-ignition en-
gines is diesel fuel. Due to the depletion of fossil fuels,
especially oil, climate change, economic problems, popula-
tion growth and energy demand, intensive research work is
being carried out to obtain alternative fuels to diesel [47—
52]. For this reason, research on compression-ignition en-
gines fueled by fuel blends as an alternative to diesel fuel is
gaining great importance in the direction of performance
and emissions. In addition, during the study of engines with
alternative fuels, the influence of various design and opera-
tional parameters is evaluated in the direction of reducing
exhaust emissions. For example, in [47], a study was con-
ducted on a common-rail diesel engine to evaluate the ef-
fect of a diesel-butanol blend on particulate matter (PM)
emissions using a pilot injection strategy. The addition of n-
butanol can improve the mixing of fuel and oxidizer and
lower the average temperature in the combustion chamber
and consequently reduce NO, emissions (up to 25%) and
PM emissions (up to 69%). A study [48] examined the
suitability of diesel-biodiesel and diesel-biodiesel-hexanol
fuel blends as alternatives to diesel fuel. The results showed
that the most suitable alternative fuel to diesel was a binary
diesel-biodiesel fuel blend. On the other hand, the paper
[49] investigated the effect of cyclohexanol mixed with
diesel fuel at different volume ratios on the emissions per-

COMBUSTION ENGINES, 2023;193(2)

95



Empirical study of the effect of the air filter on the performance and exhaust emissions of a diesel engine

formance of a Diesel engine at different degrees of exhaust
gas recirculation and injection times. The cyclohexanol-
diesel mixture significantly reduced particulate matter (PM)
and volumetric concentration at the expense of higher NO,
emissions. Cyclohexanol, which is derived from biomass,
has been shown to be a promising alternative fuel for diesel
engines. The paper [50] presents the effect of the heating
time of a catalyst-covered glow plug on the exhaust emis-
sions from a compression-ignition engine. Placing the cata-
lyst in the combustion chamber, the place where the com-
bustion process takes place, allows reducing emissions of:
carbon monoxide, hydrocarbons and particulate matter. An
improvement in the efficiency of oxidation of exhaust gas
components was observed with an increase in the heating
time of the glow plug. The authors of the paper [51] pre-
sented an experimental study of a common-rail diesel en-
gine fueled by diesel fuel and a mixture of diesel and alco-
hol (butanol and hexanol). Engine performance and emis-
sions of NO,, CO, HC and soot were studied for five differ-
ent ambient pressures (0.12; 0.1; 0.08; 0.07; 0.06 MPa) and
for two loads (average effective pressure p, = 0.45 MPa and
0.55 MPa). Adding butanol and hexanol (20% and 40% by
volume) to diesel fuel, significantly reduced particulate mat-
ter and CO emissions, especially when the ambient pressure
was below 0.1 MPa. However, the combustion of alcohol-
diesel mixtures resulted in higher NO, emissions than the
combustion of diesel under the same conditions, which is
also confirmed by other studies reported in [52, 53].

From the above analysis, the air filter pressure drop,
which increases its value during operation and has a signifi-
cant impact on engine performance and exhaust emissions,
is not taken into account during experimental testing of
engines. In addition, the authors of the test results do not
state whether the experiment was performed with or with-
out the presence of an air filter in the intake system.

The available literature does not provide enough infor-
mation regarding the effect of air filter pressure drop on
engine performance. There is mainly a lack of information
regarding changes in engine emissions. The authors studied
the description of studies of the effect of air filter pressure
drop on the operation of naturally aspirated internal com-
bustion engines: carburetor and diesel engines, but
equipped with a classic injection system with an in-line
piston (sectional) injection pump [54-59]. Today, engines
of this type are not used in motor vehicles. The paper [54]
presents the effect of three values of air filter flow re-
sistance (Aps = 2.3; 6 and 12 kPa at ny = 2800 rpm) on the
characteristics of: filling ratio n, = f(n), power N, = f(n)
and torque M, = f(n) and specific fuel consumption g, =
= f(n) of a naturally aspirated (Vs = 6,84 dm®) Diesel en-
gine with a classical injection system. Operation of the
engine in the speed range n = 1200-2800 rpm shifts the
characteristics of n, = f(n), power N, = f(n) and M, = f(n)
almost in parallel towards lower values of n,, Ne, M,, and
g. = f(n) towards higher values of g.. An increase in air
filter pressure drop from 2.3 kPa to 12 kPa during engine
operation at n = 2800 rpm and 100% load, results in a de-
crease in: fill factor n, by 25.7%, power N, by 7.16% and
increase in g, by 8.49%.

The results of a study of the effect of air filter pressure
drop Ap; on the external characteristics of N, effective pow-
er and specific fuel consumption ge of a special vehicle
Diesel engine are presented in [55]. An increase in air filter
pressure drop in the range Aps = 6-30.7 kPa causes a signif-
icant decrease in engine power and an increase in specific
fuel consumption. There is a parallel shift of N, power
characteristics towards lower N, speed power values. An
increase in filter pressure drop causes a shift in the charac-
teristics of specific fuel consumption g, toward higher val-
ues of g. and lower rotational speeds. For pressure drop
Aps = 26.7 kPa, the decreases in N, power take on values of;:
11.75% at 2000 rpm and 20.6% at n = 1400 rpm and 32.7%
for 1200 rpm.

The authors of the paper [56] presented an experimental
study of the effect of air filter pressure drop on the fill fac-
tor and smoke opacity of a Diesel engine used to power
a truck. Air filter pressure drop was modeled for four tech-
nical states in the range of Aps = 3.1-24.7 kPa at an engine
speed of n = 2400 rpm. For an air filter with a clean filter
element (Aps = 3.1 kPa), the fill factor has a value of n, ~
~ 1.02. For subsequent technical states of the air filter (in-
crease in pressure drop Apy), the fill factor takes on smaller
and smaller values, respectively: n, = 0.90; 0.81; 0.75. For
the same values of Aps, the smoke opacity (light absorption
coefficient) assumes the following values, respectively: k =
=042m' k=049 m' k=062m" k=08Lm" The
obtained smoke opacity values do not exceed the permissi-
ble value, which for the T359E engine is Kpax = 3.0 m .

The effect of baffle filter pressure drop on the perfor-
mance characteristics of a special vehicle's compression-
ignition engine was presented in [57]. The effect of two
filters differing in pressure drop was studied: an original air
filter (Aps = 13.2 kPa) and an upgraded filter (Aps = 4.9
kPa). The engine with the upgraded filter was fed by an
injection pump with an increased fuel dose of about 7%. In
the latter variant, a significant (more than 2% for n = 1600
rpm and more than 10% for the n = 2200-2600 rpm range)
increase in horsepower and torque was obtained compared
to the basic filter variant.

Yang et al [58] studied the effects of two different air
filter designs with different pressure drop (A - standard
filter, B — upgraded filter with lower pressure drop), on
effective power, torque, specific fuel consumption, exhaust
smoke, oil temperature, engine exhaust temperature. The
engine operating without an air filter obtained the highest
power and torque and the lowest fuel consumption. Run-
ning the engine sequentially with filter B and A shifted the
Ne = f(n) and M, = f(n) characteristics almost in parallel
toward smaller values, and the g. = f(n) characteristics
toward larger values, over the entire engine speed range. As
expected, the engine operating with a type B air filter (low-
er pressure drop) achieved increases in torque and power,
respectively: 1.6% and 1.1%, and a decrease in fuel con-
sumption of 1.5% with respect to operation of the engine
with a Type A air filter The maximum value of the smoke
opacity (light absorption coefficient) increases with increas-
ing load, and during operation of the engine without an air
filter, with a Type A and Type B air filter is: k = 1.7; 2.36
and 2.0 m*, respectively. After replacing the Type A air
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filter with a Type B filter, a reduction in smoke opacity of
11% was obtained.

Plotnikov et al. [59] numerically studied the effective
parameters of a turbocharged diesel engine by changing the
length of the inlet duct L and the internal diameter D mm.
Increasing the diameter to D = 250-330 mm leads to
a decrease in pressure drop, and an increase in the fill factor
by an average of 0.5%. As a result, engine power increased
by 0.7% and specific fuel consumption decreased in the
range of 0.50-0.75%.

Abdullah et al [60] evaluated the fuel consumption and
exhaust emissions of a carburetor engine as the intake sys-
tem pressure drop increased. The engine was operated with
and without an air filter. The tests were performed while the
engine was running with and without an air filter. In the
speed range of 15002500 rpm during engine operation at a
constant load, hourly fuel consumption with an air filter
increases by 49.6%, and without an air filter by 35.2%. In
the absence of an air filter, CO, and NO, concentrations in
the exhaust gas at n = 2500 rpm are 22% and 17% higher,
respectively, than when the engine is operated with an air
filter.

Shannak et al. [61] studied the exhaust emissions of a
gasoline engine as a function of the pressure drop of the
intake system, the value of which was modeled by using
different diameters of the intake pipes of the ambient air.
The study was carried out by varying the engine speed in
the range of n = 1000-4000 rpm. As flow resistance de-
creases (intake pipe diameter increases), hydrocarbon (HC)
and carbon monoxide (CO) emissions decrease, while car-
bon dioxide (CO,) and oxygen (O,) remain constant.

There are only a few papers in the literature addressing
the effect of air filter pressure drop on engine performance
and exhaust emissions [62—-65]. Thomas et al [62] studied
the effect of air filter pressure drop on changes in engine
emissions of three modern trucks. The vehicles were pow-
ered by turbocharged diesel engines of different displace-
ment and design. The results showed that a change in the
condition of the air filter (an increase in pressure drop) does
not significantly affect the performance and exhaust emis-
sions of modern Diesel engines. Example test results for
a Volkswagen Jetta TDI 2.0 L car with a turbocharged
inline four-cylinder engine, with a diesel particulate filter
(DPF) and LNT emission system are shown in Fig. 2. An
increase in air filter pressure drop from 1.7 kPa to 4.1 kPa
and then to 6.7 kPa does not cause significant changes in
CO, and specific fuel consumption, while there is a system-
atic decrease (more than 90%) in NO, emissions.

The effect of panel pressure drop (filter paper) of the air
filter after the vehicle run on selected engine and vehicle
parameters: power and specific fuel consumption, exhaust
emissions and vehicle dynamics, is presented in [63].
Measurements were carried out on a chassis dynamometer
using two vehicles, where the power unit was a turbo-
charged compression-ignition engine with air cooling, and
in two vehicles with a Sl engine, one naturally aspirated
and the other turbocharged and air-cooled.

The results indicate a relatively small effect of air filter
pressure drop on the studied parameters of turbocharged
engines, where a decrease in engine power in the range of 2—

3% was registered. In contrast, the power loss of a naturally
aspirated engine with ZI was twice as large — 6.2% [63].

Fig. 2. The effect of an increase in baffled air filter flow resistance on

emissions of exhaust components: CO, CO,, NOy and fuel consumption of

the engine of a Dodge Ram 2500 Truck 6.7 L. Figure made by the authors
based on data from the paper [62]

The paper [64] presents, in the speed range of n = 1000—
2100 rpm, the results of a study of the effect of three tech-
nical states of the air filter (different pressure drop of the
filter element) on the performance parameters (power,
hourly and specific fuel consumption, boost pressure and
exhaust gas temperature) of a modern Diesel truck internal
combustion engine. It is shown that an increase in air filter
resistance causes a decrease in power (9.31%), hourly fuel
consumption (7.87%), exhaust gas temperature (5.1%) and
boost pressure (3.11%). At the same time, there is an in-
crease in specific fuel consumption (2.52%), smoke opaci-
ty, which does not exceed the permissible values resulting
from the technical conditions for vehicle approval.

The above analysis confirmed that the air filter in the
engine intake system is a device that ensures the delivery of
high-purity air to the cylinders, which minimizes the wear
of components working in frictional associations. An unde-
sirable effect of a porous baffle air filter is the increase in
pressure drop during its use, which results from the accu-
mulation of dust inside the baffle. This results in a decrease
in boost pressure in the intake system, resulting in a de-
crease in the effective performance of the engine and an
increase in exhaust emissions. The negative effects worsen
as the value of pressure drop increases above the value of
the permissible resistance Aprqop. Hence the need to replace
the filter element with a new one. Determining the value of
pressure drop at which this should be done is the subject of
many studies. The analysis shows that the results of studies
from the 1970s, which show the effect of air filter pressure
drop on the performance of carburetor internal combustion
engines and diesel engines equipped with a classic injection
system with an in-line piston injection pump, cannot be
used to assess the effect of air filter pressure drop on the
performance of modern engines. Fuel dosage control in old-
style engines was not coupled to the technical condition
(pressure drop) of the intake system. The results of these
studies are now of limited use to vehicle manufacturers and
users, as motor vehicle technology has changed and devel-
oped significantly.

Mechanical power systems (carburetor, in-line injection
pump) have been eliminated from the engine's fuel supply
system and replaced with multipoint, direct, electronically
controlled fuel injection. Mechanical single-parameter
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control has been replaced by electronic multi-parameter
control, which takes into account a number of operating
parameters of the engine as well as the vehicle itself. The
ClI engine as well as the SI engine are equipped with a tur-
bocharger and a charge air chiller. The engine ECU con-
trols all the quantities that affect the value of the torque
generated by the engine, while meeting the requirements in
the area of exhaust emissions and fuel consumption
throughout the life of the vehicle. The analysis shows that
the available literature practically does not present the re-
sults of experimental studies of the influence of the pressure
drop of the intake system, including the air filter, on the
performance of a modern internal combustion engine, and
in particular on the composition and changes in exhaust
emissions. Studies of this type are carried out by experi-
mental method using an engine dynamometer. These are
costly and labor-intensive studies, which explains the scant
number of available results. However, despite the high cost
of conducting such research, it is the most reliable research
method at the moment.

Therefore, the purpose of this paper is to try to partially
fill this gap and determine, by conducting experimental
tests on an engine dynamometer, the quantitative and quali-
tative effects of air filter pressure drop on the performance
parameters (fill factor, effective power, specific fuel con-
sumption), and in particular on exhaust emissions, of
a modern Cl engine with electronic fuel injection control,
which is applied to the drive of truck tractors. This problem
is particularly important, due to the fact that modern en-
gines with CI use a multi-parameter fuel injection and dos-
age strategy aimed at minimizing exhaust smoke and pre-
venting an increase in emissions of toxic exhaust compo-
nents, rather than at obtaining maximum power. The ob-
tained test results can be used by designers to appropriately
select an air filter for the engine and program the permis-
sive resistance sensor to such a value Apy, at which the
engine obtains an acceptable value of smoke opacity, rather
than a fixed decrease in power.

2. Experimental study of the engine

2.1. Purpose and object of the study

The purpose of the study was to experimentally evaluate
the effect of the increased in-service air filter pressure drop
Aps on the useful parameters of the engine of a modern
truck — useful power, hourly and specific fuel consumption,
charge air pressure, exhaust gas temperature and smoke, as
well as changes in the concentration and emission of the
main components of the exhaust gas: carbon dioxide, carbon
monoxide, oxides of nitrogen as the sum of NO, NO, and
N,O, oxygen and water vapor treated as a greenhouse gas.

The test object was an inline six-cylinder compression-
ignition engine with direct fuel injection and electronically
controlled injectors. This is a Volvo D13C460 EURO V
EEV engine with a maximum power of 338 kW, which is
the power unit of a Volvo FH13 truck tractor. Prior to test-
ing, the engine was removed from the vehicle and mounted
on a dynamometer bench. The technical condition of the
engine up to the time of the tests was determined by its total
operating time, which amounted to 11,800 hours and
a mileage of 773,800 kilometers. The change in engine

power and torque is shown in the external factory character-
istics (Fig. 3) [65]. The tested engine met the requirements
of the EURO V standard.

Fig. 3. Variation of power and torque on the external characteristics of the
VOVLO DC13C460 motor (338 kW) given by the manufacturer [65]

The economical operation of the engine is between
1000-1500 rpm, which corresponds to the range of maxi-
mum torque, which is kept constant at around 2300 Nm in
this range. The speed range at which the engine reaches its
maximum power of 338 kW is 1400-1900 rpm.

The intake air flow to the engine from the environment
is provided by an air supply system (Fig. 4), where its first
element is an air intake located on the right side of the cab
at its highest height.

Fig. 4. Air supply system for the engine of a Volvo FH13 truck tractor: a)
air intake, b) general view of the air supply system, c) paper filter cartridge

The air supply from the air intake to the filter is provid-
ed by a vertical intake duct of rectangular cross-section
located outside the rear wall of the cab. Adequate purity of
the inlet air to the engine is provided by a baffled air filter.
Its filter element is a pleated filter paper cartridge with an
active area A, = 13.72 m? shaped into a cylinder. On the
outlet line from the air filter there is a sensor for signaling
the permissible flow resistance Aprqop, the value of which is
set at Apgop = 4.8-5.0 kPa. Completing the intake system is
a turbocharger and a charge air cooler, which operates in an
"air-to-air" system.

During the tests, commercial diesel fuel was used to
power the engine, so before the tests, tests were performed
on its basic parameters, which are shown in Table 1. The
various parameters were determined during the tests in
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a specialized laboratory in accordance with applicable
standards.

2.2. Methodology and conditions of engine testing

The experiment was carried out using a dynamometer
station, where the engine was loaded with a water brake of
the Zollner PS1-3812/AE type. Measuring instruments,
whose technical characteristics are shown in Table 2, were
used to measure individual engine operating parameters.

The composition of the exhaust gas was measured using
Fourier Transform Infrared Spectroscopy (FTIR) with an
Atmos FIR analyzer operating on a 180°C hot sample. the
configuration of the instrument used during the tests made
it possible to measure several components of the exhaust
gas: NO, NO,, N,O, HC, CO, CO,, O, and H,0. The meas-
ured values were brought to normal conditions (p, =
=101325 Pa, T, = 273.15°C) [66].

The experiment was conducted by varying the engine
speed in increments and keeping the engine at full load —
the maximum swing of the accelerator pedal. Once the
thermal equilibrium conditions of the engine were estab-
lished, the fuel dosage was adjusted to achieve full engine
load. Then, controlling the water brake accordingly, the
lowest (n = 1000 rpm) possible speed at which engine oper-
ation was still steady was set. After the engine operating
conditions stabilized, measurements were taken of the vari-
ous engine operating parameters. Then the engine load was
reduced so as to achieve an increase in speed, and the next
higher speed was established (at an interval of 100 rpm),
and measurements were taken again. According to the
above methodology, engine performance was measured for
rotational speeds in the range of 1000-2100 rpm.

During the tests, For each rotational speed in this range,
the engine's operating parameters and the parameters of the
air flow supplied to the engine, as well as the composition
and opacity of the exhaust gas, were measured directly:

+ engine speed, n [rpm]

» engine torque, M, [Nm]

* hourly fuel consumption, G, [kg/h]

« engine air demand, Q, [m*/h]

» air pressures before p, and after the air filter p, [kPa]
« charge air pressure, pq [kPa]

+ exhaust gas temperature, t; [°C]

» exhaust gas opacity — light absorption coefficient (ab-
sorption), k [m™]
« concentration of exhaust gas components: HC, NO,

NO,, N,O, CO, CO,, O,, H,0.

Based on the directly measured values of engine operat-
ing parameters, the following parameters were determined
indirectly:

o effective engine power, N, [KW]
specific fuel consumption, ge [9/(kWh)]
mass air demand of the engine rn,, [kg/h]
air filter pressure drop Aps [kPa]
specific emissions of exhaust components: HC, NO,,
CO, CO,, Oy, H,O

o relative change in: effective engine power, specific

air consumption and emissions of exhaust compo-
nents

o filling factor n,.

Emissions of the various components of the exhaust gas
were determined in accordance with the requirements of
[36]. NO, concentration was determined as the sum of NO
+ NO, + N,O components. The relative change in emis-
sions of the individual components of the engine's exhaust
gas was determined as the ratio of the difference in emis-
sions obtained for the clean "Clean" filter and the filter with
reduced airflow, which caused the technical condition of
the filter labeled "Dirty," relative to the emissions for the
clean "Clean" filter.

During the study, the effect of the technical condition of
the air filter (the effect of pressure drop A,) on water vapor
emissions was also evaluated. Water vapor is the most
important occurring greenhouse gas on Earth. Data from
satellites, weather balloons and ground measurements con-
firm that as the climate warms, the mass of atmospheric
water vapor increases. The Sixth IPCC Report states that
the total mass of atmospheric water vapor is increasing by
1-2% per decade [67].

In order to eliminate coarse errors that could lead to in-
correct conclusions, all tests were repeated twice.

During the tests, the engine's operation was continuous-
ly monitored by using the NAVIGATOR TXTs diagnostic
interface with IDC 5 TRUCK software. The technical char-
acteristics of the test apparatus used during the tests are
given in Table 2.

Table 1. Basic parameters of diesel fuel used to power the engine during the tests

Parameters Units Results Limits Standard of test method Device name
Density at 15°C kg/m® 828.7 <820; 845> PN-EN ISO 12185:2002 Densitometer DMA™ 35
Kinematic viscosity at 40°C mm?/s 2.84 <2.0;4.5> PN-EN ISO 3104:2021-03 Pinkiewicz viscosity meter
Acid number mg/g KOH 0.06 no requirement PN-EN ISO 660:2021-03 702 SM Titrino
Cetane number - 54.5 >51.0 ** )

i = IroxDiesel
Cetane index - 57.5 >46.0
Oxidative stability min 68.9 no requirement PN-EN 14112:2021-05 PetroOxy
Flash point °C 67.5 >55.0 PN-EN ISO 2719:2016-08 Pensky-Martens
Cloud point °C -9.2 no requirement PN-EN ISO 3015:2019-06 ISL CPP 97-2
Cold filter plugging point °C -26.7 <0* PN-EN 116:2015-09 ISL CPP 97-2
Total polyaromatics % (m/m) 1.73 <8.0 - )

= IroxDiesel
FAME content % 5.0 <7.0
* Requirement for summer period gas-oil auto
™ The device does not have a standard for the test method; however, there is a correlation of test results performed according to the standard PN-EN
1SO 5165:2021-02
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Table 2. List of investigation equipment used during investigation

No. Name of device/measured quantity Type Range Accuracy
Water dynamometer M, =0-7000 Nm +1 Nm
1. e torque — M, ZolIner PS1-3812/AE n =0-3000 rpm + 1 rpm
e rotated speed —n N, = 0-1250 kW +1kW
2. |Fuel weight-meter (diesel) — G AVL 733S Fuel Balance 0-200 kg/h + 0.005 kg/h
3 'Smoke concentration — extinction coefficient of AVL Opacimeter 4390 0.001-10.0 m* +0.002m™*

light radiation — k

Exhaust analyser-measuring of toxic elements
concentration in exhaust gases

e carbon dioxide (CO,)
carbon monoxide (CO)

CO, (0.01-23)%

d CO (1.0-11,000) ppm
4. e nitrogen oxides (NO) I Atmos FIR NO((1.076000))pTJF:n *0.1% measured
. s emissions monitoring FTIR systems quantity
e nitrogen diooxide (NO,) NO, (1.0-300) ppm
e dinitrogen oxide (N,O) N0 (0.5-50) ppm
e oxygen (O,) 0, (0.1-21)%
e steam (H,0) H,0 (0.25-25)%
5, ;I:;grmtocouple—measurmg of exhaust tempera- NiCr-NiAl (type K) _50-1100°C L 1°C
b
6. Mass air consumption — Qs SensyMaster FMT430 Thermal Mass 100-6000 m*h + 1.0 m*%h

Flowmeter

During the tests presented in this paper, the influence of
two, differing pressure drop, technical states of the air filter:
a "Clean" filter element and after a service run "Dirty", on
the external characteristics of the Volvo D13C460 EURO V
engine was determined. In each case, the same parameters
characterizing engine operation were measured.

At an engine speed of n = 1900 rpm, the air filter pres-
sure drop obtained the following values:

» "Clean" condition — air filter with "Clean", brand new,
paper insert, Apg = 0.580 kPa
» "Dirty" condition — air filter after a service mileage,

Apsp = 2.024 kPa. This condition corresponds to a trac-

tor-trailer mileage of approximately 50,000 km, under

long-distance transport conditions.

2.3. Results of inlet system flow tests

The results of engine tests where air filters having dif-
ferent flow resistance values were placed successively in
the intake system are presented in the form of characteris-
tics: effective power N, = f(n), specific fuel consumption
ge = f(n), hourly fuel consumption G, = f(n), boost pressure
pqs = f(n), air flow Qs = f(n), flow resistance Ap; = f(n),
exhaust gas temperature t; = f(n), smoke index k = f(n),
GAS = f(n) and relative change in emissions of exhaust
components (Fig. 5-27).

Figure 5 shows, depending on the speed n of the Volvo
engine, the change in the flow resistance of two technical
states of the air filter ("Clean", "Dirty") and the effect of the
technical states "Clean", "Dirty" on the engine's air demand.

The tests and analysis of the results were performed in
the range of rotational speeds that are used during the oper-
ation of a vehicle equipped with this type of engine. It was
found that an increase in engine speed in the range of n =
= 1000-2100 rpm causes an increase in the flow resistance
of the air filter, regardless of the degree of contamination of
the cartridge. The increase in flow resistance occurs until
the engine speed reaches n = 1900 rpm. This is related to
the achievement of maximum air demand by the engine and
maximum useful power (Fig. 5). The increase in engine
speed above n = 1900 rpm causes a decrease in the flow

resistance of the air filter, which is due to the decrease in air
flow Qs at this time.

Fig. 5. Change in the flow resistance of two different technical states of the
air filter ("Clean", "Dirty") and the change in the air demand of the Volvo
D13C460 EURO V engine depending on the speed n

Changing the state of the filter from ,,Clean” to ,,Dirty”
resulted in a more than threefold increase in the pressure
drop of the filter compared to a filter with a ,,Clean” car-
tridge. At n = 1900 rpm, the ,,Dirty” filter reaches a maxi-
mum value of 2.024 kPa, when the manufacturer's set per-
missible pressure drop of 4.8-5.0 kPa is checked at engine
speed n = 1900 rpm and engine operating temperature.
Exceeding the set value of permissible pressure drop of the
filter means the necessity of carrying out servicing consist-
ing in replacing the filter cartridge with a new one —
,Clean”. Failure to perform this operation does not exclude
the filter and the vehicle from further use. Continued opera-
tion of the air filter is possible, as the filtration process in
the bed continues, characterized by high efficiency (o, =
= 99.9%), but also by a higher increase in pressure drop. In
the air behind the filter, dust grains begin to appear in larger
quantities and with increasingly larger sizes, reaching dpmax
= 15-20 um. This phenomenon is caused by the high nega-
tive pressure (pressure drop) created behind the filter and
the high velocity of the air flow in the spaces between the
fibers of the filter bed, resulting in the local detachment of
dust grains from the agglomerates formed on the fibers and
their migration towards the outlet.
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If a certain resistance limit is exceeded, mechanical de-
struction (rupture) of the filter material of the filter insert
may occur, resulting in more and larger dust grains entering
the engine cylinders, which will result in accelerated wear
of the T-PR-C elements.

During testing using the ,.Dirty” filter, an acceptable
pressure drop value was not achieved. The low (0.604 kPa)
pressure drop value of the new ,,Clean” air filter is the re-
sult of the paper's filter area, which guarantees a low air
flow velocity through the paper surface, referred to in the
literature as the maximum filtration velocity Fmax and
calculated from the relationship:

Q
UFmax = ﬁ [m/s] 1)

where: Qsmax — the maximum air demand of the engine
[m3/h], A, — the active area of the filter media [m?].

For the maximum air demand Qgms = 1387 m*h (Fig.
5) and for the filter area A, = 13.72 m?, according to rela-
tion (1), the filtration velocity in the tested filter assumes
the value vema = 0.0281 m/s, which is 50% less than the
permissible value of the filtration velocity vrmax = 0.06 m/s,
which is assumed during the design work of air filters [44].
The low value of the filtration velocity guarantees a long
interval between air filter maintenance — replacements of
the paper filter element.

In the case of the engine under test, the air demand Q,
regardless of the technical condition of the air filter, in-
creases rapidly in value until the engine reaches a speed of
n = 1900 rpm, at which it reaches a maximum, and then
decreases (Fig. 5). The use of an air filter with higher pres-
sure drop) shifts the characteristics of Q; = f(n) almost in
parallel towards the lower values of the engine's air demand
Qs. At n=1900 rpm, the drop in Qs is 3.39%.

Figure 6 shows the variation of the fill factor n, = (n)
and charge air pressure pg = (n) in the engine intake mani-
fold for two technical states of the air filter: ,,Clean”,
,,Dirty”. The fill factor was defined by the relation:

n, = mm—r: 2
where: ., — average actual mass flow rate of the air sup-
plied to the engine cylinders at specified operating condi-
tions and for a sufficiently long time interval to eliminate
the influence of pressure pulsations in the intake duct, m; —
theoretical mass flow rate of the air supplied to the engine
cylinders at specified operating conditions.

The actual mass flow rate of the air supplied to the en-
gine cylinders was determined from the measured engine
air demand Qs and the assumed air density p,. The mass
theoretical flow rate of the air supplied to the engine cylin-
ders was determined from the relation:

my = Qg - Pp ®)

where: Qg — the engine's theoretical air requirements, p, —
the air density at ambient conditions. The theoretical air
requirements Qg were determined from the relationship:

[m?®/h] (4)

__ Vggnmykp'60
st ™ 1000k

where: Vq, — engine displacement [dm?], n — engine speed
[rpm], n, — filling factor, k — stroke number factor (2 — for
four-stroke engines, 1 — for two-stroke engines), k, — flush-
ing factor.

Due to the constant angle of coverage — valve co-
opening, the flushing coefficient was assumed at a constant
level of k, = 1.

Fig. 6. Change in engine fill factor n, and charge air pressure pq in the
intake manifold of the VOVLO DC13C460 engine depending on engine
speed n caused by two technical states of the air filter: "Clean", "Dirty"

Independent of the condition of the air filter ("Clean",
"Dirty"), the engine boost pressure increases quite sharply
in value as the engine speed increases. In the range n =
= 1400-1500 rpm, it reaches maximum values (about 260
kPa), after which it steadily decreases. As the engine speed
increases, regardless of the condition of the filter, the en-
gine boost pressure increases quite sharply, and in the range
n = 1400-1500 rpm it reaches maximum values — up to 260
kPa, after which it systematically decreases. At n = 1600
rpm, the decrease in boost pressure pg, caused by the in-
crease in air filter flow resistance resulting from the transi-
tion from the "Clean" to the "Dirty" state in relation to the
value of the resistance of the new "Clean" filter, reaches
a value of 4.28%.

The research presented in [68] clearly shows that engine
boost pressure has a significant effect on engine perfor-
mance, the emission of individual exhaust components and
the combustion characteristics of the engine regardless of
the fuel used — diesel, biofuels. Studies have shown that
lowering the boost pressure increases the ignition delay,
which has a negative impact on engine performance charac-
teristics. As a consequence, a reduction in boost pressure
results in the maximum cylinder pressure and maximum
heat release rate moving away from top dead centre (TDC).
On the other hand, increasing boost reduces the ignition
delay and the heat release phase of the initial combustion
phase, thus intensifying the diffusion combustion phase.

Shown in Fig. 6, the changes in the fill factor n, of the
engine with the increase of the engine speed, indicate that
regardless of the technical condition of the filter ("Clean",
"Dirty"), the fill factor n, of the engine increases and in the
range of n = 1400-1500 rpm reaches a maximum value,
respectively: n, = 2.38 and n, = 2.5, after which it steadily
decreases to a value of about n, = 1.8. As the flow re-
sistance Ap; increases, the "Dirty" state of the air filter
filling characteristics n, = (n), in the speed range n = 1000—
1900 rpm, is shifted almost parallel towards smaller values.
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An increase in the flow resistance of the air filter from the
value Apg = 0.580 kPa ("Clean" state) to App = 2.024 kPa
("Dirty" state) results in a decrease in the maximum value
of the fill factor from n, = 2.5 to n, = 2.39, i.e. by about
4.5%.

2.4. Results of tests of effective engine parameters

Figure 7 shows the characteristics of effective power
N, = f(n) and specific fuel consumption g, = f(n) of the
VOVLO DC13C460 engine for the technical states of the
air filter ("Clean", "Dirty").

Fig. 7. Variation of effective power N, and specific fuel consumption g. of
the VOVLO DC13C460 engine as a function of speed n for the technical
states of the air filter: "Clean", "Dirty"

The use of a Aps air filter with a "Dirty” flow resistance
for testing is associated with a displacement of the N, = f(n)
characteristic toward lower engine power values. In the
rotational speed range 1400-1900 rpm, the largest relative
change in effective power (power drop) was observed,
reaching — 10% (Fig. 8).
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Fig. 8. Relative change in engine power due to change in air filter condi-
tion "Clean" — "Dirty"

At a rotational speed of n = 1900 rpm, the reduction in
power resulting from the increase in air filter flow re-
sistance takes on values of about 9.4%. This phenomenon
occurs with the greatest intensity in the range: n = 1300—
1900 rpm, which corresponds to the range of average rpm
for the engine under study. This range, is the range of max-
imum torque for the engine under study, and is used most
often when driving on expressways and highways. A reduc-
tion in maximum engine power, resulting from increases in
flow resistance due to air filter contamination, is a detri-
mental phenomenon for motor vehicles, especially trucks.
A reduction in maximum engine power can cause difficul-

ties in climbing hills and reaching maximum speed in par-
ticular gears, especially when moving a loaded vehicle [69].

The increased resistance to air filter flow that results
from the contamination of the filter element ("Dirty" condi-
tion) is important from the point of view of engine energy
efficiency. As a consequence, there is an increase in specif-
ic fuel consumption — depending on the speed range and
reaches a maximum of about 5% (Fig. 9).
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Fig. 9. Relative change in unit ge fuel consumption due to a change in the
condition of the air filter "Clean"-"Dirty"

There is also a noticeable reduction in maximum useful
power. The change in maximum power is the result of the
Engine Control Unit (ECU), which, based on the parame-
ters of the air in the intake system-air pressure (Fig. 6),
corrects the current dose of fuel fed to the cylinder. This
correction has the task of changing the thermodynamic
parameters of the exhaust gas. By changing the thermody-
namic parameters of the exhaust gas, an increase in charge
air pressure is realized, so as to achieve the required air
parameters in the intake manifold. Due to the limitations
written in the control algorithm, which result from the de-
sire to ensure the ecological properties of the engine —
meeting the relevant Euro standards — it is not possible to
achieve the declared maximum engine power in a situation
where the flow resistance in the intake system of the engine
under study increases

Changes in hourly fuel consumption G, and exhaust gas
temperature ts as a function of the speed n of the test engine
for two different flow resistance ("Clean”, "Dirty") air filter
states are provided in Fig. 10.

The change in air filter flow resistance from the "Clean"
state to the "Dirty" state results in a decrease in hourly fuel
consumption G, by about 7.9%. The observed phenomenon
is the result of a decrease in the mass flow rate of air sup-
plied to the engine Qs (Fig. 5), and consequently also in the
boost pressure (Fig. 6) This is a consequence of increasing
flow resistance in the intake system of the vehicle under
study. When creating the optimum fuel-air mixture, the
fuel-air mass ratio for a given fuel type and engine is im-
portant. When too little air mass is supplied to the engine
there are problems with optimal fuel-air mixing. When fuel
and air are not mixed properly, fuel combustion processes
in the engine's combustion chamber occur in an abnormal
manner. The negative elect of the lack of complete and total
combustion due to improper preparation of the fuel-air
mixture is an increase in smoke and increased emissions of
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products of incomplete combustion — carbon monoxide and
hydrocarbons. To prevent this phenomenon, the fuel dosage
control algorithms implemented in the ECU reduce the
maximum mass of fuel fed to the cylinder during the en-
gine's operating process. The effect of correcting/changing
the fuel dosage is to reduce the maximum engine power and
hourly fuel consumption, in proportion to the reduction in
air mass.

Fig. 10. The effect of technical conditions of the air filter on changes in
hourly fuel consumption G and exhaust gas temperature ts at the exit of
the turbocharger of the engine under study as a function of engine speed n

As the engine speed increases, the exhaust gas tempera-
ture t;, decreases slowly but steadily (almost linearly) up to
a speed of n = 1800 rpm, and then a gentle increase in its
value is noticeable, after which it decreases sharply again.
The use of an air filter with higher flow resistance Apy,
("Dirty™), shifts the characteristics of t; = f(n) toward lower
values of exhaust gas temperature. The results obtained for
an engine operating with an air filter with a flow resistance
Apsp = 2.024 kPa (Dirty), show a significant 5% reduction
in exhaust gas temperature ts compared to the results ob-
tained for engine operation with a "Clean" filter. For low
and medium speeds in the range of n = 1000-1800 rpm,
a reduction in exhaust gas temperature t; of about t; = 20—
30°C was observed, depending on the measurement point.
This is the result of a change/reduction in the amount of fuel
and air supplied to the cylinder during engine operation.

2.5. Assessment of changes in exhaust emissions

Figure 11 shows the smoke opacity of the exhaust gas as
the light radiation extinction coefficient k as a function of
engine speed n for two technical states (Clean, Dirty) of the
air filters. For low engine speeds n = 1000-1100 rpm, high
smoke opacity was observed. The large opacity of the ex-
haust gas is a result of the low fill factor of the engine,
which is due to the low efficiency of the turbocharger at
low engine speeds. In addition, low engine speeds have
problems with proper charge swirl, which promotes incom-
plete combustion and high emissions of incomplete com-
bustion products including soot. When increasing the rota-
tional speed, regardless of the condition of the air filter, it
has been observed, the opacity decreases. For rotational
speeds in the range of n = 1200-1700 rpm, it remains con-
stant, and increases slightly after exceeding 1700 rpm. On
the basis of the study, it was concluded that the increase in
the air filter's flow resistance has no significant effect on
the results of smoke opacity measurements in relation to its

permissible value, which is set at 1.5 m in the technical
conditions of approval for this type of vehicle [70].

Fig. 11. Exhaust gas opacity of the VOVLO DC13C460 engine — light
absorption coefficient k (absorption) as a function of engine speed n for
two technical states of the air filter: ,,Clean” and ,,Dirty”.

Figure 12 shows the results of measuring the concentra-
tion of carbon dioxide CO, in the exhaust gas of the
VOVLO DC13C460 engine. The figure shows the results
obtained for two different flow resistance technical states of
the air filter: "Clean™ and "Dirty".

Fig. 12. CO, concentration in the exhaust gas of the tested engine caused
by a change in the technical condition of the air filter “"Clean"-"Dirty"

As the engine speed increases, the concentration of CO,,
decreases in value, until the tested engine reaches its maxi-
mum speed. The observed changes are independent of the
technical condition of the air filter. Changing the engine
speed in the range of n = 1100-2100 rpm results in a signifi-
cant 10.28% to 6.57% reduction in CO, concentration in the
exhaust gas, which is the result of an increase in the mass of
fresh air entering the cylinders and changes in the mass of
fuel delivered to the cylinders, which are due to the maxi-
mum fuel dose possible programmed in the engine controller.

The specific CO, emissions determined during the tests
as a function of speed and the two technical states of the air
filter are shown in Fig. 13. Figure 14 illustrates the relative
change in specific CO, emissions in the engine exhaust for
the "Dirty" state, compared to the emissions obtained when
the engine was operated with the "Clean" air filter.

Based on the information in Fig. 12-14, it should be
noted that the air filter pressure drop is quite important for
CO, emissions. In the low speed range 1000-1200 rpm, an
increase in filter pressure drop results in a decrease in CO,
emissions. This is due to a reduction in the amount of fuel
fed to the engine cylinders by the ECU engine management
system, as a result of a reduction in boost pressure.
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Fig. 14. Relative change in CO, emissions from the engine for different
speeds due to a change in the condition of the air filter, relative to power
with the air filter in ,,Clean” condition

As the engine speed increases above 1200 rpm, the ef-
fect of filter pressure drop on CO, emissions is reduced.
This is the result of the ECU adjusting the fuel dose to the
currently prevailing conditions in the engine air supply
system. The relative change in CO, emissions does not
exceed 4% (Fig. 14). For high engine speeds n = 2000-
2100 rpm, a negative effect of the suspended air filter pres-
sure drop on CO, emissions can be observed. This phenom-
enon is the result of increasing air filter pressure drop at the
filter baffle of the filter as a consequence of increasing flow
velocity in the filter bed. Air filter pressure drop increases
as a function of speed in the second power [71]. For speeds
above 1600 rpm, a controlled strategy stored in the ECU is
designed to ensure adequate boost pressure by interchang-
ing the fuel supply system's operating parameters — dose
and fuel injection advance angle. This strategy is designed
to provide the amount of exhaust gas necessary to ensure
proper turbocharger operating conditions (increasing rpm),
resulting in increased charge air pressure. This action, asso-
ciated with the need to supply a greater mass of fuel to the
cylinder while keeping the air mass constant, results in
increased CO, emissions. It is an unfavorable phenomenon
from the point of view of atmospheric pollution; however,
in this speed range, the engine does not run very frequently.

When the engine is operated with the "Dirty" filter,
there is a significant decrease in CO, concentration in the
exhaust gas, however, there is not such a significant de-
crease in CO, emissions (Fig. 14), which is due to the sim-
ultaneous decrease in the effective power of the engine,
which is a component when determining the emissions of
the individual gaseous components.

This is to be explained by the fact that an increase in re-
sistance Aps results in a decrease in the air flow supplied to
the engine Qs and the boost pressure. The reduction in CO,
concentration in the exhaust gas is proportional to the
change in useful power.

Based on the results in Fig. 12 and 14, it should be con-
cluded that the increase in resistance in the intake system of
a modern heavy-duty vehicle Cl engine has no significant
effect on the CO, emissions into the atmosphere.

Figure 15 shows the concentration of carbon monoxide
CO in the exhaust gas as a function of rotational speed n for
two different pressure drop Aps (,,Clean”, ,,Dirty”) technical
states of the air filter. As the engine speed increases, the
concentration of carbon monoxide CO, irrespective of the
technical condition of the air filter — the value of pressure
drop Aps, decreases its value until the engine reaches its
maximum speed of n = 2100 rpm. The greatest changes
(intensive decrease in CO concentration) were recorded for
rotational speeds in the range of n = 1000-1200 rpm.

As the engine speed increases above 1600 rpm, the ef-
fect of pressure drop Aps on CO is reduced. This is a result
of the engine controller adjusting the fuel delivery to the
current conditions in the engine intake system — boost pres-
sure. This problem is described in more detail when analyz-
ing the effect of air filter pressure drop on CO, emissions.

Fig. 15. CO concentration in the exhaust gas of the tested engine caused by
a change in the condition of the air filter: “"Clean" "Dirty"

Increasing the air filter pressure drop (,,Dirty”) results in
a decrease in CO concentration in the exhaust gas; in addi-
tion, there is a significant decrease in CO emissions (Fig.
16). This phenomenon is similar in nature to that described
for CO, emissions.
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Fig. 16. Unit emission of CO in the engine exhaust due to a change in the
condition of the air filter: "Clean"—"Dirty"
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The specific CO emissions from the engine exhaust sys-
tem for each speed caused by the technical states of the air
filter p: "Clean", "Dirty" are shown in Fig. 16. The highest
CO emissions occur in the 1000-1100 rpm speed range.
These changes are not correlated with changes in flow re-
sistance. On the other hand, Fig. 17 shows the determined
change in specific CO emissions from the engine caused by
a change in the technical state of the air from the "Clean"
state to the "Dirty" state, compared to the emissions ob-
tained when the engine was operated with a "Clean" air
filter. A significant effect of flow resistance resulting from
the change in the technical state of the air filter was found.
The "Dirty" condition results in a 15-13% reduction in
emissions for low and medium speeds, and about 5% for
higher speeds. The nature of the changes is correlated with
changes in the fuel flow supplied to the engine and changes
in the engine's useful power.
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Fig. 17. Relative change in specific CO emissions in the engine exhaust for
different speeds due to a change in the condition of the ,,Dirty” air filter,
relative to power with the air filter in ,,Clean” condition

On the basis of the information in Fig. 15-17, it should
be concluded that the condition of the air filter (distinguish-
able by the value of the pressure drop) is important for
carbon monoxide — CO emissions. In the low to medium
speed range of 1000-1700 rpm, an increase in the pressure
drop of the filter element results in a reduction in CO emis-
sions. This is a result of the ECU reducing the amount of
fuel fed to the engine cylinders, as a result of a reduction in
boost pressure and the desire of the implemented engine
control algorithms to limit the increase in emissions of toxic
exhaust components.

In addition, when analyzing the impact of the filter's
technical condition (increase in pressure drop Aps) on CO
emissions, it should also be borne in mind that the meas-
ured values in the mid- and high-speed ranges are very
small — at the level of several ppm. This is the measuring
range of the analyser with a high measurement uncertainty.
Therefore, the nature of the changes should be interpreted
qualitatively rather than strictly quantitatively.

Figure 18 shows, for two air filters differing in pressure
drop (,,Clean”, ,,Dirty”), the NO, concentration as the sum
of NO, NO, and N,O, and Fig. 19 shows the specific NO,
emission GASyox. The relative change in NO, emissions
from the engine for each speed caused by the air filter condi-
tions compared to the emissions obtained when the engine
was running with the ,,Clean” air filter is shown in Fig. 20.

Fig. 18. NO concentration in the exhaust gas of the tested engine caused
by the change in the technical condition of the "Clean"—"Dirty" air filter

The highest NO, concentration of 850-890 ppm was ob-
tained for low engine speeds. In this range, the NO, con-
centration does not depend on the condition of the filter.
The reason for the high NO, concentration is the low excess
air ratio, which promotes an increase in combustion tem-
perature (Fig. 10). High temperature during the combustion
process is one of the factors affecting the formation of ni-
trogen oxides. The small excess air ratio is the result of low
boost pressure, (Fig. 6). In addition, in order for the engine
to reach the required torque value in the low-speed range,
a large amount of fuel is fed into the cylinder relative to the
amount of air supplied.

Once the engine exceeds a speed of 1100 rpm, the boost
pressure increases. The boost pressure is the result of an
increase in the amount of exhaust gas supplied to the turbo-
charger. This results in an increase in the amount of air
relative to the amount of fuel — that is, an increase in the
excess air ratio. An increase in the excess air ratio is the
same as an increase in the concentration of the amount of
oxygen in the fuel-air mixture, resulting in a lower combus-
tion temperature. Reducing the combustion temperature
reduces the formation of NO, and incomplete combustion
products such as CO — as described earlier. The increased
amount of air allows an increase in the amount of fuel fed,
resulting in a sharp increase in the engine's effective power.
The rate of increase in effective power is much less than the
decrease in NO, concentration in the exhaust gas. The elect
of this process is higher specific emissions of NO, (Fig.
19). Replacement of the "Clean" air filter with a filter of the
"Dirty" state, entails a decrease in the concentration of NOy
in the exhaust gas, however, this is not a significant de-
crease in NO, emissions from the point of view of the re-
quirements of EURO standards.
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Based on the data presented in Fig. 18-20, it was deter-
mined that the condition of the air filter, characterized by
the flow resistance Apy, does not significantly affect NOy
emissions into the atmosphere. The experimentally deter-
mined changes in specific NO, emissions range from —4 to
+3%, and depend on the currently prevailing engine operat-
ing conditions and the state of the power system. The ob-
served changes do not have a clearly identified character.
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Fig. 20. Relative change in NOy emissions in engine exhaust due to change
in condition of air filter: "Clean"—"Dirty"

In the next stage of the study, the effect of the technical
condition of the air filter on the concentration of HC hydro-
carbons was determined. The obtained test results are
shown in Fig. 21. Due to the measured values of concentra-
tions — at the level of twenty-some ppm, the relative change
in emissions was not determined. When evaluating the
effect of filter condition on HC emissions, only the nature
of the change in HC concentration for the air filters tested
was evaluated.

Fig. 21. HC concentration in the engine exhaust caused by a change in the
condition of the air filter: "Clean"—"Dirty"

Based on the results, it should be concluded that the
state of the air filter, to which a certain value of flow re-
sistance Aps corresponds, has no significant effect on HC
concentration. After changing the filter from the "Clean"
state to the "Dirty" state, an insignificant increase in HC
concentration was observed, only by a few ppm. Deter-
mined on the basis of the tests, the average HC emissions
for an engine with a "Clean" air filter (Aps = 0.58 kPa)
were 0.0547 g/kWh, and for a filter in the "Dirty" state
(Apsp = 2.024 kPa) were 0.0653 g/kWh, respectively. From
the point of view of meeting Euro standards and the envi-
ronmental characteristics of the engine under study, these
values are very small, and have no significant effect on the
aforementioned properties.

Figure 22 shows as a function of engine speed n the
concentration of oxygen O, in the exhaust gas for two tech-
nical states of the same air filter.

Fig. 22. O, concentration in the engine exhaust caused by a change in the
condition of the air filter: "Clean"—"Dirty"

Increasing the pressure drop of the air filter (,,Dirty”)
results in an increase in exhaust gas oxygen emissions in
the range of 7% to 15% depending on engine speed. This is
explained by the fact that an increase in air filter pressure
drop Aps results in a decrease in the air mass delivered to
the engine Qs and the boost pressure (Fig. 6). The lower
mass of air supplied to the engine results in a decrease in
oxygen concentration, which is a typical phenomenon for
this type of process. This is the result of the engine control
system reducing the maximum fuel dose delivered to the
cylinder in the duty cycle to reduce the effects of the reduc-
tion in boost pressure. A reduction in boost pressure results
in a reduction in the excess air ratio and leads to an increase
in the concentration of particulate and toxic gaseous emis-
sions. To counteract this phenomenon, the ECU causes
a reduction in the maximum fuel delivery to the cylinders,
which is reflected in a reduction in useful power (Fig. 7)
and hourly fuel consumption (Fig. 10) and an increase in
exhaust gas oxygen concentration (Fig. 22). The reduction in
hourly fuel consumption is due to the engine control strategy,
coded in the ECU, which is optimized for reducing emissions
of toxic exhaust components. The reduction in fuel delivery
is stronger than the reduction in useful power and boost pres-
sure, resulting in an increase in the oxygen concentration in
the exhaust gas. This is a positive phenomenon in terms of
protecting the engine against an increase in toxic emissions
in the event of a decrease in engine cylinder air filling due to
an increase in pressure drop Aps of the air filter.
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Fig. 23. Unit emission of O in the engine exhaust due to a change in the
condition of the air filter: "Clean"-"Dirty"
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Based on the results presented in Fig. 22—-24, it should
be stated that the increase in pressure drop in the intake
system of a modern diesel engine of a truck has a signifi-
cant impact on oxygen concentration and oxygen emission
in exhaust gases.

A significant increase in the pressure drop in the intake
system causes a reduction in the fuel dose fed to the cylin-
der, which results in a reduction in power and an increase in
oxygen concentration in the exhaust gases. This proves the
correct selection of engine control algorithms in the case of
increased pressure drop in the intake system.

=]
=1

—
o

—
=]

o

Diesel engine - 100% load
Turbocharging and air cooling
Maximum power NV, = 338 kW
Displacement F,, = 12.8 dm?
Fuel - Diesel

(02 @irty) - O3 (Clean) /O Cleany [%5]
=
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Engine speed » [rpm]

Fig. 24. Relative change in O, emission from the engine for particular

rotational speeds n caused by a change in the technical condition of the air

filter, in relation to the power with the air filter in the ,,Clean” technical
condition

Figure 25 shows the concentration of H,O water vapor
in the exhaust as a function of engine speed n, depending
on the condition of the air filter. It is observed that as the
engine speed increases, the water vapor concentration de-
creases its value until the engine reaches its maximum
speed. This phenomenon is independent of the technical
condition of the air filter. For an engine speed of n = 1000
rpm, the concentration is about 10%, while for an engine
speed of n = 2100 rpm, a concentration of 6% was meas-
ured. Such a significant reduction in the concentration of
H,0 in the exhaust gas is the result of an increase in the
mass of clean air supplied to the engine cylinders relative to
the mass of fuel.

Fig. 25. H,O concentration in the engine exhaust caused by a change in the
condition of the air filter: "Clean"—"Dirty"

Changing the technical condition of the air filter from
,,Clean” to ,,Dirty” i.e. an increase in pressure drop in the
range of Ap; = 0.58-2.024 kPa, causes, at the rotational
speed of n = 1900 rpm, a decrease in H,O concentration in
the exhaust gas by 11%. The increase in pressure drop in

the intake system reduces the amount of fuel supplied to the
cylinder, which results in a decrease in CO, concentration
and a decrease in water vapor concentration.

Increasing (Fig. 26) the air filter flow resistance from
the "Clean" state to the "Dirty" state results in a significant
reduction in evaporative emissions in the range of 3 to 7%.
This phenomenon is associated with an increase in the air
flow supplied to the engine Qs (Fig. 5) and simultaneous
changes in air pressure in the supercharging system (Fig. 6).
A smaller mass flow of air that is directed into the engine
cylinders entails a decrease in the mass of fuel supplied,
which produces water vapor during sapping.

Increasing air pressure drop results in a significant re-
duction in H,O emissions (Fig. 27). Changing the technical
condition of the air filter from ,,Clean” and ,,Dirty” causes
a decrease in the concentration of H,O in the exhaust gases
by a maximum of 11%.

Changing the pressure drop of the air filter causes a sig-
nificant emission of water vapor in the range of 3 to 7%.
This phenomenon is the result of energy processes taking
place in the engine, resulting from changes in the excess air
ratio, supercharged pressure, effective power and hourly
fuel consumption.

380
Diesel engine - 100% load
Turbocharging and air cooling
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Fig. 26. Unit emission of H,O in engine exhaust due to change in condi-
tion of air filter: "Clean"-"Dirty"
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Fig. 27. Relative change in H,O emissions from the engine for each speed
n caused by a change in the condition of the ,,Dirty” air filter, relative to
power with the air filter in ,,Clean” condition

Figure 28 shows the relative changes in power, useful
power, specific fuel consumption and emissions of individ-
ual exhaust components for two characteristic speeds of
1400 rpm and 1900 rpm. For the tractor-trailer from which
the engine under study was derived, 1400 rpm is the speed
at which the engine operates most often when driving in
highway conditions — a speed of 86—-88 km/h.
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Fig. 28. Relative change in power N, and specific fuel consumption g. and

emissions from the VOVLO DC13C460 engine for two characteristic

speeds n = 1400 rpm and n = 1900 rpm caused by a change in the technical

condition of the "Dirty" air filter, relative to power N, and ge emissions
with the air filter in the "Clean" condition

At this speed, the engine's operation is most efficient —
the lowest fuel consumption. The speed of 1900 rpm is the
speed of maximum power. This speed is used when accel-
erating the vehicle with a load, for example: when driving
with a semi-trailer, when the total weight of the vehicle
approaches the maximum permissible value, which for this
type of vehicle is 36 to 40 tons, depending on the version of
the transport trailer.

The reduction in carbon monoxide emissions, in the
mid-speed range, is the result of a control strategy stored in
the ECU, which reduces the amount of fuel fed to the en-
gine's cylinders, because of a reduction in boost pressure
and an effort to limit the increase in emissions of toxic
exhaust components.

The increase in HC hydrocarbon emissions in the mid-
and high-speed ranges is associated with very low HC con-
centrations (several ppm), which, with the high measure-
ment uncertainty of the analyzer in the range of up to 25
ppm, results in large determined emission changes.

3. Conclusions

The literature available from the recent period lacks the
results of studies of modern truck internal combustion en-
gines in the area of the effect of flow resistance in the intake
system on changes in emissions of toxic components of ex-
haust gases and greenhouse gases such as water vapor. The
bench tests presented in this paper on the changes in filter
flow resistance on the operating conditions of a modern
compression-ignition engine used to drive a tractor-trailer,
confirm only to some extent, the results of research in the
subject literature. This is due to the fact that over the past
several years there has been a fundamental change in engine
control systems, including air and fuel supply systems. In
modern engines, power systems and control of effective engine
parameters are based on multi-parameter algorithms, opti-
mized in the direction of minimizing particulate emissions of
toxic exhaust components. Providing the required useful pow-
er under the given conditions is a subordinate function.

Based on the engine tests obtained, it can be concluded
that increasing air filter flow resistance causes the follow-
ing effects on engine performance and exhaust emissions:

1. Anincrease in airflow resistance in the intake system of
the VOLVO engine by 2 kPa compared to the value ob-
tained for the new "Clean" filter results in a decrease in
effective power by 9.31%, which, with respect to
a 1 kPa increase in flow resistance, amounts to 4.66%
and is a magnitude 10 times greater than that of engines
with a mechanically controlled fuel supply system. The
observed changes in horsepower are correlated with
changes in mass airflow delivered to the engine (3.39%)
and boost pressure (4.28%).

2. There are no significant changes in CO, concentration
and emissions. For low speeds of 1000-1200 rpm, in-
creasing the filter flow resistance results in a slight re-
duction in CO, emissions. When increasing the rota-
tional speed, a reduction in the effect of filter flow re-
sistance on CO, emissions was observed, and the rela-
tive changes in CO, emissions do not exceed 4%.

3. Influences on CO concentrations and emissions. With
the increase of engine speed above 1600 rpm, the effect
of the effect of flow resistance Aps on CO emissions is
reduced. When the engine is operated with the air filter
in the "Dirty" state, the changes in CO emissions are
10-13% for low and medium speeds and about 5% for
higher speeds. The nature of the changes is correlated
with changes in hourly fuel consumption and useful en-
gine power.

4. No significant impact on NO, emissions was observed.
The observed changes in NO, emissions oscillate be-
tween —4 and +3%, depending on the current engine op-
erating conditions and the state of the air supply system.
The observed changes are not clearly identified.

5. There is no significant effect on HC concentration. The
observed changes oscillate around the detection thresh-
old of the exhaust gas analyzer used.

6. Has a significant effect on oxygen emissions. Increasing
the flow resistance of the air filter increases the concen-
tration of oxygen in the exhaust gas and increases its
emissions by 7% to 15% depending on the engine speed.

7. Has a significant effect on the concentration and emis-
sion of water vapor. An increase in resistance in the air
intake system entails a significant reduction in H,O
emissions. This phenomenon is positively correlated
with an increase in flow resistance. A change in the
technical condition of the air filter from "Clean" to
"Dirty", causes, a decrease in H,O concentration in the
exhaust gas by a maximum of 11% and a decrease in
water vapor emissions in the range of 3 to 7%.

The next stage of the research should be to evaluate the
effect of changes in the flow resistance of the air supply
system on the traction characteristics of a truck tractor with
the tested engine equipped with this type of intake system.

Funding: This work was financed by the Military Universi-
ty of Technology under research project UGB 833/2023.

Nomenclature

Cl compression ignition
ECU Electronic Control Unit

Sl spark ignition
T-PR-C piston-piston ring-cylinder
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1. Introduction

In recent years, in the area of transport, the priority task
has become to reduce the emission of pollutants and noise
to a minimum, which is related to the operation of a large
number of internal combustion(IC) vehicles in the world.
Therefore, promoting the so-called Zero-emission vehicles,
including electric cars, is common in the world today and
many countries present different visions and plans for the
development of this type of construction. It seems, howev-
er, that the complete replacement of internal combustion
vehicles will be difficult to implement and will cause vari-
ous types of problems. Therefore, the use of various types
of solutions in structures currently in operation can be
a very valuable way to solve environmental problems, in-
cluding minimizing noise emissions to the environment.
One of the main sources of noise emission in internal com-
bustion vehicles is the engine-exhaust system [1]. Taking
into account the subject of reducing acoustic emissions
from motor vehicles, the literature most often includes
research focused on dedicated devices, namely acoustic
mufflers [2, 3]. In this paper, however, a method of testing
the impact of the exhaust system design on the shaping of
acoustic energy using the CFD (Computer Fluid Dynamics)
method, based on a holistic approach, and not only the
testing of a selected element, has been proposed. For this
purpose, the entire system was analyzed (including all its
devices and connections) on the example of a structure
based on a proprietary solution of an adjustable reactive
muffler, a detailed description of which is presented in the
author's previous works [4, 5]. The main objective of the
research was to define the possibility of shaping the flow of
acoustic waves in the process of designing and selecting
exhaust systems of internal combustion engines. The tests
were carried out with the use of computer fluid dynamics
and the use of the AVL AST advanced simulation package.

2. Review of the construction of combustion
engines exhaust systems
With the development of automotive technology and the
desire to increase engine efficiency with the simultaneous

task of protecting the environment against pollution and
noise, the role of the exhaust system has become a priority
in the design of modern internal combustion cars. Exhaust
system — an often underestimated element of car engine
design fulfills a number of functions that are often contra-
dictory and therefore require optimization of the structure
and the use of a compromise [6, 7]. It increases the comfort
of traveling from the point of view of noise emission, and at
the same time allows the engine to work properly and con-
tributes to the reduction of the amount of harmful substanc-
es emitted by the car. The most important tasks of the ex-
haust system include:

— exhaust gas cleaning and reduction of the content of
toxic components,

— reduction of acoustic energy generated during exhaust
emissions,

— allowing the most efficient operation of the internal com-
bustion engines (ICE), including providing minimum ex-
haust resistance allowing maximum engine power.

The end result is the discharge of flue gases into the at-
mosphere. The car exhaust system consists of many parts,
starting with the main devices and ending with smaller
elements, but no less important from the point of view of
the tasks [6-8]. The main devices of the exhaust system are
the exhaust manifold, after-treatment device (ATD) such
a catalytic converter (CC) and DPF filter for diesel engines
[19], single muffler or group of silencing devices, assembly
of piping and connecting elements. Among the remaining
parts, we can distinguish various elements to reduce vibra-
tions, connection and assembly elements. The most im-
portant assembly parts in the exhaust system are hangers,
gaskets, o-rings, clamps, bolts, nuts, flexible couplings and
rigid couplings. All parts constitute a whole, allowing for
proper and safe use of the car by ensuring the desired op-
erational parameters and limiting the negative impact on
people and the environment.

When reviewing various car designs, we can notice the
variety of shapes and structures of individual devices, as
well as differences in their arrangement in the exhaust sys-
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tem [6-8]. The catalytic converter as a device for exhaust
gas treatment should be installed as close to the engine as
possible in order to achieve the operating temperature in
a sufficiently short time and thus obtain the effectiveness of
chemical processes [9, 18]. However, its actual location (as
well as other devices) depends on the space available under
the vehicle. The outer shape of the reactor body is most often
triangular, oval or round. The ATD unit can also affect the
acoustical performance of an exhaust system. From the point
of view of the objectives of this paper, the "acoustic effect"
closely related to the internal structure of the converter,
which is formed by the honeycomb structure, is particularly
important. On the other hand, its main goal is to reduce the
toxic components contained in the exhaust gas, which is
ensured by chemical compounds (catalytically effective
materials) and precious metals covering the walls of the pipe
structure, which react chemically with exhaust gases [9-11].

The construction material used is also important for the
processes taking place inside the converter structure. Due to
the material used for construction, we distinguish two types
of catalysts: ceramic catalysts (with a ceramic block) and
metal catalysts (with a metal block). In the design of the
exhaust system, the catalyst must be carefully tuned, be-
cause a high level of flow resistance has a significant im-
pact on the engine's operating characteristics [9]. On the
other hand, as a result of the flow through narrow, ceramic
and numerous channels in the monolith, numerous sources
of sound and vibrations can be created [12]. Such a struc-
ture causes that the catalytic device also acts as a reactive
damper that allows reducing exhaust gas pulsations. The
shape and structure of the inlet converter should be de-
signed so that the exhaust gas flows evenly through the
monolith. The alternative metal catalyst has a structure
made of a thin, crimped metal foil wound and soldered into
a high-temperature system. As with a ceramic catalyst, the
surface is coated with a catalytically effective material. Due
to the thin wall, more channels can be distributed in the
same area. This means a certain resistance to the effects of
exhaust gases, which is beneficial from the point of view of
optimizing the efficiency of the converter at high engine
operating parameters [13].

The exhaust system mufflers, as devices dedicated to
the reduction of acoustic energy in a specific frequency
range, have been described in many references, and their
design solutions can be very different [2, 3]. The construc-
tion uses two physical principles of shaping acoustic waves,
reflection and absorption. That is why silencers can be
divided into two main groups according to the above-
mentioned principles, i.e. reactive and absorption silencers.
Their efficiency is usually satisfactory in a narrow frequen-
cy band. Therefore, the third used group consists of reac-
tive-absorption mufflers, which are a combination of the
above-described structures — allowing to use the advantages
and properties of reducing acoustic energy in a wider fre-
quency band. A more detailed review of various muffler
solutions can be found in [14].

As shown by the author's research [15], the geometry of
the exhaust system, including individual elements and con-
nection channels, as well as their dimensions and shape, are
important for the formation of acoustic processes. Adjust-

ing the geometry of the exhaust system to the chassis struc-
ture of a specific motor vehicle model requires the use of
both straight and curved connecting segments. Solutions
include arcs and bends of various shapes and geometries,
including angular and wave elements, as well as arcs and
curves with variable deflection angles.

To sum up, by using various structural elements in the
exhaust system of an internal combustion engine and spe-
cific geometrical parameters, it is possible to shape acoustic
energy influencing its flows on the engine-environment
path in various ways. In the next chapter, an attempt was
made to determine the degree of influence on the formation
of acoustic processes for individual devices and for the
entire system.

3. Development of models of the exhaust system

and its components

They take into account the basic goal described in the in-
troduction to this paper and, based on the theory presented in
the previous chapter, a model of the exhaust system was
built, containing all the basic elements, and then its parame-
terization was performed. The specialized AVL AST pack-
age was used to achieve the above goals. The model of the
exhaust system with a power unit is shown in Fig. la. Its
main geometric parameters are presented in Table 1.

a)

b)

s o AR

Fig. 1. Exhaust system model a) in combination with the engine b) muffler
structure model with an expansion chamber (D) and inlet adjustment with
a diameter (d)

The exhaust system model uses a proprietary design of a
muffler with a variable structure (Fig. 1b, Table 2). The
system belongs to the group of reactive systems and enables
the change of the internal structure by gradual (with the
assumed step Ax) control of the extended input (x;) within
the scope limited by the length of the main expansion
chamber (L).

According to the theory of gas dynamics [16], changes
in the internal structure of the system cause a variable flow
of the gaseous medium (in this case exhaust gases), e.g. by
creating a pressure difference at the boundary of certain
areas. From the point of view of the analysis of acoustic
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energy [16, 17], we deal with changes in the flow resistance
and acoustic pressure, as well as the velocity and direction
of the flow. As a result, the acoustic energy passing through
the system can be reduced or increased by incorporating
further acoustic discontinuities with different resistance into
the basic system.

Table 1. Geometric parameters of connection segments in the exhaust
system model

Parameter and unit Value
The diameters of the middle, inlet and outlet channels

51
downstream the catalyst [mm]
Connection diameters in front of the catalyst [mm] 355
The length of the segment in front of the catalyst (inlet

400
part) [mm]
The length of the exhaust system — central duct, Li, [mm] 1310
The length of the exhaust system — end duct, Lo, [mm] 450

Table 2. Selected parameters of the muffler with the variable structure

Parameter name and unit Value

Xy [mm] Ax<x, <100
Ax [mm] 0 < Ax <100
d [mm] 51

D [mm] 130

Len [mm] 110
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Fig. 2. Model of a catalytic reactor

In the catalyst model, the geometrical parameters of
which are shown in Fig. 2, the outer shape of the body
(housing) with a circular cross-section was assumed. The
monolith placed in it has a "honeycomb" structure with
channels visible in Fig. 2 (side views). From the point of
view of the objectives of this paper, the "acoustic effect"
closely related to the internal structure of the converter,
which is created by the system of parallel channels, is par-
ticularly important. The kinetic model was developed using
the AVL BOOST software. The catalyst parameters used in
the construction of the model are presented in Tables 3 and
4. The temperature measured in the center of the monolith
was used for the simulation. A monolith model with square-
section channels was used. Each channel was digitized in
the axial direction using 20 mesh points with a grid aspect
ratio of one. Mass transfer through the boundary layer was
considered using the Darcy model [17]. The parameters of
the monolith sample with the square cell specification used
in the simulation tests are described in Table 3.

Table 3. Parameters of the monolith sample (square cell type specification)
used in the simulations

Parameter name and unit Value
Cell density, CPSI [in?] 400
Wall thickness, Swan [mm] 0.34
Diameter of monolith sample [mm] 21
Monolith sample length [mm] 20
Catalytic material porosity [%] 0.5

The geometric parameters adopted in the catalytic reac-
tor model are shown in Table 4.

Table 4. Geometric parameters adopted in the catalytic reactor model

Parameter name and unit Value
Housing diameter, D [mm] 60
Housing length, Ly [mm] 160
Monolith length, Lk [mm] 150
Duct diameter, Ly [mm] 1
Inlet diameter, Dy [mm] 35.5
Outlet diameter, Dy [mm] 51
Total length, Ly [mm] 200

As mentioned in the previous chapter, the generation
and type of acoustic phenomena are influenced by the ge-
ometry of the exhaust system, including the individual
connecting elements. Therefore, the research also included
an exemplary model of the arc segment between the ex-
haust manifold and the catalytic converter as an alternative
to the straight connection (Fig. 3).

Fig. 3. Model of curvature for a cylindrical segment

In the curvature model, the connecting segment is di-
vided into Li sections of different curvature (L1-AB, L2-
BC, L3-CD,). The deflection angle for the ith segment is
described in Table 5.

Table 5. Geometric parameters adopted in the curvature model

Parameter and unit Value
©[°] 50
0,[°] 100

4. Study on the influence of the exhaust system
design on the formation of acoustic energy

Using the models described in the previous chapter,
tests of the exhaust system were carried out with the use of
the computer method of fluid analysis CFD. A 4-stroke
internal combustion engine model was adopted as the drive
unit. The model of the exhaust gas flow in the engine —
exhaust system was built in the AVL AST (Advanced Sim-
ulation Tools) software environment, taking into account
the AVL BOOST module for the calculation of acoustic
flows. At individual stages of the research, various changes
were made to the structure of the system in order to analyze
the degree of influence of individual devices, as well as the
geometry of connection elements on the dynamic flows of
acoustic energy through its individual segments.

Table 6 shows the selected reference (initial) parameters
and the boundary conditions adopted for the calculations,
taking into account the operating cycle of a four-stroke inter-
nal combustion engine (SI). At the moment of starting the
opening of the exhaust valve, the exhaust gas is "ejected"”,
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and a characteristic phenomenon is the formation of overpres-
sure pulses. These pulses travel along the system. The flow
speed depends on the set engine speed. The control of the fuel
mixture is determined by the ratio of air to fuel (A/F).

The calculations carried out, taking into account various
variants of the exhaust system, allowed to determine,
among others values of pressure and velocity of local flows
in specific sections of the engine — exhaust system as
a function of time, and then assess the attenuation in the
assumed frequency domain (0-5000 Hz).

Table 6. Selected reference parameters and boundary conditions

Parameter name and unit Value
Rotation speed n [rpm] 1200
AlF 14.5
Pressure p [MPa] 0.1013
Temperature T [°C] 20.85

In the work, to analyze the impact of changes in connec-
tions and individual devices on the level of transmitted
acoustic energy, the indicator determining the transmission
loss (TL) in the system was used. Transmission loss was
defined as the difference between the sound power levels
(W) of the sound determined at the beginning and at the end
of a selected section of the exhaust system [15]:

TL = 10 log% 1)

The sound power level in the given section A of the sys-
tem can be defined as follows:

w, = J, 2lda @
1 A 2pc

where: p — pressure amplitude in the tested cross-section of
the system, p — exhaust gas density, ¢ — speed of sound.
Figure 4-6 for the tested frequency range (0-5000 Hz)
and for three selected stages of acoustic attenuator input
extension adjustment (x,; = 10 mm, X, = 100 mm, X5 = 40
mm) show examples of the results of the transmission loss
level reflecting changes in acoustic energy for the entire
exhaust system. The following figures show the waveforms
of the transmission loss, respectively for the exhaust system:
— with a regulated muffler, but without a catalytic con-
verter, and with straight-line connections (Fig. 4),
— with a regulated muffler and a catalytic converter and
using straight segments (Fig. 5),
— with a regulated muffler and catalytic converter, and
with a curved segment in accordance with the adopted
deflection model (Fig. 6).
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Fig. 4. Comparison of the transmission loss in the system with the regulat-
ed muffler without the catalytic converter
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Fig. 5. Comparison of the transmission loss with the use of a straight
segment in the system with the muffler and the catalytic converter for the
three settings of the input extension (x;)
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Fig. 6. Comparison of the transmission loss with the use of the arc segment
and with the muffler and catalytic converter for the three x; input extension
settings

By analyzing the waveforms of the transmission loss pa-
rameter as a function of frequency, it can be concluded that
the use of different designs of exhaust systems causes sig-
nificant changes in terms of acoustic energy attenuation. In
the examples of the results shown in Fig. 4-6 for the three
design variants, quite significant differences in the TL val-
ues can be noticed, taking into account the fact that we are
dealing with the decibel scale. The example in Fig. 4, repre-
senting the system with the muffler only, shows that even
a small change in the internal structure of the system (e.g.
changing the x; input extension from 10 mm to 40 mm)
causes quite significant changes in the entire tested fre-
quency range. On the other hand, in the case of introducing
into the structure of the exhaust system of the catalytic
converter (Fig. 5), we can observe in many areas a strong
enhancement of the transmission loss level. It can therefore
be concluded that the catalyst has a strong influence on the
transfer of acoustic energy in the system, which is con-
sistent with the theory presented in Chapter 2. The use of
a curvilinear element (Fig. 6) in the form of an arc connec-
tion between the exhaust manifold and the catalyst causes
significant changes only in some frequency ranges in rela-
tion to the classical system with a straight connecting seg-
ment (Fig. 5).

Comparing all the analyzed design cases of the exhaust
system, a large variability of the TL level waveforms in all
the graphs can be noticed, which is manifested in signifi-
cant differences in individual frequency areas, both in terms
of bandwidth and the value of the transmission loss.

5. Summary

The design of the exhaust system has a considerable in-
fluence on car emissions, engine performance and exhaust
acoustics. The paper presents the results of research on the
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development of acoustic energy in the engine-exhaust sys-
tem. A method of analyzing the impact of the structure
using the CFD method was proposed, based on a holistic
approach, not just the study of a selected element. The
sample results presented in the article prove the great possi-
bilities of shaping acoustic energy, pointing to its extreme
levels when we apply a specific design of the exhaust sys-
tem. The conducted research has shown that the sources of
the formation and shaping of acoustic energy in the process
of exhaust gas flow require an analysis of the structure of
the entire exhaust system. The obtained results of the atten-
uation level in individual sections of the system made it
possible to compare the waveforms in a wide frequency
range and show the high dynamics of changes in the level
of acoustic energy.

In the process of analyzing the entire exhaust system,
a large possible range of changes in acoustic energy was
demonstrated. The obtained results indicate the need for
detailed further tests to validate the method taking into
account other car constructions. This will confirm the cor-
rectness of its use in the process of designing the chassis of
a car, taking into account the optimal design of the exhaust
system to meet the acoustic requirements (in terms of re-
ducing noise emissions to the environment).
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Nomenclature

CFD computer fluid dynamics
IC internal combustion

ICE internal combustion engine
Si Spark Ignition

TL  transmission loss

ATD after-treatment device
DPF diesel particulate filter
CC catalytic converter
CPSI cell per square inch
A/F  air fuel
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1. Introduction

The aim of the article is to analyze the impact of opera-
tion on the life cycle assessment of city buses with diesel
and electric drive using neural networks based on source
data. Solaris buses are used in many Polish cities Life Cycle
Assessment (LCA) concerns the assessment of potential
threats to the environment. The vehicle operation phase will
be analyzed. The following evaluation criteria were used:
— material and economic criterion: duration of operation
— number of inspections, daily refueling or battery charging
— time
— energy criterion: overall efficiency
— environmental criterion: emissions of harmful substances.

2. Literature review

The application of the LCA cycle and issues related to
buses have been presented in many publications. Publica-
tion [13] presents the CO, emissions of vehicles with inter-
nal combustion and electric drives using LCA. CO, emis-
sions during battery production are taken into account.
Publication [11] presents two cars, one with a combustion
engine and the other with an electric drive. LCA was used
for the analysis. Studies have shown that the electricity
supplied today in Italy for electric vehicles is, and is likely
to be in 2030, mainly generated by fossil fuel power plants.
Publication [15] presents a case study and a model for pre-
dicting maintenance interventions based on monitoring the
condition of engine oil in city buses with internal combus-
tion engines. Publication [21] developed a modeling
framework for optimizing electric bus charging schedules
that determines both planning and operational decisions
while minimizing total annual costs. Comparative analyzes
have shown that it is more economical and environmentally
friendly to use electric buses than diesel buses. Publication
[10] presents a model of longitudinal dynamics for calculat-
ing the energy demand for electric buses. The results of the
model should serve as the basis for further research into
battery sizes, charging strategies and charging infrastructure
requirements. Publication [6] presents the results of re-

search on the impact of various forecasted scenarios of
modernization of urban bus transport in Krakow on air
pollutant emissions. The implementation of the assumed
scenarios, consisting in replacing old buses with modern,
low- or zero-emission vehicles, will reduce the emission of
nitrogen oxides (NO,) by over 60%, volatile organic com-
pounds (VOC) by over 82%, and carbon monoxide (CO) by
nearly 52%, and particulate matter from fuel combustion
(PMgy) by over 77% by 2025. Studies also show an increase
in N,O emissions (by almost 43%) as a result of moderniza-
tion. This phenomenon is characteristic of modern engines.
In addition, the introduction of electric buses into the fleet
contributes to the gradual reduction of benzo(a)pyrene
emissions. Although the replacement of the bus fleet is
a long-term and costly process, such actions are necessary
for Krakow and the surrounding municipalities to improve
air quality in this area, especially due to excessive concen-
trations of particulate matter and nitrogen oxides. Publica-
tion [18] presents research on trolleybuses, diesel hybrids
and e-buses, including fuel cell buses. These electric city
buses were compared with combustion engine vehicles
represented by diesel and CNG (compressed natural gas)
buses in terms of energy consumption and costs, green-
house gas emissions, noise costs and life cycle. The results
show that electric buses are a promising means of urban
transport. Publication [14] presents an analysis of the life
cycle costs of a fleet of electric city buses on various routes
of operation. The goal is to determine the charging and
battery power requirements, as well as energy consumption
and life cycle costs. A special simulation tool has been
developed for comprehensive evaluation of electric buses
under various operating conditions. The tool allows you to
systematically generate and simulate various operating
scenarios with the selected bus configuration, charging
method and operating route. Publication [17] presents
a way to achieve a balance between diesel and electric
buses. To achieve this goal, real-world bus network data in
Porto, Portugal was studied, and an evolutionary algorithm
developed mixed-fleet solutions, with a brief sensitivity
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analysis that gave an overview of how to improve perfor-
mance. Publication [7] presents the impact on the sustaina-
ble development of electric buses, noise, energy consump-
tion and costs. In Sweden, the number of electric buses is
increasing, contributing to the development of a society free
of fossil fuels and reducing emissions. Previous studies of
bus systems have shown the need for further study of social
costs, total cost of ownership, annualized energy consump-
tion to account for seasonal variations and acceleration
noise. Addressing these needs was the aim of this study.
Publication [9] developed a mathematical model of urban
bus transport to support the implementation of charging
infrastructure. The novelty of the model is that it includes
infrastructure elements for both static and dynamic charg-
ing technologies at the same time. Publication [8] presents
a European vision of more environmentally friendly buses.
The innovations introduced engines with lower fuel con-
sumption and improved the electric drive. Publication [1]
presents technical and economic problems related to the
implementation of buses with electric and hydrogen drives.
Publication [19] presents an analysis of the total cost of
ownership (TCO) of city buses with hybrid and diesel elec-
tric drives for selected urban and suburban cycles. The
results show that the route and daily trips have a significant
impact on the total cost of ownership values. These two
factors significantly affect the total cost of the wvehicle,
regardless of the type of drive. In addition, it was shown
that the costs of owning and operating a city bus depend on
the type of drive system. The TCO method made it possible
to estimate the value of the individual cost of components
that make up the purchase of the vehicle and the operating
costs. The test results show that electric buses represent the
highest TCO values among the analyzed vehicles. Publica-
tions [2, 12, 20] present issues related to electric buses.
Publication [5] presents a comparative analysis of life cycle
emissions of carbon dioxide emitted by electric vehicles
using different energy mixes and vehicles with an internal
combustion engine. Publication [4] presents an economic
analysis of electric vehicles in Poland. Publication [3] pre-
sents an analysis of the energy consumption of a hybrid
drive system of a passenger car in real road conditions.

The presented publications did not apply the life cycle
assessment criteria described in the article for city buses.

3. Research methodology

As part of the life cycle assessment criteria, two types of
combustion buses and two types of electric buses were
analyzed, taking into account their propulsion sources. The
duration of operation was determined on the basis of publi-
cation [26]. The inspection of the bus should take place
every six months [27]. The time of one-time charging of an
electric bus with the use of a pantograph is 20 minutes [23].
The single refueling time of a diesel bus is 10 minutes [24].
Overall efficiency was determined on the basis of publica-
tions [22, 25]. Emissions of harmful substances while driv-
ing for diesel buses are 1, and for electric buses 0. In Table
1 presents the technical data of the Solaris Urbino 12 bus.

Table 2 presents the technical data of the Solaris Urbino
18 bus. Figure 1 shows the Solaris Urbino 18 bus. Table 3
presents the technical data of the Solaris Urbino 12 Electric
bus.

Table 1. Technical data of the Solaris Urbino 12 bus [16, 28]

Type of Solaris Bus Urbino 12

Years of production Since 1999
2-2-2

Doors layout 2-2-0
1-2-2
1-2-0

Engines

1) Cummins ISB6.7E6C 250B
2) Cummins I1SB6.7E6C 280B
3) Cummins ISB6.7E6C 300B

4) DAF MX-11 210

5) DAF MX-11 240

6) DAF MX-11 271

The power of the engines

1) 189 kW (257 HP)
2) 209 kW (284 HP)
3) 224 kW (304 HP)
4) 210 KW (286 HP)
5) 240 kKW (326 HP)
6) 271 kW (368 HP)

Transmission

1) ZF-EcoLife
2) Voith DIWA.6

Table. 2 Technical data of the Solaris Urbino 18 bus [16, 28]

Type of Solaris Bus Urbino 18

Years of production Since 1999
2-2-2-0

Doors layout 2-2-2-2
1-2-2-0
1-2-2-2

Engines

1) DAF MX-11 240
2) DAF MX-11 271

The power of the engines

1) 240 KW (326 HP)
2) 271 KW (368 HP)

Transmission

1) ZF-EcoL.ife
2) Voith DIWA 6

Fig. 1. Solaris Urbino 18 bus

Table. 3 Technical data of the Solaris Urbino 12 Electric bus [28]

Type of Solaris Bus

Urbino 12 Electric

Years of production Since 2013
2-2-2
2-2-0

Doors layout 1.2-2
1-2-0

Engines

1) asynchronous motor
TSA TMF 35-28-4
2) in axis ZF AVE130 350V
3) ZF AVE130 400V option

The power of the engines

1) 160 KW
2) 120 kW
3) 125 kW
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Table 4 presents the technical data of the Solaris Urbino

18 Electric bus.

Table 4. Technical data of the Solaris Urbino 18 Electric bus [28]

Type of Solaris Bus

Urbino 18 Electric

Years of production

Since 2014

Doors layout

2-2-2-2
2-2-2-0
1-2-2-2
1-2-2-0

Engines

1) Central asynchronous
motor TSA TMF 35-44-4
2) ZF AVE 130 option

The power of the engines

1) 160 KW
2) 2%120 KW
3) *125 kW

Fig. 2 shows the Solaris Urbino 18 Electric bus. Neural
networks were used to determine the optimal values of the
adopted life cycle assessment criteria.

Fig. 2. Solaris Urbino 18 Electric bus

Table. 5 data summary for optimizing the life cycle assessment of buses

Daily

Duration - Overall
of Number refueling or effi- Emis-
No. Bus operation of battery cienc sions
P reviews charging o Y
[years] time [min] (%]
1 14 28 10 40 1
2 13 26 10 40 1
3 Solaris 12 24 10 40 1
4 Urbino 11 22 10 40 1
5 18 10 20 10 40 1
6 7 14 10 40 1
7 3 6 10 40 1
Solaris
g | opome 1 2 40 90 0
Electric
9 Solaris 13 26 10 40 1
10 Urbino 11 22 10 40 1
11 12 10 20 10 40 1
Solaris
12 | Lrbino 0 1 40 90 0
Electric

Optimization of the analyzed parameters was carried out
using neural networks using the cluster analysis model
(Kohonen networks) in the Statistica program.

The following signals are specified:

— quantitative input variables: daily refueling or charging
— time, overall efficiency, emissions
— qualitative input variables: sum of lifetime and number
of inspections.
Table 6 shows the prediction sheet. Figure 3 shows the
activation histogram. Table 7 presents a list of errors in the
cluster analysis model.

Table 6. Prediction sheet

No. — case Activations
1 0.922341
2 1.071934
3 0.918715
4 0.914997
5 0.911186
6 0.907277
7 0.903268
8 1.269661
9 1.071934
12 1.261194

8

6

4

2 . .
0 T

0.9 11 13

Fig. 3. Activation histogram

Table 7. List of errors in the cluster analysis model

Error (learning)
1.071340

Error (testing)
0.830259

Error (validation)
0.837220

Then, the optimization of the analyzed parameters was
carried out using neural networks using a regression model
in the Statistica program.

The following signals are specified:

— (uantitative input variables: daily refueling or charging,

— time, overall efficiency, emissions,

— qualitative input variables: sum of operation time and
number of inspections,

— quantitative output variables: activations of the predic-

tion sheet (Table 6).

Table 8 shows the prediction sheet.

Table 8. Prediction sheet

No. — case Output

1 1.011498

1.010551

0.948154

0.903268

0.903268

0.903268

0.903268

1.273699

OOV (T~ wW|N

1.010551

=
N

1.273699
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Figure 4 shows the histogram of the output values.
5

4 -

3 -

, =
0' T

0.9 0.95 1 1.3

Fig. 4 Histogram of output values

Table 9 shows the list of quality and errors in the re-
gression model.

Table 9. List of quality and errors in the regression model

Quality | Quality | Quality Error Error Error
(train- (test- (valida- | (training) (testing) (valida-
ing) ing) tion) tion)
0.95645 0 0 0.00083 0.40794 | 0.40794

4. Research analysis

As a result of using neural networks with a cluster anal-
ysis model for buses Solaris Urbino 12 and 18 with diesel
drive, the optimal values were for: service life 13 years,
number of inspections 26, daily refueling time 10 minutes,
overall efficiency 40%, emission 1. for Solaris Urbino 12
Electric buses with electric drive, the optimal values were
for: duration of operation 0 (less than one year), number of
inspections 1, daily battery charging time 40 min, overall
efficiency 90%, emissions O and Solaris Urbino 18 Electric
with electric drive for: operation duration 1 year, number of
inspections 2, daily battery charging time 40 min, general
efficiency 90%, emission 0. As a result of using neural

networks with a regression model for Solaris Urbino 12
diesel buses, the optimal values were for: operation dura-
tion 13 years, number of inspections 26, daily refueling
time 10 minutes, overall efficiency 40 %, emissions 1 and
Solaris Urbino 18 with diesel drive for: service life 13 and
14 years, number of service intervals 26 and 28, daily refu-
eling time 10 minutes, overall efficiency 40%, emissions 1.
For Solaris Urbino 12 Electric buses with drive optimal
values were for: operation duration 0 (below one year),
number of inspections 1, daily battery charging time 40
min, general efficiency 90%, emission 0 and Solaris Urbino
18 Electric with electric drive for: operation duration 1
year, number of service 2, daily battery charging time 40
min, overall efficiency 90%, emissions 0.

5. Conclusions

On the basis of the conducted tests and analyzes of the
life cycle assessment of city buses in the operation phase,
taking into account their drive sources, it was shown that
the adopted values of the life cycle assessment criteria are
optimal for both city buses with diesel and electric drives.
Diesel buses have a longer service life and shorter refueling
time, but lower overall efficiency and emit harmful sub-
stances while driving. Electric buses have a shorter lifespan
and longer battery charging times, but they are more effi-
cient overall and do not emit harmful substances while
driving. The presented studies and analyzes show that with
the current technological development, both diesel and
electric buses are used in urban transport. The results of the
conducted analyzes have a significant impact on the pro-
cesses related to the organization of public transport. Fur-
ther research will be conducted towards the application of
other life cycle assessment criteria for various types of
urban transport rolling stock.

Nomenclature

CNG compressed natural gas NO, nitrogen oxides

CO  carbon monoxide N,O nitrous oxide

CO, carbon dioxide TCO total cost of ownership
LCA life cycle assessment VOC volatile organic compounds
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Trucks are a key element that performs transport functions in many sectors of human activity. This makes

ensuring their proper maintenance and performance critical. One of the solutions to this problem is the concept
of a mobile automated testing and testing station. A mobile diagnostic and dynometric station based on a 6-foot
container was built at the Military University of Technology in Warsaw. This bench is a self-contained unit that
can be transported to various locations and carry out on-site testing and diagnostics of heavy trucks. The station
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control tests during the production process. This information can then be used to make informed maintenance
and repair decisions, helping to minimize downtime and increase overall vehicle life. The mobile diagnostic and
dynamic station also provides a convenient and cost-effective alternative to traditional off-site testing methods,
making it a valuable tool for transport companies and fleet managers.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

A chassis dynamometer is a device most often used to
measure the power and torque of a vehicle engine [19]. The
measurement is carried out indirectly by recording the
torque on the rollers of the chassis dynamometer. Referring
the value of this parameter to the rotational speed of the
rollers, and then, via the drive system, to the engine crank-
shaft drive speed, allows the vehicle power to be calculated
(Fig. 1). Due to the specificity of their work, trucks gener-
ate very high values of torque on the wheels, which is nec-
essary to move heavy loads while maintaining appropriate
dynamics and in changing road conditions (e.g. changes in
ground elevation or wind speed and direction). Forcing the
engine to run under extreme conditions during no-load road
tests is impossible or very difficult [16]. Therefore, a rea-
sonable solution is to use a chassis dynamometer, which
allows forcing appropriate working conditions of the drive
system and maintaining them for a certain period of time.

Fig. 1. View of a truck on a chassis dynamometer [16]

Thus, the work of the vehicle on the dynamometer can
perform basic tasks such as [19]:

— measurement of power and torque
— determination of the actual resistance to motion of the
vehicle drive system.

However, as additional tasks, we can distinguish the
ones that allow to simulate real load conditions that occur
on the wheels of the vehicle while driving and the ability to
simulate various load conditions and maintain certain con-
ditions for a longer time (constant rotation, constant load)
extending the diagnostic capabilities of the tested vehicle.
This opens doors to non-standard applications [24].

Small mobile chassis dynamometers and mobile dyna-
mometers loaded from the power take-off shaft, used in the
heavy industry and agriculture, have gained popularity on
the market mainly among tuning companies that offer mod-
ifications and tuning of vehicles [13, 26]. Thanks to the
measurements on the dynamometer, it is possible to accu-
rately determine the actual performance of the vehicle be-
fore and after making the changes, which allows the tuning
to be adjusted to the individual needs of the customer and is
extremely helpful in diagnostics. Dynamometers are also
used in scientific research where they are used to test new
materials, components and drive systems, and to study the
impact of various factors on the efficiency and fuel consump-
tion of vehicles, and their mobility allows to achieve vehicle
operating conditions as close as possible to those in use In
the case of heavy trucks, apart from hub solutions, and one
wheeled application, the market of mobile dynamometers is
very narrow. This was the motivation to tackle this topic.

2. Characteristics and functionality

2.1. Diagnostic possibilities
Taking into account the diagnostic possibilities, possible
applications for the discussed device/dynamometer can be
selected, i.e.:
— checking the vehicle before shutting down or putting it
into operation (after an accident, damage or repair) [9]
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— evaluation of the vehicle's drivetrain wear level (e.g.
torque and power analysis) [9]

— tuning (increasing power, modifications to the exhaust
gas treatment system, mechanical modifications, eco
tuning) [12]

— calibration of non-factory fuel supply systems (LPG,
CNG, LNG, hydrogen) [15]

— measurements of emissions of exhaust gas components,
fuel consumption (using an exhaust gas analyzer) [19, 20]

— the possibility of using automated procedures for as-
sessing the technical condition of the vehicle using sta-
tions and dedicated OBD2 interfaces and tests imple-
mented in them.

2.2. The mobility of the dynamometer
Convenience and Cost-effective are the factors where

mobility of the station allows for on-site testing, reducing

the need for trucks to be taken off the road and transported
to a separate location for operation. The mobile station
eliminates the costs associated with transporting the truck
to an off-site location for testing, saving time and money.

Servicing a large fleet of vehicles directly at the customer's

machine park - in the case of modification of the fuel sup-

ply system or tuning it's a big advantage [2, 11]:

— Convenience and Cost-effective: The mobility of the
station allows for on-site testing, reducing the need for
trucks to be taken off the road and transported to a sepa-
rate location for operation. The mobile station elimi-
nates the costs associated with transporting the truck to
an off-site location for testing, saving time and money.
Servicing a large fleet of vehicles directly at the cus-
tomer's machine park — in the case of modification of
the fuel supply system or tuning it's a big advantage;

— Increased efficiency: By conducting diagnostics and
testing on-site, the time required to diagnose and repair
a truck is reduced, leading to increased efficiency and
decreased downtime. This is of key importance when
operating on the battlefield or, for example, during mo-
torsport competitions;

— Improved accuracy: The advanced sensors and software
used in the mobile station provide highly accurate
measurements of the truck's performance, helping to
identify potential problems before they become major
issues;

— Increased accessibility: The ability to bring the station
to various locations increases accessibility for fleet
managers, allowing them to conduct testing and diag-
nostics even in remote areas;

— Increased safety: By conducting testing and diagnostics
on-site, the risks associated with transporting the truck
to an off-site location are reduced, improving the overall
safety of the vehicles and the people operating them.

3. Construction of a mobile chassis dynamometer
for trucks

3.1. Benchmarking of technological solutions

As part of the research, learning and creative use of the
best market models at a given moment, only one company
that implemented this idea was found. The company Tylor
Dyno, from Milwaukee, USA, was the only one in the

world to deal with the subject. The company developed
a mobile dynamometer for trucks, in a comprehensive style.
Company used an 18-meter semi-trailer, a crane on board
and a lot of spectacular automation as shown on Fig. 2 [17].

Fig. 2. Render of the mobile chassis dynamometer solution by Taylor
Dyno [19]

The design of the mobile truck dynamometer form Ty-
lor Dyno has a structure built on a semi-trailer, which
makes it impossible to use this idea in non-road applica-
tions with an emphasis on military use. This solution also
takes up a lot of space and requires a truck tractor to change
the place of operation each time. Unfortunately, the solu-
tion found was far from meeting the needs of the designed
device, which prevented deeper inspiration from market
solutions.

3.2. Design, construction and testing
The design and construction process of a mobile auto-

mated diagnostic and dynamometer station for heavy trucks
involved several stages [5, 17].
— Requirements gathering: The assumptions of various
types of use (the original need to build a dynamometer
was related to the project for mass modifications of
trucks with dual-fuel CNG/diesel) and the dedicated
possibility of military use in bad or unknows terrain
meant that the chassis dynamometer designed at MUT
had to be redefined compering to Tylor Dyno solution.
Due to this fact, the need to build a dynamometer sta-
tion with the following design assumptions was put
forward:
¢ loading/unloading using a hydraulic lift which is an
integral part of the transporting vehicle

e provide the possibility of temporarily setting up
a mobile diagnostic and dynamometer station at the
customer's site for the duration of the assembly

e the station is to be able to be folded into a standard-
ized container for transport

— Conceptual design: Based on the requirements, a con-
ceptual design of the station is created. This includes the
overall layout of the station, the type of equipment to be
used, and the overall functionality of the system as
shown on the Fig. 3 below.

— Detailed design: In this stage, the conceptual design was
refined into a detailed design. This included the design
of the mechanical (as shown on Fig. 4 and 5) , electrical,
and software systems that make up the station. All mod-
el tests were also performed at this stage which is shown
on Fig. 5.
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Fig. 3. Concept drawing of a mobile dynamometer for heavy trucks with
the vehicle placed

Fig. 4. Technical drawing of the mobile dynamometer support structure

The figure above shows the base of the dynamometer
structure, for which a lattice structure with dimensions of
a 6-foot sea container was used. In the upper part of the
drawing it’s notacible a removable part of the roof of the
container, enabling diagnosis on the rollers of the
dynamometer of higher trucks with bodies.

Fig. 5. Technical drawing of the low part of mobile dynamometer with the
location of brakes and rollers: a) top view; b) side view

The Figure 5 above shows the low mounting of the roll-
er assembly and eddy current brakes allowed to lower the
center of gravity of the machine. The off-center offset of
this assembly helped to reduce the angle of attack necessary

for the vehicle to climb onto the rollers. This allows vehi-
cles with a small ground clearance to interact with the de-
vice and is of great importance, for example, in the context
of road tractors or motorsport vehicles. The use of a remov-
able roof and asymmetry in the location of the weight of the
device required in-depth research on the stiffness of the
load-bearing structure and its loads, which is shown in Fig.
6. This was crucial for maintaining the axiality of the roller-
brakes system and the possibility of multiple manipulation
(moving) of the device without damage.

Fig. 6. Visualization of the mechanical load model of the mobile dyna-
mometer structure

In Figure 6, there is a tendency to deformation on the
axis perpendicular to the axis of the rollers and breaking
deformations due to the removable roof. Engineers and
designers had to strengthen the base structure and develop
a roof structure that would transfer loads in the closed state
(only in this state can the station be moved with a crane).

— Manufacturing and assembly: Once the design was
finalized, the station has been manufactured and assem-
bled. This included the fabrication of the mechanical
components, the assembly of the electrical components,
and the integration of the software. The project was im-
plemented by members of a consortium consisting of
the following companies: Dyno Revolt, Bart-Bud with
the substantive and conceptual support of MUT. The au-
thor of this article was the designer and coordinator of
this project.

— Testing and commissioning: The completed station has
been thoroughly tested to ensure it meets all require-
ments. Problems that needed to be solved were also
identified and a concept for further development of the
station was developed (more on this in point 4 of this ar-
ticle). Validation included performance tests, reliability
tests and security tests. The figures below show a gen-
eral view of the station and the dynamometer station be-
ing tested before deployment.

During the tests starting operation of the station as
shown on Fig. 7c and Fig. 7d, apart from typical things
such as the correct operation of the electrical installation,
software or correct operation of mechanical systems, they
were also checked vibration levels, long-term operation
under load and heat distribution were checked, the repeata-
bility of measurements as well as the measurement systems
themselves, i.e. strain gauges and rotational speed sensors.
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More on this topic the author of this article wrote as part of
the work [8].

Fig. 7. General view of the mobile dynamometer station: a) front view
with ramps; b) back view; c) view with the truck on the dyno; d) view of
the wheels of the vehicle on the dyno

It should be emphasized that this article is a general aid to
the recipient. More details on the construction can be ob-
tained by contacting the author of this publication directly.

3.3. The final results

The station has been built on the construction of a 6-foot
container and has a fastening system compliant with 1SO
1161, i.e. the same as a standard sea container. This allows
the dynamometer to be transported using standardized
mountings [18]. The roof of the station is removable, which
allows for testing vehicles with built-ups. On the Fig. 8
below, a view of the stations while being transported on
a truck chassis.

Fig. 8. The diag- dyno station transported on a truck chassis

The dyno structure can be manipulated using the hy-
draulic crane provided with the vehicles (Fig. 9). The dy-
namometer can be transported through difficult terrain and
set up and armed for operation in several minutes.

One of the goals of the researchers and designers was to
leave the dynamometer architecture open in terms of hard-
ware and software, as well as the possibility of designing
proprietary operating modes. Therefore, the dynamometer
controller has several connectors for digital and analog

signals, using USB Bluetooth or PWM controller support.
In addition, the software has a fully configurable and com-
patible CAN protocol. What's more, measurements can be
easily corrected according to DIN, EC, ISO, JIS and SAE
standards thanks to the built-in weather station

Fig. 9. The diag- dyno. station during unloading using a hydraulic truck
crane

In the Table 1 below, some selected parameters of the
dynamometer contoured by MUT are highlighted.

Table 1. Selected parameters of the mobile diagnostic and dynamometer

station
Parameter Value/Name/Type
Operating mode Load, quasi-dynamic
Type of Brakes 2 x Frenelsa FF16 eddy current 3300 Nm

Max/Min track width

5700/1000 mm

Roller diameter, axle
pressure system

320 mm, electric winch with tension reading

Dimensions, weight

6058 mm; 2545 mm; 2870 mm; 5574 kg

Transport system

Standardized 6ft container, 1ISO 1161 lashing
system, handling with HDS

V-max on rollers

200 km/h

Modes of operation

Constant torque, constant speed, dynamic,
load, ramp, combined

Temperature tolerance
(operation) [storage]

~10 to +30 [-40 to +50] °C

Hardware driver

OEM DynoRevolt on Raspberry Pi 4, OBD2
compatible, HDMI connector, 4 x USB 3.0,
4 x HP analog input, 4 x analog input,

3 x low side PWM

Software

OS Debian Linux 5.4.14, OEM dyno soft-
ware DynoRevolt "Dyno2 RPI 2.17.0" fully
configurable, support for CAN, analog,
digital PWM, bluetooth, USB and OBD
signals,

Measurements with corrections according to
DIN 70020, EC 95-1, ISO 1585, JIS D1001,
SAE J1349

The diagnostic and dynamometer station measures typi-

cal dynamometer values such as power, torque and all de-
rivatives resulting from the possibility of programming
your own test runs. It is worth noting that the software
allows to read up to 166 real values of engine accessories
using the vehicle's OBD connector (using a chip, e.g. ELM
327, STN1110). Leaving the system open allows more
complex tests to be performed. Table 2 below summarizes
selected values can be measured and those that may be
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involved in the work of the dynamometer and the imple-

mentation of special tests on it.

Table 2. Selected measured, represented and involved in testing values

used by discussed station

Parameter

Value/Name/Type

Engine speed [rpm]

Calculated engine speed

RPM acceleration
motor speed [rpm/s]

Engine speed delta over time

Road speed [km/h]

Calculated linear "running" speed of the
vehicle

Power loss [HP]

total power lost due to speed changes and load
changes

Inertia power of the
drive system [HP]

Inertia force of the drive system

Power on wheels
[HP]

Calculated power at the wheels of the vehicle

Motor moment
of inertia [Nm]

Calculated engine moment of inertia

Engine power [HP]

calculated engine power

Motor torque [Nm]

measured and calculated engine torque

Cor. engine power
[HP]

corrected engine power

Ambient pressure
[hPa], Ambient
temperature [°C],
Ambient humidity
[%]

measured by the dynamometer's built-in
weather station system

Cooperation with
the vehicle's CAN
line

Support for up to 166 actual values of engine
accessories using the OBD connector of the
vehicle (chip ELM 327, STN1110)

The device in this form has been put into operation, but
solutions are being developed at the moment to extend its
capabilities by carrying out automated diagnostic tests
under load.

4. Automated tests CAN-dynamometer

To explain the possibilities offered by the open architec-
ture of the dynamometer let’s use an analogy to the possi-
bilities integrated into the universal electronic external
diagnostic system Bosch ESI [tronic] 2.0 KTS Truck [4].
Similar possibilities can also be found in other commercial
solutions such as Texa or Delphi diagnostics solution [25].
At ESI [tronic] it’s possible to perform many tests that can
directly or indirectly tell about the condition of individual
components of the engine and drive system. These tests
enforce executive functions in the engine controller for the
appropriate engine components in order to check their cor-
rect functionality [26]. For example, in the software KTS
can "provoke" a test regarding:
— examination of the engine using a high-pressure test
— cylinder deactivation test
— compression test
— Adblue dosing test.

Many more are implemented

Let's take an example of a compression test for wallpa-
per. The current values read from the starter during its op-
eration (without fuel doing which is forced by test algo-
rithm) may indicate discrepancies as to the compression
pressure in individual cylinders, this gives us a picture of
what can happen to the engine without time-consuming
disassembly or classic tests with a manometer.

In a similar way, we can carry out tests under load using
the dynamometer's capabilities [10, 14]. The dynamometer

can maintain the operating parameters of the drive system
in a given state while performing a test defined by us or
sewn into its code. What's more, these tests can be blocked
into entire test suites. Ultimately, it gives (similar to pro-
duction control tests) comprehensive, quick knowledge
about the actual condition of the vehicle and its drivetrain
components. Diagnostics and non-destructive testing play
a key role in keeping vehicles operational. They allow you
to identify potential technical problems before they become
serious problems, which can lead to vehicle failure and
danger. Non-destructive testing allows you to detect dam-
age and defects such as cracks, deformation or wear with-
out having to dismantle or destroy vehicle components.
Such tests include visual, measurement, ultrasonic, magnet-
ic, penetrant and radiographic tests. In the context of using
a dynamometer, testing of wheeled vehicles on them also
fits into this definition.

The use of automated CAN-dynamometer tests using
advanced technologies such as artificial intelligence, ma-
chine learning, data analysis and vision systems translates
into more precise and effective diagnostics, which in turn
leads to cost reduction or determines the success of a mili-
tary mission or winning a race. Such investigations can
detect potential technical problems and make repairs in
time before they become serious safety hazards. In this
way, damaged vehicles can also be deployed after repair
with great efficiency.

Fig. 11. A block set of elements necessary to perform forced special tests
on a mobile chassis dynamometer

The picture above shows the test blocks algorithm. Re-
al-world testing for heavy-duty vehicles may include check-
ing the correct operation under load of components such as:
— the state of wear of individual sets of cylinder-piston

rings
— the state of wear of the turbocharger
— the correctness of increasing the boost pressure
— proper operation of the wastegate valve
— correct operation of the engine brake and retarder
— testing the inertia of the drive system
— different tests including exhaust gases
— NVH test and durability can be selected depending on

the application.

And much more in pre-programmed dedicated research
systems. Tests can be fully automated and end with a ready
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report on the status of individual elements. This allows for
a quick and automated assessment of vehicle wear or dam-
age, as well as a dynamic assessment of the vehicle's ability
to return to service after a breakdown or collision.

5. Discussion

The concept of a mobile automated diagnostic and dy-
namometer station for heavy trucks built in MUT has great
potential for revolutionizing the way in which heavy trucks
are tested and calibrated.

One of the limitations of the device is the requirement
for an open ECU architecture in order to achieve its full
research capabilities. This means that the device and the
special tests algorithm may not be suitable for use with all
heavy trucks, as some with factory ECU closed setup may
not be suitable. However, this limitation is not insurmount-
able, as open architecture is a typical configuration of vehi-
cles modified in the context of e.g. motorsport [7].

In the case of military cars, the specification of the car
delivered to the recipient is a matter of the needs of the
army and related tenders [6], in which the exact parameters
and functionalities of the vehicle are specified. If the mili-
tary notices the potential of the dynamometer, adapting the
vehicles and getting a new engine controller with an open
architecture seems possible [7, 21].

However this device is capable of providing a wide
range of special vehicle-dynamometer tests, and can be
used for full-scale auto-calibration of external power supply
systems, such as LPG or CNG. The use of the mobile au-
tomated diagnostic and dynamometer station has the poten-
tial to significantly reduce the costs related to modifying
vehicles with auxiliary fuel supply. In today's applications,

the auto-calibration process is able to adjust the system
settings only for low loads at engine idling speed [22]. Full-
scale auto-calibration, which is necessary to modify the
vehicle with auxiliary power, is a time-consuming process
that requires people with appropriate knowledge. However,
the use of the station and the algorithms embedded in it
may result in a reduction of costs related to modification by
several percent.

6. Conclusion

The mobile automated diagnostic and dynamometer sta-
tion for heavy trucks built in MUT is a highly innovative
device that has the potential to revolutionize the way in
which heavy trucks are tested and calibrated. Although
there are limitations to its use, the device can still be used
for a wide range of special vehicle-dynamometer tests and
full-scale auto-calibration of external power supply sys-
tems. The potential cost savings associated with its use
make it an attractive option for those involved in modifying
heavy trucks with auxiliary fuel supply [1, 25]. Overall, the
device represents a significant step forward in the field of
heavy truck testing and calibration.the diagnostic and brak-
ing station allows for handling external signals, including
data from CAN, and has the ability to program special tests;
The above makes it possible to carry out specific automated
diagnostic processes analogous to quality control tests dur-
ing the production process. Research on the topic is ongo-
ing.
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effective gas flow and what stands behind it, an effective process of conversion of a high-pressure gas impulse
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into mechanical energy. Rotating combustion chambers enabled the application of an effective sealing system.
The concept characterizes simple construction and potentially low power-to-weight coefficient. The CFD
numerical analysis of the presented engine concept showed very promising effective efficiency and low specific
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1. Introduction

The internal combustion engine industry is mature, but
there is still a need and space for improving the perfor-
mance of internal combustion engines [1, 2]. A reduction of
fuel consumption, while at the same time improving power
to weight ratio of the engine for existing on-market engines
may be already limited. New opportunities are sought in the
PGE (Pressure Gained Combustion) area [3-7].

The piston engine and classical turboshaft engine have
different benefits, therefore they have found different appli-
cations. Generally, the piston engine has an advantage over
the turboshaft engine in effective efficiency, while the tur-
boshaft engine has an advantage over the piston engine in
the power-to-mass ratio [7]. The paper presents the concept
of a hybrid engine, as it has combined some of elements
and benefits of both mentioned engines.

The fundamental assumption of the presented concept
of the engine is that it has a temporary closed isochoric
combustion chamber that is supplied by external com-
pressed air. The first stage of compression is realized in the
turbocharger, using the rest of the kinetic energy behind the
turbine, and the second stage of compression is realized in
the mechanical compressor. Secondly, a direct injection
system is used. Next, the mechanical power is generated in
the turbine. The concept of the engine was built to face the
performance of turboshaft engines existing on the market.

Mentioned above assumption enabled the realization of
the Humphrey cycle, which theoretical thermodynamic
cycle has about a 10% advantage over the Bryton-Joule
cycle (in compression ratio 20) [8-10]. A realization of the
Humphrey cycle required the use of the valve timing sys-
tem [6]. Its construction was the biggest challenge, as it had
to deal with the realization of stages of the engine cycle like
filling, isochoric, combustion, and exhaust. It had to ensure
effective gas flow for variable thermal parameters (expan-
sion from high to low pressure) and during the idle period
[8, 12, 13]. The valve timing system has to deal with partial

turbine load. Moreover, the full tightness of the combustion
chamber had to be ensured.

The paper presents the concept of a turboshaft hybrid
engine for different power applications (500 kW, 700 kW,
1000 kW, and 1800 kW). The concepts differ in the volume
of combustion chambers and the number of nozzles. They
work at the same engine cycle parameters, using the same
diameter of the turbine.

2. 500 kKW power hybrid engine concept

2.1. Simulation model of the engine concept
The simulation model of the engine for 500 kW power

consists of:

» six rotating combustion chambers (1300 rpm), with
a single chamber volume of 0.4 dm3,

« stationary inlet of fresh air and three different de Laval
nozzles in a symmetrical arrangement. The nozzles cov-
ered 2x68 degrees of turbine circumference,

 turbine with a rotational velocity of 35000 rpm and
exhausted port. The turbine width was equal to 7.5 mm

(Fig. 1).

Fig. 1. Geometry model and numerical mesh—engine concept of 500 kW
power

2.2. Principle of operation of the engine
Rotating combustion chambers fulfilled the role of valve
timing of the engine. A single-engine cycle consists of
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a filling of the combustion chamber with fresh-compressed
air, direct injection of fuel, isochoric combustion, and ex-
haust. It was realized during 60 degrees rotation of chambers.
A pressure change for individual chambers and individ-
ual de Laval nozzles (convergent part) for 120 degrees of
rotation of chambers presented is in Fig. 2. The nozzle 1
worked in the pressure range 1.7-5.0 MPa, the nozzle 2
worked in the pressure range 1.5-4.5 MPa, the nozzle 3
worked in the pressure range 1.75-3.5 MPa and the noz-
zle_4 worked in pressure range 1.75-2.25 MPa (Fig. 2).

Fig. 2. Pressure change of the gas in chambers (C1, C2, C3) and nozzles
(N1, N2, N3, N4) for 120 degrees rotation of chambers (2 engine cycles)

Figure 3 presents a change of oxygen content in indi-
vidual combustion chambers during its 60 degrees of rota-
tion. In chamber 1 combustion is being realized (C1-COM),
in chamber 2 filling is being realized (C2-FIL) and in
chamber 3 exhaust takes place (C3-EXH). Figure 4 presents
the temperature distribution and Fig. 5 presents the pressure
distribution at the same time of the cycle. The thermody-
namic parameters pulsated according to different cycle
stages. The maximum oxygen content of 18.5% was after
the filling, in turn, the minimum oxygen content of 6% was
after combustion. The minimum temperature of 920 K was
after filling and the maximum temperature of 2320 K was
after combustion. The lowest pressure of 1.6 MPa was at
the beginning of filling, in turn, the maximum pressure of
5.3 MPa was at the end of combustion.

Fig. 3. Change in oxygen content of the gas for 60 degrees of rotation of
chambers (1 engine cycle)

Fig. 4. Change in temperature of the gas for 60 degrees of rotation of
chambers (1 engine cycle)

Fig. 5. Change in pressure of the gas for 60 degrees of angle rotation of
chambers (1 engine cycle)

The high-pressure gas accelerated in de Laval nozzles
reaching max. value of 2.8 Mach (Fig. 6).

Fig. 6. The Mach number distribution

The kinetic energy of gas was transformed into mechan-
ical energy in the turbine. Pressure distribution around the
blades presented is in Fig. 7.

Fig. 7. The pressure distribution around the turbine blades

The torque generated in the turbine was changing from
a minimum value of 60 Nm to a maximum value of 120
Nm (Fig. 8). The averaged torque was equal to 94 Nm for
the symmetrical half of the engine.
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Fig. 8. Torque generated in turbine for 120 degrees rotation of chamber
(2 engine cycles)

2.3. Description of the simulation approach

A transient set of Navier-Stokes equations, together
with a compressible, semi-ideal, energy equation, species
transport, and reaction of combustion were resolved. The
thermal properties of gas species (specific heat, thermal
conductivity, viscosity) were temperature-dependent. The
commercial ANSYS Fluent software was employed in the
analysis.

The 3D numerical simulation was performed using
mesh consisting of hexahedral elements in the entire do-
main. The first element in the vicinity of the walls had a
size of 0.25 mm. The mesh was created to assure y plus in
the range of 30-300 value. The total number of elements
differed from case to case between 300-600 thousand. The
realizable k-¢ with enhanced wall treatment option was
chosen to ensure proper resolution of parameters in the
boundary layer. The Rotating Mesh Motion was prescribed
for rotating combustion chambers and for the turbine. The
directly injected Decan was simulated using the Discrete
Phase model [13]. A combustion process was simulated
using the Eddy Dissipation model [15]. The excess air coef-
ficient A = 1.6 was assumed. The walls of the combustion
chambers and walls of the nozzle were cooled. The temper-
ature of the walls was set to 1573 K. A perfect tightness of
combustion chambers was assumed. More details regarding
the simulation description can be found in [15].

2.4. Evaluation of the performance of the engine concept
The 0.00012 kg of decan was injected into a single
combustion chamber. The lower heat of combustion for
decan was equal to 44240 kJ/kg. The 10.618 kJ of chemical
energy of fuel was consumed for a single engine cycle. The
kinetic energy of gas behind the turbine covered the energy
demand for the turbocharger. An effective work produced
by the turbine for one engine cycle (0.00769 s) was equal to
5.036 kJ. It was determined from equation (1). The me-
chanical efficiency of the turbine was assumed 0.95.
Maygn-teycle
Ler = % m 1)
where: Lt [J] — effective turbine work, Mg,q [Nm] — aver-
aged moment, n [rpm] — rotational velocity, te,. [S] — cycle
time of discharging, n, = 0.95 — mechanical efficiency of
turbine.
The effective engine work was calculated form equation

(2):

Le = Ler — LeC_mech 2

where: L. [J] — effective engine work, Lec meen [J] — effec-
tive work demand for mechanical compressor.
Using equation (3) the effective power of the engine
reached 462.6 kW.
Le

Ne = 3)

tcycle

where: Le = Let — Lec_meen [J] — effective engine work.
Using equation (2) the effective power of the engine
reached 462.6 kW.
The engine effective efficiency reached 0.335. It was
calculated from equation (4).

Le
]']e = —
Echem

(4)

where: 1 [-] — engine energy efficiency.
The specific fuel consumption was calculated form (5).
It amounted to 242.9 g/kWh.

mc1oH22'1000-3600

g= ®)

1:cycle'Ne
where: g [g/kWh] — specific fuel consumption.

Detailed values of calculated parameters of the present-
ed engine concept presented are in Table 1.

Table 1. Calculation of performance parameters of engine concept for
500 kW power

Parameter description Calculated value

Echem = 0.00012 kg * 2

Chemical energy of fuel * 44240 kifkg = 10.618 kJ

Effective demand of energy
for turbocharger
Nec = Nic * Nt
=0.85*0.85*0.97 = 0.7

Lec_turbospr = 0.769 kJ

Effective demand of work
for mechanical compressor
MNes = Mis * Nms
=0.85*0.97 =0.83

Lec_meen = 1478 kJ

Effective work generated
by turbine

Ler = [(2188 Nm * 35000 rpm *
0.00769 s)/9549] * 0.95 = 5.036 kJ

The kinetic energy of gas

behind the turbine Eir=0.769 kJ

Effective work generated
by engine for single engine
cycle

L.=5.036 —1.478 = 3.558 kJ

Effective engine power N, = 3.558/0.00769 s = 462.6 KW

The effective energy

efficiency of the engine ne = 3.558/10.618 = 0.335

g =0.00012 * 2 * 1000 * 3600/

Specific fuel consumption (0.00769 * 462.6) = 242.9 g/kWh

3. 700 kW power hybrid engine concept

3.1. Simulation model of the engine concept
The simulation model of the engine for 700 kW power
consists of:
e six rotating combustion chambers at 1500 rpm, with
a single chamber volume of 0.5 dm?,
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e stationary inlet of fresh air and three different de Laval
nozzles in a symmetrical arrangement. The nozzles cov-
ered 2x51 degrees of turbine circumference,

e turbine with a rotational velocity of 35000 rpm and
exhausted port. The turbine width was equal to 15 mm
(Fig. 9).

Fig. 9. Geometry model and mesh of the hybrid engine concept — 700 kW
power

3.2. Evaluation of the performance of the engine concept

The effective efficiency of the engine was equal to
0.351 whereas specific fuel consumption reached 232.0
o/kWh. A detailed calculation of the performance parame-
ters of the presented engine for 700 kW power presented is
in Table 2.

Table 2. Calculation of performance parameters of engine concept for
700 kW power

Parameter description Calculated value

Echem = 0.000148 kg * 2 *

Chemical energy of fuel 44240 kifkg = 13.095 kJ

Effective demand of energy
for turbocharger
Nec = Mic * nr= 0.85 *0.85
*0.97=0.7

Lec_turbospr = 1.134 KJ

Effective demand of work
for mechanical compressor
Nes = MNis * Nms = 0.85 * 0.97
=0.83

I—eCﬁmech =1.988 kJ

4. 1000 kW power hybrid engine concept

4.1. Simulation model of the engine concept
The simulation model of the engine for 1000 kW power

consists of:

e six rotating combustion chambers (1300 rpm), with
a single chamber volume of 0.8 dm?,

o stationary inlet of fresh air and four different de Laval
nozzles in a symmetrical arrangement. The nozzles cov-
ered 2x68 degrees of turbine circumference,

e turbine with a rotational velocity of 35000 rpm and
exhausted port. The turbine width was equal to 15 mm
(Fig. 10).

Fig. 10. Geometry model and mesh of the hybrid engine concept
— 1000 kW power

4.2. Evaluation of the performance of the engine concept

The effective efficiency of the engine was equal to
0.362 whereas specific fuel consumption reached 224.6
o/kWh. A detailed calculation of the performance parame-
ters of the presented engine for 1000 kW power presented
isin Table 3.

Table 3. Calculation of performance parameters of engine concept for
1000 kW power

Parameter description Calculated value

Echem = 0.00024 kg * 2

Chemical energy of fuel * 44240 kilkg = 21.235 kI

Effective demand of energy
for turbocharger
Nec = Nic * nr= 0.85*0.85*0.97 =0.7

Lec_turbospr = 1.704 KJ

Effective work generated
by turbine

Ler = [(283.4 Nm * 35000 rpm
*0.00667s)/9549] * 0.95 = 6.58
kJ

The kinetic energy of gas behind
the turbine

Ek;r =1.134 kJ

Effective work generated by
engine for single engine cycle

L. =6.58 —1.988 = 4.593 kJ

Effective engine power

Ne = 4.593/0.00667 s
=688.5 kW

The effective energy efficiency
of the engine

ne = 4.593/13.095 = 0.351

Specific fuel consumption

g =0.000148 * 2 * 1000 *
3600/ (0.00667 * 688.5)
=232.0 g/kWh

Effective demand of work
for mechanical compressor
Nes = Nis * Nms = 0.85* 0.97 = 0.83

LeCﬁmech =2.925kJ

Effective work generated
by turbine

Ler = [(396.0 Nm * 35000
rpm * 0.00769 s)/9549] *
0.95=10.618 kJ

The kinetic energy of gas behind
the turbine

Ek:r =1.704 kJ

Effective work generated by engine
for single engine cycle

Le=10.618 —2.925
=7.693 kJ

Effective engine power

Ne = 7.693/0.00769 s
=1000.4 kW

The effective energy efficiency
of the engine

Ne = 7.693/21.235 = 0.362

Specific fuel consumption

g = 0.00024 * 2 * 1000 *
3600/(0.00769 * 1000.4) =
224.6 g/kWh
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5. 1800 kW power hybrid engine concept — variant
with 8 chambers in two rows

5.1. Simulation model of the engine concept
The simulation model of the engine for 1800 kW power

consists of:

e eight rotating combustion chambers (1700 rpm), ar-
ranged in two rows with a single chamber volume of 1.8
dm®. Such an arrangement enabled supplying the turbine
on its entire circumference.

e stationary inlet of fresh air and twelve different de Laval
nozzles in a symmetrical arrangement. The nozzles cov-
ered 360 degrees of turbine circumference,

e turbine with a rotational velocity of 35000 rpm and
exhausted port. The turbine width was equal to 12 mm
(Fig. 11).

Fig. 11. Geometry model and mesh of the hybrid engine concept with
8 chambers — 1800 kW power

A pressure change for individual chambers and individ-
ual de Laval nozzles for 180 degrees of rotation of cham-
bers presented is in Fig. 12.

Fig. 12. Pressure change of the gas in chambers (C1, C2, C3, C4) and
nozzles (N1-N12) for 180 degrees rotation of chambers (2 engine cycles)

The torque generated in the turbine was changing from
a minimum value of 590 Nm to a maximum value of 760
Nm (Fig. 13). The average torque was equal to 683.5 Nm.

Fig. 13. Torque generated in turbine for 180 degrees rotation of chamber
(2 engine cycles)

5.2. Evaluation of the performance of the engine concept

The effective efficiency of the engine was equal to
0.367 whereas specific fuel consumption reached 220.1
g/kWh. A detailed calculation of the performance parame-
ters of the presented engine for 1800 kW power presented
isin Table 4.

Table 4. Calculation of performance parameters of engine concept for
1800 kW power

Parameter description Calculated value

Echem = 0.000468 kg * 2

Chemical energy of fuel * 44240 Kifkg = 41.746 kJ

Effective demand of energy
for turbocharger
Nec = Mic * nr= 0.85*0.85 *0.97
=07

Lec_turbospr = 2.433 kJ

Effective demand of work
for mechanical compressor

MNes = Nis * Mms = 0.85 *0.97 = 0.83

LeCﬁmech =5.687 kJ

Ler = [(683.5 Nm * 35000
rpm * 0.008824 s)/9549]
*0.95 = 21.000 kJ

Effective work generated by turbine

The kinetic energy of gas behind

the turbine E 7=2.433kJ

L. =21.000 - 5.687
=15.313kJ

Effective work generated by engine
for single engine cycle

Ne = 15.404/0.008824 s

Effective engine power Z1745.8 KW

The effective energy efficiency

of the engine ne = 15.313/41.746 = 0.367

g = 0.000468 * 2 * 1000
* 3600/(0.008824 * 1745.8)
=220.1 g/kWh

Specific fuel consumption

6. 1800 kW power hybrid engine concept — variant
with 6 chambers in two rows

6.1. Simulation model of the engine concept
The simulation model of the engine for 1800 kW power
consists of:
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e six rotating combustion chambers (1700 rpm), arranged
in two rows with a single chamber volume of 2.5 dm®.
The such arrangement enabled supplying the turbine on
its entire circumference,

e stationary inlet of fresh air and twelve different de Laval
nozzles in a symmetrical arrangement. The nozzles cov-
ered 360 degrees of turbine circumference,

e turbine with a rotational velocity of 35000 rpm and
exhausted port. The turbine width was equal to 12 mm
(Fig. 14).

Fig. 14. Geometry model and mesh of the hybrid engine concept with
8 chambers — 1800 kW power

A pressure change for individual chambers and individ-
ual de Laval nozzles for 240 degrees of rotation of cham-
bers presented is in (Fig. 15). Figure 16 presents a change
of oxygen content in individual combustion chambers dur-
ing its 60 degrees of rotation.

Fig. 15. Pressure change of the gas in chambers (C1, C2, C3) and nozzles
(N1-N12) for 240 degrees rotation of chambers (2 engine cycles)

Fig. 16. Change in oxygen content of the gas for 120 degrees of rotation of
chambers (1 engine cycle)

Mach distribution and pressure distribution on entire
turbine circumference presented is in Fig. 17 and Fig. 18.
The torque generated in the turbine was changing from a
minimum value of 610 Nm to a maximum value of 750 Nm
(Fig. 19). The average torque was equal to 698.0 Nm.

Fig. 17. Mach number distribution in nozzles and turbine

Fig. 18. Pressure distribution in nozzles and turbine

Fig. 19. Torque generated in turbine for 240 degrees rotation of chamber
(2 engine cycles)
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6.2. Evaluation of the performance of the engine concept

The effective efficiency of the engine was equal to 0.37
whereas specific fuel consumption reached 219.9 g/kwWh
(Table 5).

Table 5. Calculation of performance parameters of engine concept for
1800 kW power

Parameter description Calculated value

Echem = 0.000638 kg * 2

Chemical energy of fuel * 44240 ki/kg = 56.467 kJ

Effective demand of energy for turbo-
charger
Nec = Mic * Nt = 0.85 *0.85 * 0.97
=07

Lec_turbospr = 3.285 kJ

Effective demand of work for me-
chanical compressor

TNes = Mis * Nms = 0.85 * 0.97 = 0.83

Lec_meen = 7.697 kJ

Ler = [(698.0 Nm * 35000
rpm * 0.01177 s)/9549]
*0.95 =28.594 kJ

Effective work generated by turbine

The kinetic energy of gas behind

the turbine Er=3.285kJ

Effective work generated by engine
for single engine cycle

L. =28.594 - 7.697
=20.897 kJ

Ne = 20.897/0.01177 s

Effective engine power Z1776.2 KW

The effective energy efficiency
of the engine

Ne = 20.897/56.467
=0.370

g =2 *0.000638 * 1000
*3600/(0.01177 * 1776.2)
= 219.9 g/kWh

Specific fuel consumption

7. Conclusions

The paper presents a CFD analysis of the hybrid con-
cept of turboshaft engine. A small modification in construc-
tion enabled its application for 500 kW, 700 kW, 1000 kW,
and 1800 kW of power.

In all presented variants of the engine, the Humphrey
thermodynamic cycle was realized. A temporarily closed

combustion chamber assumption forced pulsating character
of engine work. The proposed valve timing system reduced
losses concerned with pulsating character to a minimum.
The valve timing system aimed to come to the continuous
power supply as closely as it was possible. A valve timing
system ensured effective gas flow despite of idle period that
appeared in the engine cycle (during combustion). It en-
sured continuous expansion in different de Laval nozzles
and supplied the turbine on its entire circumference (for the
engine concept of 1800 kW power).

A presented hybrid concept of a turboshaft engine is
a promising design as it is characterized by the significant
effective energy efficiency of 37.0% and low 219.9 g/kWh
specific fuel consumption, with a potential small power-to-
mass ratio. It has simple construction thus possibly lower
production costs, compared to similar engines with isobaric
combustion. It has some of the components used in piston
engines like fuel injection systems and turbochargers, but
there is no need for crankshaft [16]. An effective ceramic
sealing system could be applied to the rotating combustion
chambers. The segment sealing elements working with
ceramic counter-surface can work as self-alignment be-
cause of the centrifugal force acting on them. The proposed
system of seals ensures full chamber tightness, regardless of
thermal conditions and related deformations.

It is worth comparing the results of the simulation to the
performance parameters of turboshaft classical engines
existing on the market. The hybrid engine concept has
higher effective efficiency and lowers specific fuel concep-
tion for all presented power units. The highest advantage
was for the smallest power (500 kW). The effective effi-
ciency advantage was 33.5% and the percentage reduction
of specific fuel consumption was 25.7% (Table 6).

The comparison however should be treated with some
caution because of simulation simplification and connected
with it margin error. The CFD analysis did not include
thermal radiation phenomena. The simulation was done on
intermediate mesh with no mesh sensitivity study. For bet-
ter accuracy also more sophisticated combustion model
could be required. Nevertheless, the greatest value of the
research is the unique final engine concept that can effi-
ciently realize the Humphrey cycle. It was systematically
developed by studying many different constructions that are
summarized in [6, 8, 12-14].

Table 6. Performance parameters comparison of turboshaft engines [17] and hybrid engine concept

The hybrid concept of turboshaft engine Turboshaft engines existing on the market Perc‘_entag_e e_ldvantage Pern_:e_ntage reduction .Of
in efficiency specific fuel consumption
463 kW 427 kw PWD207D
63 0 33.5% 25.7%
Ne= 33.5%, g = 242.9 g/lkWh Ne=25.1%, g = 327 g/lkWh
689 kW 820 kW — PT6C-67C 27 6% 22 1%
Ne=35.1%, g = 232 g/lkWh Ne=27.5%, g = 298 g/kWh
1000 kw 958 kW — MTR390 23.5% 10.8%
Ne=36.2%, g = 224.6 g/kWh ne=29.3%, g = 280 g/lkWh
1719 kw 1799 kW — RTM322 14.0% 13.7%
Ne=36.6%, g = 220.1 g/kWh ne=32.1%, g = 255 g/lkWh
1780 kw 1799 kW — RTM322 15.3% 13.8%
Ne=37.0%, g = 219.9 g/kWh ne=32.1%, g = 255 g/lkWh
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