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ARTICLE INFO

Stirling engines represent a technologically important solution in combined heat and power systems. Their

use enables the achievement of over 90 percent efficiency in the management of the primary energy source with
a very high durability of the device, mainly due to the lack of contact of the working gas with external factors
and a very small number of mechanical components. The use of a Stirling engine may be equally important when
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applying renewable energy sources or waste heat from other processes. The first part of the work presents an
overview of available commercial Stirling engine solutions. The second part of the work presents an overview of
numerical models of Stirling engine operation, which enable the correct selection of the main geometrical
features of the devices and the improvement of the structure in order to maximize efficiency or power.
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1. Introduction

Stirling engines are one of the possible technological so-
lutions enabling the management of the renewable and
waste energy sources [10]. Currently, their main commer-
cial application, however, is the production of heat and
electricity from conventional energy sources, such as natu-
ral gas, diesel oil [8, 11, 20]. One of the most important
technical problems related to the use of Stirling engines to
generate electricity from low-temperature energy sources is
the need to meet two basic countercurrent requirements,
minimizing the dead volume associated with transporting
the working gas between the compression and expansion
spaces, and maximizing the heat exchange surface to pro-
vide the right amount of heat to the system with a low-
temperature difference [18, 21, 25]. The optimization of the
Stirling engine design requires very precise mapping of the
influence of the above-mentioned design features on the
efficiency and power of the system. For this purpose, com-
putational models with varying degrees of details and accu-
racy are used. The paper presents an overview of the tech-
nology development of these structures.

2. Preview of commerecial solutions

Stirling engine is powered from external source (an ex-
ternal chamber engine). This fact allows using heat for two
simultaneous processes - heating and electricity production.
The ability of supplying from the technological process as
well (i.e. chemical or metallurgy industries) leads to reduce
emission of carbon dioxide and consumption of fossil fuels.
The Stirling engine is able to support process of electricity
production with solar energy. Commercial systems aim at
only electricity production or cogeneration working. These
systems might be supplied by solid fuels, gas fuels and
liquid fuels. Some commercial constructions have been
presented below (Table 1).

Company Genoa offers engines in two variants [11, 12].
In the first configuration engines have one cylinder (con-
figuration beta) and reach 1 kW (Fig. 1).The second con-
figuration is equipped with two cylinders (configuration
alpha) of power 3 kW (Fig. 2). Nitrogen is a working medi-
um in both engines. Biomass and natural gas is a source of

heat. These engines require 700°C to start up, the heat
source should have at least 850°C.

Fig. 1. Two-cylinder Stirling engine Genoa, ML3000, power 3 kWe [13]

Fig. 2. One-cylinder Stirling engine Genoa ML1000, power 1 kWe [19]

Microgen products are based on one cylinder beta type
Stirling engine. Available is setup with 1 kW and 2 kW
electric power and heat might be generated in an external
combustion chamber produced by burning natural gas or
solid fuels. These engines belong to group free piston Stir-
ling engines. Linear generator converts motion of piston on
electric energy. This engine starts from about 180°C (work-
ing medium temperature). In Fig. 3 a view of Microgen
Stirling engine has been presented.
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Fig. 3. One-cylinder Microgen, power 1 kWe [5]

System of Inspirit Company includes generation of heat
and electricity. In this solution the beta Stirling engine with
free piston has been used. Overall efficiency equals to 92%
including 16% of electric efficiency. In this case the heat of
source is limited to natural gas. Version 3.1 is offered on the
market. Previous versions of the engine generating lower
power, i.e. Inspirit Charger 2.0 1-2 kWe and 5-10 kWt and
Charger 3.0 1-3 kWe and 5-15 kWt. The last revision 3.1
offers up to 6.4 kWe and 15 kWt. In Fig. 4 Stirling engine of
Inspirit (view on heater) has been presented.

Fig. 4. CHP Inspirit Stirling engine, power 1 kWe [8]

WhisperGen is distinguished by a lower electric power.
In comparison with the engines previously presented, prod-
uct of WhisperGen is prepared for working on land and sea.
WhisperGen PPS 16 reaches 750 W of electric power and 5
kW of thermal power. The upper limit of the heat source is
set to 550°C. In Fig. 5 the WhisperGen PPS 16 has been
presented.

Fig. 5. Stirling engine Whispergen PPS16, power 0.75 kWe [28]

Engines of Powergen series are based on the beta free
piston Stirling engines with linear generators also in two
variants of power, respectively 1.2 kWe and 5.65 kWe (Fig.
6). Produced heat exceeds 2 to 3 times electricity produc-
tion. Electric efficiency is estimated on 30% (the highest
value for analyzed construction). The working gas tempera-
ture in the heater can operate in the range 400-800°C. En-
gines of Powergen Company use helium as a working gas.

Fig. 6. Stirling engine Qnery PowergGen 1200/5650, power 1.2 kWe/5.65
kWe [15, 16]

In the Table 1 has been presented engines specification
of Genoa and Microgen. In the Table 2 has been presented
engines specification of WhisperGen, Qnergy and Inspirit
Charger.

Table 1. Technical specification of Genoa Stirling and Microgen

Parameter Unit Genoa ML3000 Genoa ML1000 Microgen 1 kW Microgen 2 kW

Electric power kWe 33 1.1 1.05 2

Thermal power kWt 18.6 10 4 8

Electric efficiency % 14 14 15.5-23 15.5-23

Power supply — Gas or biomass Gas or biomass Pellet, briquette, wood, Pellet, briquette, wood,
natural gas or heating oil natural gas or heating oil

Working medium — Nitrogen (air) Nitrogen (air) Air Air

Working temperature (hot side) °C 850-900 850-900 180-525 180-525

Cooling medium - Water Water Air Air

Working temperature inlet/outlet °C 15/60 15/40 Min. 6/max 70; Min. 6/max 70;

(cold side) nominal 30 nominal 30

Cooling medium flow dm’/min 6.5 6.5 Nominal 8 (minimum 7) Nominal 8 (minimum 7)
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Table 2. Technical specification of WhisperGen, Qnergy and Inspirit

Parameter Unit ‘WhispeGen PPS16 Qnergy PowerGen 1200 Qnergy PowerGen Inspirit Charger 3.1
5650

Electric power kWe 0.75 1.2 5.65 1-6.4

Thermal power kWt 5 3-4.5 14-20 5-15

Electric efficiency % - 30 30 16

Power supply - Burning refined paraffin Natural gas Burning natural gas, Natural gas
or diesel oil LPG, propane

Working medium - Nitrogen Helium Helium -

Working temperature (hot side) °C Up to 550 400-800 400-800 -

Cooling medium - Glycol - - Water

Working temperature inlet/outlet °C 45/70 - - 60/80

(cold side)

Cooling medium flow dm’/min - - - -

3. Numerical models of Stirling engine

3.1. Isothermal model

Mathematical model of Stirling engine was shown by
Gustav Schmidt in 1871. Two basic assumptions of the
model are constant temperature in each selected spaces and
sinusoidal changing of volume working gas [1]. A heat
included in the working gas is transformed to work. There
is no heat transfer between environment and cooler, regen-
erator and heater. Heat transfer is realized in expansion and
compression space. Based on these assumption, the engine
works is a constant range of temperatures, the maximum
temperature is reached in heater and expansion space,
whereas the minimum temperature is observed in cooler
and workspace called compression space. Those assump-
tion cannot be met in a real engine because of the expected
isothermal processing of the cycle, which requires infinity
heat transfer surface in the heat exchangers [3].

It can mark out five work spaces of the engine: com-
pression space c, cooler k, regenerator r, heater h and ex-
pansion space e. In Fig. 7 layout of temperature in work
spaces was shown.

Fig. 7. Temperature profile in workspaces for isothermal model [23]

Assumptions for isothermal model are as follows [23]:
1. The constant gas temperature is over a surface of piston
and in heat exchanger i.e. in compression space and in
cooler (average temperature of lower heat source) are
equal, that is T, = Ty,. The same rule is obeyed in the
expansion space and the heater T, = T,
2. Rotational speed is constant.

3. The total mass of the working gas is constant (no leak-
age) in accordance with the following equation (1):

M =m,+ my + m, + my, + m, (1)

where M is the total mass of working gas in the system,
m, is the mass of working gas in the compression space,
my is the mass of working gas in the cooler, m, is the
mass of working gas in the cooler, my is the mass of
working gas in the heater and m, is the mass of working
gas in the expansion space.

Working gas is considered as an ideal gas.

The pressure of the working gas is the same in all spaces.
Volume change in the working spaces is sinusoidal.
Changes in kinetic and potential energy are negligible.
As a result of the usage of the Clapeyron equation, the
total mass of gas equals:

—P(Ve Yk Ve Vn E)
M_R(Tk+Tk+Tr+Th+Th @)

Nk

where P is the working gas pressure, R is the individual gas
constant of working substance, V is the volume of working
gas and T is the absolute temperature of working gas. After
transformation equation (2) the formula of the pressure in
the system is defined as:
MR
i TR )
k Tk Tr Th Th
Temperature distribution in the regenerator is described
by a linear function. In Fig. 8 the distribution of the temper-
ature was shown. On the basis of the assumption there is no
heat losses, the change of temperature is the same during
heating and cooling process.

Fig. 8. Temperature distribution in ideal regenerator [24]
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The change of temperature along the regenerator can be
therefore defined as follows:
T(x) — Th—Tk + Tk (4)

X Ly
where T(x) is the absolute gas temperature away of the inlet

and L, is the regenerator length.
By making transformations, we get:

T(x) = (@) X+ Ty 5)

The mass of gas in the regenerator is determined by the
following formula:

m, = [, edV, (6)

where m; is the accumulated mass of gas in the workspace
of regenerator, @ is the gas density and V. is the volume of
the regenerator workspace. The formula of gas density is

define based on Clapeyron equation as:
RT
=— 7
e=" (M

Volume of regenerator V, is equal:

Ve = ALy (3)
In differential form volume of regenerator equals:
dv, = A.dx C)]

Using equations (7)—(9) the final form of form of equa-
tion (6) is given by:
VeP oLy 1

M =T Jo Teor, X (10)
Subsequently using equation (4) we obtain:
_ ViRl 1
'™ R Jo (Tp-Ti)x+TyLr X (an
and after integration:
T
_ VP in(z2) (12)
'™ R TR-Ty
or:
_ P
m, = (13)

Gas pressure is equal in all spaces, this fact allows cal-
culation of mass based on gas volume and temperature. By
summarizing formulas (13) and (7) we obtain:

_ Th—Tk

r =T (14)
ln(%)
Work of isothermal process in expansion space equals:
W, = $PdV, (15)

and respectively work in compression space is calculated
by following formula:

W, = $PdvV, (16)

Summarizing generated work in expansion (15) and
compression space (16), leads to the total work of engine:

W =W, + W, = § PdV, + § P dV, (17)

According to first law of thermodynamics for open sys-
tem [2]:

dQ + (C,Timj — C,Tymy,) = dW + C,d(mT)  (18)

where dQ is the heat transferred from the environment to
workspace of cylinder, C,, is the specific heat by the con-
stant pressure, T; is the inlet gas temperature, m;’ is the inlet
gas mass, T, is the outlet gas temperature, m,’ is the outlet
gas mass, dW is the work transferred into the environment
and C, is the specific heat by the constant volume. In the
Fig. 9 the scheme of the cylinder workspace was shown.

Fig. 9. Scheme of the cylinder workspace [7, 23]

Isothermal model is leading to simplification of formula
(18), because the inlet temperature and the outlet temperature
are equal (T; = T,). The formula describing difference be-
tween the inlet mass (m;) and the outlet mass (m,) is replaced
by the parameter dm. Finally it can be described as:

dQ + C,Tdm = dW + C,Tdm (19)

Correlation between ¢, and c, is described as cp = ¢, +
R, which reduces formula (19) to the form:

dQ = dW + RTdm (20)

Amount of the heat transferred into gas working during
engine cycle equals integer dQ (20). After integration, the
following equations are obtained:

Qc:chQe:Werk:O’Qh:()er:O

where Q. is the heat generated during gas compression, W,
is the work of compression process, Q. is the heat generated
during gas expansion, W, is the work generated during gas
expansion, Qy is the heat derived from cooler into environ-
ment, Qy is the heat rejected from environment, Q;, is the
heat losses in regenerator.
The following conclusions can be drawn from the above
considerations:
1. The heat exchange is processed only in compression and
expansion space.
2. There is no heat losses in the regenerator.
3. In the heater and the cooler there is no heat transfer.

3.2. Adiabatic model

The novel approach in the field of modelling Stirling
engine was caused by the adiabatic model developed by
Finkelstein [26]. From the point of view of modelling pro-
cess — compression and expansion cause a significant
change. These processes are described by an adiabatic
model. The heat transfer into cooler and heater is modelled
by the isothermal model. Calculated efficiency based on the
isothermal model is higher by about 20-30% in comparison
to adiabatic model [9].
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Isreaeli Urieli and Dave Berchowitz [26] developed
quasi static model of ideal Stirling engine with adiabatic
expansion and compression. The assumptions of model are
as follows:

1. All processes are realized in a steady state.

2. The rotational speed is constant.

3. The working gas is treated as an ideal gas.

4. Process of compression and expansion are conducted
without the heat transfer with the environment.

5. Instantaneous pressure in expansion and compression
space is equal.

6. Temperature of gas in the cooler and heater is constant.

7. The change of temperature in regenerator is linear.

8. Kinetic and potential energy is negligible.

9. Heat transfer takes place only in the cooler and heater.
10. Total gas mass in the system is constant.
11.Heat loss as the result of flow between workspaces

(compression and expansion) and also heat loss into the

environment is negligible.
12. There is no gas leakage.

Split of workspaces was shown in Fig. 10, between
workspaces implemented four domains (boundary areas):
compression space-cooler ck, cooler-regenerator kr, regen-
erator-heater rh and heater-expansion space he.

Fig. 10. Scheme of workspaces for adiabatic model [22]

Temperature profile in workspaces with split on do-
mains was presented in Fig. 11.

Fig. 11. Temperature profile in workspaces for adiabatic model [22]

The values of temperature on the domain is conditioned
by flow direction. Mass flow rate flowing through the do-
main ck equals m.’. Positive mass flow rate means gas
flow to expansion space, whereas negative is correlated
with flow in opposite direction. The value of temperature is

determined by direction flow with following equations
(2D—24) [3]:

Toe= {1 o 2 0 en
T = {1 e 2 0 @)
o = {1 or e < 0 @)
e = {1 for s < 0 e8

where T is the gas temperature, m is the mass of work-
ing gas on the edge compression space and cooler. In the
adiabatic model gas mass is constant (similar isothermal
model):

(25)

Working substance is considered as an ideal gas, ac-
cording to Clapeyron equation in each compartment rela-
tionship with thermodynamical parameters are defined:

PV = mRT

M =m, + my + m; + m, + m,

(26)

After differentiating Clapeyron equation (26) has taken
the following form:

dp dv dm dT

? + v = o + - 27
Mass balance of system is written as:
dm. + dmy + dm, + dmy, + dm, =0 (28)
Total gas mass equals:
=P(Ye Ve Ve Vi Ve
R (Tk Tk Tr Th Th) (29)

Transforming formula (29), is the following formula has
been obtained:

MR
Ve, Vie, Ve Vi, Ve
(Tk+Tk+TI‘+Th +Th

P= (30)

Temperature and volume is constant in the heat ex-
changers (cooler, regenerator and heat) and therefore the
formula (27) is reduced to:

dm _dap

— = 31
mlkrh  Plkrh S
Ideal gas equation in differential form is written as:
dm = dP — (32)
RT

After substitution (31) in equation (28) mass balance
equals:

dmc+dme+dPC“4J%+l?)=o (33)

P
Modification equation (33) by substitution of Clapyeron
equation leads to notation:

dm, + dm, + < (T + 754+ 2) = 0
R \Tg Ty Th

(34)

Separated section of analyzed spaces (compression
space and cooler) was presented in Fig. 12.
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Fig. 12. Scheme of adiabatic compression space and cooler [22]

Compression space is insulated to environment and hence
— form of change of internal energy took place only for work.
In energy balance for compression space piece of equation
related with gas flow in direction cooler occurred [6].

—CpTex = PdV, + Cyd(Tcm,) (35)

The gas flow is realized from compression space to
cooler thus expression (35) changed their form:

CpTexm, = PV, + Cyd(Tm,) (36)

Using assumptions about ideal gas, relationship between
specific heat by constant pressure and specific heat by con-
stant volume is related with individual gas constant in next
form [19]:

R=C, -G, 37
Cp

K==

& (38)

where k is the heat capacity ratio. Accumulated gas mass
into compression space equals:

PV .+l
dm, = —— 39)
RTck
and in expansion space:
PdVe+ved?
dmg, = ——* (40)
RThe

Combining dependencies (37)-(40) a differential equa-
tion is obtained describing pressure in system:

(ch+dVe>

T, T

— ck “he

dP = — v pURAAmY (41
Tck \Th Tk Tr/ The

Determining equation of change of pressure (41) creates
a system of nonlinear differential equations including pa-
rameters for compression space i.e. T., m. and expansion
T., m.. Determination of pressure and mass allows gather-
ing other parameters, volumes in workspaces dV., dVy, dVy,
and dV. which are marked based on kinematic equations.
Equation of state gas form compression space has got the
following form:
PV,
TC = m_cR (42)
After differentiating state equation (33) equals:

Y PV, 1

Final form equation of determining temperature in com-
pression space:

dT, =T, (% + e — )

Ve mc

(45)

In compression space gas temperature is obtained by
formula:
dve dme)
Ve me

dp
dT, = T, (F + (46)
Using the energy balance equation for heat exchangers
(constant temperature and volume of working gas) and
equation state of an ideal gas (26), equation energy balance
is written as:

dQ + (C,Tim{ — C,Tym}) = C,Tdm 47)
and:
dQ + (C,Tym] — C,Tym}) = VdP%’ (48)
Amount of heat transferred in cooler equals:
dQy = VL dP — Cp(Tmy — Tiemi) — (49)
and in regenerator:
dQ, =V, “dP — Cy (Tiemj, — Trpmyy,) (50)
also in heater:
dQy = Vi LdP — Cp(Tenmiy, = Toempe) — (51)

The temperature of gas is on the permanent level [3]:
{Tkr =Tk
Th =Th

Total quantity of work is a sum of a produced work in
each cylinder:

(52)

W=W, +W, (53)

processes are described by adiabatic model hence work of
cycle equals:

dW = pdV, + pdV,

3.3. CAFS - Combined Adiabatic-Finite Speed

Mathematical model developed by Hosseinzadeh and other
[7] is an amplification adiabatic model [26], additional ele-
ments are mechanical losses and finite speed thermodynamic.

The idea of thermodynamic with finite speed was pre-
sented in 50's of 20th century [14]. The assumption of FST
is the analysis of real processes which occurred in thermo-
dynamical systems of piston engines towards optimization
(increase power and efficiency) and it included irreversible
phenomena.

The main task of thermodynamic with finite speed is to
describe the interaction between piston (moving with speed
w;) and gas molecules located in the system (moving with
average speed of sound c).

Petrescu and other [14] demonstrated that in conse-
quence of piston motion gas pressure being over piston
surface are different from instantaneous mean pressure in
cylinder. This fact means that compression and expansion
work are different to calculated work based on the classical
thermodynamic. It causes that work generated by engine is

(54)

c P
dTC = mcRdP + m_CRdVC - R m—%dmc (43)
hence:
dT, = ~£dP + S dV, — € dm, (44)
8
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lower than received work by classical thermodynamic. On
account of piston motion local disorder of gas placed in
work space is generated leading to make an acoustic wave
and as a consequence of this phenomena pressure drops [4].
The propagation of wave took place with the speed of
sound [7].

Fig. 13. Flow chart of the algorithm of ideal adiabatic model [7]

The first law of thermodynamics for process with finite
speed in a closed system is written as (the scheme of work-
space is presented in Fig. 9):

dU=8Q—p(1 iaprim)dV

Pm (55)

where dU is the change of internal energy, 6Q is the trans-
ferred heat between cylinder and environment, p is the in-
stantaneous mean pressure over piston, a is the coefficient
a =+/3k [4], W), is the piston speed, c is the speed of sound
¢ = V3RT [4]. Friction factor fr is a range of from O to 1.
For fr = 0 heat transfer took place to environment (compres-
sion space), heat is keep in the system while fr = 1.

One of the assumption is that the present model is adia-
batic process during expansion and compression, hence
expression 6Q = 0. Based on equation (58) work is equal
change of internal energy with negative sign:

AP¢

- _ aWp
mC,dT = —p (1 +™e 4 pm) dv (57)
Work of irreversible process is obtained:
- awp | Apr
8Wgst = p (1 t—= pm) dv (58)

where SWggt is calculated irreversible work with using
FST. Sign (+) is applicated in equations (55)—(58) for de-
scribing expansion process, sign (—) occurs while compres-
sion process.

Drop pressure APy is caused by mechanical losses (fric-
tion) AP;. it is computed by equation [4]:

_ (0.4+0.0045wp)10° 1
AP, = DTS (1-2) (59)
where { is the constant value [5]:
{=1-= (60)

cr

where cr is the compression ratio. Total work of engines
(with throttle losses) equals [5]:

8Wiotal = 8Wpst + AP dV (61)

where 6W,, is generated work by engine with considered
finite piston speed, mechanical friction losses and throttle
phenomena in heat exchangers, APy, is the drop pressure in
heat exchangers, V is the instantaneous gas volume.

Drop pressure in heater and cooler are significantly
lower than in regenerator. According to Darcy-Weisbach
drop pressure equals [27]:

AP = fr2=y? (62)
2Dy
where fr is the friction coefficient, g is the gas density, L is
length, Dy is hydraulic diameter and u is the speed of gas
flow.
Drop pressure of throttling is obtained in result of sum-
marizing drop pressure in regenerator, cooler and heater:

Apth = APr + Apk + APh (63)

The efficiency regenerator is calculated based on num-
ber of thermal unit (NTU) [7]:

¢ = NTU
T 14NTU

(64)

where ¢ is the regenerator efficiency, NTU is the number
thermal unit is determined based on formula:
StLy
Dhr

NTU = (65)

where St is Stanton number, L, is length of regenerator and
Dy, is regenerator hydraulic diameter. Stanton number is
determined based on Reynolds and Prandtl number [13]:

St = 0.023Re™2Pr—06 (66)

Hydraulic diameter is calculated in the following way [7]:

411

Dy = o(1-1)

(67)

where II is the porosity regenerator, @ is the coefficient
shape is related with volumen and surface:

— awp  APg
du=—p(1+ =2+ av (56) o = b 68)
hence equation (56) is written:
COMBUSTION ENGINES, 2022, 188(1) 9
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where A, is the wetted surface and V,,is the volume of
wires regenerator. Gas temperature in heater and cooler is
received by solving equations [7]:

frQn+Qr(1—¢r)]

Th = Twn — mAr (69)
frlQuc+ Qe (1-¢r)
Ty = T — et (70)

where Ty, is the gas temperature in heater, Ty, is the wall
temperature in heater, fr is engine frequency, Qy is heat
supplied to the heater, Q, is heat exchanged in regenerator,
€, is regenerator efficiency, ay, is heat transfer coefficient in
heater, A, is heat transfer surface in heater, Ty is gas tem-
perature in heater, Qy is heat removed from the cooler, oy is
the heat transfer coefficient in cooler and Ay is the heat
transfer surface in cooler. Heat transfer coefficient is ob-
tained using the following equation [7]:

_0.0791pCpRe%75
- 2Dy Pr

(71)

where a is heat transfer coefficient, p is dynamic viscosity,
C, is the specific heat and Dy, is hydraulic diameter.

3.4. PSVL - Polytropic model Stirling with various losses

Babaelahi and other [1] developed their model based on
the adiabatic model. Energy balance according to first law
of thermodynamic for open system is as follows [1]:

dQ - deoli - dQsh + (micp,iTi - mocp,oTo) =
= dW + Cyd(mT) (72)

where dQ is transferred heat between working gas and
environment, dW is network generated by engine, dQ,; is
heat emitted in compression and expansion space by poly-
tropic model and dQy, is transferred heat by displacer from
expansion to compression space shuttle effect of piston [1]:

dQen =

where S is stroke, Ag;s is the displacer thermal conductivity
Dy;s 1s diameter of displacer, J is size of the gap between the
displacer and the cylinder, Ly is length of displacer. The
fourth piece of left side equation (73) is related with enthal-
py change of the working substance. The second piece of
right side energy balance equation concerns change of inter-
nal energy in volume. Transferred heat into environment
dQpoii in compression and expansion chamber is obtained [8]:

onli = an(TO - T) (74)

where C, is the specific heat polytropic, T, is the ambient
temperature and T is the temperature in controlled space.
Differential form of equation energy balance is written as:

dQpoi = Cn(To — T)dm — mC,dT (75)

Polytropic specific heat is determined in the following
way [17]:

T[Sz)\this(Te_Tc)

8JLdis (73)

Ch=0C = (76)
According to the polytropic equation:
PV™ = const (77)

whereas differential form of polytropic equation equals:

P(nV"~1dV) + nV"dP = 0 (78)
hence polytropic exponent:
VdP
n=-— m (79)

After modification we get a formula describing the
change of mass gas:

V,
Pch+TCdP _(Cnc mc dT )_( Qsh )
RTck Cp Tek ¢ CpTek

dm, = [(Gne)(TaTe)]

Cp /\ Tek

(80)

where C, is the polytropic exponent in compression space
and C,. is the polytropic exponent in expansion space, thus
dm, = m. An analogous description is retained for the
expansion space

Vv
PdVe+TedP —(cnemedT )_( Qsh )
RThe Cp Tck € CpThe

dm, = [(&)(M>+11

Cp /\ The

(1)

By ordering the expressions (80) and (81), the equation
defining the change in pressure dP is obtained:

PdVe RCpeMeyp. . RQsh  PdV¢_RCpcmc . RQgsh
—x The CpThe el':PThe, Tek  CpTek CICPTck +Rm
Bq ! By w
dP = Ve Ve . (Vk.Vh.Vr>
TckB1 TheB2z \Tx Tp Tr
(82)
where:
C To—-T
B, = (—) (o) + 1 (83)
Cp Tek
C To-T
B, = (2) (Bfe) +1 (84)
Cp The

Working gas temperature in compression space is calcu-
lated based on following expression:
dv, dmc)

Ve mc

dT. =T, (%P + (85)
Gas temperature in expansion space is computed in
a similar way:
T, = T, (40 4 &V _ dme)
p Ve me

(86)

Transferred heat into the heat exchanger equals respec-
tively [9]:

C . .
dQy = Vk?vdp — Cp (Texmgge — Tip Ty ) (87)

C . .
dQn =V dep — Cp(Trpthyy, — Thethpe) (83)

C . .
dQ, = Vr?vdp - Cp (Tir e — Trpthyy, ) (39)

Generated work by gas in compression space:
dW, = pdV, (90
and expansion space:

dW, = pdV, on

Overall work was produced by engine is a sum of work
made by gas in compression and expansion space.

W = [dW, + [dW, (92)

10
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Engine efficiency is quotient of work engines (92) and
delivered heat into system (88):

w
MNnetto = Q_h 93)

The assumption of nonideal heat transfer in regenerator
means that efficiency is lower than 100 percent. Regenera-
tor efficiency ¢ is defined as its ability to change gas en-
thalpy that is a real change of enthalpy to the theoretical
maximum change of gas enthalpy. Included heat loss,
amount of heat delivered to the heater and taking from
cooler equals:

Qh = Qnia + Qr = Qnig + Qria(1 — &) (94)
Qk = Qxid — Qu = Qxia — Qria(1 — &) 95)

Element Q. iq(1 — €) represents heat loss in the regener-
ator. In comparison with formulas (94)—(95) in this analyze
it is regarded regenerator efficiency €. Regenerator efficien-
cy with assumption linear profile of temperature [26] as
function inlet and outlet temperature [1]:

g=—21_
= 5T
1+Thi_Tho

(96)

where € is the regenerator efficiency, 6T is the difference
temperature between flowing gas from heater in regenerator
and flowing gas from cooler, Ty, is the inlet gas temperature
to regenerator from heater and Ty, is the outlet gas tem-
perature from regenerator. According to the equation (96)
the increase of regenerator efficiency occurs when outlet
gas temperature Ty, reaches lower temperature (supplying
regenerator from heater side — in regenerator more heat is
located). Heat balance of the flowing gas equals r'nCp(T}1i -

+Th0) = aA,gOT. In consequence regenerator efficiency is
defined as:

e—_ 1 ___ 1 _ NTU
= T mcp T =
P 1+—— 1+NTU
1+aAwg NTU

o7

where m is the mass flow rate, C, is the specific heat of gas,
a is heat transfer coefficient, A, is the wetted surface by
gas.

It is impossible to implement the isothermal model in
reality. Hence this model might be only used in order to
determine maximum efficiency for the examined engine.
This model is based on algebraic equation, this fact allows
calculation in an easy way. In other words, results of the
isothermal model is upper limit in regarding reached values
of the power and efficiency.

Adiabatic model is closer to real engines than isother-
mal one because in expansion and compression space tem-
perature change occurs but in the heat changers there is still
a constant temperature. In the real engines heat transfer
appears mainly in the heat exchanger, in significantly small
scale in cylinder, so this model is discrepant from real con-
ditions. Adiabatic model is basic for modern models.

In Combined Adiabatic model with Finite Speed an as-
sumption is included that the change of temperature in heat
exchangers, nonideal regenerator and mechanical (friction)
losses, pressure losses (throttling) and thermodynamics

with finite speed. Polytropic model is development of this
approach.

One of serious restriction for CAFS and PVSL is neces-
sary awareness of exact specification. Full technical speci-
fication often is restricted by producers. CAFS and PVSL
(and other models with nonisothermal processes in heat
exchangers and cylinders) might be used for modelling real
machines.

Isothermal and simple adiabatic model might be only
applicable for tentative calculations — estimating power and
efficiency for set parameters.

Conclusions

So far devices with Stirling engines offered nowadays
on market are mostly not designed to supply with low-
temperature heat sources, usually they are equipped with a
combustion chamber allowing supply with conventional
fuels such as compressed natural gas or mixture of propane
and butane. Heaters of such kind of engines ¢ cannot be
directly used to supply with contaminated flue gas due to
the small cross-sectional area of slots, which the gas passes.

Few examples of devices that enable the use of waste
energy, require proper operation of the temperature of ener-
gy source no lower than 500°C. Such restrictions have two
main reasons: the first one, of a technical nature, heavy
mechanical losses in the SE caused by high pressure of
working gas, often exceeding 60 MPa [29]. The second
reason is of economical nature, SE supplied with low tem-
perature heat source will have extremely long period of
return on investment (» 20 years).

The key improvements, which must be done before
commercialization of SE supplied with low temperature
renewable sources are lowering the mechanical losses in the
SE, rising performance of the flue gases — working gas heat
exchanger and developing low cost manufacturing technol-
ogy that ensures low cost of production.

The analysed numerical models of SE operation have
a different level of complexity and describe the processes
taking place in a real device with a different degree of ide-
alization. Depending on the stage of development of struc-
tures powered by low-temperature energy sources, the pre-
sented models can be effectively used to determine the
direction of changes in the design parameters of the device.
The first of them the isothermal model (section 3.1) enables
the analysis of the main design parameters of the device
without the necessity to take into account the empirical
coefficients that are difficult to collect at the initial design
stage of design. In engines powered by low-temperature
energy sources, it is extremely difficult to design a struc-
ture, in which the heat is delivered in the expansion space
and not through an external heat exchanger. Hence, the
adiabatic model (section 3.2) will be characterized by
a higher accuracy, but still does not require the use of hard-
to-obtain empirical coefficients. This kind of model is un-
fortunately more computationally demanding. The next
CAFS model — Combined Adiabatic-Finite Speed (section
3.3) should be applied, when the structural details of the
designed device are known, the computational base is the
adiabatic model, however, a number of hydraulic losses are
also taken into account. Experimental coefficients are re-
quired for the calculations. The last model, with the most
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complexity, PSVL — Polytropic model Stirling with various
losses (section 3.4), enables a more detailed description of
the phenomena occurring in the area of compression and
expansion by using a polytropic model instead of the adia-

batic one. It takes into account a similar model of hydraulic
losses as previously described, and at the same time re-
quires the greatest number of experimental factors.

Nomenclature

CAFS Combined Adiabatic Finite Speed
FST Finite Speed Thermodynamics
NTU  Number of transfer units

PSVL Polytropic model Stirling with Various Losses
SE Stirling Engine
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1. Introduction

The history of dual fuel systems is long, but it has never
been popularized. Adapting a diesel engine to a dual-fuel
system with additional gaseous fuel is not an easy task.
There were many reasons for this: from infrastructure prob-
lems to technical problems such as inadequate advancement
of original diesel fuel supply systems or problems with
valve opening timing overlap and difficulties with methane
oxidation by the exhaust gas aftertreatment system, result-
ing in increased total hydrocarbons (THC) emissions [2].
These are the main reasons why retrofit diesel engines are
not popular. The development of electronics led to the pop-
ularization of high-pressure injections systems such as
Common Rail (CR) and pump injection unit (PD) systems.
The technological advances of these systems bring the
modern dual fuel solutions (controlled by diesel injection
signals) and idea of Reactivity Controlled Compression
Ignition (RCCI) power supply back to life. RCCI is an
ignition method in which highly reactive fuel is injected
directly into the cylinder [1]. It mixes with the air and self-
ignites, thereby initiating the ignition of poorly reactive
fuel, which is delivered via indirect injection to the com-
bustion chamber earlier in the process as shown on Fig. 1.

Fig. 1. Ignition and combustion in RCCI engine (based on [18])

The same method of fueling the engine is characteristic
of a classic dual-fuel engine, where the difference is that the
fuel-air mixture is not homogeneous. The possibility of

implementing precise pilot doses and emulating the opera-
tion of CR and PD injectors opens up new prospects for
high rates of replacement (50-70% or modern type dual-
fuel system or 90-99% for RCCI) of the basic fuel with
gaseous fuel in such a system [2, 19]. High replacement
coefficient ratios directly affect the benefits of such a solu-
tion of fueling a diesel engine, through lower emission of
harmful exhaust components [1, 2]. This is significantly
different from the systems currently available on the market
using simplified versions of dual-fuel systems, which most
often use a simplified method of "cutting" diesel doses by
emulating the acceleration pedal or manifold absolute pres-
sure (MAP) sensors, as shown in Fig. 2 [20].

Fig. 2. Comparison of dual fuel systems: a) sequential gas injection pre-
intake valve (controlled by diesel injection signals), b) pre-turbocharger
gas injection: 1 — gas ECU, 2 — operation mode switch, 3 — acceleration
pedal, 4 — gas filter, 5 — gas injector, 6 — diesel injector (based on [10, 20])
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Manufacturers of such vehicles offer similar solutions in
brand new vehicles, the market of used cars with factory
installed systems is quite narrow. Therefore, this work
focuses on the analysis of the polish structure of long-
distance road transport in the context of the means of
transport used by these companies (tractor units) and the
possibility of using modern dual-fuel systems in them with
the use of the original diesel injection system as a highly
reactive fuel dispachers.

2. The structure and the use of road tractors in the

Polish transport companies

The last report on the long-distance road transport mar-
ket issued by the Polish Automotive Industry Association
indicated that in Poland in 2019, 372.7 thousand road trac-
tors were registered in Poland (data adjusted for vehicles
excluded from use in Polish Central Register of Vehicles
and Drivers database). The share of the oldest, over 20
years old, amounted to 5%. The youngest — up to four years
old reached 30%. Similarly, tractors from five to ten years
of age accounted for 30% of the machine park at the end of
2019. Thus, cars up to 10 years old constitute 60% of all
vehicles. Those from eleven to twenty years remained the
most numerous and accounted for 35% of the fleet. The
average age of truck tractors was 8.9 years, with a median
of 8 years [3]. At the end of 2019, in the updated part of the
park, the number of road tractors registered in Poland was
by 88 thousand. greater than the number of registered
trucks (complete chassis, not including tractors and special
vehicles) with a maximum permissible weight of more than
3.5 tons. For the first time, truck tractors outnumbered
trucks in 2015 [3, 5]. This reflects the scale of investments
of carriers specializing in international road transport. The
year 2020 brought a decrease in sales, in all segments of
commercial vehicles weighing more than 3.5 tons. The
piling up of a handful of industry problems, led by the pan-
demic theme, has resulted in one of the worst results in the
past few years [17]. Table 1 shows the registrations by
manufacturers of new tractor units in 2020, 2019 and 2018
in Poland [6, 17].

Table 1. Registration of new road tractor units in Poland [6, 17]

Brand 2020 2019 2018
DAF 3812 5597 6358
Scania 2 644 5269 4901
MAN 2221 4519 5295
Volvo 2 644 4235 4439
Mercedes-Benz 2226 3961 3916
Renault 581 1 405 1734
Iveco 534 382 731
Ford Trucks 146 23 -

Total 14 808 25 391 27 375

Apart from new trucks, the market structure may also be
illustrated by imported used tractor units. In 2020, 29 503
used commercial vehicles were imported to Poland, which,
however, is a decrease by 6.2% compared to 2019 (1948
units), of which 27 174 are road tractors — this segment also
recorded a decrease by —3.8% (—1,070 units y/y) [6, 17]. To
illustrate the structure of the demand for used vehicles by

their manufacturers (it does not have to be a measure of the
real demand for used trucks), data from the search engine
were used. The data comes from the portal that sells used
trucks in Poland. The data provided is presented in the Fig. 3.

Fig. 3. The popularity of searches by brand for used tractor units [21]

Reliability is an important factor in using truck. There-
fore, among the used vehicles, the most popular are road
trucks not older than 7 years [4, 9]. The search data for used
tractor units by their year of manufacture may also indicate
when selling a vehicle makes the best economic sense.
Figure 4 shows the percentage of searches for used tractor
units by age.

Fig. 4. Searching for used tractor units by their age [21]

Mentioned above data concerning the search prefer-
ences for used vehicles according to their year of produc-
tion are indirectly reflected in the average time of use of
a tractor unit in road transport companies. Of course, it is
difficult to clearly define the economically justified service
life of a tractor unit, as it depends on factors such as the
intensity of use, annual mileage, type of work, etc. Howev-
er, it is assumed that in the case of international long-
distance transport it is about 5—7 years, national and local
10-15 years. Vehicles with specialized bodywork are in
service the longest. including city ones, incl. garbage
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trucks, sweepers, cranes, concrete pumps, etc. In Poland,
there were 44% of specialist vehicles over 20 years old [3, 6].

Summing up, a typical Polish long-distance road
transport company uses tractor units of the following
brands: DAF, Scania, MAN, Volvo, Mercedes-Benz, Re-
nault, Iveco (Ford Truck due to the beginning of entering
the market will be omitted in further considerations) not
older than 7 years for transport international or 15 years for
domestic transport.

The analysis of the types of fuel supply systems in long-
distance vehicle engines, presented in the following para-
graph, focuses on the group of trucks mentioned above.

3. Engines used in road tractors and types of fuel
supply systems used in them

3.1. DAF [7, 8, 15]

The Paccar MX engines were introduced in 2006 with
XF105 road truck model. They have a displacement 12.9
liters and maximum powers of 408, 462 and 510 horsepow-
er (hp). Thanks to the use of selective catalytic reduction
(SCR), they meet the Euro IV or Euro V standards. They
have 4 valves per cylinder, turbocharging and charge air
cooling. They use single-section PD injection pumps with
the pressure increased from 1500 to 2000 bar. As a result,
there is no need for a diesel particulate filter in the exhaust
system. Successor of the model XF105 in 2014 introduced
upgraded Paccar MX engines in two displacement variants.
They are 10.8 liters with 440 hp and 12.0 liters with 410,
460 and 510 hp respectively. Thanks to the use of SCR,
they comply with the Euro VI standards. Like the previous
engines, they have 4 valves per cylinder, turbo charging and
charge air cooling. They use single-section Common Rail
injection pumps with a pressure increased from 2,000 to
2,500 bar. As a result, there is no need for a diesel particu-
late filter in the exhaust system.

3.2. Scania [7, 8, 14]

Scania use engines equipped with XPI (short for “extra
high-pressure”) common-rail fuel system developed in
cooperation with Cummins since 2003 in their models of
road tractors from series R and S. These vehicles have a
wide range of engines depending on the year of production
and the needs of use. These are, respectively, units:

— In-line five-cylinders 9.0 liters 250/280/320/340/360 hp,
— In-line six-cylinders 13.0 liters 370/410/450/480/490 hp,
— V816.0 liters 500/520/580/730 hp,

3.3.MAN [7, 8, 13]

Models from series TGS and TGX since 2007 are pow-
ered by engines of the D20, D26, D36 series with the fol-
lowing power ratings and exhaust standards:

— Euro V with 360 hp, 400 hp, 440 hp, 480 hp, 540 hp and
680 hp.

— EURO V EEV (Enhanced Environmentally Friendly
Vehicles) with 360 hp, 400 hp, 440 hp, 480 hp and 680
hp.

— Euro VI with 440 hp, 480 hp, 520 hp, 560 hp and 640
hp (the last 3 variants are the new inline 6-cylinder 15.2
liters engine D38).

In the fuel supply system of these units, injection pump
systems are used for some units that meet Euro V and
Common Rail Euro V and Euro VI standards.

The TGX series (the most popular long-distance MAN
tractor units on the Polish market) uses six-cylinder in-line
engines from the MAN D20 (10.5 liters) and D26 (12.4
liters), Euro VI series, in four power ranges: 360 and 400
hp (D20) and 440 and 480 hp (D26) obtained in the range
of 1600-1800 rpm. In most cases, these trucks have
a Common Rail power system.

3.4. VOLVO Trucks [7, 8, 12]

In September 2012, Volvo Trucks launched the produc-
tion of a new generation FH model with many technical
improvements. These tractors use 3 engine variants: D13C
(unit injection, and Common Rail after july 2015), D13K
(Common Rail), D13TC (Common Rail) in power variants
from 360 to 540 hp. A variant is also available with the D16
engine with 550, 650 or 750 hp and a torque of up to 3550
Nm. All variants powered by CR.

3.5. Renault Trucks [7, 8, 12]

The T Series tractor units were presented in 2013 as the
first of the new line of vehicles for the company and offers
two six-cylinder Euro VI engines, 11.0 liters — DTI11 (380,
430 and 460 hp) and 13.0 liters DTI13 (440, 480 and 520
hp). All engines are variants taken from previous Premium
and Magnum trucks. These are modified Volvo’s D series
engines. The fuel supply systems used in them are unit
injection and Common Rail.

3.6. Mercedes-Benz Truck [7, 8, 16]

The Mercedes-Benz Actros MP4 made its debut on 30
September 2011. The fourth version of the Actros model
offers several engine options in the Euro V or Euro VI
variant. Euro VI uses a six-cylinder in-line engine, both
OM471 series with 12.8 liters engines with output power:
422 hp to 530 hp and the OM473 from 15.6 liters engine
with output power: 517 hp to 626 hp. Both engines use the
X-Pulse injection system, which uses the Common Rail
system equipped with a system that increases the injection
pressure and the function of easy injection modification.
The maximum fuel rail pressure is 1160 bar, which makes
the maximum injection pressure 2700 bar.

3.7.IVECO Trucks [7, 8, 11]

The Stralis model is equipped with 6-cylinder engines
with four valves per cylinder. They come in three variants
of capacity, achieving different power parameters:

— Cursor 8, 7.8 liters: 310-360 hp
— Cursor 10, 10.3 liters: 420-450 hp
— Cursor 13, 12.9 liters: 500-560 hp

Changes in this engines took place in 2013 with the in-
troduction of new engines meeting the EURO VI exhaust
gas standard. All cursor engines after this date use the
common rail system.

4. Discussion

The demands placed on commercial vehicles are con-
stantly increasing. European legislation has forced com-
mercial vehicle manufacturers to develop ever more power-
ful and dynamic engines with low fuel consumption. With
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the appearance of exhaust gas purity standards, truck manu-
facturers realized that it was necessary to improve the fuel
supply system so that the combustion process was more
efficient. To achieve this, the fuel injected into the cylinders
had to be finer in order to mix more easily with air. High-
pressure unit injection systems have proved to be a good
and reliable solution. They are also relatively cheap to pro-
duce and less prone to fuel contamination. Many years and
millions of failure-free kilometers traveled on unit injectors
effectively distracted some users and producers from the
Common Rail system. Exhaust gas standards and increasing
consumer expectations forced manufacturers to take anoth-
er step in their development, i.e. the need for more precise
fuel injection control. The development of electronics ena-
bled the creation of PD and CR fuel supply systems, which
were designed to reduce emissions and improve the opera-
tion of the diesel engine. These systems enable the feeding
of the fuel dose in several portions — including the amount
of the afterburner — which makes this type of fuel system an
advantage in meeting the high requirements of exhaust gas
purity for the EURO VI standard. Since all types of diesel
fuel are characterized by the so-called delay of ignition —
the use of a small pilot dose before top dead center (TDC)
allows to apply the correct dose to the ignition area of the
pilot dose — which makes the engine work softer and quiet —
while maintaining high thermodynamic efficiency of the
engine. The achievements of this technology indicate the
potential of its use in a highly effective way, also in modern
dual-fuel and RCCI power systems. Adequate control of
pilot doses of highly reactive fuel (diesel fuel) to low reac-
tive fuel (gaseous fuel) may be the key to using the original
engine fuel supply system for retrofit modifications. Figure
5 shows the theoretical method of implementing such an
injection in dual-fuel operation mode.

Fig. 5 Diagram of the co-combustion strategy with the use of multiple fuel
injection (based on [1, 2, 18])

All mentioned above drastically reduce the cost of such
a modification, which in turn gives a greater economic
justification for the use of such solutions also in used road
tractors, exactly like nowadays with the modification of
passenger cars for LPG fueling, which is popular in Poland
for many years.

The strict emission limits also leave no choice to the
producers. The Common Rail system, although more ex-

pensive to produce and operate due to very precise cooper-
ating elements, seems to be a solution that will eventually
replace other fuel injection solutions in compression igni-
tion engines. There are also electric and hydrogen solutions
on the horizon, but at the moment the high energy con-
sumption of road transport does not indicate a quick dis-
placement of self-ignition engines. The future of road trac-
tors’ powertrains systems is uncertain. Strict emission lim-
its leave no choice to manufacturers. The Common Rail
system, although more expensive in production and opera-
tion (due to the very precise cooperating elements), has in
principle already replaced and will eventually replace all
other conventional fuel injection solutions in self-ignition
engines. At least for a while. The overriding goal is to com-
pletely postpone the combustion of conventional fossil
fuels. Temporarily, it is possible to use dual-fuel and RCCI
solutions as less pollutant emitting solutions. At the mo-
ment, there is a lot of work on the use of modern dual-fuel
or Reactivity Controlled Compression Ignition instead of
regular diesel fuel injection only. The conversion to retrofit
was successfully made, for example, by Arena Red in
a vessel [19] and in more others. There are also electric and
hydrogen solutions for truck tractors on the horizon, but at
the moment the high energy consumption of road transport
does not indicate a quick replacement of compression igni-
tion units with alternative power sources [2].

5. Conclusion

— Dual fuel solutions for diesel engines are known, but
due to their problems, they never gained popularity.

— New types of dual-fuel installations (originally used in
factory vehicles) and Reactivity Controlled Compres-
sion Ignition systems can be used as retrofit installations
in used vehicles such as Pump injection unit and Com-
mon Rail thanks to the use of modern diesel injection
systems.

— The structure of the market for long-distance road
transport vehicles indicates that the use of vehicles is
not older than 7 years for transport international or 15
years for domestic transport. Which indicates the mar-
ket's readiness (its absorptive capacity) to use modern
dual-fuel solutions.

— All road tractors from the group of vehicles used in road
transport have injection systems that enable the use of
new dual-fuel and Reactivity Controlled Compression
Ignition systems.

— Due to the pressure of the legislator and certification,
the use of propulsion sources in vehicles is changing.
Modern dual-fuel and Reactivity Controlled Compres-
sion Ignition releases may, in the factory edition as well
as retrofit, prove to be an intermediate link before the
full displacement of fossil fuels and their replacement
with hydrogen electric powertrains or their combination.
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Nomenclature
CR common rail PD pump injection unit
ECU Electronic Control Unit RCCI Reactivity Controlled Compression Ignition
EURO 1V, V, VI  European emission standards TDC top dead center
EN European Norm Standards THC total hydrocarbons
MAP manifold absolute pressure
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This study investigated the effect on piston assembly friction after treating piston surfaces with a fine parti-

cle bombarding process, using a friction measurement apparatus with a floating cylinder liner, similar to an
eco-mileage vehicle engine. Friction was measured in four conditions: (1) no treatment (standard piston in
a commercially-available engine), (2) micro dimple treatment (45 pum ceramic particles were air-blasted onto
the piston surface), (3) molybdenum disulfide (MoS-) shot treatment (1 um MoS; particles were air-blasted onto
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the piston surface), and (4) combination of the previous two micro dimple and MoS, shot treatments (first 45 um
ceramic particles and then 1 um MoS, were air-blasted onto the piston surface). Results indicated that friction
decreased in the following order: no treatment > micro dimple treatment > MoS> shot treatment > combination
of micro dimple and MoS, shot treatments.
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1. Introduction

In eco-mileage vehicles, reducing engine friction is an
effective means for improving fuel efficiency. Because the
piston assembly friction (the friction between the piston, the
piston rings, and the cylinder liner) makes a significant
contribution to engine friction [1, 3, 4, 6], it is important to
reduce this piston assembly friction. The friction between
the piston and the cylinder liner accounts for more than
50% of the piston assembly friction, and its ratio increases
with increasing engine speed and decreasing engine load
[7]. There have been reports on reducing piston assembly
friction by applying a surface treatment on the piston skirt
[2, 5, 9-11, 13-15]. One approach plates a piston with tin
[5]. Tin not only reduces friction, but also simplifies the
break-in run. However this tin plating wears out during
protracted engine operation, losing the friction reduction
effect. Another approach plates a piston with a resin coating
in which molybdenum disulfide (MoS,) and polytetrafluo-
roethylene (PTFE) are dispersed in a resin binder [2, 5, 15],
a resin coating in which fine hard particles are dispersed in
a resin binder [14], or a resin coating of two layers in which
MoS, is dispersed in a resin binder in the upper layer and
graphite is dispersed in the lower layers [13]. This rein
does not wear out even during protracted engine operation,
achieving sustainable friction reduction. But the perfor-
mance of slide and transfer of solid lubricants such as MoS,
and PTFE, is suppressed by the resin binder [10]. In addi-
tion, the thickness of these resin coatings is approximately
10 pum, so it is necessary to design the piston with advance
consideration of the final coating thickness. Yet another
approach uses a micro dimple treatment (by air-blasting
fine ceramic particles at a high speed) [9, 11] and a MoS,
shot treatment (by air-blasting fine MoS, particles at a high
speed) [10, 11] on the piston surface using a fine particle
bombarding (FPB) process. This approach reduces friction
even during protracted engine operation, and has minimal
effect on piston dimension. This process (of micro dimple
and MoS; shot treatments with FPB) can be easily applied

to the piston in an eco-mileage vehicle engine, where it can
be expected to reduce friction even during protracted opera-
tion. Our previous study developed a friction measurement
apparatus with a floating cylinder liner, by using compo-
nents of an eco-mileage vehicle engine as much as possible
[8]. This study employs that measurement apparatus to
quantify the effect on piston assembly friction of piston
surface treated with a FPB process.

2. Experimental apparatus and method

Figure 1 shows the apparatus to measure piston assem-
bly friction with the floating liner, as developed in our
previous study [8]. This measurement apparatus was de-
signed to be similar as possible to an actual eco-mileage
vehicle engine. So it employed a commercially-available,
four-stroke, air-cooled, horizontal, single-cylinder, gasoline
engine, displacing 49 mL, with a bore diameter of 39 mm
and a stroke of 41.4 mm. The crankcase of this engine was
cut, and a cover was attached to the cut of the crankcase.
The engine was turned from horizontal to vertical. The
floating liner was produced by machining the outer periph-
ery of the air-cooled cylinder (aluminum finned cylinder
casting cast-iron liner). This floating liner was installed in
the aluminum cylinder block. Joint plates were installed in
the grooves on the outer periphery of the floating liner at
both the thrust and the anti-thrust sides. Then the joint
plates, as well as load washers of piezo type, were mounted
in the cylinder block, as shown in Fig. 2. To suppress lat-
eral displacement due to piston thrust force, clamping bolts
were mounted to the cylinder block at four sides: thrust,
anti-thrust, front, and rear. Heaters were installed in the
cylinder block at the thrust, anti-thrust, and rear sides, and
thermocouples were installed into the clamping bolts at the
front and rear sides so that the bore surface temperature of
the floating liner could be measured and adjusted. In addi-
tion, an oil tank was set outside the engine, and a heater and
a thermocouple were installed into the oil tank to adjust the
oil temperature to a fixed temperature. The heated oil was
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then pumped from the oil tank to a pipe in the upside of the
crankcase, and supplied from there to the crankshaft at
a flow rate of 600 mL/min.

Figure 3 shows the four experimental pistons and the
surface shapes on the piston skirts. The piston without sur-
face treatment (1) is standard part of a commercially-
available engine, and has a streaked sliding surface (Ra 2.4
pm) and three grooves in the skirt. In the micro dimple
treatment (2) ceramic particles with a diameter of 45 pm
were air-blasted on the standard piston surface. In the MoS,
shot treatment (3) MoS, particles with a diameter of 1 pm
were air-blasted on the standard piston surface. In the com-
bination of micro dimple and MoS, shot treatments (4) first
ceramic particles with a diameter of 45 um were air-blasted
on the standard piston surface, and then MoS, particles with
a diameter of 1 pm were air-blasted onto it. There was no
difference in the outer diameter, measured with a microme-
ter, at each position of the pistons with and without surface
treatments.

Fig. 1. Measurement apparatus of piston assembly friction

Fig. 2. Measurement unit of piston assembly friction with floating liner

Table 1 shows the experimental rings, which are stand-
ard parts of a commercially-available engine. These rings
had been fully run earlier [8].

The floating liner had been also fully operated earlier
[8]. The roughness of the sliding surface on the liner bore
was Rzyg 1.22~1.34 pm (Ra 0.20~0.22 pm).

In the experiment, the intake and exhaust valves were
not activated (no cylinder pressure was applied) while the
engine was operated by motoring. Using the same rings and
floating liner, each experimental piston was installed in the

engine. Before measuring piston assembly friction, the
engine was run in for 20 hours, at an engine speed of 1600
rpm, with temperatures of the liner bore and lubricant of
80°C. Then the piston assembly friction was measured at
temperatures of 40°C, 60°C and 80°C, and at engine speeds
from 800 rpm to 1600 rpm every 200 rpm. Table 2 shows
the kinematic viscosities of the experimental lubricant
(Honda genuine Ultra Green) at each temperature, meas-
ured with the Redwood viscometer.

Fig. 3. Experimental pistons and the surface shapes on the piston skirts

Table 1. Experimental piston rings

Table 2. Kinematic viscosities of experimental lubricant

Temperature Kinematic viscosity
40°C 30.3 mm’/s
60°C 15.8 mm’/s
80°C 10.4 mm’/s
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3. Results and discussion

Figures 4 to 6 show the measurement results of the pis-
ton assembly friction at an engine speed of 1000 rpm and at
temperatures of 40°C, 60°C and 80°C, respectively. In Figs
4 to 6, crank angles of 0° and 360° represent engine top
dead center (TDC), and 180° bottom dead center (BDC).
Since the intake and exhaust valves were not activated, only
two strokes of the piston (downward stroke and upward
stroke) are indicated. At each temperature, not only near
TDC and BDC but also near the center of the stroke, fric-
tion decreased in the following order: no treatment > micro
dimple treatment > MoS, shot treatment > combination of
micro dimple and MoS, shot treatments. As the temperature
increased, the friction reduction ratio of each surface treat-
ment (compared to no treatment) decreased, especially near
TDC and BDC.
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Figures 7 to 10 show the Stribeck diagrams (at 1000
rpm with crank angles of 3° to 177° and 183° to 357°) for
each piston corresponding to the friction measurement
results in Figs 4 to 6. Here the friction coefficient was ob-
tained by dividing the absolute value of friction by the sum
of the thrust force of the piston (which was obtained by
multiplying the inertial force of the piston by the tangent of
the tilt angle of the connecting rod) and the normal force of
the rings (which was obtained by multiplying the ring sur-
face pressures by the outer peripheral surface areas of the
rings). The lubrication parameter was also obtained by
multiplying the lubricant viscosity, y, by the piston speed,
U, and dividing by W, the sum of the surface pressures of
the piston skirt (one skirt side) and the rings. In Figs 7 to
10, fluid lubrication was dominant at lower temperatures,
but mixed lubrication was dominant at higher temperatures.
In all lubrication regions, friction coefficient again tended
to decrease in the following order: no treatment > micro
dimple treatment > MoS, shot treatment > combination of
micro dimple and MoS, shot treatments.
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Figures 11 to 13 show the friction mean effective pres-
sure (FMEP) at 40°C, 60°C and 80°C, respectively. Here
the FMEP was obtained by integrating the absolute value of
friction at crank angles of 0° to 360° and dividing by the
stroke volume. At each temperature and engine speed, the
FMEP also tended to decrease in the following order: no
treatment > micro dimple treatment > MoS, shot treatment
> combination of micro dimple and MoS, shot treatments.
At a lower temperature, as the engine speed increased, fluid
lubrication became dominant, so the FMEP increased in
each piston. At a higher temperature, when the engine
speed increased from 800 rpm to 1200 rpm, boundary con-
tact decreased, and the FMEP decreased in each piston. But
when the engine speed further increased from 1200 rpm to
1600 rpm, fluid lubrication became dominant, and the
FMEP tended to increase in each piston. Here, the FMEP
was reduced by 31% to 45% for the combination of micro

dimple and MoS; shot treatments, compared to no treatment.

)
a
24
o
o
=
=
4r —— No treatment
—x—Micro dimple
2 r —\—MoS2 shot

—2x— Micro dimple + MoS2 shot
0 . . |
800 1000 1200 1400 1600
Engine speed [rpm]

Fig. 11. FMEP at 40°C
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Fig. 12. FMEP at 60°C
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Fig. 13. FMEP at 80°C

Figure 14 shows the maximum amount of wear on the
streaked sliding surface at location “C” of each piston skirt
after the friction measurement. All pistons had the maxi-
mum amount of wear on the streaked sliding surface at the
piston skirt “C” at both the thrust and the anti-thrust sides.
In Fig. 14, except for the micro dimple treatment, there was
no significant difference in the maximum amount of wear
on each piston skirt. Except for the micro dimple treatment,
the maximum amount of wear at the anti-thrust side was
larger than that at the thrust side. At the thrust side, the
maximum amount of wear with the micro dimple treatment
was greater than that of all other treatments, including no
treatment. It was considered that the outer diameter of the
streaked surface became larger due to the micro dimple
treatment. Figure 15 shows the observation results of the
streaked surface at the piston skirt “C” on the anti-thrust
side. In Fig. 15, the micro dimples remained even on the
worn surface of the streak, with both the micro dimple
treatment and the combination of the micro dimple and the
MoS, shot treatments. In all pistons, the amount of wear on
the streaked sliding surface at locations (skirt “A,” “B” and
“D”) other than skirt “C” was 0~1 pm, and there was no
significant difference in the amount of wear.

Maximum amount of wear [pm]

. ; B Micro dimple
No treatment | Micro dimple MoS; shot + MoS, shot

Fig. 14. Maximum amount of wear on streaked sliding surface at part of
“C” after friction measurement

The micro dimple treatment reduced friction compared
to no treatment. The micro dimples also remained on the
worn surface of the streak with the micro dimple treatment.
It is thought that, in the mixed lubrication region, the lubri-
cant in the valley between streaks circulated through micro
dimples as a passage, covering not only the actual sliding
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surfaces but also those micro dimples there, reducing fric-
tion [9]. It is also considered that, in the fluid lubrication
region, the shear force of the lubricant between the sliding
surfaces became smaller due to the formation of a vortex
inside each micro dimple, reducing friction [12].

Fig. 15. Observation results of streaked surface at piston skirt “C” at anti-
thrust side after friction measurement

The MoS, shot treatment further reduced friction, more
than both no treatment and the micro dimple treatment. The
MoS; has a hexagonal layered crystal structure, and in each
layer a plane of molybdenum (Mo) atoms is sandwiched by
planes of sulfur (S) atoms. The covalent bonds between the
Mo and S atoms within layers are relatively strong, while
the van der Waals forces cohering S and S atoms between
layers are considerably weaker. Therefore the shear force
acts between these layers, so interlayer sliding occurs, re-
ducing friction. However, as shown in Fig. 14, the streaked
surface at the piston skirt “C” had a maximum wear of 4
pum, which corresponded to approximately the depth of the
treatment of MoS, shots. Here, Ogihara [10, 11] examined
the worn part of the streaked MoS, treated piston skirt, after
engine motoring, using Field Emission Scanning Electron
Microscopy/Energy Dispersive X-ray Spectroscopy (FE-
SEM/EDX), and confirmed the remaining presence of
MoS,; both on the worn surface and deep inside the surface.
This is because the MoS, particles are repeatedly cleaved
and transferred to other areas. As in Ogihara [10, 11], this
study considered that the cleaved MoS, particles were
transferred to the worn surface. In the mixed lubrication
region, the sliding force acted between MoS, layers, facili-
tating interlayer sliding and reducing friction. It seems that,
in the fluid lubrication region, the cleaved MoS, particles
decreased the shear force of the lubricant, reducing friction.

The combination of the micro dimple and the MoS, shot
treatments further reduced friction in all regions. It was
thought that, in the mixed lubrication region, not only the
MoS, interlayer sliding occurred (by the sliding force act-
ing between layers) but also lubricant was supplied to the
sliding surface through micro dimples, further reducing
friction. In the fluid lubrication region, the shear force of
the lubricant between the sliding surfaces decreased, due to
both the cleaved MoS, particles and the vortices generated
inside the micro dimples, further reducing friction.

4. Conclusions

Using a friction measurement apparatus with a floating
cylinder liner, similar to an eco-mileage vehicle engine, the
effect of piston surface treatment with the FPB process on
piston assembly friction was investigated. Results indicated
that, the micro dimple and the MoS, shot treatments re-
duced friction. The MoS, shot treatment reduced friction
more than the micro dimple treatment. Finally, the combi-
nation of both the micro dimple and the MoS, shot treat-
ments further reduced friction. This combination of micro
dimple and MoS, shot treatments reduced friction from
31% to 45%, compared to no treatment.
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Nomenclature
BDC  bottom dead center MoS, molybdenum disulfide
FE-SEM/EDX Field Emission Scanning Electron Micros- Ra calculated average roughness
copy/Energy Dispersive X-ray Spectroscopy Rz;s  10-point average roughness
FMEP friction mean effective pressure S sulfur
FPB fine particle bombarding TDC  top dead center
Mo molybdenum
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The article presents the results of operational tests of engine oil, including the observation of changes in the

values of selected physicochemical parameters of oil in subsequent operation cycles, in accordance with the
service life specified by the vehicle manufacturer. Preliminary analysis of defined indicators characterizing the
condition of engine oil were performed in terms of their suitability for the ongoing monitoring of the technical
condition of the engine. On the basis of the values of selected indicators of fresh oil recorded in the course of
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operational tests and during replacement, one indicator was selected, the kinematic viscosity at 100°C, for
which an unambiguous trend of changes was observed during the tests. The last stage was to verify the
hypothesis about the correlation between the observed changes in the value of the indicator and the mileage of
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1. Introduction

Lubricating oils used in tribological systems of combus-
tion engines are a mixture of organic compounds and en-
riching additives, while the physical structure of the oil is
not sufficiently explained. Hence, an unambiguous descrip-
tion of their condition and the current assessment of their
properties as a lubricant are difficult. Therefore, the charac-
teristics of the oil are not a set of precise quantitative and
qualitative data of the chemical composition, chemical
structure, or the values of characteristic physical quantities.
The characteristics of oil as a lubricant, an element of the
tribological system, are expressed using indicators that
indicate the possibility of its application in specific kine-
matic nodes [16].

The description of the lubricant condition cannot be
made in isolation from the tribological system. Hence, this
concept is understood not only as a description of a state in
the physical sense, defined as a set of values of quantities
characterizing the macroscopic properties of a system, but
also a set of values related to basic functions fulfilled in the
system. The condition description must therefore reflect the
individual and functional (collective) properties of the lub-
ricant. In practice, these properties are most often assessed
by measuring specific parameters — indicators included in
the relevant standards for lubricants.

Research is carried out on the behavior of engine oil in op-
eration, however, it concerns only the analysis of the oil itself
without taking into account the technical condition of the tribo-
logical system in which it worked [1, 3, 5, 8, 9, 14, 15].

Engine oil is a component of the tribological system, the
operating conditions of which change over time. It is sub-
jected to variable mechanical and thermal loads resulting
from the tasks performed, but it is also subject to variable
and usually unfavorable loads due to the wear of the com-
ponents of the piston-rings-cylinder (PRC) system with
time. Among all the elements of the tribological system,
engine oil is subject to the most intense physical and chem-
ical changes during operation. This is due to the effect of

the system on the oil. The size of the excitations acting on
engine oil is related to, inter alia, with the technical condi-
tion of the PRC system, expressed by the amount of clear-
ances in this combination [6, 7]. The increase in the amount
of blow-by of exhaust gases into the engine crankcase
caused by the increasing clearance, as well as the increase
in the amount of oil entering the combustion chamber and
the amount of unburned fuel entering the oil sump cause the
indicators describing the condition of the engine oil to
change over time. The kinetics of this process is the result
of the occurring tribological phenomena and wear of the
PRC system. The analysis of the process of changes taking
place in the engine oil in operation and an attempt to de-
scribe them mathematically requires to take into account
not only the typical forces acting on the oil, but also the
changing operating conditions of the system, resulting from
the natural wear process of the elements of the PRC tribo-
logical system.

The results of the research compliant with the indicated
postulate are presented below. Changes in the engine oil
were observed and recorded in relation to selected physico-
chemical indicators at intervals related to its periodic re-
placement and the progressive wear of the PRC system
components. Based on the research results, a mathematical
model of the kinetics of changes in selected physicochemi-
cal indicators of oil in operation was proposed, correlated
with the vehicle mileage.

2. Models of kinetics of changes in oil properties

The aging processes are cumulative and have specific
features. During the operation of the oil, partial renewal
procedures are performed, regeneration of properties result-
ing from the need to refill the oil to the volume recom-
mended for a given lubrication system and to use oil filtra-
tion in the engine itself [12].

Refreshing by topping up is a discrete process, while re-
generation by filtering is a continuous but also random
process. In the latter, the randomness is the random trap-
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ping of particles that make up the oil contaminants. On the
other hand, the purification device itself (filter) operates
continuously with varying efficiencies.

When analyzing the kinetics of changes in oil proper-
ties, the following issues should generally be considered:

1. All the physical and chemical processes that take place
during its use (aging).

2. The process of regeneration (refreshing) by adding fresh
oil.

Physico-chemical processes take place under all condi-
tions of oil use, but their intensity depends both on the type
and type of oil, as well as on the physical parameters de-
termined by the conditions of using the oil in a given sys-
tem (temperature, pressure, volume). On the other hand, the
refreshing process is a natural consequence of the loss of oil
as a result of its combustion, as well as possible leaks from
the system.

Taking into account that in reality not only oil quality
changes over time due to the refreshing process, but also
physical and chemical processes occurring in the oil vol-
ume, it seems that the most appropriate image of the kinet-
ics of changes may be exponential curves. Such a situation
is presented in Fig. 1. However, it is also a certain approx-
imation of an averaging nature, but having the advantage of
reflecting relatively well the general tendency of changes,
which is an expression of the influence of both considered.

Fig. 1. Kinetics of changes in oil quality assessment indicators [11]

Thus, for research and comparative purposes, it is nec-
essary to propose a mathematical model describing the
changes taking place in the used engine oil. This model,
with high probability, should take into account the kinetics
of changes in relation to selected physicochemical parame-
ters of oil essential for the proper functioning of the tribo-
logical system. Such research has been conducted for a long
time.

For example, in the work [13] it was assumed that the
absolute difference in the values of fresh oil and oil proper-
ties after a specified operation time allows the assessment
of changes in the properties of the aged oil in comparison
with the properties of fresh oil. The course of these changes

has a specific character of an exponential sequence with the
limit (1) and (2):

limn—»oclpﬂ_Pill:’:a'At (1)

and

lim o, DI K" = o At — )
where: 0 — the slope of the straight line, At — continuous
operation time between successive additions of mechanical,
n — the number of cycles of the fluid and the number of
further additions, k — the unit volume of fresh oil to the
lubrication while each additions, P — analyzing the property
of the lubricating oil , which for fresh oil takes the value of
Py and during aging, without taking into account refreshing,
changes rectilinearly as a function of working time to the
final value of P; in the next working cycle.

The presented model allowed the authors to state that
the analyzed lubricating oil aging process does not have
a limit state as a function of time.

The problem remains open and research on the kinetics
of changes in selected properties of engine oil in operation
is still carried out. The results of tests of engine oils in
service presented in [17] allowed for the development of
a statistical model using the basic mathematical model —
a linear function. The obtained model based on changes in
the kinematic viscosity at 100°C of engine oils under oper-
ating conditions can be used to predict the behavior of en-
gine oil during operation. It should be noted, however, that
in order to obtain a complete picture of changes taking
place in the oil, it is advisable to interpret the kinematic
viscosity in addition to the dynamic viscosity (HTHS), the
degree of oxidation and the acid number. These properties
can affect the reliability of the entire engine, and it is there-
fore important to continue observing the degradation state
of the engine oil. Moreover, the research, as the authors
point out, mainly covered vehicles operated in conditions
that can be described as "difficult", i.e. frequent engine
start, short distances, prolonged idling. Hence, the proposed
model of the kinetics of changes in kinematic viscosity at
100°C of engine oils does not necessarily reflect the chang-
es taking place in the engine operated under statistically
average load conditions.

According to the author, the mathematical models pro-
posed so far do not fully reflect the actual changes taking
place in the engine oil. Due to the limitations occurring
during the operational tests or the adopted boundary condi-
tions, the proposed model does not fully reflect the actual
changes taking place in the engine oil between its changes,
especially with the increase of the engine mileage. There-
fore, it is important to observe and analyze the changes
taking place in the oil in subsequent cycles of its replace-
ment, taking into account the actual mileage of the engine
and the mutual correlation of these parameters.

3. Research method

Among the physicochemical and functional indicators
characterizing the condition of the lubricating oil, in opera-
tional tests the most frequently used (apart from the con-
tamination content) is kinematic viscosity. The conditions
of cooperation of the elements: piston, piston rings, cylin-
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der liner are primarily determined by the viscosity of the
lubricant between them. It determines the nature of friction,
both in a cold and warm engine [10]. It is also important
during engine start-up [2]. Moreover, the viscosity of en-
gine oil changes significantly during its service life. It is
related to, inter alia, with the leakage of unburned fuel to
the engine oil pan, which in turn is largely conditioned by
the tightness (wear) of the PRC connection. The increase in
clearance between the piston and the cylinder liner, ob-
served along with the mileage of the vehicle—engine, favors
the penetration of more and more fuel and faster dilution of
the engine oil. The simultaneous processes causing the
increase in oil viscosity do not neutralize the above tenden-
cy, and moreover, their intensity is not closely correlated
with the progressive wear of the PRC system. Their occur-
rence is mainly related to the aging processes of the oil
taking place in the high-temperature zone of the engine, i.e.
the lubricating layer on the cylinder liner surface. Thus, the
process of diluting engine oil during operation is observed
[4], and it intensifies with the mileage of the vehicle. The
kinetics of changes in oil viscosity is thus reflected in the
decreasing function with absolute increases with the vehicle
mileage.

However, the changes taking place in the exploited oil
include not only its degradation, as a result of the system's
impact, but also the refreshing phenomenon through "re-
fills". The image of the physicochemical state of the used
oil just after topping up is strongly distorted. A portion of
fresh oil improves the properties of the lubricant, bringing
them closer to the initial values. Hence, the moment of the
analysis is an important issue.

The actual condition of the used oil is observed at the
time of its replacement. Observations of users' behavior
indicate that they do not make any top-ups of oil before its
soon planned oil change. Thus, the condition of engine oil
at the time of its replacement well reflects the resultant of
the forces acting on the engine oil in the next, full cycle of
its operation.

The model of the kinetics of changes in the properties of
engine oil in operation, proposed by the author, also takes
into account the correlation between the phenomenon of
cylinder liner wear, which is a continuous process observed
for the same kinematic pair, and the oil degradation process
taking place for subsequent, new portions of oil after each
oil change. Moreover, the actual oil service life may be
different for subsequent changes, although statistically,
with high service culture, its expected value will be close to
the recommended by manufacturer.

The above requirements take into account the proposed
index of the intensity of changes in Cy oil properties. It is
characterized by the relationship (3):

_ Wp-Wy

Cw for t>0 3)

ol

where: W, — value of the measured index of oil condition
assessment for fresh oil, Wy — value of the measured oil
condition assessment index for used oil (at the time of re-
placement), t, — engine oil operation time to be changed,
C,, — index of intensity of changes in oil properties.

This indicator provides average information about the
intensity of the engine's impact on the oil. It does not take

into account periodic changes in the measured value of the
oil parameter, but reflects the long-term tendency of the
observed changes.

The operational tests have shown that the best indicator
of the intensity of changes in kinematic viscosity at 100°C
— Cyjqo for the purposes of the presented method.

The last stage is to verify the hypothesis on the correla-
tion between the observed changes in the kinematic viscosi-
ty of the used engine oil, expressed with the Cyoy kinemat-
ic viscosity change intensity index, and the engine—vehicle
mileage.

4. Operational research

4.1. Research object and methodology

The object of the operational tests were five 110 kW
diesel engines installed in medium-duty trucks. The tests
were carried out under supervised operational test condi-
tions. The tests were carried out after factory-new engines
were installed in the vehicles, and their initial technical
condition was known (cylinder liners micrometers were
carried out to the extent possible after the cylinder head had
been disassembled, the compression pressure, crankcase
exhaust gas blow — by and exhaust smoke were measured).
The vehicles were part of the fleet. The average load of the
load box was 5000 kg and never exceeded the permissible
load capacity of the vehicle. The daily mileage of the cars
was from 240 to 350 km. The cars were operated in urban
and non-urban driving conditions. The engine lubrication
system uses engine oil of API CE/SF quality class and SAE
15W/40 viscosity class. This oil was used throughout the
research period and came from one production batch. All
technical maintenance of engines was performed in accord-
ance with the manufacturer's recommendations.

The method of evaluation of the physicochemical and
functional parameters of the oil was used to assess changes
in oil properties. The chemical analysis of fresh oil as well
as used oil samples, collected at the time of replacement,
and used oil were carried out in one laboratory with the use
of a commissioned system. This allowed to maintain the
repeatability of the measurement methods used, and thus
increase the reliability of the obtained test results. Selected
physicochemical properties of fresh oil are presented in
Table 1.

Table 1. Physical and chemical properties of 15W40 oil

The parameter under study Unit Value
Kinematic viscosity at 40°C mm?/s 99.52
Kinematic viscosity at 100°C mm?/s 14.21
Base number mg KOH/g 10.84
Carbon residue according to Conradson % 1.38
Sulphated ash % 1.10
Flash point in a closed cup °C 190

calcium — Ca % 0.33
e copen o e [ine 2 o
phosphorus — P % 0.12

The actual mileage between exchanges did not differ by
more than 10%. During the exchange, a sample of used oil
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was taken (about 1 dm’). Additionally, the content of ele-
ments derived from the engine's structural elements was
determined for the used oil (iron — Fe, copper — Cu, lead —
Pb).

4.2. Results and analysis

The analysis of changes in the condition of oil in opera-
tion was carried out as an assessment of the kinetics of
changes in the selected oil index. The basis was information
on:

— the value of the selected condition assessment indicator
for fresh oil,

— values of the selected condition assessment indicator for
used oil (at the time of replacement),

— oil service time (car mileage between oil changes).

This information is related to the indicator of the inten-
sity of changes in Cy oil properties (3). The following oil
condition indicators were assessed in terms of changes
occurring during operation.

Among the physicochemical indicators:

— kinematic viscosity at temperature 40 C — V4,

— kinematic viscosity at temperature 100°C - V100,

— base number - LZ,

— carbon residue according to Conradson,

— sulphated ash,

— flash point in a closed cup,

— the content of elements derived from improvers: Ca, Zn, P.
of the functional indicators:

— the content of metallic elements originating from the
engine's structural elements: Cu, Fe, Pb.

The analysis of changes in engine oil was carried out for
the mileage above 10,000 km. This allowed to eliminate
errors related to the running-in process of kinematic pairs in
the engine. Only the period of stabilized wear was included
in the analysis (Lorentz curve).

The calculated values of the intensity index of oil prop-
erties changes Cyw; (i = 1, 2, ..., n, where n — the number of
the next oil change) for each of the above-mentioned oil
condition indicators were related to the vehicle mileage
corresponding to the time of measurement (vehicle mileage
in when the oil is changed). Using the STATISTICA® pro-
gram, the correlations between the C,,; index for each of the
observed oil condition indexes and the vehicle mileage
were determined. Initially, the data was fitted with a linear
regression model estimated using the maximum likelihood
method under the socalled generalized least squares meth-
od. The application of the above-mentioned method made it
possible to include in the estimation process a theoretically
justified assumption about the correlation of successive
measurements of oil parameters. This assumption was in-
troduced by assuming that the random term in the regres-
sion model is subject to a continuous first-order autoregres-
sive process. However, in the course of further analyzes and
as a result of the sensitivity analysis, it was shown that the
use of the above-described advanced statistical apparatus
changed the results of the analysis to a minimal degree in
relation to the classical model of normal linear regression.
As a result, in order to simplify the presentation of results
and facilitate interpretation, the linear regression models
were estimated using the classical method of least squares.

The second type of regression lines were used to initially
estimate the dependencies sought. The results of the cal-
culations are summarized in Table 2 (the determined cor-
relations are significant at the confidence level of 1-a =
= 0.95 assumed as the border value of the acceptable error
level [18]).

Table 2. List of linear correlation coefficients for the assessment of oil
condition changes in relation to the vehicle mileage

Oil condition The value of Pear- Coefficient .

change o . Test probabi-
son's linear correla- of determi- .

assessment . . . lity value

o . tion coefficient nation

indicators

c r R? P

Kinematic

viscosity at -0.71 0.532 0.00044

40°C

Kinematic

viscosity at -0.81 0.628 0.00006

100°C

Base number correlation irrelevant

Carbon

residue 0.46 0.28 0.00541

according to

Conradson

Sulphated ash correlation irrelevant

Flash point in correlation irrelevant

a closed cup

Exemplary waveforms are shown in Figs 2—4.

Fig. 2. The course of the kinematic viscosity change intensity index at
100°C Cyiqp as a function of operating time

Fig. 3. The course of the kinematic viscosity change intensity index at
40°C Cyy as a function of operating time
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Fig. 4. Course of the change intensity index of coking residues according
to Conradson Ckoks as a function of operating time

Thus, among the oil condition indicators observed in
operation, the highest value of the linear correlation coeffi-
cient with respect to the vehicle mileage was obtained for
the kinematic viscosity change intensity index at 100°C
Cvyi0o- This result confirms the correctness of the theoretical
analysis carried out. By limiting ourselves to this parameter
of engine oil, the Cyjoy index curves were determined in
relation to the operating time. The highest value of the
curvilinear correlation coefficient, at the level of R = 0.741,
was obtained for the regression line described by the power
function (the panel of the STATISTICA program was
used). Thus, the course of changes of the Cyjo index in
relation to the operating time can be described by the rela-
tionship (4):

mm?

Cyroo = (3.277) — (2.142) - t(©033) [ @

s'km

where: t — engine operation time (mileage) [km].

The course of the determined dependence is shown in
Fig. 5.

This dependence, apart from the highest value of the
correlation coefficient, well reflects the physical interpreta-
tion of the observed phenomenon. Changes in the properties
of engine oil tend to a certain limit but do not reach it,
which perfectly correlates with the course of the power
function. The results of the analysis, verified in operational
tests, confirm the relationship between the changes taking
place in the used engine oil in terms of kinematic viscosity
at 100°C, and the mileage of the vehicle—engine.

Fig. 5. Power regression model of the Cyg index in relation to the vehicle
mileage

5. Conclusions
Based on the analysis of the factors influencing the phe-

nomenon of engine oil degradation in operation, it can be

concluded that:

1. The changes in selected physicochemical properties
recorded in the engine oil tests confirm the thesis about
the correlation between the value of the observed pa-
rameter and the vehicle mileage.

2. The conducted operational tests confirm the correctness
of the theoretical analysis performed and indicate that
the changes taking place in the used engine oil are,
among others, as a result of wear of the PRC system
components. In this approach, among the physicochem-
ical and functional indicators characterizing the condi-
tion of the used lubricating oil, only the kinematic vis-
cosity at 100°C sufficiently reflects the degradation pro-
cesses occurring in this combination. It has also been
shown that there is a close relationship between changes
in the kinematic viscosity of the used engine oil, ex-
pressed by the intensity index of changes in kinematic
viscosity at 100°C Cyjqg, and the mileage of the vehi-
cle—engine.

3. As a result of the tests, no relationship was found be-
tween the vehicle mileage and the content of elements
derived from engine components in the tested engine
oil. It can therefore be concluded that the methods of
spectroscopic analysis of the content of metallic ele-
ments in engine oil can only be an auxiliary means in
assessing the condition of the engine. They can be of
key importance in estimating the acceptable wear of lu-
bricated kinematic pairs.

Nomenclature
API American Petroleum Institute R’ coefficient of determination
Cy index of intensity of changes in oil properties R curvilinear correlation coefficient
Cvioo  kinematic viscosity change intensity index at SAE  Society of Automotive Engineers
100°C tol engine oil operation time to be changed
HTHS High Temperature High Shear rate Wi value of the measured oil condition assessment
p test probability value index for used oil (at the time of replacement)
PRC  Piston-Rings-Cylinder W, value of the measured index of oil condition
r the value of Pearson's linear correlation coefficient assessment for fresh oil
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tionary research tests. The purpose of the tests was to carry out control tests of pollutant emissions and their
analysis. The object used during the works was approved in accordance with the Stage V standard, which
requires measurements of emissivity both in stationary, dynamic and real conditions. Despite the requirement to
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this test have not yet been defined. Therefore, the work below focuses on the stationary test cycle. The measure-
ments were carried out in accordance with the internal combustion engine operating points described in the
approval test, and then compared with the modernized NRSC test. It contains modified measuring points and
rotational speeds of the crankshaft, adopted on the basis of the most common operating parameters of agricul-
tural tractor combustion engines in real operating conditions. The measurements were performed with the use of
a mobile dynamometer and devices for measuring emissions of harmful exhaust gas compounds and recording
on-board data. In the performed test, the vehicle drive system worked at fixed operating points, with defined
values of crankshaft rotational speed and load. Based on the recorded data on the concentrations of pollutants
in the exhaust gases, the unit emission of the tested object was determined. In the final stage of the work, these
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1. Introduction

One of the key factors contributing to the deterioration
of the natural environment are combustion engines in
means of transport, which are the source of exhaust gases.
Research by the European Environment Agency shows that
transport generates 20% of all global CO, emissions, almost
10% of PM10 and 39% of NOj [5]. Despite the introduction
of increasingly more stringent exhaust emission norms, the
number of vehicles in use is increasing annually, which
obviously affects the air quality. This contributes to the
formation of smog in urban agglomerations and causes
climate change as a result of the greenhouse gases (GHG)
released. According to World Health Organization (WHO)
reports, over 90% of the world's population lives in regions
where the limits of harmful compounds concentration in the
air are exceeded [20]. Our World in Data research team has
shown that in 2017, air pollution was the fourth largest in
terms of numbers (after high blood pressure, smoking, high
blood sugar and obesity) cause of illness and death or disa-
bility in the world. It is estimated that 3.4 million people
died prematurely as a result of this pollution, which ac-
counts for about 6% of deaths worldwide. This indicates
that it is one of the world's biggest health and environmen-
tal problems to date [12].

Off-road vehicles have a significant impact on the envi-
ronmental pollution due to their operating characteristics
and how they are used [6]. The main problem of these types
of vehicle is the type-approval tests carried out on an en-
gine dynamometer. The literature widely describes the
problem of the unrepresentativeness of laboratory tests
performed on specially prepared measuring stands [9, 11,
13, 16, 18, 19]. In this type of test, the real operating condi-
tions of the vehicles are simulated in standardized tests. It
has been shown, however [7, 8, 14, 15, 17], that the test

cycles used in type approval do not reflect the real condi-
tions of the engine’s actual operation. This is mainly due to
the wide variety and diversity among machines and vehi-
cles classified under the NRMM (Non-Road Mobile Ma-
chinery) group. This contributes to the differences between
the qualitative and quantitative measurements of exhaust
emissions in stationary tests and the real exhaust emissions
in operation. In order to obtain reliable results, it becomes
necessary to conduct field work on real objects performing
real tasks. Currently, road tests are compulsory for passen-
ger cars and heavy vehicles all over the world. Measure-
ments in RDE (Real Driving Emissions) tests are performed
using specialized exhaust gas analyzers from the PEMS
group (Portable Emissions Measurement Systems). This
makes it possible to perform reliable measurements in real
operating conditions, and thus to verify the ecological indi-
cators of vehicles in a wide spectrum of operation of their
drive systems.

Based on the NRSC (Non-Road Stationary Cycle) test
and field measurements, it is possible to modify and adjust
the current test procedures. A set of changes to the static
engine tests were proposed in [6], based on the similarity of
the operating conditions of the engines, and where the
phase coordinates were selected arbitrarily based on the
author's knowledge and experience. This test was described
in more detail and used to conduct comparative analyzes in
the section discussing the measurement results.

2. Method

A rail-road tractor was used for the tests (Fig. 1, Table
1) equipped with a 6-cylinder VGT (Variable Turbo Geo-
metry) turbocharged engine with a displacement of 6.8 dm’
and a maximum power of 107 kW at 2000 rpm. The maxi-
mum torque of the engine was 640 Nm at 1500 rpm. The
engine was supplied by direct injection of Common Rail
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fuel at a pressure of 1800 bar. It should also be noted that
the tractor was equipped with a continuously variable
transmission, which was a combination of a two-stage plan-
etary gear, a clutch assembly and a hydrostatic transmis-
sion. This solution to optimize the power flow, and addi-
tionally boasts a simple design and two internally changed
gears. According to the manufacturer's data, the vehicle
complied with the Stage V exhaust emission norm. It was
equipped with an EGR (Exhaust Gas Recirculation) sys-
tem, so that part of the engine exhaust is mixed with the
intake air in the form of exhaust gas recirculation. As
a result, the combustion process in the engine is slower and,
at the same time, its temperature is lower. The vehicle also
had a DOC (Diesel Oxidation Catalyst) and DPF (Diesel
Particulate Filter) system, allowing for the reduction of
both hydrocarbon and particulate emissions in the exhaust
gas. In addition, the vehicle also uses SCR (Selective Cata-
lytic Reduction) to reduce the content of nitrogen oxides in
the exhaust gases, which are converted into nitrogen and
water vapor using an aqueous solution of urea (Adblue).

Fig. 1. Test vehicle with the drive system highlighted [10]

Table 1. The main technical parameters of the test vehicle [10]

Vehicle parameters data sheet

Engine type Diesel

Fuel supply system Common Rail
Number of cylinders 6
Displacement 6.8 dm’
Nominal power at engine speed 107 kW/2000 rpm
Nominal torque at engine speed 640 Nm/1500 rpm
Turbocharging VGT

Exhaust aftertreatment systems EGR, DOC, DPF, SCR
Exhaust emission norm Stage V

The aim of the research was to determine the differ-
ences in the exhaust emissions measurements carried out in
stationary conditions. The vehicle was tested according to
two different measurement test methods, and the actual
ecological indicators of the test vehicle were determined
based on the comparative analysis of the results obtained
from these tests. As shown in [7, 8, 14, 15, 17] tests carried
out in laboratory conditions on engine dynamometers and
test benches do not reflect the real exhaust emission values

that occur in real vehicle operation. The NRSC test proce-
dures according to which off-road vehicles are normally
tested do not sufficiently reflect the actual engine operating
parameters.

The test vehicle was connected with a mobile dyna-
mometer using a power take-off (PTO) shaft, which made it
possible to set the engine to achieve assigned operating
points (Fig. 2 (IT)). The dynamometer was equipped with an
air-cooled electric machine (generator), which enabled
a two-way power take-off. The maximum dynamometer
rotational speed was 3600 rpm and the maximum received
torque was 7200 Nm. The engine operating parameters read
from the on-board diagnostics system were recorded using
the TEXA Navigator TXT device. Additionally, during the
tests, the emission of pollutants from exhaust gases was
measured with the use of devices from the PEMS group
(Fig. 2 (1)).

Fig. 2. Test stand: I — exhaust emissions measurement device, Il — connec-
tion between the PTO and the mobile dynamometer

3. Results

The exhaust emission measurements of toxic gases was
carried out in the process of performing two measurement
tests. The first was the stationary NRSC test cycle used for
testing off-road machines (Fig. 3, Table 2). It is a part of the
Stage I, II, IIT A, III B and IV exhaust emission norms for
diesel engines with a net power of 19 kW < P < 560 kW,
operating at constant or variable speeds. It consists of 8
phases of different rotational speed and load points, which
are chosen to correspond with the typical operating range of
diesel engines in machines of this type [1, 2, 4].

Fig. 3. NRSC test procedure measurement points (test 1) [3]
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Table 2. The NRSC test parameters [3]

Parameters Test phase number
1 2 3 4 5 6 7 8
load [%] 100 75 50 10 100 75 50 0
load 1 465 | 350 | 230 | 45 | 600 | 425 | 300 | 0
[Nm]
n Draed DNintermediate Nidle
n [rpm] 2000 1200 800
Phase
weighing | 0.15 | 0.15 | 0.15 | 0.10 | 0.10 | 0.10 | 0.10 | 0.15
factor

The rail-road tractor was also tested in accordance with
the modified NRSC test for all engines (Fig. 4, Table 3).
The modified version of the NRSC test was developed by
Lijewski [6]. Proposition (I) results from the combination
of two tests taking into account the individual character of
the engine operation for the tested vehicles. The first group
consists of engines which, in real operating conditions,
operate in the entire rotational speed range. The second
group consists of engines operating typically at a constant
rotational speeds. This test was chosen because agricultural
tractors belong to both engine groups simultaneously, de-
pending on how the vehicle is used and which type of task
it performs. The procedure consisted of 7 speed and load
phases which depend on the engine used.

Fig. 4. The modified NRSC test (test 2) [6]

Table 3. Parameters of the modified NRSC test designed for all engines [6]

Parameters Test phase number
1 2 3 4 5 6 7
load [%] 90 60 30 80 55 30 0
load [Nm] 420 | 280 | 135 | 475 | 320 | 175 0
n Nrated Nintermediate Nidle
n [rpm] 2000 1200 800
Phase weigh-| o 15| 620 | 020 | 0.10 | 0.10 | 0.10 | 0.15
ing factor

Based on the performed measurements, carried out in
the above-mentioned test phases, the characteristics of the
time-variable exhaust emission of harmful exhaust com-
pounds limited by the emission norms were created as-
signed to the defined engine operating points. From the
obtained results, a similarity in the way the results are dis-
tributed could be observed. In both cases, there is a down-

ward trend for each of the monitored toxic exhaust com-
pounds. Thus, it can be concluded that the resulting exhaust
emission was closely related to the rotational speed and the
load of the vehicle engine. The obtained results differed,
however, to some extent. In the case of the modified NRSC
test, the obtained results were about 30% lower than in the
NRSC homologation test. These deviances were 27.8% for
carbon monoxide, 34.2% for nitrogen oxides and hydrocar-
bons, and 30.3% for particulate matter, respectively. This
was due to the fact that the load for all the tested phases, as
defined in test 2, was characterized by lower values. The
characteristics have been shown in Figs 5 and 6. For better
clarity of the results, the PM values were multiplied by
10000.

Fig. 5. Exhaust emission characteristics in each second obtained in the
NRSC test

Fig. 6. Exhaust emission characteristics in each second obtained in the
modified NRSC test

The performed analysis was supplemented with the
characteristics of the specific emissions obtained in the
entire tests, together with the reference to the Stage V emis-
sion norm for engines in the power range 56 <P < 130 kW,
based on which the test vehicle received type approval (Fig.
7). The obtained results show that the Lijewski test (test 1)
shows a more favorable exhaust emission values of all toxic
gas compounds per unit of work. The smallest difference
(9.2%) was obtained for hydrocarbons. The value for test 1
was 0.25 g/kWh and for test 2 it was 0.23 g/kWh. In both
cases, the Stage V emission limit value of 5 g/kWh was not
met.

The largest difference (29.3%) was found for particulate
matter, the values were 5.01x107 g/kWh for the NSRC test
and 3.54x10™ g/kWh for the modified NRSC test, respec-
tively. In both cases, the exhaust emission standard of 0.015
g/kWh was met. For nitrogen oxides, the difference was
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11%, and for carbon monoxide 22% (2.35 g/kWh NOy, 1.26
g/kWh CO —test 1, 2.09 g/kWh NO,, 0.98 g/kWh CO - test
2). The limit values were 0.4 g/kWh for NO, (not met in
both tests) and 0.5 g/lkWh for CO (met in both tests), re-
spectively. On the basis of the obtained results, it can there-
fore be concluded that using modified research tests charac-
terized by different engine operating points to test off-road
vehicles has scientific merit.

Fig. 7. Characteristic of the specific emission obtained in the tests

6. Conclusions

The considerations discussed in this article concern ex-
haust emission tests of toxic compounds during the engine
dynamometer braking tests of an off-road vehicle. The
eight-phase NRSC test and its modified original seven-
phase variant were performed. As part of the research car-
ried out, ecological indicators of the engine were deter-
mined, based on which a comparative analysis was con-
ducted. The specific exhaust emission values of pollutants
obtained as a result of the measured data were compared to

the limit values defined in the Stage V emission norm, for
which the tested vehicle received the type approval.

In order to present the differences between the obtained
measurement results, the article uses the proposed meas-
urement procedure described in [6]. The two performed
tests were characterized by a similar distribution of results,
which can be seen thanks to the characteristics of the ex-
haust emission in time for each of the defined test phases.
They confirmed the relation between the ecological indica-
tors and the engine speed and load. The obtained results of
the emission per second (lower by about 30%) and the
values of the specific emission (differences at the level of
10-20%) indicate the advantage of the modified NRSC test.
In terms of CO and PM emissions, the Stage V emission
standard was met, while the HC and NO, indicators were
exceeded. Special attention should be brought to the last of
the given toxic compounds, because normally this com-
pound’s emission in real operating conditions most often
reaches different — higher values, as compared to stationary
tests.

The modified test procedure used by the authors allows
for testing vehicles equipped with engines in their entire
operating range of rotational speed as well as those operat-
ing at a constant rotational speed. Thanks to its versatility,
it is possible to implement this solution for engines installed
in all off-road vehicles. Therefore, further work of the au-
thors will concern similar considerations and tests done for
other machines of this category. In addition, plans are con-
sidered for conducting measurements on a wider group of
vehicles in order to create a new original research test pro-
posal.

Nomenclature

co carbon monoxide

CO, carbon dioxide

DOC  diesel oxidation catalyst
DPF  diesel particulate filter
EGR  exhaust gas recirculation
GHG  greenhouse gas

HC hydrocarbons
NO;  nitrogen oxides

NRMM non-road mobile machinery

NRSC non-road stationary cycle

PEMS portable emissions measurement systems
PM particulate matter

PTO  power take-off

RDE  real driving emissions

SCR  selective catalytic reduction

VGT  variable turbo geometry

WHO World Health Organization
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The article presents the concept of a maintenance-free inspection station intended for conducting drive-thru

tests of commercial vehicles. The main purpose of building this type of diagnostic line is to carry out non-
invasive, preliminary tests of heavy-duty vehicles entering the vehicle service area in terms of parameters
affecting the safety of their operation in relation to the applicable standards. The main parameter to be assessed
will be the concentration of toxic exhaust components, measured using remote sensing methods. In addition, the
proposed diagnostic line can be supplemented with additional remote measurement systems, such as, for
example, systems for assessing the condition of vehicle lighting, loads on individual axles and individual wheels
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of the vehicle, tire pressure, thermal load of the brake system, as well as a system for detecting leaks of fluids
from the vehicle. Based on the carried out work, it has been shown that using the current specialist knowledge
and the components of measurement systems available on the market, it is possible to develop an innovative
diagnostic line using remote measurement methods.
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1. Introduction

At the present stage of the development of the road
transport means, all kinds of activities relating to their im-
pact on the environment play an extremely important role
[3]. In this area, a number of legal regulations have been
established regarding the conditions of admitting vehicles
to roads and a number of control regulations that determine
the day-to-day operation of vehicles [4, 10]. However, due
to the very diversified car fleet and very different condi-
tions of vehicle operation, the existing control regulations
do not always effectively and quickly identify vehicles that
are operated with faults that endanger their safe operation
or exceed the established emission limits.

In June 2019, in Cracow, as the first city in Poland,
emissions from the streams of passing vehicles were tested
using optical methods. Initial estimates showed that approx.
3% of vehicles are responsible for approx. 40% of traffic
pollution [11]. These vehicles often did not meet the re-
quirements in force during periodic technical inspections.
For this reason, it is important to further develop and dis-
seminate methods enabling effective detection of sources of
air pollution as well as systems enabling the construction of
databases and statistics in still not fully recognized area.

Therefore, it is advisable to develop a concept of
a maintenance-free inspection station intended for non-
invasive, initial screening of vehicles involved in the road.
The main idea of creating this type of diagnostic tool is to
perform screening tests addressed to domestic and foreign
shippers operating in the European Union. The results of
this type of research will be particularly important in terms
of meeting the EU requirements, both for domestic for-
warding companies and for vehicles from outside the EU,
which are subject to other types of regulations in this area.

The effect of the project may be the protection of the
EU area in terms of adverse effects of road transport, which
is inconsistent with the applicable standards.

Ultimately, the operational experience of the diagnostic
line can be used in the development of standard control
procedures used in real road traffic, e.g. for the so-called
motorway gates, entrances to urban agglomerations, etc.

The legal and logistic concept of developing this type of
diagnostic station will require a separate analysis.

2. Assumptions for the proposed concept

The concept proposed by the research team from the
Department of Automotive Vehicles at the Cracow Univer-
sity of Technology is based on the use of spectrophotomet-
ric and thermovision techniques as well as computer image
analysis to identify exhaust gas composition and the opaci-
ty. It is based on the optical detection of the exhaust cloud
near the vehicle and the spectral analysis of the light in the
infrared and UV range to register individual compounds in
the cloud. According to the assumptions, the measurements
are to be non-contact, remote and immediate.

The diagnostic line based on the concept proposed by
the team from the Cracow University of Technology, may
become one of the first installations operating for in the
long term conditions on Polish roads, having a beneficial
effect on the protection of the natural environment against
automotive pollution. An innovative approach in the pro-
posed concept is the use of computer image analysis, which
will allow to determine with high accuracy the location of
the source of the emitted exhaust gases, i.e. around the end
of the tail pipe outlet. A targeting of the measuring beam at
the exhaust gas cloud with the lowest possible dilution by
air, will allow to obtain the most reliable results.

A further goal of building this type of diagnostic line is
to conduct preliminary, non-invasive screening tests of
commercial vehicles in terms of all parameters affecting the
safety of their operation in relation to the applicable stand-
ards. The assumed diagnostic procedure will take place
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during one run along the designated measuring track with
appropriately selected characteristics.

The main parameter to be assessed will be the concen-
tration of toxic exhaust gas components measured by re-
mote sensing. This parameter is of key importance for the
assessment of the technical condition of the vehicle's
powertrain, mainly the fuel system, as well as the technical
condition of the exhaust gas aftertreatment system. In addi-
tion, the proposed diagnostic line can be supplemented with
additional remote measurement systems, such as:

— vehicle lighting condition assessment system,

— system for detecting leaks of operating fluids from the
vehicle,

— system for assessing the load of axles and individual
wheels of the vehicle,

— tire pressure estimation system,

— system for estimation the thermal load of the brake
system components.

Those types of tests are aimed at making an initial,
comprehensive assessment of the technical condition of
selected vehicle components and identifying the most im-
portant faults that affect operational safety. According to
the assumptions, the entire diagnostic procedure should
take place during one run along a designated measuring
track with appropriately selected characteristics. The result
of the tests will be forwarded to the vehicle driver by
a message displayed at the end of the diagnostic line.

The proposed approach differs from that used in road
emission tests, e.g. in the USA, in that it applies to selected
vehicles whose drivers volunteer for screening, not all vehi-
cles passing the road section under test. This reduces the
number of vehicles tested, but on the other hand allows
a much more complete assessment of the technical condi-
tion of commercial vehicles, which has a significant impact
on road safety and overall automotive emissions.

3. The concept of remote measurement of the
concentration of exhaust gas components

The role of screening control for automotive exhaust
gases is to detect irregularities in the level of harmful com-
ponents emitted by the vehicle. Exceeding the permissible
values may indicate a failure of the engine, fuel system or
exhaust gas aftertreatment system. It is not intended to
precisely determine the composition of exhaust gases, nor
to diagnose the cause of a failure. The result of such inspec-
tion is to be a suggestion that the vehicle should be directed
to a service or for further tests to a vehicle inspection sta-
tion.

The main features of the screening control of exhaust
are its non-invasive nature and the least possible involve-
ment of third parties, including the driver. Measurements
must be automated. The only requirement is that the vehicle
must run in such a way that it is possible to take a sample of
the exhaust gases. The most beneficial place to sample
exhaust gases is at the outlet of the vehicle's tailpipe. How-
ever, the need to locate it and place the measuring probe in
it, additionally while the vehicle is in motion, excludes the
possibility of direct measurement. The outlet of the tailpipe
is often placed under the vehicle at some distance from the
vehicle's contour. Therefore, it was assumed that the mea-

surement would be made in the vicinity of the exhaust gas
outlet, taking into account the dilution of the exhaust gas
with ambient air. However, it still does not completely
eliminate the problem of locating the exhaust gas outlet.
For this purpose, it is necessary to use the technique of
computer image analysis.

When analyzing the available measurement methods, it
was necessary to choose the most appropriate one for re-
mote tests, in which reliability and maintenance-free are
also an important factor. Table 1 summarizes the basic

measurement methods with their main features.

Table 1. Methods of measuring the concentration of the components of
exhaust gases [5]

good sensitivity,

— minimal meas-
urement drift,

- no effect on other
gases

Method Advantages Disadvantages
Optical — direct and fast, — the need to define carefully
spectroscopy — selective with selected areas of the radiation

spectrum

Gas chroma-

— very accurate and

— continuous measurement

— very sensitive
(ppm)

tography selective difficult to implement,
— gas sample delivering
needed,
— very expensive
Semiconduc- — low cost, — poisoning effect possible,
tor sensors — possible exposure — is subject to irreversible
measurements, wear,

— measurement susceptible to
the influence of other gases,
— sensitive to moisture

Catalytic
(pellistor)

— low cost,

— detects the pres-
ence of flammable
gases

— possible poisoning effect,
— sensitive to gas groups,
— errors under the influence
of other flammable gases,

— zero error (ppm)

Among the methods used in industry, there are also
thermally conductive sensors (TDC), electrochemical sen-
sors and sensors based on the phenomenon of surface
acoustic wave (SAW). Optical measurement methods them-
selves, usually based on emission or absorption spectrosco-
py, constitute a numerous group of solutions [7]. The
above-mentioned methods of remote measurement of the
concentration of carbon monoxide, hydrocarbons, nitrogen
oxides and smoke in exhaust gases were initially analyzed
in laboratory conditions in the Department of Automotive
Vehicles at the Cracow University of Technology.

Measurement methods are marked with international
symbols:

— NDIR (Non-Dispersive Infrared Spectroscopy),

— FTIR (Fourier Transform Infrared Spectroscopy),

— TDLS (Tunable Diode Laser Spectroscopy),

— CRDS (Cavity Ring-Down absorption Spectroscopy),
— DOAS (Differential Optical Absorption Spectroscopy),
— DIAL (Differential Absorption Lidar),

— PAS (Photoacoustic Spectroscopy),

— MUPASS (Multipass Spectroscopy), etc.

Optical gas concentration measurement (NDIR) is wide-
ly used in the automotive industry, but not only [9]. The
popular solutions used so far, however, did not allow for
the study of the exhaust cloud from vehicles traveling on
the road. In recent years, due to the interest in the problems
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of urban traffic pollution, solutions are developed and im-
plemented that enable monitoring of the air condition [1].
There are portable systems recording passing vehicles to-
gether with an estimated assessment of the composition of
the exhaust gases emitted by them.

4. Verification of the proposed concept of remote
measurement of the concentration of exhaust gas
components in real conditions

In order to pre-verify the proposed concept of a remote-

sensing diagnostic line appropriate measurements were
made to quantify the assumptions for selected exhaust
components. Measurements of CO, and O, concentrations
were made for two exemplary vehicles — a Mercedes Actros
1842 truck and a Mercedes Tourismo coach (Fig. 1). The
tested Mercedes Actros truck had a mileage of approxi-
mately 500,000 km, while the Mercedes Tourismo coach
was a brand new vehicle. Both were technically sound. The
aim of the measurements was to determine the area around
the outlet of the exhaust system within which it is possible
to measure the concentration of toxic exhaust components
with a diagnostic analyzer.

Fig. 1. Test vehicles — Mercedes Actros 1842 truck (top) and Mercedes
Tourismo coach (bottom)

The Capelec Cap 3201 analyzer used for the measure-
ments consisted of two modules: a five-gas exhaust gas
analyzer and an opacimeter (Fig. 2).

Fig. 2. A general view of the stand for measuring the composition and
opacity of exhaust gases

The measurements were carried out for both vehicles
while the engine was idling. The limit line was considered
to be the achievement of 0.2% of CO, concentration, which
is the lower measurement threshold of the popular analyz-
ers, however lower values are achievable [2]. In the case of
a truck, the outlet of the exhaust pipe is located on the right
side of the vehicle (Fig. 3). In the case of the coach, the
exhaust gases come out from the bottom of the vehicle, in
the left rear part of the body (Fig. 4). The Mercedes Actros
truck is equipped with a diffuser-shaped exhaust pipe with
a flattened shape and several nozzles. This results in the
dispersion of the exhaust gas stream and a significant dilu-
tion of the sample with the ambient air.

Fig. 3. View of the outlet of the exhaust system — Mercedes Actros truck

Fig. 4. View of the outlet of the exhaust system — Mercedes Tourismo
coach

Figures 5 and 6 show the schemes for measuring the
volumetric concentration of carbon dioxide CO, and oxy-
gen O, in the exhaust gas for both tested vehicles at differ-
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ent distances from the outlet of the exhaust system. For
screening tests, the area beyond the outline of the vehicle to
which exhaust gases are emitted is important.

Fig. 5. Distribution of CO, and O, concentration as a function of distance
from the exhaust outlet of the Mercedes Actros truck

Fig. 6. Distribution of CO, and O, concentration as a function of distance
from the exhaust outlet of the Mercedes Tourismo coach

The concentration of carbon dioxide CO, is in this case
taken as a reference value allowing the identification of the
exhaust gas cloud. It is important to locate the area where
the concentration of carbon dioxide CO, is higher than
0.2%. In the case of a vehicle with an efficient exhaust
aftertreatment system, the remaining exhaust components,
such as carbon monoxide CO, nitrogen oxides NO, HC
hydrocarbons and NH; ammonia, may remain at the ana-
lyzer measurement threshold, which is acceptable in the
case of screening tests. The measurements show that in the
area up to approx. 30-50 cm from the contour of the vehi-
cle, at the height of the exhaust pipe, it is possible to meas-
ure the exhaust gas with sufficient accuracy, using an ana-
lyzer for diagnostic tests.

In order to evaluate the performed measurement, it is
necessary to find the correlation between the concentration
of CO, and O, and the toxic components of the engine
exhaust as a function of the engine load and the place of
sampling. Measurement of the opacity of the exhaust gases,

taken with a standard opacimeter, did not show any meas-
urable values, however it is planned to implement exhaust
opacity testing in the final version of the system. That will
require additional exploratory research. The value of the
exhaust gas temperature at the end of the exhaust pipe as
indicated by the analyzer was 50-60°C. In the case of the
NDIR measurement method used in the diagnostic exhaust
gas analyzer, the time needed to stabilize the measurement
is about 30 seconds.

5. Measurement techniques in the proposed

concept of remote measurements

During the preliminary tests the NDIR detector was
used to determine the CO, concentration in the exhaust gas
cloud. It is important as it is a method based on spectropho-
tometric measurement. However, the NDIR analyzer, the
general scheme of which is shown in Fig. 7, imposes cer-
tain limitations in a typical design, preventing remote
measurement.

Fig. 7. NDIR gas analyzer working principle — prepared basing on [12]

The principle of operation uses the effect of the absorp-
tion of a narrow band of electromagnetic radiation by the
tested chemical compound. The proportion of the amount of
light passing through the measuring tube with the tested gas
and the reference tube in which the light passes through the
reference gas is proportional to the concentration of the
tested gas in the reference gas. In the case of bench tests,
the reference gas is air taken from the environment. In order
to carry out such a measurement, a sample of the tested gas
mixture should be delivered to the measuring tube. The
radiation energy passing through the measuring tube and
the reference tube heats the measuring chamber unevenly.
The pressure difference in the measuring chamber is read as
the concentration of a given compound. The need to deliver
the tested gas to the measuring tube is related to the loca-
tion of the probe in the flue gas stream. It would be a com-
plex problem in the field of automation and mechanics
when the test vehicle is driven through the test stand. The
second limitation is the mere fact of the time it takes the
sample to get to the measuring tube and properly heat the
measuring chamber. Assuming that the vehicle is in motion
during the measurements, which is necessary to cause the
engine load, this seems to be an additional argument in the
search for other solutions.

The proposed concept assumes the identification of the
exhaust gas cloud and the determination of its composition
based on the analysis of the image recorded in the infrared
and ultraviolet UV spectrum. This method will consist in
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comparing the selective spectra of the band in the range of
2—-11 pm and the UV radiation generated by the radiator
and passing through the exhaust gas cloud in the immediate
vicinity of the tested vehicle [6]. Figure 8 shows a general
diagram of the measuring system.

Fig. 8. General diagram of the stand for spectral measurements of exhaust
gas composition

It is assumed that the vehicle traverses the measurement
path with a forced engine load. A specially profiled track is
set for the vehicle to travel. The image of the vehicle sur-
roundings is to be recorded in real time during the test and
analyzed at the same time. This approach differs from usu-
ally used in inspection station conditions, but the forced
engine load gives a much better opportunity to reveal pos-
sible malfunctions. The result of the measurements from
a given sample will be displayed on the monitor screen
after the completion of the test track.

The principle of the measurement is based on compar-
ing the spectrum of radiation incident directly on the detec-
tor and the spectrum after passing through the exhaust gas
cloud. The gas contained in the exhaust cloud absorbs
a certain part of the spectrum, strictly defined for a given
chemical compound. The amount of radiation that reaches
the detector after passing through the narrowband optical
filter is proportional to the energy absorbed by the gas, and
therefore to its concentration. Figure 9 shows a spectral
diagram of the absorption of individual exhaust gas com-
pounds from internal combustion engines.

Fig. 9. Absorption spectrum for exhaust gases of motor vehicles — pre-
pared basing on [8]

The areas of the spectrum where individual components
of the exhaust gas have a high absorption capacity are
clearly marked. Figure 10 shows the image recorded by
a thermal imaging camera, additionally equipped with an
optical filter with a band corresponding to carbon dioxide
CO..

Fig. 10. Image from a thermal imaging camera and a standard camera
showing the outflow of carbon dioxide CO, from a bottle [13]

Contemporary thermal imaging techniques operate in
a wide range of infrared radiation. Combining high sensitiv-
ity and resolution, they enable the creation of accurate im-
ages in real time, which allows for even better analysis,
especially in the case of dynamic changes in the engine
load.

6. The concept of an integrated data analysis
system from subsequent stages of vehicle
diagnostics

The project of an innovative diagnostic line using re-
mote measurement methods for diagnostic screening tests
of commercial vehicles entering the area of vehicle service
stations assumes the creation of a uniform system for the
acquisition and processing of measurement data. It is
planned to develop this type of system in the LabView
programming environment, consisting of acquisition and
computing modules.

The first stage of processing data from all measurement
modules will be their synchronization as a function of the
measurement time and their collection with division into
individual measurement blocks. Then, they will be used to
select the data that is important from the point of view of
interaction with data from other measuring blocks and re-
quires processing according to the developed algorithms.

Calculated data from all measurement modules will be
subject to verification on the basis of established ranges of
values assumed as correct or exceeding the adopted range.
The final data, resulting from the examination along the
entire diagnostic track, will be archived in memory modules
and stored at the time determined by the owner of the facili-
ty. The remaining intermediate data collected during the
research procedure will be deleted from the computer sys-
tem.

It is planned to develop a general calculation algorithm
using measurement and calculation data, the final effect of
which will be to provide information on the technical con-
dition of the analyzed vehicle components. Limit values of
the tested vehicle parameters will be established, the ex-
ceeding of which requires further analysis in a specialist
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vehicle service station. The values of the measured and
calculated operational parameters of the vehicle being test-
ed on the designed diagnostic track will be subject to basic
verification based on the criteria related to the regulations
authorizing the vehicle to travel on the roads of the Europe-
an Union. Additional criteria for the evaluation of the test
results will be criteria related to the vehicle manufacturer's
standards.

The diagnostic system under development has as a pri-
ority the identification of vehicle faults or ailments in
screening tests, which are important from the point of view
of the vehicle operation and the applicable regulations in
the field of admitting the vehicle to traffic on public roads.
It is assumed that test result information will be displayed
on the monitor at the end of the diagnostic track. It is also
possible to make a printout of the course of the study. As
the proposed system will have a diagnostic potential that
goes beyond the above-mentioned criteria, an additional
effect of this type of research will also be the identification
of other deficiencies that affect the durability and reliability
of the vehicle's operation. This additional information will
encourage vehicle users to use this type of diagnostic line.

7. Conclusions

The article presents the concept of assessing the concen-
tration of selected exhaust gas components measured re-
motely using remote sensing methods. This parameter is of
key importance for assessing the technical condition of the
vehicle's powertrain, mainly the fuel system, as well as the
technical condition of the exhaust gas aftertreatment sys-
tem. In addition, the proposed diagnostic system has further
development potential and can be supplemented with addi-
tional remote measurement systems for many other vehicle
parameters responsible for its proper operation and road
safety.

The analysis of the existing solutions shows that so far
no similar system of automated vehicle screening tests has
been implemented. The target assumption of the developed
concept is the creation of an automatic diagnostic line that

would enable screening of possible irregularities in com-
mercial vehicles to the extent similar to periodic mandatory
technical inspections carried out at vehicle inspection sta-
tions. For this reason, vehicle test stations may, to some
extent, be a reference for the developed concept of vehicle
diagnostic screening lines. The main differences between
the developed concept of the diagnostic line and the test
procedure carried out in vehicle inspection stations are that
this innovative concept assumes a completely automatic
vehicle testing procedure, which enables a quick diagnosis
of the technical condition to be carried out at any time. The
report generated for the user of the vehicle after the test will
contain information whether any irregularities that require
repair or adjustment have been discovered within individual
areas of control. On this basis, the vehicle user will decide
on the further treatment of the vehicle and may have it
inspected and repaired at a vehicle service station. For this
reason, the proposed concept of a diagnostic line for vehicle
screening is characterized by a very high level of innova-
tion. The implementation of such solutions will certainly
have a significant impact on increasing the level of road
safety and reducing the environmental nuisance of com-
mercial vehicles.

The presented concept showed that, based on the current
specialist knowledge and the components of measurement
systems available on the market, it is possible to develop an
innovative diagnostic line using remote measurement
methods intended for diagnostic screening tests of vehicles
participating in road traffic. It is estimated that at the time
of preparing the article, the proposed system had reached
the technology readiness level 3. It means that the adopted
solutions have proved successful, but a lot of efforts still
need to be made to develop a ready-made system.

The measurable effect of launching this type of diagnos-
tic line may have a significant impact on increasing the
safety of vehicle operation, reducing the environmental
burden and controlling the applicable standards.

Nomenclature

CRDS  cavity ring-down absorption spectroscopy

DIAL differential absorption lidar
DOAS  differential optical absorption spectroscopy
FTIR Fourier Transform Infrared Spectroscopy

MUPASS multipass spectroscopy

NDIR non-dispersive infrared spectroscopy
PAS photoacoustic spectroscopy

SAW surface acoustic wave

TDC thermally conductive sensors

TDLS tunable diode laser spectroscopy
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solutions have been analysed. Depending on the load conditions and work patterns multiple benefits as well as
challenges to the reviewed concepts have been discussed. Certain classification of existing powertrain solutions
have been proposed taking into account its design and functionality.
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1. Introduction

Increasingly stringent environmental protection laws
and reduction of fossil fuels dependency are the main ob-
jectives of modern economies. Development of new power-
train systems faces two major challenges. First is to in-
crease working parameters of the powertrain with simulta-
neous reduction of fuel consumption and the second to stay
compliant with current environmental protection laws. Very
often these two conditions are contradictory to each other
and are difficult to fulfill [1-4].

Continuous decrease of CO, emissions thus reduction of
fuel consumption are the main drivers for search of new
powertrain solutions. Some countries have introduced spe-
cific limits and presented specific laws focused on reduc-
tion CO, emission. The European Union also have intro-
duced first CO, limit standards for example for passenger
cars in 2009. In 2015 this limit was set at 130 g/km, and in
2020 at 95 g/km as an average emission calculated for new
car fleet [5, 6].

For non-road machinery new Stage V emissions stand-
ards have been phased in already in 2018 in European Un-
ion. These regulations limit emission of CO, HC, NO,, PM
and PN [7, 8].

Multiple technologies have been put in place over last
years to already meet previous limits, especially on NOy and
PM. Namely, high pressure common rail injection, cooled
exhaust gas recirculation, diesel oxidation catalyst, selective
catalytic reduction and exhaust particulate filter [9, 10].

Use of electric, electrified or hybrid drives can also sig-
nificantly increase efficiency of powertrains and therefore
reduce emissions. Moreover, introduction of mentioned
solutions may expand vehicle flexibility and create new
functionalities. Together with fast development of machine
automatization, precision farming and use of satellite posi-
tioning system for farming operation continuously increase
interest in alternative drives. Mainly due to ease control of
speed and torque and due to system simplification in com-
parison to mechanical or hydraulic solutions [11, 12].

Starting at mid 1950s manufacturers have already tried
alternative powertrain solutions, for instance: IH Farmall
450 with additional electric generator for power output or
Allis-Chalmers with fuel cell powered tractor (Fig. 1). Later
in 1970s, Terex presented Titan mining dump truck with
diesel-electric powertrain. Mentioned examples of alterna-
tive solutions have not created significant demand and have
been abandoned for next decades [13].

Fig. 1. List of selected alternative powertrain solutions for non-road ma-
chinery

New approach to the alternative powertrain solutions
appeared again in early 2000s. In 1998 Schmetz GmbH
created test diesel-electric powertrain based on New Hol-
land tractor. Later, with initiative of Universities in Munich
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and Regensburg, together with AGCO, Wiedemann and
Fraunhofer-Geselschaft, project MELA (Mobile Electrische
Leistungs- und Antriebstechnik) have started with goal to
create high efficiency electric components for diesel-
electric powertrains [14].

Similarly, project TEAM (Entwicklung von Technolo-
gien fur energiesparende Antriebe mobiler Arbeitmaschi-
nen) created with RWTH University in Aachen and Univer-
sities in Karlsruhe and Dresden together with many manu-
facturers, e.g. AGCO, Claas, Deutz, Wirtgen, CAT,
Liebherr, Rexroth and others resulted in works on high
speed electric motors and electric components for non-road
machinery drives [14].

Since mid 2000s more companies experimented with
different types of alternative powertrains, either prototype
ones like Belarus with its diesel-electric model 3023, Case
with hybrid-electric ProHybrid EECVT or large-scale pro-
duction like John Deere 7430/7630 E Premium with electri-
fied auxiliaries [13-16].

From 2010s onwards increasingly higher interest in al-
ternative powertrains have been seen. More large compa-
nies like John Deere, New Holland or AGGO would create
prototypes and large-scale production machines. However,
also smaller companies like Rigitrack, Merlo or Farmtrack
have started creating its own solutions [12, 13, 17].

Examples of the alternative powertrains selected by au-
thor can be seen in Fig. 1. List of selected alternative
powertrain solutions for non-road machinery.Fig. 1. List of
selected alternative powertrain solutions for non-road ma-
chinery

The year of presentation, manufacturer and model as
well as type of powertrain have been indicated to present
the variety of solutions developed by the manufacturers.

2. Alternative powertrain solutions

Alternative powertrain solutions can vary and encom-
pass different concepts from electrified auxiliary power
outputs, diesel-electric and diesel-hydraulic solutions
through many hybrid layouts to the battery-electric, fuel
cell-electric and many other variations.

Classification and unified definitions of this solutions its
needed to understand the differences between them as well
as their advantages and challenges for the practical use of
them. More in-depth systematization of alternative power-
train solutions for non-road machinery will be presented in
this chapter. Proposed classification is author’s approach to
the subject.

To determine different definitions for alternative power-
train solutions, first definition of the opposite: the conven-
tional drive needs to be clarified. For the non-road machin-
ery traditionally, the conventional powertrain would consist
of internal combustion engine and mechanical or hydro-
mechanical transmission.

Proposition for non-road machinery classification can
be seen on Fig. 2.

2.1. In-series drive

In series drive is the powertrain architecture where
prime mover and drive components are connected to each
other in a way that one propels the next one and transfers
the torque to the driving wheels. For non-road machinery

prime mover would typically be diesel internal combustion
engine (ICE).

Fig. 2. Non-road machinery alternative drive classification

Fist type of the in-series drive is the diesel-electric
drive. In this solution diesel drives the electric generator
and sends the electric power straight to the electric motor
and further to the transmission or final drive. Alternatively,
electric energy can be sent to multiple electric motors
mounted on driving axles or even directly on driving
wheels. This solution is well known and used within ma-
rine, rail and other industries.

The second type of in-series drive used in non-road ma-
chinery is the diesel-hydraulic drive. In this solution prime
mover supplies torque to the hydraulic pump or pumps and
sends the hydraulic power to the hydraulic motors. Similar-
ly, to the previous solution hydraulic motor can drive the
gearbox, axles or directly driving wheels. Powertrain of this
type is also well known and widely used for instance in
agricultural sprayers, telehandlers, harvesting machines and
others.

Main advantage of both those solutions is that transmis-
sion or gearbox of any type in not required. However, quite
often the transmission is used anyway to increase the
powertrain possibilities.

It is worth to mention this solution cannot be considered
as a hybrid drive. Mainly because it lacks an energy store of
any form or source of power other than mainly diesel in this
case. In other words, the vehicle cannot be operated if the
prime mover is stopped, unlike to a hybrid drives [4].

2.2. Electrified components drive

This alternative powertrain type is sometimes consid-
ered to be the first step to the machine hybridization, name-
ly micro-hybridization. Main idea behind the solution is to
integrate electric generator within certain areas of the exist-
ing, mainly classical powertrain, e.g. on a flywheel. Gener-
ated electrical energy can be used to supply components
within the machine itself or be sent to the attached imple-
ments.

First type of this solution deals with engine auxiliaries
electrification. Some systems components within the inter-
nal combustion engine (ICE) can be successfully driven by
electric motors instead of mechanical or hydraulic drives.
This increases ease of control and expands the possibility

COMBUSTION ENGINES, 2022, 188(1)

43



Modern trends in development of alternative powertrain systems for non-road machinery

for new functionalities, e.g. radiator fan reverse for cleaning
purposes.

Next type is the transmission electrification. Main objec-
tive of this solution is to increase the efficiency and sensitivi-
ty of hydraulic or mechanic-hydraulic transmission. Higher
efficiency of electric generator and motor successfully in-
creases total efficiency of the transmission in comparison to
the use of hydraulic pump and hydraulic motor [3].

The third solution is the implement electrification. Simi-
larly, to the previous two drives, mechanical or hydraulic
transmission of energy to the implement can be change for
the electric energy. In order to achieve that generator needs
to be placed somewhere on a driveline and be able to sup-
ply external receivers connected to the machine. Typically,
that would be fly wheel or side generator.

In practice, those three solutions can be incorporated
within one machine and use common generator to satisfy
those three types of needs.

2.3. Electric drive

Purely electric drive cab be another solution for the non-
road machinery. In this case power transferred to the driving
wheels comes from electric motor and goes either through
some sort of transmission or final drive or goes directly to the
driving hubs. Electric drive gives wide possibilities for
torque and speed control as well as ease of operation.

Electric energy supplied to the electric motor or motors
can come from different sources which usually limits the
machine range or operational time.

Machine supplying energy to the electric motor from the
battery or rechargeable energy storage system (RESS)
would be called battery electric vehicle (BEV). Within this
powertrain machine uses the energy from the battery which
needs to be recharged when minimal state of charge (SOC)
is achieved. Therefore, size of the battery simply limits the
operational time of the machine.

Other solution offers energy to the electric motor from
different source of electricity, namely: fuel cell. Thus: fuel
cell electric vehicle (FCEV). This option is based on the
idea that electricity is supplied to the electric prime mover
through chemical process. Hydrogen stored on a vehicle
connects with the oxygen from the ambient air creating:
electricity, heat and water. That kind of electric powertrain
can be supplied with battery and plug-in option, however
not necessarily [1, 2].

The third mentioned type of alternative non-road ma-
chinery powertrain supplies electric motor of the machine
directly from the electric grid next to the working area.
Within presented classification indicated as grid-EV. For
machines working mainly stationary or within relatively
small radius that solution seems to be rational. For more
mobile machinery, e.g. agricultural tractor this solution
might be a more of a challenge.

2.4. Hybrid drive

The definition of hybrid drive is a coexistence of prima-
ry and secondary drive within a vehicle. Most of the hybrid
vehicle solutions consists of internal combustion engine
(ICE) as a primary source of drive and electric motor with
battery as a secondary drive. Many variants and configura-
tions of the hybrid drives are possible, nevertheless two

sources of drive to propel the vehicle is the definition of

a hybrid drive [1, 2].

Variety of hybrid drives creates a need for systematiza-
tion. Different criteria can be taken into account to do so,
e.g. architecture or functional.

In terms of architecture hybrid drives can be divided as
seen on Fig. 3:

1. Series hybrid drive: drive is supplied by electric motor
using energy delivered by internal combustion engine to
the battery,

2. Parallel hybrid drive: drive is supplied by internal com-
bustion engine or/and electric motor,

3. Series-parallel hybrid drive: usage of advantages of
both, series and parallel drive in order to transmit power
and torque.

Fig. 3. Hybrid drive architectures [1]

In terms of functional features hybrid drives can be di-
vided into:

1. Micro hybrid drive: the simplest hybrid drive, enables
only start and stop of the internal combustion engine
when operational parameters are suitable for that, uses
only modified engine starting systems,

2. Mild hybrid drive: equipped with electric machine able
to support internal combustion engine and recover ener-
gy from braking events,

3. Full hybrid drive: drive with full usage of internal com-
bustion engine and electric machine as a motor and gen-
erator, simultaneous or separate work of both sources of
drive is possible.

Important factor used to describe degree of hybridiza-
tion of a powertrain is called the hybridization factor (HF)
and is defined as a power of electric drives within the
powertrain over sum of electric and internal combustion
engine drive. According to the description above for micro-
hybrid: 0 < HF < 0.1, mild hybrid: 0.1 < HF < 0.25, full
hybrid: 0.25 < HF < 0.5, PHEV: 0.5 < HF < 0.7. The HF =
= 1 refers to pure electric vehicle and HF = O to conven-
tional non-hybrid powertrain.

One of the most common types of hybrid is hybrid elec-
tric vehicle (HEV). This solution is usually referred as
internal combustion engine and electric motor with battery
designed within one of the architectures mentioned earlier.

Another common solution is plug-in hybrid electric ve-
hicle (PHEV) which is a extension of the HEV by adding
possibility of charging a battery from external source (grid).

Specific solution of hybrid drive is range extender
(REX). Idea of this drive is a small internal combustion
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engine with electric generator charging batteries only when
needed, otherwise internal combustion engine does not
operate. Separate electric motor supplies drive to the wheels
[1,2,4].

3. Alternative powertrain — selected examples

This paper does not encompass all types of alternative
and especially hybrid drives available but just the ones
encountered during the study of existing non-road machin-
ery drives and selected as the most significant. Other types
of alternative powertrain solutions as hydraulic hybrid
vehicle (HHV) or photo-voltaic hybrid vehicle (PVEV)
have not been recognized as significant examples in this
study [18].

Description of existing examples of powertrain solution
within classification in Fig. 2 will be carried out within this
chapter.

3.1. In-series drive

Terex in 1974 presented Titan, a 320 tons dump truck.
Equipped with 16-cylinder, approx. 2200 kW internal
combustion engine and 10-pole AC generator supplying
through rectifier DC voltage to the four electric traction
motors [19].

Fig. 4. Eltrac E 135 [20]

In 1998, Eltrac E135, first modern agricultural tractor
with diesel-electric drive was built by Schmetz GmbH
(shown in Fig. 4). Based on New Holland M135 with 6-
cylinder, turbocharged Iveco diesel with power of 100 kW
and torque of 612 Nm. As shown in Fig. 5, air cooler elec-
tric generator supplied power to the electric motor which
drive tractor gearbox [20].

Fig. 5. Eltrac E 135 powertrain diagram [48]

Caterpillar, presented in Fig. 6. have also used diesel-
electric drive in 2008 for their D7E bulldozer. Internal com-
bustion engine of 175 kW drives an AC generator sending
electric power to two traction motors [21]. Caterpillar claims
fuel consumption reduction in this model in compare to its
conventional predecessor D7R2 from 10% up to 30% [21].

The emissions of D7E in comparison to the convention-
al D7R2 appeared to range from 28% lower to 2% higher
when it comes to CO, and from 7% to 21% higher in terms
of NOy [22].

In 2009 Belarus designed prototype of model 3023 as in
Fig. 7. Diesel-electric with 220 kW diesel engine and 172
kW generator supplying power to transmission, electric
engine fan drive, front PTO and 380 V power output sock-
ets. Belarus claims 15% to 20% reduction in fuel consump-
tion in comparison to its classical counterpart [23]. Plough
field tests showed specific fuel consumption of 10.8 kg/h
for the diesel-electric powertrain and 13.2 kg/ha for its
conventional version. As result 18% of fuel consumption
reduction has been proved [24].

Fig. 6. Caterpillar D7E dozer [21]

Fig. 7. Belarus 3023 with electro-mechanical powertrain [23]
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AGCO presented in 2010 self-propelled sprayer Elect-
RoGator 1386 with 229 kW CAT diesel engine supplying
650 V DC from the 200 kW, water-cooled generator with
1500 rpm. Alternatively, 240 kW with 1900 rpm. Electric
motors with 84 kW of power and 700 Nm of torque mount-
ed on each of four wheels (Fig. 8). Lifetime of the electric
motors was estimated for 50,000 h which is longer than
a lifetime of the traditional sprayer [13, 15].

AGCO claims that electric version o the sprayer featured
36% higher torque, 6% more power. On the prototype of the
machine braking energy was dissipated into heat. Develop-
ment works are conducted to recover this energy as well [23].
In comparison to conventional hydrostatic version, this elec-
trified powertrain reduced fuel consumption in field tests
from 20% in a summer up to 30% in autumn [13].

Fig. 8. AGCO ElectRoGator 1386 [23]

Swiss manufacturer Rigitrack together with Technische
Universitat Dresden developed diesel-electric tractor EWD
120 (Fig. 9) equipped with 91 kW Deutz engine and 85 kW,
650 V DC liquid-cooled generator came to the public in
2011. Permanent magnet synchronous motors of 33 kW
each mounted directly on wheels allowed to control torque
transmission on each of axles as shown in Fig. 10. Addi-
tional electric output socket was available [17, 23].

Fig. 9. Rigitrac EWD 120 [23]

Fig. 10. Rigitrac EWD 120 powertrain architecture [52]

John Deere have introduced in 2013 loader 644K (Fig.
11) with their John Deere 6.8 dm’, 6-cylinders diesel engine
of 167 kW, 985 Nm driving two brushless, oil-cooled AC
generators. Electric power is further supplied through solid
state, inverters to the four also brushless, oil-cooled AC
motors, one for each wheel. Six inverters, one for each of
the electric machines are based on insulated gate bipolar
transistor (IGBT) technology.

Fig. 11. John Deeer 644K Hybrid loader [27]

Powertrain does not feature energy store, but it is
equipped in two water-cooled brake resistors to dissipate
brake energy to be used for boom or bucket functions re-
ducing load on the internal combustion engine and reducing
fuel consumption (Fig. 12). Larger version of this machine
is also available with similar powertrain architecture, model
944K [26]. John Deere claims 25% of fuel consumption
reduction in comparison to the conventional powertrain of
this machine [23, 27].

Fig. 12. John Deere 644K loader powertrain diagram, hybrid and tradition-
nal [27]
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In 2014 Belaz showed their 75710 (Fig. 13) diesel-
electric dump truck. This also was the largest dump truck
produced with 450 tons of payload prepared to work in
difficult conditions and temperatures ranging from —50°C to
+50°C. Belaz put two 1704 kW alternators and connected
them to four traction motors, 1200 kW each. Alternators
driven by two diesel MTU DD 16V4000 engines with rated
power of 1715 kW.

Fig. 13. Belaz 75710 [25]

3.2. Electrified components drive

In 1954 TH Farmall presented model IH ElectrAll as in
Fig. 14. Regular agriculture tractor based on conventional
powertrain architecture but with generator attached in paral-
lel to the internal combustion engine ready to supply exter-
nal receivers. Generator was a 3-phase, 120/208 V, 10 kW
electric machine [14].

Fig. 14. IH Farmall 450 ElectrAll [14]

John Deere introduced in 2007 models 7430 E Premium
and 7530 E Premium with standard 121 kW and 132 kW
engines respectively. Tractors with conventional architec-
ture featured additional 3-phase, 480 V, 20 kW electric
generator mounted on an engine’s fly wheel. Part of the
electric power from the generator was consumed by electri-
cally driven engine auxiliaries: radiator fan and A/C com-
pressor. This allowed precise control of duty time and
speed of these devices. Additionally, electric energy is
available on external sockets in a form of 1-phase 230 V,
and 3-phase, 400 V (Fig. 15). This power can be used to

supply external devices up to 5 kW when tractor is standing
still. Mentioned solution resulted in a 5% reduction in a fuel
consumption in comparison to the conventional version of
those machines [13, 15, 28].

Field tests of electrified and conventional version of
7530 tractor in harrowing and towing a trailer were con-
ducted. Results yielded 4% of fuel consumption reduction
in harrowing and 16% in towing a trailer on the road [29].

Fig. 15. John Deere 7530 E Premium components [30, 33]

Again, John Deere repeated similar solution and ex-
panded its capabilities in 2011with model 6210 RE. This
time architecture was similar to the solutions from 2007
however now 20 kW of electric power was available for
driving external machines also when tractor was moving
(Fig. 16). Available electric power parameters were 480 V
DC and 3-phase, of 750 V AC with max. current of 200 A
[13, 15, 30, 31].

Fig. 16. John Deere 6210 RE powertrain components [30]

Similar solution was presented by Fendt in 2013 with
model X Concept (Fig. 17) based on conventional Fendt
722 Vario with 147 kW diesel engine. Fendt has integrated
AC generator o 130 kW, 700 V DC on the engine output
supplying power to the engine auxiliaries: radiator fan and
coolant pump and to the external sockets available to power
implements [15, 23].
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Fig. 17. Fendt X Concept powertrain components [15]

Other example of similar ready to use technology is
a solution prepared by ZF with TERRA + product line
ranging from 3-phase, 400 V electric motor hubs through
80 kW generators ready to be integrated between engine
and a gearbox of existing machines to full size transmis-
sions with 50 kW and 70 kW generators build in (Fig. 18).
Generator is ready to supply energy to implements. Addi-
tionally, with deployment of energy store this can create
hybrid system with recovery braking capabilities as pre-
sented in Fig. 19. The ZF also offers PTO driven generator
to be fitted to the existing machine with capacity of supply-
ing energy to two 25 kW electric motors [23, 32].

Fig. 18. ZF TERRA+ starter generator with transaxle [23]

Fig. 19. ZF TERRA+ possible architecture [23]

In 2019 again John Deere presented new solution in
their 8370 R eAutoPowr as in Fig. 20. Based on regular
tractor architecture with 275 kW, 6-cylinder engine and
continuously variable transmission (CVT). However, in this
electrified solution hydraulic pump and motor have been
changed for electric machines increasing significantly
transmission efficiency. Additionally, AC brushless genera-
tor capable of supplying 100 kW power to the external
implements through sockets on a back of the machine in
a form of 700 V DC or 3-phase, 480 V AC. Originally the
project was developed together with trailer manufacturer
Joskin to support their 100 kW electric motor mounted to
the trailer axle [34, 35].

Taking into account that CVT not always supports ma-
chine with transmission efficiencies similar to the gear
transmission this electrified option seems promising [23].

Fig. 20. John Deere eAutoPowr transmission [34]

3.3. Electric drive

In 1954 Alli-Chalmers presented first fuel cell powered
electric tractor (Fig. 21). It featured 1008 cells arranged in
112 units of 9 cells each within 4 banks generating 15 kW
of electric energy transferred to the electric drive motor.

Fig. 21. Allis-Chalmers AC D-12 fuel cell tractor [14, 23]

First practical use of fuel cell electric vehicle (FCEV) in
terms of tractor was presented by New Holland in 2011
(Fig. 22). Tractor named NH, was based on conventional
T6.140 model and featured fuel cell module of 100 kW
with efficiency of 96% and 2 electric motors, one for PTO
drive, other for tractor drive. Each motor performed 100
kW of power and 950 Nm of torque. Quantity of 8.2 kg of
hydrogen was stored under 350 bars of pressure. This
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powertrain solution featured a Li-Ion battery working with
300 V and size of 12 kWh with peak power output of 50
kW [13, 17, 23].

Fig. 22. New Holland NH2 hydrogen-powered tractor [23]

Proposition of prototype battery electric vehicle (BEV)
was developed in 2016 by John Deere with a model called
SESAM (Sustainable Energy Supply for Agricultural Ma-
chinery). Tractor was based on Mannheim’s 6R frame and
was equipped in 130 kWh, 670 V, Li-lon battery and 2
electric motors 150 kW each (Fig. 23). One of the motors
drives Direct Drive transmission and the second drives
PTO. Tractor has capacity of work continuously for approx.
4 h or travel distance of 55 km. Charging of the battery
takes about 3 h. Battery is designed for 3100 charging cy-
cles [12, 36].

Fig. 23. Battery pack of John Deere SESAM [36]

Fig. 24. Kramer 5055e loader [17]

In 2016 Kramer presented their first fully electric loader
5055e (BEV). It consists of 2 electric motors, one for the
machine drive 15 kW and second for hydraulic drives
22 kW (Fig. 24). Battery works on 80 V and has capacity of
416 Ah. Operational time on one charging depends on load
and range between 5 h and 8.5 h [17, 37].

Next fully electric tractor shown by Fendt in 2017,
model e100 Vario featured power output of 50 kW with Li-
Ion battery of 100 kWh and voltage of 650 V (Fig. 25).
Operational time was estimated at Sh under moderate load
[12, 38].

Fig. 25. Fendt €100 Vario [38]

Also, in 2017 Indian manufacturer Escorts launched its
BEV tractor Farmtrac 26E prepared mainly for vineyards and
horticulture presented in Fig. 26. In this solution electric
motor of 19 kW drives standard transmission with 21 kWh,
Li-Ion battery. This supports 6 h of working time [12].

Fig. 26. Escorts Farmtrac 26E [12]

Very interesting solution for the electric vehicle (EV)
have been proposed by John Deere in 2018. Autonomous
tractor without the cab called GridCON with constant con-
nection to the electric grid from the site of the field. Tractor
is equipped with special spool with 1 km of supply cable
mounted in a front of the machine as shown in Fig. 27.
Mentioned cable supplies two electric motors, one 100 kW
for tractor drive and second 200 kW for power output to the
implement. Mass of the tractor is 8.5 t which is an equiva-
lent to the John Deere model 6195R. Max. speed of the
machine is 20 km/h. Electric power supply need to be 2.5
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kV however tractor power bus is 700 V DC. John Deere
claims that running costs of this powertrain solution are
reduced by half in comparison to the BEV [39, 40].

Fig. 27. John Deere GridCON [39]

Fig. 28. Rigitrac SKE50 [41]

In 2019 Swiss manufacturer Rigitrac proposed new so-
lution for the fully electric tractor BEV, model SKE 50
(Fig. 28). In this powertrain solution one Li-Ion, 400 V,
80 kWh battery supplies 4 electric motors, one for front
axle, second for rear axle, third for front PTO and fourth for
rear PTO [12, 41].

John Deere in 2019 shown two fully electric machines,
with little information provided. First one, model 1RE, fully
electric prototype of small compact tractor with expected
operational time of 4.5 h on one charge (Fig. 29).

Fig. 29. John Deere 1 RE [42]

Second one is the John Deere Joker, prototype of fully
electric and fully autonomous machine as in Fig. 30. Trac-
tor is featuring no cab and power output of 500 kW. No
information about the battery have been provided yet [42].

Fig. 30. John Deere Joker [40]

In 2020 Case and JCB showed their fully electric ma-
chines (BEV) for construction industry presented in Fig. 31.
For Case that is “Project Zeus” 580 EV backhoe loader
powered with 480 V, 90 kW Li-Ion battery pack supplying
separately drive and hydraulic components. Single charge
will support 8 h of operational time [43].

Fig. 31. Case 580 EV ,,Project Zeus” [43]

The JCB introduced whole fleet of construction battery
electric vehicles. To name one: telehandler 525-60e (Fig.
32). With Li-Ion battery of 24 kWh and 3 charging options:
110 V, 230 V, 415 V. One charge supports entire day of
operational time [44].

Fig. 32. JCB 525-60e telehandler [44]

John Deere in January 2021 also presented fully electric
backhoe loader called E-power backhoe developed together
with National Grid — an electricity and natural gas provider.

50
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The machine it is to perform on the same level as its con-
ventional counterpart, model 310L [45].

In 2021, additionally to described developments, John
Deere have already conducted field tests on autonomous
machines working in swarm as in Fig. 33. In this particular
example John Deere GridCON has supplied power to the
single John Deere Joker machine. However, the idea is to
supply energy to several machines [46, 47].

Fig. 33. John Deere GridCON and John Deere Joker [47]

3.4. Hybrid drive

First practical full hybrid electric (HEV) powertrain so-
lution for non-road machinery was presented in 2005 Case
ProHybrid EECVT (Fig. 34). Tractor based on conventional
Case MXM with 120 kW, 800 Nm engine and two electric
machines, 50 kW each. One electric machine working as
a generator supplies energy to the second one working as
a motor. Surplus of energy can be stored in 11.5 kWh, 456 V
DC battery. Additionally, energy from braking can be re-
covered and sent to the battery. In this powertrain solution
tractor can work in full electric mode or in a hybrid mode
with diesel engine and electric motors together through
CVT [14, 48].

Fig. 34. Case ProHybrid EECVT [14]

In 2012, Komatsu introduced full hybrid (HEV) model
HB205-1. Because of hybrid architecture diesel engine can
be downsized form 6-cylinder to 4-cylinder. Electric gener-
ator/motor is placed at the engine output and supplies pow-
er to the capacitor as shown in Fig. 35. Electric swing mo-
tor/generator moves the upper structure of the machines and
recovers energy from when the structure slows down send-
ing it to capacitor. Energy from capacitor can be used to
support the diesel engine by the means of motor/ generator
placed on the engine output. Komatsu claims fuel consump-
tion reduction between 25-41% [13, 23].

Fig. 35. Komatsu HB205-1 powertrain components [49]

Merlo presented in 2013 their 40.7 plug-in hybrid elec-
tric vehicle (PHEV). In fully electric mode the energy is
supplied from 30 kWh, Li-Ion battery (Fig. 36). In hybrid
mode internal combustion engine working at a constant
speed supplies energy to the machine drive and charges the
battery. In this architecture diesel output can be reduced in
a half without the reduction in machine performance. In
case of low-load work or idling, machine can work solely
electric and reduce fuel consumption and CO, emission up
to 30% Merlo claims. Machine can be also charged from
the grid as a plug-in hybrid [17, 48].

Fig. 36. Merlo 40.7 hybrid telehandler [48]
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Different type of hybrid vehicle (REX) used by Multi
Tool trac company from Netherlands as in Fig. 37. This
powertrain uses 6-cylinder, 160 kW diesel engine driving
140 kW generator supplying energy to the Li-Ion, 30 kWh
battery. This supports 0.5 h of continuous work. Electric
energy is supplied from the battery to 4 electric motors at
wheels [16].

Fig. 37. Muli Tool Trac [16]

Claas have shown in 2016 full hybrid machine (HEV)
based on model Arion 650. The Claas Arion 650 Hybrid.
The prime mover in powertrain was a 129 kW, 6.8 dm’
diesel engine driving 90 kW permanent magnet synchronous
generator. The generator was located between engine and
EQ200CVT transmission (Fig. 38). Second source of energy
in this powertrain was 5.75 kWh, 635 V battery [16, 50].

Fig. 38. Class Arion 650 Hybrid powertrain components [16, 50]

In 2019 Steyr presented its Konzept PHEV tractor as
shown in Fig. 39. All hydraulics and PTO were electrically
driven, external power output socket with 48 V and 700 V
available as well. Energy from breaking was recovered and
sent to battery. Charging from grid possible. Energy from
the battery drives 4 electric motors at wheels [51].

Fig. 39. Steyr Konzept [51]

4. Conclusions
In this paper main known alternative powertrain solu-

tions within non-road machinery area have been presented.

Classification for the mentioned examples have been under-

taken and described. Together with indication of differ-

ences between given solutions. Based on that specific con-
clusions can be drawn:

1. Alternative powertrain solutions for non-road machin-
ery are getting increasingly more attention, especially
electric drives and start to play visible role within mar-
ket of high tech solutions for this industry segment.

2. Significant rise in development works regarding alterna-
tive powertrain solutions started in early 2000s and in-
creased in 2010s.

3. Different structure within development works on alter-
native powertrain types over course of years is visible
with direction moving from experimenting with many
solutions to focus on the BEVs.

4. Many alternative powertrain solutions are not limited
only to the machine powertrain but also expanded on
supplying power to the implement as well.

5. Although pace of development works on alternative
powertrains, mainly BEVs seems to be very fast, the
limitations to the battery capacity therefore, operational
time are still existing.

6. Alternative powertrains for non-road machinery are not
making any significant impact on whole industry market
now but mentioned pace of development works, also on
battery technology puts this kind of solutions into near
future perspective.

Nomenclature
AC alternating current
A/C air conditioning

BEV  battery electric vehicle

CVT  continuously variable transmission
DC direct current

EV electric vehicle

FCEV fuel cell electric vehicle

HEV  hybrid electric vehicle

HF hybridization factor

HHV  hybrid hydraulic vehicle

ICE internal combustion engine

IGBT insulated gate bipolar transistor
PHEV plug-in hybrid electric vehicle
PTO  power take-off

PVEV photovoltaic electric vehicle

RESS rechargeable energy storage system
REX  range extender

SOC  state of charge
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1. Introduction

Nanofluid is a suspension consisted of the base liquid
and metallic or non-metallic nanoparticles with sizes signif-
icantly smaller than 100 nm. Despite the small share of
nanoparticles — from a few ppm to several percent of vol-
ume or mass concentration, the nanofluids exhibit com-
pletely different thermophysical properties than the so-
called base fluids.

In recent years, attempts have been made to produce en-
gine fuels that are mixtures of liquid fuels and nanoparti-
cles. The studies were primarily concerned with diesel-
based nanofuels although some attempt were made to fabri-
cate and test the gasoline based nanofuels. Comprehensive
state-of-the-art reviews regarding nanofuels have been
presented in the literature [1-3]. Several fundamental as-
pects connected with nanofuels have been studied. First of
all thermophysical properties of the nanofuels. It is well
established that addition of nanoparticles to the base fluid
increases both the thermal conductivity and viscosity [4, 5].
Viscosity increase causes poor atomization, dispersion and
lower penetration of fuel which is responsible for poor
mixing of air and fuel inside the cylinder [6]. In order to
utilize the potential benefits of nanoparticle addition it is
essential to produce stable and homogeneous nanofuels. It
is known fact that poorly stabilized nanofuels always dete-
riorates the overall operating characteristics of an engine.
Moreover, aggregation of nanoparticles not only causes the
problem of settlement of particles but also increases the
chances of clogging of fuel injection system. Two methods
are promising in stabilization of nanofuels: application of
surfactants [7] and emulsification of fuels [8, 9]. Another
very carefully studied aspects are ignition and combustion
of nanofuels [10]. Published studies revealed that addition
of nanoparticle to fuel acts as combustion catalyst and im-
proves combustion behavior [11]. It was found that burning
rates of hydrogen with diesel fuel in the presence of aque-
ous aluminum were quite high. The reason can be attributed
due to small aluminum particle size and high oxidation
rates which provides larger contact surface areas for de-
composition of more hydrogen from water [12, 13]. It was

pointed out that metal particles are always covered with
a natural oxide layer, which limits the oxidation process at
low temperatures and also have a marked influence on igni-
tion and combustion process [14]. For instance, it was
shown that the presence of nanoboron particles in the fuel
reduces the ignition delay which could be responsible for
more complete combustion of hydrocarbon fuels [15].
Physics of nanofuel droplet combustion is investigated as
well [11]. It was established that nanoscale suspension are
permeable porous and uniformly distributed structure which
is responsible for the early occurrence of micro explosion
phenomenon [16]. Evaporation characteristics of nano-
droplets was studied as well [17]. It is almost common
consensus that metal nanoscale additives enhanced catalytic
activity during combustion process and as a consequence
leads to the better engine characteristics defined by such
parameters as brake power (BP), brake thermal efficiency
(BTE) and brake specific fuel consumption (BSFC). Litera-
ture data indicate slightly higher engine brake power [18,
19]. Experimental studies conducted with metallic, metal
oxides and carbon nanotubes as additives to diesel fuel
show higher brake thermal efficiency [20, 21]. Finally,
addition of nanoparticles to diesel fuel results in lower
engine brake specific fuel consumption [9, 22, 23]. It is
necessary to stress, that the enhancement of BP and BTE or
reduction of BSFC were observed up to a certain load of
nanoparticles. The better performance is attributed to high
surface area of nanoparticles which provides better heat
transfer rates and further accelerates the combustion pro-
cess provides fast oxidation, which promotes combustion
reactions. Further it was observed that up to certain rpm
value, there exist a linear relationship between brake power
output and the amount of nanoparticle concentration in
liquid fuels. Proper selection of type of nanoparticle with
accurate concentration in liquid fuels should essentially be
required for optimizing the engine performance parameters.
Research studies report that addition of nanoparticles to
diesel fuel results in significant decrease of exhaust gas
emission and soot emissions of a diesel engine [24, 25].
The emission reduction level is directly related to the type
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and concentration of nanoparticles. It was known that CO
emission mainly depends on equivalent air fuel ratio,
though diesel engines generally operates with lean air fuel
mixtures. It was shown that addition of nanoparticles to
diesel fuel decreases CO emission up to a certain load limit
[26, 27] and possible explanation of this phenomenon is
that metal oxide nanoparticles during combustion behave as
oxygen donating catalyst which augments the oxidation rate
of CO. The combustion in CI engine is connected with NOy
emission, that depends upon number of factors, but first of
all combustion temperature. It has been established that
addition of nanoparticles to diesel fuel reduces NO, emis-
sions significantly [22, 28]. Possible explanation of this fact
is the increased chemical reactivity of nanofluid that reduc-
es the ignition delay period that would result in low peak
combustion temperatures and low peak cylinder pressures
which further reduces the NO, emission [27]. Experimental
studies show that addition of nanoparticles to diesel fuel
accelerates the flame propagation inside the cylinder, which
lowers the carbon activation temperature and promotes
more complete combustion (because nanoparticles act as
oxidizing catalyst). These factors mainly inhibit the hydro-
carbon emissions [29]. Lower smoke emission was ob-
served by many authors due to higher evaporation rate and
reduced ignition delay of nanofuels [9, 28, 30].

As it was stated in [3, 31, 32] limited experimental stud-
ies have been performed on diesel engine to investigate the
engine performance parameters using nanofluid fuels and
present paper supplements the data in the relevant literature.

Alumina (Al,O;) was used as nanoparticles. Surface-
active substances, including Span 80 surfactant, as well as
water admixture were used to improve the stability of the
produced fuel. Measurements of the thermal conductivity
and dynamic viscosity of the produced mixtures were con-
ducted.

2. Experiment

2.1. Experimental stand

Figure 1 shows scheme of the used experimental stand,
to investigate engine characteristic. In this study was used
naturally aspirated, water cooled, four-stroke diesel engine,
technical details of engine is given in Table 1.

Fig. 1. Schematic diagram of experimental stand: 1 — engine, 2 — coupling,

3 — non-synchronous electric generator, 4 — electricity meter, 5 — fuel tank,

6 — scale, 7 — exhaust line, 8 — heat exchanger, 9 — cooler, 10 — pump, 11 —
flow meter, 12 — valve, 13 — thermocouples, 14 — computer

The fuel was supplied by a mechanically controlled in-
jection system from a tank, in which diesel fuel mixed with
nanoparticles in appropriate proportions was stored. The
internal combustion engine powered a generator which
allowed the engine to be loaded at a constant rotational
speed. Due to the mechanical load control system used, it
was not possible to achieve full repeatability of the load for
the three tested fuel types at one of the operating points (8
kW). The resulting discrepancies in the load settings did
not, however, noticeably affect the characteristics of the
analysed engine operating parameters.

Table 1. Test engine specification

Test engine/type Andoria S320
Number of cylinder 1

Bore 120 mm
Stroke 160 mm
Engine volume 1810 cm®
Compression ratio 17:1
BSFC 258 g/kWh
Power 13.2 kW
Max torque 84.4 Nm
Rotational speed 1500 rev/min

2.2. Preparation and characterization of the tested

nanofluids

Nanofuels were prepared by direct mixing and ultrason-
ification. Two types of nanoparticles were used in the re-
search: Al,O3 and TiO,. Nanoparticles were supplied from
SigmaAldrich, size below 50 nm. Nanoparticles suspended
in base fluid result in changes in optical properties. Figure 2
presents change in optical transparency in nanofuel Al,O; 50
ppm compared to neat diesel fuel. On the left show neat
diesel fuel, letters behind sample are sharp, on the right
show nanofuel consist of diesel fuel — Al,O; 50 ppm mass
concentration. Sample on the right is cloudy and letters are
fuzzy.

Fig. 2. Comparison optical transparency, a) neat diesel fuel b) nanofuel —
Al O3 50 ppm, turbidity ~30 NTU

As an example illustrating the influence of the fuel
preparation method on its properties, the results of nonofuel
Al,O5 tests are presented in Fig. 3 Turbidity value was
measured by infrared Turbidimeter AI250T-IR. Figure 3
presents variation of nanofuel turbidity with respect to
sedimentation time, for different preparation methods. Tur-
bidity changes could be described by two slope curves, in
first period after preparation turbidity decrease rapidly,
after three days turbidity decrease slowly. The results show
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that method of preparation greatly influences the turbidity
value. Direct mixing resulted in the lowest value of turbidi-
ty, only small part of particles was suspended in diesel fuel.
Ultrasonification and combination of ultrasonification be-
fore direct mixing give comparable results, application
direct mixing after ultrasonification result in slight increase
of turbidity value. Combination of direct mixing before
ultrasonification result in the highest turbidity value. The
research did not include the measurement of the viscosity of
fuels due to the lack of availability of measuring equipment
adapted to the research in this area of nanofuels.

Fig. 3. Variation of nanofuel turbidity value with respect to sedimentation
time for different preparation methods

3. Results

Figure 4 presents effect of nanoparticles on fuel con-
sumption. Fuel consumption increases with the power in-
crease The points are fitted into line, therefore linear ap-
proximation allow estimate effect nanoadditives on fuel
consumption. Linear approximation curves are almost par-
allel, therefore comparing value of shifts between curves
allow estimate changes in fuel consumption. Addition of
Al,O3 nanoparticles result in 4% reduced fuel consumption,
addition of TiO, nanoparticles result in 10% reduced fuel
consumption with respect to neat diesel fuel.

Fig. 4. The effect of nanoparticles on fuel consumption

The Figure 5 present effect of nanoparticles on brake
specific fuel consumption. Brake specific fuel consumption
decreases withe the power increase, values of BSFC are
approaching to the value BSFC from engine specification
Tablel. In maximum power point, diesel fuel obtain BSFC

= 281 g/kWh, nanodiesel Al,O; reduced about 4.9% BSFC
to 267 g/kWh with respect to neat diesel, nanodiesel TiO,
reduced about 3.9% BSFC to 270 g/kWh with respect to
neat diesel.

Fig. 5. Effect of nanoparticles on brake specific fuel consumption

Figure 6 presents effect nanoparticles on exhaust gas
temperature. Exhaust gas temperature increase with the
power increase. The points are fitted into line. There are no
noticable changes in exhaust gas temperature after addition
nanoparticles.

Fig. 6. Effect of nanoparticles on exhaust gas temperature

4. Conclusions

The use of nanoparticles as additives to diesel fuel may,
according to the reported research results, bring a noticea-
ble change in the course of the combustion process, mainly
by modifying the thermal conductivity of the fuel. The tests
carried out with the use of two types of nanofuels and net
diesel oil as the reference fuel, allowed to conclude that the
use of even small amounts of additives modifies the com-
bustion process, leading to changes in the operational pa-
rameters of the engine. Nanoaddtives reduced fuel con-
sumption, nanofuel — Al,O; 50 ppm reduced fuel consump-
tion about 4%, nanofuel — TiO, 50 ppm reduced fuel con-
sumption about 10%. It is worth noting that the change in
fuel consumption is several orders greater than the change
in fuel density resulting from the use of nanoparticles.
There are not observed changes in the exhaust gas tempera-
ture after addition of nanoparticles.
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The process of cylinder charge — air sucked into the cylinder — transformation during engine start-up phase

is characterized. Heat exchange and air flow through piston-cylinder group leakage processes are described as
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finally used as equation describing heat transfer in combustion engines cylinder. The computational model for
cylinder charge parameters in the whole engine cycle during its starting at low temperature is presented. Some
taken assumptions and characteristics of partial processes resulting from the computations are shown. There are
indicated the possibilities of using the model at internal combustion engine diagnostic process.
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1. Introduction

It is known that difficulties in obtaining the start of pis-
ton combustion engines increase at lowered temperature
conditions. Lowering abilities of a diesel engine to under-
take the independent operating at low temperature result
from its influence on exploitation materials, engine systems
properties, and directly from lowering the temperature of
the air sucked-up into the engine cylinders. In the first
phase of a difficult start the starter drives the engine crank-
shaft with a certain rotational speed. Then in the engine
cylinders there are no ignitions of the injected fuel, but
there are created the conditions suitable for its appearing.
The requirement of the engine start-up is to initiate a cycli-
cal, automatic repetition of the combustion processes in
cylinders. There are two factors deciding of the injected
fuel combustion occurrence: thermodynamic parameters
(temperature and pressure) of air charge in the engine cylin-
ders and the fuel spraying quality [4]. Thus, the knowledge
about the thermodynamic state of the charge contained in
engine cylinders is important for evaluation of air-fuel
mixture properties and combustion processes characteristics
during engine starting. It was the reason for which a model
for cylinder air charge in starting conditions has been
worked out.

The problems of engine start-up mathematical model-
ling have been widely discussed, e.g. [1, 5, 11, 18]. Compu-
tation procedures include a considerable number of parame-
ters resulting from experimental data or complete experi-
ment enabling to receive additional information basing on
an indicator diagram. One of the most important parameters
of such a model is the heat transfer coefficient of the air
charge with the cylinder walls. The first heat transfer equa-
tion for combustion engines based on similarity theory was
formulated by Woschni. It is still in use today [12]. There
are also presented the new heat transfer correlations for the
Engines [2]. In the paper [6] there is done the modified wall
heat transfer equation which correctly reflects the transient,
spatially averaged wall heat losses for SI-engines and DI-
diesel combustion engines without any adjustments of em-
pirical calibration factors.

These correlations are used in models for engine starting
conditions. Effects of cold start control strategy on cold
start performance of the diesel engine based on a compre-
hensive preheat diesel engine model are presented in [3].
The change in the temperature field of the charge at com-
pression was numerically studied [9], taking into considera-
tion the vortex flows that arise when a charge forms in the
engine's cylinder. It was necessary to substantiate the new
method for facilitating the cold start of the diesel engine.
The paper [14] presents the different issue of thermal loads
of a piston in a combustion engine during start-up. There
were conducted simulation research based on the results of
engine tests in the low temperature test chamber. There are
also presented in the literature [8] the results of in-cylinder
measurements of gas temperatures and pressures during
a cold start.

It could be necessary to tune the coefficients of empiri-
cal formulas during the model calibration process if
a formula is not accurate enough in the case of a specific
combustion engine [19]. In the case of commercially avail-
able software the capability of the standard heat transfer
models is limited due to model calibration constrains. It is
possible to increase the capability of the simulation tool
using the user model linked to the main solver or constitut-
ing an independent, own solution of the author prepared for
a specific purpose.

The article presents such author's own study of the
model for cylinder charge parameters during engine starting
— cranking by the starter system designed for engine-
battery-starter system diagnosis.

2. Cylinder air charge changes in engine starting

conditions

In the case of a diesel engine starting the fuel autoigni-
tion may occur if in the compression process the air charge
reaches the suitable values of thermodynamic parameters
and appropriate fuel atomizing appears. The autoignition
process of the sprayed fuel is characterized by selfignition
delay. The autoignition delay is a function of the tempera-
ture and pressure and increases when their values decrease.
That is why it is necessary to know air charge parameters
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during engine starting. The gas transformation process can
be described using the energy conservation law — often
called the first thermodynamic law in the differential form
for an open system:

dU = —pdV + dQ + idm (1

where: dU = mdu + udm - air charge internal energy
change, pdV - elementary work of volume change, dQ —
heat quantity exchanged between air and the walls sur-
rounding it, i — specific gas enthalpy (I = U + pV).

The gas total energy change and charge parameters at
any moment of the process can be evaluated by equation (1)
integration. The quantity of exchanged heat can be speci-
fied applying expression:

Q= [dQ = [, o(T — Ts)dFdt @

where: o — the surface film conductance, F — the surface of
heat exchange, T — the air temperature, Ts — the temperature
of the surface surrounding the air volume, t — the heat ex-
change time.

The fundamental importance for the heat exchange pro-
cesses between air charge and the piston, engine head and
cylinder walls has the choice of an appropriate formula
describing surface film conductance value. There are well-
known many empirical formulae for computing its value in
engine compression chambers (for example formulae ac-
cording to Woschni and Zapf) [16]. They usually have a
similar general character (they differ only with constant
parameters values):

a = A(vp)?(d)P(T)¢ 3)

where: A, a, b, ¢ — constant parameters, v, — average piston
speed, d — cylinder diameter.

There was carried out the analysis of some formulae of
this type. The course of computed, using some formulae,
surface film conductance values as a function of crankshaft
rotation angle are presented in Fig. 1. During the computa-
tions there were taken the same values of air temperature
and pressure for each formula and technological data for
AD4.236 engine. In the Sitkei formula d does not mean the
cylinder diameter but the so-called equivalent combustion
chamber diameter evaluated as: d = 2Dh/(D + 2h), where
D is the cylinder diameter and h the height of the combus-
tion chamber over the piston. The dependence presented in
[1] is very different in its character:

o = 406 - p*

m2-K

The air density is in [kg/m’]. This formula gives much
more enlarged surface film conductance values equal 460 to
980 [W/(mz[K)] in the conditions assumed for the discussed
computations.

Taking into account that the Zapf formula gives en-
larged values of the surface film conductance, and it was
elaborated in principle for cylinder charge exchange peri-
ods, but Sitkei formula gives its values a bit decreased, for
the subsequent considerations (after some verifications)
there was accepted the Woschni formula.

In each engine operating conditions a part of the com-
pressed air charge flows to the crankcase through piston-

[W] 4) 94

cylinder group leakage. The proportion of this part of
charge is higher when the rotational speed of engine crank-
shaft is lower, especially in the range of speed extorted by
starter. Because of it the air flow in crankshaft driving con-
ditions should be taken into account.

Fig. 1. The dependence of surface film conductance value on crankshaft
rotation angle in AD4.236 engine compression chamber computed accord-
ing to the formulae of: Zapf, Nusselt, Woschni, Sitkei

Application of an appropriate formula and constant pa-
rameter for describing the air flow through piston-cylinder
leakage is also important. The air flow can be treated as an
incompressible viscous fluid flow by the speeds of 0,6 M
(Mach) [17]. Then the flow is expressed by a formula de-
scribing the equilibrium of static and dynamic pressure in
chosen pipe section where the flow exists:

Ap ==E&-p-w? (5)
where: & — the coefficient of flow drag, p — density of the
flowing fluid, Ap — static pressures difference between the
ends of pipe, w — velocity of fluid flowing.

From this it is possible to determine the flowing fluid

velocity:
_ [, A
w= \/; L=y 5 (©6)

where: | is the intensity of flow coefficient.

There is used one orifice as a model of air flow. By the
high pressure difference between engine cylinder and
crankcase volume, the air flow should be treated as super-
critical viscous fluid flow. In this case the speed of air flow-
ing to the crankcase can be evaluated on the base of energy
conservation law. For the isentropic flow of compressive
fluid, by assumption that the initial fluid speed equals “0”,
the final speed w can be computed as [16]:

w= jZﬁplvl [1 - (E—j)%] )

where: K — the average value of adiabatic exponent, v, — the
initial specific volume of flowing fluid, p; — initial static
pressure of the fluid, p, — the static pressure in the final
flowing section.

It is necessary, for the real viscous fluid flow, to intro-
duce into the equation (7) the coefficient of flow velocity
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(because of friction losses). This coefficient is experimen-
tally determined for a given orifice. For model needs there
was defined the specific (unitary) linear coefficient of vol-
ume flow intensity — M. “Hy” is the only one constant pa-
rameter in the model (apart from the formula describing the
heat exchange process), which is determined using the
experimental data. So, the elementary air volume AV,
which flows through piston-cylinder leakage at At time can
be determined as:

AV = prdAtw (3)

3. Computational model characteristic
The presented model is a numerical approach using in-

tegration procedures of the first thermodynamic law (1).

The computations are realized by iteration method, where

computing accuracy is obtained in the internal cycle. The

model initial basic assumption is that the temporary rota-
tional speed of the crankshaft has a constant value. The
values of parameters characterizing air physical properties,
depending on a chosen computing option, can be taken as
constant or dependent on its temperature and pressure (air

specific heat by constant volume c,, adiabatic exponent K,

air density). Piston relocation and substitute height of com-

bustion chamber are determined according to the kinematic
dependences for piston-connecting-rod system. As the
initial piston location (0 degrees of crankshaft rotation) its

TDC at the beginning of intake stroke was taken.

Moreover, there were made some additional assump-
tions in the model, such as:

1. cylinder charging with fresh air and gas outflow are
processes which proceed at a constant pressure value
equal to the ambient pressure,

2. at the moment of the exhaust valve opening the imme-
diate pressure equalization between cylinder charge and
engine ambient takes place (gas being present in cylin-
der is subjected to the adiabatic process and a suitable
mass of air flows into the cylinder).

Depending on the chosen option the computer program
can realize the following procedures:

— gas adiabatic process by iteration method or Runge-
Kutt’s approach and comparing the results with the
computed parameters using the adiabatic equation,

— gas change process at engine start-up conditions with
taking into account (or not) heat exchange and blow-by
of gas processes,

— evaluation of the engine minimum starting rotational
speed dependence on temperature.

The input data include technological data concerning
the engine, initial parameters of air and the engine, and
conditions for processes involving the air. Output data
include the current parameters of air charge in cylinder,
such as temperature, pressure, temporary value of surface
film conductance and specific heat, mass of the air charge.
Moreover, there are computed some summarizing data, for
example the average equivalent value of polytropic expo-
nent for compression and decompression processes. Com-
putation results can be presented on a computer display
screen, printer or text file and then be transformed using
computer software.

4. Initial verification of the model
The main goals of the initial model verification were to

evaluate, which of the partial processes have a decisive

influence on charge parameters and to evaluate specific

(unitary) linear coefficient of volume flow intensity. The

presented results concern the diesel engine AD4.236 of

a farm tractor, which was also experimentally tested. Com-

putations were carried out for the data:

— inlet air temperature — 260 K,

— ambient pressure — 1 atm = 0.101325 MPa,

— average crankshaft speed — 120 rpm.

The accepted above for computations value of rotational
speed of the crankshaft is due to the fact that driven by the
starting system crankshaft speed varies significantly from
about 80 rpm for compression ignition engines and from 40
rpm for spark ignition engines to about 300 rpm [13].

For evaluation, which factor has a decisive influence on
air parameters in engine cylinder, there were carried out
different computational processes of air parameters change
applying the discussed model.

In Fig. 2 there are presented the results of computed
temperature values for various types of cylinder charge
change:

1. adiabatic process without taking into account the tem-
perature influence on air specific heat and adiabatic ex-
ponent (K = const = 1.4) — marked with a in Fig. 1,

2. adiabatic process with taking into account the tempera-
ture influence on air properties (specific heat and adia-
batic exponent) — b,

3. change process with taking into account the heat ex-
change between air charge and the walls surrounding it
according to Woschni formula (and temperature influ-
ence on air properties) — c,

4. change process with taking into account the heat ex-
change according to Woschni formula and blow-by of
gas by leakage of the piston-cylinder group — e.

Fig. 2. The results of air temperature computation for various charge
changes in AD4.236 engine cylinder

It is necessary to underline the change of air tempera-
ture values at the moment of outlet valve opening for gas
change processes with taking into account the heat ex-
change and gas flow through leakage (curve e). At the final
period of air charge decompression stroke its temperature
and pressure decrease till much lower values than parame-
ters of the engine environment. In this case the charge tem-
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perature before outlet valve opening equals about 194 K, so
it is 66 K lower than ambient temperature.

Fig. 3. The quotient values of temperature and pressure for different types
of air change in comparison to adiabatic process at piston location in TDC

The comparative data illustrating the temperature and
pressure quotient values for every type of change in com-
parison to their value in the adiabatic process with adiabatic
exponent K = const = 1.4 at piston location in TDC (360°)
are presented in Fig. 3. In this figure there are also present-
ed data for process in which there were taking into account
the heat exchange according to Zapf formula — d. The pre-
sented dependences indicate the degree of individual factor
influence on computed thermodynamic gas parameters.

It is worth noticing that taking into account only the
temperature influence on air properties causes the noticea-
ble decrease of cylinder charge thermodynamic parameters.
Heat exchange phenomenon causes air charge temperature
and pressure lowering, in comparison to adiabatic process,
practically at the same degree. Air flow through piston-
cylinder group leakage influences the temperature and pres-
sure values obtained during air transformation in engine
cylinder at different degree. The fact that heat exchange and
gas flow influence air charge thermodynamic parameters at
different degree can be useful in independent determining
constant parameter values which characterize these pro-
cesses in crankshaft driving conditions. It is important that
the equivalent compression polytropic exponent for air
change, where surface film conductance is described with
Zapf’s formula without additional air flow through leakage
is lower than during the process described by Woschni
formula and taking into account mass losses (in Fig. 3 the
quotient of air temperature in d is lower than in e case).
There was made an attempt to determine the reason for
difference of surface film conductance expressed by
Woschni and Zapf formulae. The different values of this
parameter cause visible difference between air parameters
obtained using the two formulae. In Fig. 4 there is present-
ed the course of their quotient values as crank angle func-
tion in the case if constant A in both formulae has the same
value and surface film conductance was evaluated for the
same values of air temperature and pressure.

It is easily seen that the basic reason for the difference
between both coefficients of surface film conductance are
various values of constant A. If the constant A has the same
value, the highest relative difference of temperature values

in the processes described by such dependences does not
exceed 3.5%. The criterion for determining the specific
(unitary) linear coefficient of volume flow intensity — W
was the equality of air charge maximum pressure evaluated
using the model and the one determined experimentally.

Fig. 4. The quotient values of temperature and pressure for different types
of air change in comparison to adiabatic process at piston location in TDC

It is easily seen that the basic reason for the difference
between both coefficients of surface film conductance are
various values of constant A. If the constant A has the same
value, the highest relative difference of temperature values
in the processes described by such dependences does not
exceed 3.5%. The criterion for determining the specific
(unitary) linear coefficient of volume flow intensity — W
was the equality of air charge maximum pressure evaluated
using the model and the one determined experimentally.

The final verification concerns the influence of the kind
of air flow through the leakage and the temporary crank-
shaft speed changes on the computation results. Because the
crankshaft rotational speed cannot be computed using the
model (because of lack of suitable experimental data), there
were taken into account the results of its measurements.
Because the difference in obtained results are difficult to
distinguish in the complete diagram of engine cycle, in Fig.
5 there is presented a fragment of the course of the comput-
ed charge temperature values (in the surroundings of TDC)
for the different conditions of air flow through piston-
cylinder group leakage and the changes of temporary
crankshaft speed:

Fig. 5. The fragment of the computed temperature values dependence on
the crankshaft rotation angle for different conditions of air flow and crank-
shaft temporary rotational speed changes
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— mnormal — incompressible fluid flow, constant crankshaft
rotational speed value,

— compres — compressible fluid flow, constant speed val-
ue,

— nvarcom — compressible fluid flow, changeable speed
value.

It was necessary to assume the appropriate specific line-
ar coefficient of volume flow intensity value for each exam-
ined process according to the maximum pressure criterion.

It is easily seen that in the crankshaft rotation angle in-
terval, in which the processes of creating and ignition of
air-fuel mixture take place, the differences between the
computed temperature values are inconsiderable. So, inde-
pendently of the assumed rules of air flow and the crank-
shaft temporary speed changes the obtained results, in as-
pect of the air temperature influence on engine starting
properties, are comparable. The maximum relative differ-
ences of the parameters values characterizing the air change
processes in relation to the process with incompressible air
flow are:

— for the process taking into account the compressible
fluid flow at constant speed value: temperature — 0.55%,
pressure — 2% (after TDC, about 430 deg), mass losses
-1.5%,

— for the process taking into account the compressible
fluid flow at changeable speed value: temperature —
2.3%, pressure — 9% (after TDC, about 430 deg), mass
losses — 8% (about 430 deg).

5. Using the model in engine diagnostic process

As it was marked before, the developed and presented
model for cylinder charge parameters during engine crank-
shaft driving could be used for engine-battery-starter sys-
tem diagnosis, especially for analysis of the compression in
the cylinders of an internal combustion engine. Changes in
tightness of an internal combustion engine combustion
chamber may be determined based on: the measurement
results of maximum compression pressure in the cylinders,
pressure drop measured using a cylinder leakdown tester,
and the blow-by flow rate at different engine operating
conditions. Also, the comparative compression in the cylin-
ders of an engine may be tested by analyzing the changes of
current drawn from battery when the engine is cranked by
the starter motor with ignition or fuel inhibited.

Each engine cycle has a positive current peak due to
a compression stroke in specific cylinder. Missing a posi-
tive current peak indicates a very low compression in one
cylinder. The current cycles could be integrated and the
integrals compared to detect compression imbalance. The
base level of integration is equal to the level of an adjacent
negative current peak (see Fig. 7). In the same way for
engine cylinders relative compression diagnosis can be used
battery voltage [7] or even engine crankshaft rotational
speed, in inverse relationship of the positive and negative
peaks. The analysis of the possibility of using the results of
measurements of the instantaneous rotational speed and its
derivative — crankshaft acceleration to assess the condition
of a compression-ignition engine is presented in [15].

For the purpose of internal combustion engine diagnos-
tics, there are new possibilities to use the parameters of
crankshaft driving by the electric starting system: the cur-

rent drawn by the starter, the voltage at the battery termi-
nals, the crankshaft rotational speed. For the diagnostic use
of these parameters it is necessary to build mathematical
models of all objects — especially cylinder charge transfor-
mation process. The intensity of the current consumed by
the starter, the voltage at the battery terminals and the rota-
tional speed of the crankshaft are the response of the en-
gine-starter-the starting battery set to the forcing, which is
the internal combustion engine crankshaft driving by the
starter. In the diagnostic test, the values of the system's state
characteristics should be determined on the basis of the
features of the output signals — system response to external
extortion, which include:

— the intensity of the current consumed by the starter — it
characterizes the battery's ability to return current under
load conditions, it depends on the state of the starter
characterizing the relationship between the current con-
sumption and the generated torque, contains information
about the combustion engine resistance of motion,

— voltage at the loaded battery (or starter) terminals — it
contains information on the state of the energy source
feeding the starter. The voltage value is dependent on
the nominal battery capacity, current consumption, tem-
perature and its status,

— rotational speed of the crankshaft forced by the starter —
it is the resultant of the following features: the engine
motion torque of resistance, the electromechanical char-
acteristics of the starter and the starting capacity of the
battery.

The variable component of the engine resistance torque,
when the crankshaft is driven by the starter, depends on the
compressed air pressure in the engine cylinders. An exam-
ple of the course of the charge pressure in the engine cylin-
der during crankshaft driving is shown in Fig. 6.

Fig. 6. The course of the compression pressure in the cylinder of the
engine being tested

The variable component of the starter current (resistance
torque) can be the premise for determining the value of the
air compression pressure in the engine cylinders. To deter-
mine the value of the compression pressure, it is necessary
to build a model for the engine crankshaft driving that al-
lows correlating the pressure value and the current drawn
by the starter. An example of the course of current during
the engine crankshaft driving is shown in Fig. 7.

The condition of the engine in terms of its resistance
torque can be determined by comparing the value of the
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resistance torque determined during experiment (driving the
crankshaft) and on the basis of the analytical formula.

Fig. 7. The course of the current taken by the starter during the engine
crankshaft driving

The voltage at the battery terminals characterizes its
ability to give off energy. At a given current consumption,
the voltage at the battery terminals depends on its nominal
capacity Q, the electrolyte temperature T and the battery
state k, which can be identified with the technical condition
of the energy source. The voltage on the battery terminals U
dependence on the characterizing its state parameters can
be assumed as a linear function of these parameters. Battery
condition assessment can be made based on comparison the
voltage values in engine crankshaft driving conditions and
determined from the analytical model. An example of the
voltage course at the battery terminals while driving the
engine crankshaft is shown in Fig. 8.

Fig. 8. The course of voltage measured at the terminals of a loaded battery

To assess the state of the electric starter, it is necessary
to know the engine resistance torque. The basic meaning in
the proposed method of the starter state assessment is to
determine its actual power characteristic. The course of the
power characteristics of the starter similar to the parabola
indicates the possibility of their description using the sec-
ond-degree polynomial in depending on the current.

The value of engine crankshaft rotational speed driven
by the starting system can be used to determine the actual
starter power, if its torque value is determined on the basis
of the current. The power of the starter in given operating

conditions is the basic parameter of the assessment of its
technical condition (it must be related to its actual power
characteristic). An example of the course of rotational
speed of the engine crankshaft driven by starter is shown in
Fig. 9.

Fig. 9. The course of the engine crankshaft rotational speed driven by the
starting system

The signals of the engine crankshaft driving through the
electric starting system show significant similarities and
correspondence of their variability phases. This is due to
the existence of causal relationships between their values
resulting from:

— battery characteristics, as a voltage source of electric
current, which relate to one another recorded courses of
voltage and current,

— a set of starter characteristics, as an electric motor,
which uniquely bind the torque of force with the current
and rotation speed of the starter shaft with the voltage of
the power source.

6. Closing remarks

The article presents the principles of the author's own
model for calculating the parameters of the cylinder charge
while driving the crankshaft by the starting system and the
essence of the new proposed system diagnostic method:
acid battery — electric starter — internal combustion engine
with the use of models of the diagnosed objects.

The mathematical model of any technical object or pro-
cess presents its formalized, simplified description. The
model can replace a real object or a process in such way
that its testing can be the source of additional information
on the object. The model allows controlling extortion pa-
rameters and conditions of object operation and to obtain
information and dependencies, measuring of which during
the experiment can be impossible, laborious or costly. The
goal of working out of the presented model is to assist in
experimental studies and to obtain dependencies, which are
not provided by an experiment. The presented design for
computing of thermodynamic air parameters in engine
cranking conditions can be a part of the whole engine start-
up or diagnostic model. The model should be still devel-
oped to increase its accuracy and to close computational
procedures to the real conditions of engine driving. First of
all, it is necessary to take into account the crankshaft speed
non-uniformity. The Woschni formula seems to be the best
for surface film conductance evaluation in engine cylinder
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in cranking conditions. The air flow through the piston-
cylinder group leakage, due to high pressure difference
between cylinder volume and the engine crankcase should
be treated as supercritical compressible fluid flow and de-
scribed using expression (7). The presently obtained results
indicate that these data can be used to qualitative and quan-
titative evaluation of piston engines starting and at the en-
gine diagnostic process.

The originality of the diagnostic method lies in the fact
that it enables the assessment of the complete system condi-

tion, and above all, the determination of the absolute value
of the charge compression pressure in the cylinder. The
principle of the relative compression test is based on track-
ing the battery current, voltage or crankshaft rotational
speed changes during cranking to determine the compara-
tive compression values of all cylinders. Proposed method
requires the construction and integration into one whole of
mathematical models of the battery, electric starter, cylinder
charge compression and a model of resistance to driving the
crankshaft by the starting system.

Nomenclature

dU  air charge internal energy change
dQ  the exchanged heat quantity

pdV elementary work of volume change
T temperature
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ARTICLE INFO

This paper examines the effect of an external preheating system for an internal combustion engine on fuel con-

sumption, CO; emissions, and cabin temperature of a Euro4 vehicle. A 1 kW electric system powered by 220 V was
installed in series in the cooling system of a vehicle with a compression-ignition engine of 2.5 dm’ capacity. The
tests were carried out in simulated urban driving conditions (distance of 4.2 km), extra-urban driving conditions
(distance of 17 km), and during idling at cold-start temperatures ranging from —10°C to 2°C. Preheating the
engine under simulated city conditions reduces fuel consumption by 2.64 dm’/100 km and increases the supply
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air temperature immediately after engine start-up. Due to the preheater being powered from an external power
grid, the cost per trip and total CO, emissions are increased. Assuming renewable energy sources, CO, emis-
sions would be reduced the most for the stationary tests after engine preheating. In contrast, emissions would be
reduced the least for extra-urban driving
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1. Introduction

The main task of an internal combustion engine cooling
system is to transfer heat from the engine to the environ-
ment. Air-cooling systems are rarely used in today's vehi-
cles; manufacturers usually choose liquid-cooling systems
with a cooling medium. It is assumed that at least two-
thirds of the energy contained in the fuel is transferred to
the environment as heat, among other things by the cooling
system. On the basis of the heat released during the com-
bustion process, the overall efficiency of the engine is de-
termined. The highest efficiency of an automobile engine is
estimated to be around 40%, but that is also with a limited
operating field [1]. Overall efficiency measures the ratio of
the effective work done by the engine in one cycle to the
heat extracted during that cycle from the fuel burned:

Mo =%9- 100% 1)

where: 1, — overall efficiency of the engine, L. — effective
work (in one cycle) [J], Q — heat extracted from fuel [J].

It is estimated that [2] cooling losses from 26% to 32%
of supplied heat — it is the energy carried by cooling fluid, it
is taken from the engine elements exposed to very high
temperatures (even 2000-3000 K) in order to protect them
from heat damage.

At the point of friction the temperature must not exceed
a certain limit value due to the thermal strength of the oil
film. The limit temperature of engine oil is considered to be
the piston temperature measured at the bottom of the chan-
nel of the first piston ring at 210°C [11].

The second basic function of the cooling system is to
maintain the engine temperature within a certain range. The
optimum and safe operating temperature for engines used in
motor vehicles due to the acceptable heat loads on its com-
ponents is usually between 85 and 95 degrees Celsius. This
temperature is measured on the engine block. One of the
reasons why the optimum operating temperature of the

engine should be reached as soon as possible is due to con-
structional limitations. The materials used for the engine
components, like all materials, are characterized by thermal
expansion. This property changes volume and linear dimen-
sions as a function of temperature. With decreasing temper-
ature the volume and linear dimensions decrease, whereas
with increasing temperature the volume and linear dimen-
sions increase. Designers must take thermal expansion
phenomenon into account when designing components such
as pistons, cylinder head, engine block, etc. [3]. Adequate
engine operating temperature is associated with lower pow-
er mechanical losses. This is why reaching an operating
temperature of about 90 degrees Celsius in the shortest
possible time is so important, because only then do the
mechanical parts of the engine work together in the most
optimal way. At lower temperatures, there can be too much
clearance between the mechanically moving parts. In the
long run, this can lead to faster wear or damage, generating
very high repair costs, as well as temporarily taking the
vehicle out of service until it is fully operational.

In order to increase the heating rate of the engine, the
cooling system is split into multiple loops (two pumps and
two coolers). In such a system, one circuit includes high
temperature sources (80—100°C) such as engine head, EGR
cooler, and oil cooler and the other circuit includes low
temperature sources (35-45°C) such as A/C condenser and
second stage intercooler. This approach reduced CO, emis-
sions by 5 g CO,/km and shortened the engine warm-up
period by 25%. The direct heating of the cooling liquid by
means of exhaust gases was applied by Toyota in spark-
ignition engines to support the engine warm-up [16]. The
efficiency of the classical cooling system can be increased
by improving components such as the thermostat and cool-
ant pump. Authors [12] proposed a comprehensive nonline-
ar control architecture for transient temperature tracking in
multiple cooling circuits. In cooling system of experimental
engine and transmission gear have been installed variable-
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position smart thermostat valve, two variable-speed electric
pumps, and variable-speed electric radiator fan. In paper
[13], the effectiveness of an electric pump was tested
against a standard mechanical pump in an internal combus-
tion engine cooling system. In paper [14], the effect of
centrifugal pump geometry on its performance was ana-
lyzed in detail. They observed velocity fluctuations caused
by the impeller-diffuser interactions both in the impeller
and diffuser regions. In the article [15] 4 automotive cool-
ing system pumps were tested for application in an aircraft
compression-ignition combustion engine.

The main function of engine preheating systems is to
bring the engine to optimum operating temperature in the
shortest possible time and to prepare the engine for one of
the operating phases called the working phase, even before
it is started during cold weather. Engine pre-heating sys-
tems support the cooling system. Depending on the type,
they are designed to positively influence the vehicle opera-
tion by reducing fuel consumption, reducing harmful ex-
haust gases to the atmosphere, improving the cold starting
performance, reducing mechanical parts wear and tear and
improving the comfort of the vehicle operation.

The concentration of pollutants in the exhaust gases is
also variable depending on the operating temperature, or the
temperature of the engine being cold-started. Internal com-
bustion engine start-ups may be divided into two groups:
"cold" start-ups and "hot" start-ups. This division depends
on the values of engine and lubricating oil temperature
occurring during the vehicle start-up operation [4]. "Hot"
start-up of a compression-ignition engine occurs above the
temperature of 60°C and when there is no necessity to use
a device facilitating the start-up (flame plug, glow plug,
etc.). Otherwise, we are dealing with "cold" starting. The
decision on using the engine starting aid is made subjective-
ly by the vehicle operator or automatically by the fuel injec-
tion control system. On the basis of own research (station-
ary tests on a 4-cylinder engine), the author of publication
[5] proposed additionally to introduce the concept of so-
called first daily start of an internal combustion engine.
Such a start-up occurs after the vehicle has been parked for
a minimum of 8 h overnight in an open space or indoors.
The temperature of the first daily start-up of an internal
combustion engine is equal to the temperature of the air
surrounding the vehicle [6].

During the start-up of a compression-ignition engine,
many negative phenomena are observed, which intensify
during "cold" start-ups. The energetic properties of the en-
gine starting system decrease and the starting resistant torque
increases [7], [8]. Significant resistance to motion causes
appearance of large values of current drawn by the starter in
a short time. This influences the increase of: engine starting
time, fuel consumption and emission. There is an increased
emission of toxic components in the exhaust gases due to
insufficient atomization and evaporation of the first fuel
doses, evaporation of self-ignition, and incomplete and in-
complete combustion of the fuel-rich fuel mixture [9].

The purpose of this study was to determine the effect of
preheating on vehicle performance parameters such as fuel
consumption and CO, emissions and whether it would
increase comfort in daily vehicle use. Chapter 2 presents

the current use of engine preheating systems, Chapter 3 the
research object and measurement systems, Chapter 4 the
research methodology. Chapter 5 presents the results and
analysis of the study. The work is concluded with a sum-
mary.

2. Preheating systems

The Figure 1 shows the classification of engine preheat
systems. They can be divided into external (mounted as
a separate engine system), internal (integrated with the
engine), and static (being an external part of the engine
bay).

Fig. 1. Combustion engine coolant heat accumulators, pre-heating and
temperature maintenance systems

External liquid heaters mounted in series or parallel in
a walking circuit are equipped with an internal pump, an
electric heating element and a thermostat. They can heat up
the cooling system to a maximum of 50°C. LF Bros coolant
heaters for passenger vehicles are available in different
power versions, with heaters from 1000 W up to 3000 W.
DEFA offers, apart from the duct heaters, also heaters
mounted directly in the engine block. Heaters mounted in
the engine block are only used in vehicles with engines that
have a technological hole allowing the heater to be in-
stalled. Such holes are plugged with "brokas", in other
words engine block plugs. After removing the blanking
plug, the engine block heater can be placed in its place.
Depending on the way of fixing, we divide engine block
heaters into driven, screwed and bolted ones

Engine oil heaters are used to heat up engine oil while
the engine is not running. Oil preheating before starting the
engine allows to achieve in a shorter time the optimum
operating temperature of oil and its better lubricating pa-
rameters just after starting the engine. There are systems in
the form of a heater, a heating rod in the oil sump or a heat-
er, a heating mat installed underneath the oil sump.

The purpose of a parking heater is to benefit the daily
operation of the vehicle. Depending on the solution used,
they allow for heating the vehicle cabin, the engine by heat-
ing the coolant or heating the cabin and engine simultane-
ously. In the combustion chamber of the parking heater,
fuel supplied from the vehicle's factory fuel tank is burned.
It is delivered to the combustion chamber by a fuel pump,
which is part of the parking heater kit and operates inde-
pendently of the fuel pump supplying the engine. The air
required to burn the fuel is supplied to the combustion
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chamber by an air fan. During fuel combustion, the heat
generated is extracted from the combustion chamber by
a heat exchanger and transferred to the coolant. The circula-
tion of the coolant through the system is forced by a circu-
lating pump.

Internal systems that facilitate starting include glow
plugs, intake air heaters and coolant heaters near the ther-
mostat. The glow plugs have the function of heating the
combustion chamber after starting. This prevents the exces-
sive release of soot and harmful combustion compounds
and increases the engine's operating comfort. The length of
the reheating period depends on the engine temperature.

Intake air heaters are located in the intake manifold. The
purpose of the warmer air is to make it easier to start a cold
engine and to improve its operation after the engine has
been started.

a) b)

Fig. 2. Engine oil pre-heating system, a) heating rod, b) heating mat [10]

Intake air heaters are located in the intake manifold. The
purpose of warmer air is to make it easier to start a cold
engine and to improve the quality of operation after it has
been started.

In automotive cooling systems, you can find thermostats
that allow the coolant to reach temperatures higher than 90
degrees Celsius, the so-called phase thermostats. Phase
thermostats are designed to maintain the temperature of the
fluid at the most optimal level. The main difference in the
principle of operation is that phase thermostats rely on
information from the engine controller and the fluid tem-
perature. When the engine load is increased, the ECU sends
information to the electric heater, which heats heat extensi-
ble element in the thermostat, causing it to fully open as
soon as the load is increased.

One way to increase engine warm-up is to use the active
radiator shutter. When the cooling demand of the engine is
low, the shutter automatically closes the air flow into the
engine compartment which allows the engine to warm up
faster due to less heat loss to the environment. In addition,
body panels provide thermal protection by increasing en-
gine warm-up while the vehicle is in motion and helping
the engine to reach its optimum operating temperature. In
addition, some vehicle models are equipped with engine
guards mounted on the underside of the body. Their main
role is to protect the engine from the water and dirt, but it
also constitutes a thermal shield for the engine limiting the
possibility of heat exchange of the engine compartment
with the environment.

3. Research object and measuring instruments

The test vehicle used was a BMW 5 series, model E61,
with a compression ignition engine with a displacement of
2497 cm’, 130 kW, complying with the Euro 4 standard and
automatic transmission. The engine used in this vehicle is
a four-stroke, six-cylinder in-line 24-valve engine. The
powertrain used in the tested vehicle is powered by diesel
fuel through a common rail system. According to the manu-
facturer's data, the tested vehicle has fuel consumption and
CO, emissions of:

- in urban test — 10.7 dm*/100 km,

- in extra urban test — 6.3 dm’/100 km,
- in combined test — 7.9 dm’/100 km,
— CO, emission — 210 g/km.

The engine in the test vehicle has a liquid cooling sys-
tem of volume 9.6 dm’ and a lubrication system of volume
8.3 dm’. Thus, there are about 7 kg of engine oil, 10 kg of
coolant and 140 kg of engine metal parts to be heated.

Fig. 3. Tested vehicle BMW E61

Installed in series in the vehicle's cooling system is
a coolant heater LF Bros model D-12-8003 with a 1000 W
heater, powered by 230 V. The heat is transferred from the
heater to the coolant. The circulation of the heated liquid in
the system is forced by a pump, which is located inside the
heater casing. LF Bros heater model D-12-8003 is equipped
with an internal thermostat that turns off the heating ele-
ment (heater) when the fluid temperature approaches 65—
70°C and restarts it when the temperature is around 60°C.
Note, however, that the heater shuts off at a given tempera-
ture reached by its internal thermostat. Due to heat loss, the
motor itself reaches a lower temperature, depending on its
capacity and design.

Fig. 4. Construction of LF Bros heater model D-12-8003 with 1000 W
heater
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The following measuring instruments were used to test
the effect of using the installed LF Bros engine preheating
system on the performance parameters of the test vehicle:

— GreenBlue GB202 wattmeter,

— ELM327 iCar2 Vgate OBD2 INTERFACE,

— electronic thermometer,

— smartphone with the "Car Scanner" application.

A stationary test bench was made to determine the vol-
umetric flow rate of the LF Bros model D-12-8003 engine
preheat system pump.

A wattmeter was used to measure the amount of energy
and consumed from the power grid to power the preheater
under test. The ELM327 iCar2 Vgate OBD2 INTERFACE
connected to the OBD-II socket and allowing communica-
tion with the vehicle was used to read out the engine and
vehicle operating parameters. In order to display and read
out the operating parameters, the ELM327 interface was
connected via bluetooth to the free "Car Scanner" applica-
tion installed on the Android device. During the tests, the
application was used to read out data on coolant tempera-
ture and average fuel consumption. After finishing a given
measurement and disconnecting the application from the
interface, the data are automatically saved. The application
enables reading of the saved data and its preview in the
form of a chart.

Fig. 5. Example of real-time preview of engine operating parameters using
the "Car Scanner" application

4. Methodology

The effect of the engine preheating system on engine
performance was investigated in 3 test scenarios:
— on a short route of 4.2 km ("urban"),

— over a long distance of 17 km ("extra urban"),
— with the engine switched off.

Each research scenario was repeated 5 times. The test
vehicle was driven by the owner, who drives a short and
long route on his daily work commute for several years.
Driving characteristics show comparable driving values.

The first test track (city) was set entirely in a built-up
area and the speed during its passage by the vehicle did not
exceed 50 km/h. Moreover, it runs through very little traffic

on residential roads and without traffic lights, which al-
lowed to perform similar trips in terms of time and speed.
In order to simulate the daily use of the vehicle, the test
track had both left and right turns, gradients and sections to
be driven at different speeds. Average travel time on urban
route (distance 4.2 km) was 8 minutes 38 seconds with
average speed 28.19 km/h.

The second test track (the route) was designed to repre-
sent a mixed driving cycle, i.e. a combination of driving in
built-up areas and outside built-up areas. However, the vast
majority of the test track was outside built-up areas. Trial
runs were made at late hours or on non-working days to
minimize the impact of other traffic on the test results. The
route was driven in accordance with applicable traffic regu-
lations and speed limits. Average travel time on extra urban
route (distance 17 km) was 18 minutes 30 seconds with
average speed 55.14 km/h.

The purpose of the stationary tests was to determine the
amount of energy consumed for the tests with the engine
preheating system and the amount of fuel consumed for the
tests without the engine preheating system to achieve the
required At [°C] coolant temperature change. The vehicle
engine was turned off during the preheater tests. The no
heater tests were conducted at engine idle without the cabin
heating on and without any other energy sources such as
radios or heated seats. These factors have a direct impact on
a vehicle's energy consumption, which translates into fuel
burn rate and coolant temperature. During the tests, the
preheating time was also measured both during engine
operation and during tests with the LF Bros engine preheat-
ing system.

In addition, the temperature of the air blown into the
cabin was measured using an electronic thermometer during
the runs. The measuring element (thermocouple) was
placed four centimeters deep in the center tunnel of the
cabin air intake during the measurements. The display was
placed in a prominent position. In order to obtain the most
reliable results, during each measurement the value of the
cabin heating potentiometer was set to 19°C and the vehicle
was heated in "auto" mode. Measurements were performed
both for tests, where LF Bros heater was used to preheat the
engine and for tests without preheater.

The mean value of the mercury thermometer readings
and the outside temperature indicated by the vehicle's on-
board computer were used to determine the outside temper-
ature. The fuel consumption is the arithmetic mean of the
on-board computer readings and the data obtained from the
"Car Scanner" application via OBDII.

To determine the amount of fuel consumed during
idling tests, only the value indicated by OBD was used. To
determine the external temperature, the mean value of the
mercury thermometer and the internal temperature indicat-
ed by the vehicle's on-board computer were used.

5. Test results and analysis

The Figure 6 shows the temperature rise of the vehicle's
engine coolant during testing with the electric heater alone.
The vehicle's engine was turned off. The initial temperature
of the engine and ambient was 6°C. The coolant reached
a temperature of 39°C after 60 minutes. Using the heater,
we can heat the engine to a maximum of 46°C under the
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conditions presented. The preheat curve flattens out as the
time increases, which means that there is a large heat loss to
the environment. When the heater is used for more than 90
minutes, the losses to ambient air exceed the amount of
energy released to the vehicle's engine. Under the same
ambient conditions, it takes only 6 minutes to preheat the
vehicle without the heater to 39°C using only the chemical
energy of the fuel (vehicle engine idling).

Fig. 6. Coolant temperature as a function of heater on time

The preheating of the engine allowed for an easier start
and a more stable maintenance of the idle speed right after
the start. Preheating the engine allows also to reduce the
idling speed. The difference was definitely noticeable dur-
ing the tests performed at outdoor temperatures below 0°C.
Figure 7 shows the values of the engine speed after start-up,
during the test without engine preheating and during the test
with engine preheating at an outside temperature of —14°C.
The rotational speed of the cold engine was 1250 rpm at the
initial stage and then maintained at 1000 rpm. After pre-
heating the engine, the engine speed was about 750 rpm,
which allows the engine to consume less fuel just after
starting, thus generating less pollution.

Fig. 7. Engine crankshaft speed at idle after starting with and without
preheat system at —14°C

During all of the test runs performed on the test tracks,
it can be seen that during runs with the engine preheating
system, the vehicle coolant reached a higher temperature at
the end of the run than during runs without the system. The
Figure 8 shows the increase in coolant temperature for the
sample runs without the engine preheat system and with the
engine preheat system. The final coolant temperature dif-

ference alone for the runs with and without the engine pre-
heat system was not as large, compared to the initial tem-
perature. This was directly related to the heating of the
vehicle cabin. During each of the driving tests, to reflect
daily vehicle operation, the cabin air intake was set to "au-
to" mode and the potentiometer was set to 19 degrees Cel-
sius. Due to the low outside temperatures during the tests,
the cabin space was heated, which involved taking heat in
the heater from the coolant and transferring it to the interior
of the vehicle.

Fig. 8. Increase in engine temperature of the vehicle on the test track
“urban” and “extra urban” as a function of driving time with and without
engine preheating

Analyzing the graphs shown in Fig. 9 it can be seen that
the supply air temperature for the first 8 minutes in the tests
after engine preheating was significantly higher. This situa-
tion was repeated for the two test runs. Thus, travel comfort
was definitely improved after engine preheating.

Fig. 9. Temperature increase of the supplied air to the vehicle cabin on the
test track “urban” and “extra-urban” as a function of driving time with and
without engine preheating

Engine preheating helps to reduce fuel consumption.
The Figures 10 and 11 show the average fuel consumption
during the “urban” and “extra urban” test under different
ambient conditions. The basis for calculating the percentage
reduction in fuel consumption was the fuel consumption
without the heater. For both the first and second test runs,
fuel consumption on average decreased by 8.99% and
1.95%, respectively. Thus, it can be seen that the difference
in fuel consumed decreases with the longer trip. This is
directly related to the travel time and therefore the engine
reaching a temperature closer to its optimum operating
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temperature. In the case of the second test track (extra-
urban), the difference in fuel consumption between runs
with and without the heater was undoubtedly reduced by
the fact that most of the test track was outside built-up
areas. Driving outside built-up areas is characterized by less
fluctuation of the engine load and therefore less fuel con-
sumption. In addition, the fuel consumption of the two test
tracks was related to the external temperature recorded
during the tests. For the first track and the second track at
the lowest temperature of —9°C and —12°C, respectively, the
highest combustion of the tested vehicle was observed for
both runs with the preheating system without its use. For
the urban run, the difference in fuel burned between the
highest (19.59 dm*/100 km) and lowest (17 dm*/100 km)
observed was 13.2% for the tests without the preheater and
6.5% for the tests with the preheater. During the “urban”
tests, the difference in fuel burned between the highest
(12.3 dm’/100 km) and lowest (10.5 dm’/100 km) observed
results was 14.6% for the tests without the heater and
13.3% for the tests with the heater.

Fig. 10. Average fuel consumption on the ,,urban” test at different ambient
temperatures with and without engine preheating

Fig. 11. Average fuel consumption on the ,,extra urban” test at different
ambient temperatures with and without engine preheating

When analyzing the total cost of travel and the CO,
emissions of a vehicle using an electric engine preheater, it
must be remembered that the unit draws its electricity from

the grid. Thus, the cost of electricity consumed should be
added to the price of the fuel consumed during the runs
with the engine preheating system. The following values
have been taken as a basis for the calculation of the total
cost of the test runs: the average price of diesel fuel of 5.40
PLN/dm® and of electricity of 0.75 PLN/kWh. During the
tests the heater was run for 95 minutes.

The Table 1 shows the calculated difference in total cost
of heating and driving 100 km during the tests with and
without electric engine heating. The values shown are the
difference in fuel cost consumed by the engine and the
electricity cost consumed by the electric heater. For the idle
tests, the engine preheating was more economical. The cost
of fuel consumed to preheat the engine was greater than the
cost of energy consumed to preheat the engine with the
heater. The savings ranged from 11.5 PLN to a maximum
of 16 PLN and were proportional to the decrease in ambient
temperature. The lower the outside temperature, the more
economically advantageous it is to use a heater only at
idling speed. Table 1 shows that the total cost of electricity
consumed by the heater and fuel burned increases the oper-
ating costs for both urban and extra-urban routes.

Table 1. The difference in the total cost of driving per test with an electric
heater across different test scenarios and ambient temperatures

Test scenario Temperature [°C]

-10 1.5 0
Idling [PLN] -16 -11.5 -12.2
Urban [PLN/100 km] +20.5 +26 +24.2
Extra-urban [PLN/100 km] +6.1 +7.1 +6.4

The cost of driving 100 km with a vehicle whose engine
is heated using grid electricity is higher than if the engine is
heated using the chemical energy of the fuel burned during
both the urban and extra-urban test runs. Although the fuel
consumption was lower after using the heater, the cost of
the electricity used by the heater added to the fuel cost.

The total cost of trips using the heater on the urban
gauge increased by an average of 21.8%, while the extra-
urban gauge saw an average increase of 11.2% in the total
cost of the trip. This cost decreases as the ambient tempera-
ture (initial engine temperature) decreases. Also, this cost is
less for the extra-urban trials than for the urban trials. In
order to make the cost of the urban and extra urban trials
with and without the heater in the test vehicle the same, the
engine preheat time would have to be reduced from 95
minutes to 19 minutes. Then the temperature would change
by only 15°C.

Another aspect discussed in the analysis is the amount
of CO, emitted in individual tests with and without engine
preheating. Because the preheater is powered from the grid,
the amount of CO, generated during electricity generation
must be added to the tests using the preheater in addition to
the CO, emitted from the fuel burned. The following data
were adopted for the analysis:

— from burned 1 dm’ of diesel fuel 2.3 kg of CO, is gen-

erated [17],

— 0.719 kg of CO, is emitted during the production of

1 kWh of electricity [18].
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The Table 2 shows the calculated difference in total
CO,; emissions during the tests with and without heating the
electric vehicle engine. In this case as in the case of the
total cost of driving a route section with a preheated engine
the CO, emissions are higher in all cases. The reduced CO,
emissions resulting from the reduction in fuel consumption
after the engine has been preheated do not compensate for
the emissions resulting from the production of electricity
consumed by the heater. For the “urban” test, on average,
the total amount of CO, emitted increased by 41%, while
the “extra urban” test saw a 22.6% increase in CO, emis-
sions for the heater tests. The highest CO, emissions were
recorded for low ambient temperatures, which resulted in
higher fuel consumption.

Table 2. The difference in the total CO, emissions per test with an electric
heater powered from the electricity grid across different test scenarios and
ambient temperatures

Test scenario Temperature [°C]

-10 1.5 0
Idling [kg CO,] +0.41 +0.49 +0.5
Urban [kg CO,] +1.17 +1.22 +1.19
Extra-urban [kg CO,] +1.23 +1.33 +1.23

Considering the generation of electricity from renewa-
ble energy sources (RES) connected to the electricity grid,
for example from a wind farm or a photovoltaic plant, we
can expect a reduction in CO, emissions to the atmosphere
after using an electric heater. The Table 3 shows the calcu-
lated difference in total CO, emissions during the tests with
and without heating the electric vehicle engine.

In this case, after using RES to power the heater, the to-
tal CO, emissions are lower in all cases. Under the assump-
tion of obtaining energy from renewable energy sources,
CO; emissions would be reduced to the greatest extent for
stationary tests after preheating the engine. In contrast,
emissions would be reduced the least for the “extra urban”

tests because the difference in fuel burned for the tests with
and without the heater was less than for the “urban’ tests.

Table 3. The difference in the total CO, emissions per test with an electric
heater powered by renewable energy sources across different test scenarios
and ambient temperatures

Test scenario Temperature [°C]

-10 1.5 0
Idling [kg CO,] -0.94 -0.85 -0.88
Urban [kg CO,] -0.25 -0.11 -0.15
Extra-urban [kg CO,] -0.12 -0.04 -0.11

6. Summary
The effect of preheating a compression ignition engine

with a 1000 W electric preheater was analyzed. The pre-

heater was run for 95 minutes at three ambient temperatures

(coolant temperatures): —10°C, 0°C, 2°C. The device heats

up the coolant in the system to maximum 47°C.

The effect of an external preheating system for an inter-
nal combustion engine is as follows:

1. Enables faster heating of the engine in relation to the
conventional drive.

2. Improves the comfort of vehicle operation by increasing
the temperature of supplied air to the cabin to 22°C.

3. the idling speed is reduced to the value of ca. 700 rpm
after starting the vehicle.

4. the vehicle start-up system and battery are less loaded
during the engine start-up phase.

5. A reduction in fuel consumption and CO, emissions was
observed at both idle and simulated urban and extra-
urban driving conditions (up to 2.64 dm*/100 km during
urban trail and low ambient temperatures).

6. Due to the cost of powering the device from the electric-
ity grid, the total cost of driving 100 km increased in the
study vehicle.

The operating cost and CO, emissions can be reduced
by powering the vehicle's engine preheater from a grid
connected renewable energy source.

Nomenclature

CO,
RES

carbon dioxide
renewable energy sources

ECU electronic control unit
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1. Introduction

Today's automotive development cycles are around 3
years [1]; new legislation norms can extend to requiring 4
years. Looking into the future, currently negotiated norms
have to be considered now; otherwise, it will not be possi-
ble to sell the product. The article discusses regulations that
will appear in coming years and development methods that
are now transferred from other domains into the OBD do-
main.

For three decades, the emission characteristics of inter-
nal combustion engines have been increasingly gaining
attention — the focus on clean transportation resulted in
several normative and legal requirements which the vehi-
cles need to fulfill [2]. Due to the development of better
measurement equipment and increased computing power of
ECUs placed on board and detected differences between
declared, accredited, and actual measured emission, there is
an evolution of emission control design approaches.

The previous generation approach with regulations Euro
5/V, China 5/V and older USA regulations was to design
and balance all emission controls to produce valid emission
levels of all relevant pollutants. The design was verified on
near-series production vehicles on a chassis or engine dyno
according to emission cycles. The type approval was con-
ducted with, at minimum, an aged catalytic converter
(DOC, SCR, 3W-cat). During this test, CO, emission was
verified as well.

Since the previous procedure misses real-life exploita-
tion parameters, for current generation Euro 6/VI [3] and
China 6/VI, it was decided to include PEMS (Portable
Emissions Measurement System) to pre-series cars and
verify the emission limits on a public road with RDE (Real
Driving Emissions) driving, traffic, and ambient conditions.
The procedure applies to measurement with also, at mini-
mum, an aged catalytic converter. To ensure compliance in
the In-Service Conformity with Euro 6/VI, US EPA and
California ARB [4] demand that PEMS testing is performed
on randomly selected series vehicles. Additionally, for Euro

VI (heavy-duty), PEMS measurement has also been re-

quired with a similar principle as RDE. China VI for heavy-

duty has similar requirements with minor differences in the
measurement protocol.

As a next step in evolution, regulations have demanded
additional means above adding PEMS equipment to have
data on real-life emissions systems performance. The Cali-
fornia ARB demands that data from the tailpipe NOy sensor
is sorted by engine load and then stored in the vehicle en-
gine management system, readable by the OBDII scan tool.
The California ARB can stop any random series vehicle on
the road and read out the stored tailpipe NOy data for analy-
sis, therefore being able to read data from the history of that
vehicle. China VI has a very similar requirement, except
instead of long-term storage in the vehicle, the data is re-
ported by telematics to a server of the Chinese authorities.

The latest evolution is the demand for OBM (On Board
Monitoring) that is part of the proposals for Euro 7/VII [5].
Other than storing data from tailpipe sensors as California
and China [6] are demanding, the Euro 7/VII proposal de-
mands a diagnostic in the vehicle software that will trigger
a warning to the driver if tailpipe emissions (averaged over
a certain driving distance which is still to be defined by
legislation) have exceeded a threshold limit. Firstly the
tailpipe emission data collection by NO, sensors will be
obligatory. The other sensors are to follow.

Tailpipe monitoring of consumer vehicles serves two
purposes:

— Detection of design flaws of the released system. If
a significant number of field reports surpass the emis-
sion limits, the design was not robust enough, and the
manufacturer will have to improve it. The design needs
to consider all conditions during vehicle usage and its
exploitation up to aging and mileage limit.

— Detection of emission failure of individual vehicles.
Regardless if there is a single point failure or combina-
tion of parameter drift resulting in violation of thresh-
olds- it will be detected, and the owner will be prompt-
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ed. As a result, the owner will have to replace compo-

nents or drivetrain until the limits are reached again or

alternatively purchase a different vehicle.

The practical consequence of new Euro 7 with on-board
monitoring design is compared in Table 1.

Table 1. Comparison of analysis depth required for Euro6 and 7 norms

Norm/analysis
of the effect
on emissions:

Euro 6/VI with OBD

Euro 7/VII with OBM

Aging Emissions achieved for Emissions achieved with
type approval only with | actual aging overall is
aged catalyst system monitored for every
and mildly aged overall vehicle for the whole
for in service conformi- | lifetime
ty.

Tolerances Mostly limited to pro- Production and aging

duction tolerances
(aging =0)

Failure modes

Norm defined Single
point failure/deviation

Multi-point cumulative
failures/deviations

Diagnostic
capabilities

Only norm defined
elements have to be
diagnosed

Diagnostic capability
over all relevant compo-
nents of a system- to

allow identification and
replacement of problem-
atic element

To achieve the required depth of system analysis and
reach design goals required with Euro 7 OBM norm, one
needs to incorporate a structured design and analysis meth-
od. To fulfill the OBM while still offering pinpointing of
the root cause, it is also necessary to have a system wide
approach to Emission Diagnostics and not a Component or
Subsystem Approach as used nowadays in the industry.
A structured methodological approach is also recommended
as the need for comprehensive knowledge to overlook the
complete Emission Reduction System to the detail can only
be found in a few Specialists. To assist these experts and
enable other engineers to design a comprehensive and com-
plete Emission Reduction System, we suggest using the
well-established lifecycle, design, and analysis methods
from Functional Safety.

Both Functional Safety/SOTIF and OBD domains have
established methods that are fit for this purpose:
— FUSA/SOTIF:

* Determining safety goals on vehicle level and prop-
agating them down to individual system compo-
nents, including performance criteria.

* Comprehensive failure/deviation analysis methods:
HARA, FMEA, FTA, FMEDA.

* Introduce OBD lifecycle based on safety lifecycle of
the project;

- OBD
* Analysis of tolerances combinations and aging ef-
fects.

The paper aims to show that mentioned methods are fit
for emission domain and emission system development
compliant to Euro 7 OBD norm.

2. Method
To show the stated thesis, a simplified model of the
emission system is used. The methodology bases on the

proven in-use safety lifecycle defined in ISO 26262:2 is
used [7].

Fig. 1. OBD OBM lifecycle based on FuSa lifecycle [7]

The proposed OBD/OBM lifecycle consists of several
steps that ensure systematic analysis of an item and provide
argumentation for analysis completeness. The top-down
approach is the most straightforward way to ensure com-
plete NO, supervision. In severe cases of lawsuits, it pro-
vides proof of reasonable effort taken to minimize potential
risks.

— Item definition:

The very first step to conduct is to define the subject of
the analysis. The scope is called an Item. The item is de-
fined by a set of high-level functions, boundaries, interfac-
es, assumptions, working conditions, and other environ-
mental influences necessary to have a strict description of
the item in question. The description shall be comprehen-
sive in the way that the Items function is well understood
— Hazard analysis and risk assessment(HARA):

The HARA procedure consists of defining potential
hazards that an item can pose to the user or environment.
The identified (emissions compliance) hazards are then
evaluated in terms of probability, controllability, and se-
verity. Combining those three numbers (usually rated on
a scale of 1-10), one can judge the required emission integ-
rity level (EMIL). Emission Integrity levels span from
EMIL 1 to 5 grades. At EMIL 1, there is no or too little
impact on emissions and the system so, unless spelled out
in the regulation, no OBD monitor is needed. At EMIL 5,
there is a potential HW or Mechanical redesign in order.
With each EMIL level, there is more care and more amount
of analysis and redundancy required. Based on such as-
sessment, the emission goals (EG) are formulated based on
hazards. The EGs inherit the required emission integrity
level (EMI) from HARA analysis.
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— OBD concept:
With the knowledge from previous steps, the OBD con-

cept is developed considering the preliminary architecture
of an item. The requirements derived from emission goals
are allocated to the elements of the system. The OBM con-
cept is also added here, although that is a given from the
regulation. At this level, FMEA analyses are performed on
the Function and Interface level.

— Product development at the system level:

In this phase, the system is designed according to the
OBD concept and other functional requirements. Also,
demands following from the effect of the OBM concept on
the system are taken into the design. This step may include
external solutions that are out of item boundary. The system
architecture and technical requirements are specified. The
technical assumptions, human behavior assumptions and
hazard assumptions are also validated during this phase.
HSI, which is the HW-SW interface, needs to be defined at
this stage as well.

— Product development at the hardware and software
level:

Inheriting from system design and requirements, the
HW and SW detailed design and implementation are con-
ducted. This phase also includes testing and validation on
the corresponding level of detail. FMEA analysis is repeat-
ed or extended here but at HW/SW level.

— Production, operation, service, and decommissioning:

This part of the process runs parallelly, starting with
product development on the system level, ending at the
SOP (start of production) date.

Tied into this is the type approval and in service con-
formity preparation, which includes a dry-run test before
actual approval and in-service conformity.

The process part aims to define unique characteristics of
the item that are relevant for emission. This includes pro-
duction repeatability, tolerances, calibration, End Of Line
(EOL) tests. Additionally, operation and service instruc-
tions and unique characteristics have to be defined as well
as decommissioning of faulty or worn out parts.

Most of the mentioned steps will be illustrated based on
the proposed exemplary system. The development on
HW/SW level and testing will be briefly mentioned due to
the demonstrative character of the analysis for which de-
tailed HW/SW solution is not relevant.

In the following chapters, we will apply the methodolo-
gy to an exemplary system.

3. Example

The chosen system is based on a medium-duty diesel
engine emission control system intended for Euro
6d_final/Euro 7 or Euro VI_e/Euro VII norm. Only NO,
emissions will be analysed. The turbocharger section is cut
out for clarity. The system consists of two EGR loops for
High and Low pressure, two urea dosers with supply, and
a series of catalytic converters, including DOC, SDPF,
SCR, and AMOX converter. Additionally, the system has
several temperature, pressure NO, and NH; sensors.

Fig. 2. Medium-duty diesel engine emission control system

3.1. System(item) definition

In the item definition, one needs to define a boundary
that separates the system under consideration from the
outside world. In our case, it contains engine, intake, and
exhaust pipe. Consequently, the interface, which means
flows or signals crossing the boundary, is air intake, tailpipe
and heat exchange with the surroundings. In this example,
we also do not consider the fuel system to simplify the
example furtherly.

As this article is a demonstration example, we will only
analyse parts relevant for NO, control.

3.2. System(item) main function

The identification of system main function occurs on
abstract level. One shall not consider the technical realisa-
tion of the system but its purpose. The system function in
our case is to reduce NO, emission.

3.3. Emission goal definition

According to the methodology of the OBD lifecycle,
one should run a HARA analysis over the functionality of
the emission reduction system to determine the emission
goals. In this example, however, we simplify this step by
using the emission goal defined in Euro 7/VII proposals [5].

Table 2. Emission goals

Emission goal ID Emission goal

EG 1 The system NOy emission shall not exceed the

limit value of X [g/km] over the averaging

window of Y km.

3.4. System elements
To analyse potential failures main functions of system
elements need to be defined.

Table 3. System elements sub-functions

System element Sub-function

HP-EGR loop Increase inert gas in combustion chamber

LP-EGR loop Increase inert gas in combustion chamber

SCR Neutralize NOy into harmless components

SDPF Neutralize NOy into harmless components shortly
after cold start

AMOX Neutralise NHj3 particles

DOC Oxidise leftover hydrocarbons, HO and PM

Urea tank Stores ammonia
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Table 3cont.

Table 5. FMEA of H-EGR valve element, function: controls recirculation

Sensors Sub-function

AMF Provides feedback for EGR loop.

Upstream NOx Measure NOx coming from engine

Downstream NOy | Measure NOy coming from engine

NH; Measure NHj; level

Exhaust NOx Provides final feedback on NO, elimination
efficiency

T1, P1 Provides temp and pressure of incoming air

T2, P2 Provides pressure and temp of gas entering the
engine from turbocharger

T3, P3 Provides temperature and pressure of exhaust
gases directly at the exhaust manifold.

P4 Provides pressure at the entrance of catalytic
chain

T5 Provides gas temperature at the entrance of SDPF

T6 Provides gas temperature at the entrance of SCR

Actuators Sub-function

H-EGR valve Controls recirculation rate of HP EGR

L-EGR valve Controls recirculation rate of HP EGR

H-EGR cooler Controls cooling power of HP-EGR loop

L-EGR cooler Controls cooling power of HP-EGR loop

Urea Dosers Controls urea dosing rates

Urea Heaters Heat the urea to prevent freezing

Urea Pumps Provide pressure for urea installation

4. OBD concept

4.1. System analysis

The next step is to take exemplary elements and analyse
them according to standard failure modes and their effects

(FMEA):

Table 4. FMEA of SCR element, function neutralise NOy

FM | Failure mode
1D

Failure Mechanism

Potential Effect

1 Too Long SCR too cool Excessive NOy
emissions
2 Too Short SCR too hot Faster Aging,
Excessive NOy
emissions
3 Too Slow Urea doser underperfor- Excessive NOy
Response mance emissions
4 Too Fast Re- Urea doser overperfor- Excessive NH3
sponse mance
5 Reverse No effect No effect
Intermittent Urea doser malfunction/ Excessive NO,
mixer malfunction emissions

7 Fluctuating

Urea doser malfunction/
mixer malfunction

Excessive NOy
emissions

8 No SCR clogged Loss of power
9 Less SCR coating cov- Excessive NO,
ered/aged emissions
10 More No effect No effect
11 Follow Com- Urea doser malfunction/ Excessive NOy
mand with mixer malfunction
Different
Outcome

12 Follow Com-
mand with the
same outcome
by accident

Urea doser has lower
max efficiency than
design, but the engine
has a low load.

No effect

13 As Well As

NH; spillage

Excessive NH3

rate of HP EGR

FM Failure mode Failure Mechanism Potential Effect

ID

14 Too Long see slow response No effect

15 Too Short see slow/fast re-

sponse No effect
16 Too Slow In transients, the
Response slow-moving valve EGR mass flow
(high resistance) stays behind
17 Too Fast
Response No effect No effect

18 Reverse Incorrect connec- EGR mass flow is

tion/wiring uncontrollable

19 Intermittent high resistance in

moving (PID is

struggling) / com- In transients, the
mand transfer is EGR mass flow
interrupted stays behind

20 Fluctuating high resistance in In transients, the

moving (PID is EGR mass flow
struggling) stays behind
21 No valve is stuck in EGR mass flow is
a closed position uncontrollable

22 Less valve is EGR mass flow is
stuck/blocked below | less than the target
the target/blockage
in flow/leakage to
ambient

23 More valve is
stuck/blocked above | EGR mass flow is
the target more than the target

24 Follow Any of the above

Command EGR mass flow
with Different deviated from the
Outcome target

25 Follow Any of the above NOTE: If no transi-

Command ent is commanded;
with the same if low EGR is
outcome by requested or high
accident EGR is requested —
any of the above
failures can be
hidden (latent)

26 As Well As Any of the above Any leakage or
blockage will also
impact the pressure
to the intake of the
turbine

Table 6. FMEA of upstream NOj sensor element, function: measure NOy
upstream

FM Failure mode Failure Mechanism Potential Effect

ID

27 Too Long No effect No effect

28 Too Short No effect No effect

29 Too Slow Too little urea

Response added, L-EGR mal-
deposits on sensor control

30 Too Fast ‘Wrong amount of

Response noise urea
31 Reverse Excessive NOy
emissions + clog-
Wrong value ging of ECR
32 Intermittent ‘Wrong amount of
Loose wiring urea
33 Fluctuating ‘Wrong amount of
EMC noise urea
34 No Lack of feedback —

Connection lose

Excessive NOy
emissions or clog-
ging of catalysts
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Table 6cont.

35 Less Deposits on sensor Too little recircula-
tion and amount of
urea clogging of
catalysts — too big
emissions

36 More To thin wiring Too significant
recirculation, too
much urea, clogging
of catalysts

37 Follow No effect

Command
with Different
Outcome
38 Follow No effect
Command
with the same
outcome by
accident
39 As Well As No effect

Beyond an FMEA (bottom-up), an FTA (top-down) is
performed to have evidence of completeness and better
insight into relations between failure modes.

With the SCR system, most failure modes lead to exces-
sive NOy emissions. FM ID 4 and 13 are the exemption as
they cause excessive NHj, but for these situations, the
AMOX catalyst is still in place to break down the NH;. FM
ID 12 is a particular case; there can be Excessive NOy
emissions, but current engine out NO, production is (e.g.
due to low load) low enough that the failure mode is not
currently violated. In ISO 26262, such a failure is called
a Latent failure. This also forms an issue in OBD and
OBM, despite previously not having a defined name for it.

The Function FMEA is, in principle, valid for both
SDPF and the downstream SCR. There is a difference,
however. The SDPF is more exposed to high temperatures
and is critical to being operational at the lowest possible
temperature following a cold start. Also, it is affected first
by any substances from the engine combustion, including
substances that can lead to poisoning and coverage of the
coating. Should the SDPF fail, however, the downstream
SCR is to a certain degree capable of compensating. There-
fore, the failure modes are the same, but how they occur
and the exact emissions effect they have is deviating be-
tween SDPF and downstream SCR.

In the EGR function FMEA, the failure modes corre-
spond to the incorrectness of EGR mass flow. A too low or
late EGR mass flow leads to a too-small level of inert gas in
the combustion chamber, resulting in increased engine-out
NOy. Too much or too early affects the combustion stability
or performance due to an excessive amount of inert gas in
the combustion chamber. An EGR failure leading to an
increased level of engine-out NO, does have the benefit that
SDPF and SCR can reduce some of the excess NO, within
their abilities. However, a counter effect is that some of the
excess NO, is returned to the intake side via the LP-EGR.
A special note is to FM ID 22 and 26 to point out that EGR
failures that are leakage or a blockage affect the turbo-
charger setup. This effect can disturb intake air mass avail-
ability to the combustion chamber and enhance the effect.
The FM IDs 16, 19, 20, and 25 are all connected to transi-
ent operation. In theory, an engine could be operated in
steady-state and/or mild transients only, hiding the failure

mode of EGR. As previously stated, there is a risk for
a latent fault. However, the chances are less as the transient
operation does occur in both emissions test cycles and real-
life vehicle operations.

The upstream NOy sensor has a very different Function
FMEA in respect to its role. Sensors in themselves are less
relevant, but their incorrect reporting of measurements is
disturbing the control systems. The upstream NO, sensor is,
just as the middle NOy sensor, the main parameter for the
SCR control of SDPF and SCR, respectively. Their failures
disturb the reduction of NO,.

After discussing the Fault Modes found by the FMEA,
an example set of Fault Modes is selected for the further
demonstration of the methodology.

In the previous approach of OBD, there was the possi-
bility to discard some of the failure modes as not relevant
for the Emission Goal. These failure modes would not be
capable of pushing NOj tailpipe emission above the limit.
The OBM approach does not allow this anymore, and all
fault modes need to be discussed. While it is still true that
some failures on their own would not be able to push tail-
pipe NOy over the limit, they would be able to do so in
combination. As in this paper, the space is too limited for
a complete discussion, a representative set of fault modes is
chosen to proceed with the example.

With that, the following is chosen:

OBD: One SCR with reduced efficiency due to coating
coverage FM ID 9 that has reached a point where, despite
possible compensation of, e.g., downstream SCR, the tail-
pipe NO, over an emissions cycle has reached the OBD
limit.

OBM 1: An amount of SDPF reduced efficiency due to
coating coverage FM ID19. As the failure mode of coating
coverage originates from a foreign substance or engine oil,
in reality, the SDPF will be affected, but to a lesser degree,
the SCR downstream will have reduced efficiency due to
coating coverage. In addition, the NO, sensors upstream of
each SCR will be affected as well, which is causing them to
fail as slow response (FM ID 29). These effects together
reach a tailpipe NO, value over an average time of driving
that exceeds the limit.

OBM 2: The entire NO, system under consideration has
suffered from aging. The EGR systems both suffer from
a small level of soot buildup (FM 22 in a minimal degree),
both SCRs suffer from the aged coating and aged urea dos-
ers (FM ID 3 and 9), and finally, the sensors have also
suffered from age effects (FM ID 29 and 35). None of these
deviations on its own is a reason for concern but all com-
bined, they reach tailpipe NO, value over an average time
of driving that exceeds the limit.

The next step is to create OBD and OBM concepts
based on the chosen set of fault modes.

4.2. Creating the OBD and OBM concept

For SCR, a common approach is to compare the NO,
sensor upstream and NOy sensor readings downstream of
the concerning SCR, possibly corrected or performed by
NH; sensor readings. The OBD concept would take the
SCR failure at the NO, OBD limit on the emissions cycle
and then develop a concept to detect that specific SCR with
that specific failure level. As such approaches are common
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in the industry and covered by literature [8], further details
are not added.

To extend OBD into the OBM world, one needs to also
take into account multi-point faults. This is further split into
two classes: this class of faults is characterized by the fact
that each fault does not violate the emission goal solely, but
the sum of the faults does.

1. Dependent faults
One fault directly leads to another fault which in turn
causes a direct violation of the emission goal.

2. Independent faults
Statistically independent random faults that combined
cause emission goal violation.

The way to proceed is to define abstract failure levels
first. One can consider that process a fuzzy logic member-
ship function assignment on an abstract level. Please note
that at this stage of analysis, the membership function does
not have strict physical meaning. One has to assume nor-
malization of failure level: 0% is the part that runs perfect-
ly, 100% is the part that has failed completely. Then let the
normalised deviation be divided into 3 classes: 30%, 60%,
100% where class 30% means the number is less or equal
30%, class 60% is 31-60% and so forth [9]. With this step,
we discretize the spectrum so that it is possible to conduct
predicate reasoning on clauses [10]. As the next step, the
table with combinations of discretized failure levels of
elements is constructed according to mentioned OBM. Let
the given discrete deviation level be called symptom after
Isermann et al. [11].

Table 7. Discretised failure combinations- symptoms and failure judge-
ment, EG violation judgement

Element | 30% | 60% | 100% Judgement EG
violation

SDPF 1 0 0 normal uniform 0

SCR 1 0 0 wear

SDPF 1 0 0 Accelerated SCR 0

SCR 0 1 0 wear — LP-EGR
underperformance

SDPF 1 0 0 SCR Single point 1

SCR 0 0 1 failure

SDPF 0 1 0 Early stage oil 0

SCR 1 0 0 contamination

SDPF 0 1 0 Uniform wear 0

SCR 0 1 0

SDPF 0 1 0 LP-EGR underper- 1

SCR 0 0 1 formance

SDPF 0 0 1 SDPF Single point 1

SCR 1 0 0 failure

SDPF 0 0 1 Late stage oil con- 1

SCR 0 1 0 tamination

SDPF 0 0 1 Uniform wear 1

SCR 0 0 1

As can be noticed, the table will grow exponentially
with an increased number of elements and failure stages.
However, such a bottom-to-top approach ensures analysis
of all possible combinations. As a result of analysis, one
can be sure which parts of the system have to be supervised
either directly or monitored by combining several meas-
urements.

Additionally such structure can be directly converted in-
to set of logical sentences — IF <clause 1> AND <clause2>
...<clause N> THEN <Judgement> which are easily im-
plementable in SW. The next step is to design emission
monitoring mechanisms that will give the physical base to
the abstract statements of failure stages.

The regulator gives the OBM concept. It must be de-
tected when tailpipe NO, as averaged over a specific driv-
ing distance/condition exceeds the limit, regardless of what
caused it.

However, if the OBM triggers due to e.g. the late stage
oil contamination as in OBM 1 a parallel detection is need-
ed, informing the symptoms of what is wrong and where
the effort for repair must go. Our example would be a turbo
oil seal or a piston oil ring combined with the SPDF and
SCR. This diagnostic must reproduce the OBM result, but
with information on the root cause.

In the simplified form, the SCR efficiency is expressed
in a ratio of measured NOy upstream of the SCR and meas-
ured NO, downstream of the SCR. Dynamic effects and
NH; effects on the sensors are significant disturbances in
this monitor, but for the sake of simplicity, these are con-
sidered to be captured by averaging for this explanation.
Typical SCR OBD algorithms used in today's vehicles use
averaging over 60 minutes or more of driving. We will
define a perfectly healthy SCR here as one that removes
100% of expected NO, and 0% failing if the removal is at
98% level. A 30% failing we will define as 94% removal.
The 60% failing at 90% removal and 100% failing at 86%
removed NO, or worse.

Restricting to oil contamination, this means:

1. IF SDPF efficiency is 93-90% efficiency AND SCR
efficiency is 100-94%, THEN do nothing

2. IF SDPF efficiency is 89% or less AND SCR efficiency
is 93-90%, THEN store fault code information that oil
or other foreign substance has covered the SCR coating
and point towards the relevant repair procedure. Note
that the driver likely comes to the workshop with the
OBM warning activated.

3. IF SDPF efficiency is 100-94% AND SCR efficiency is
89% or less, THEN store fault code information that
single source failure has affected the SCR and point to-
wards the relevant repair procedure. Note that the driver
likely comes to the workshop with the OBM warning
activated.

4. Etc.

4.3. Realization of the concept

Difference between OBM and OBD

With OBD, the development activities focus on the con-
cept definition of a diagnostic. This diagnostic involves
sensors to measure those parameters that indicate the single
failure mode that needs to be found. Once the diagnostic
concept is created, the concept must also be verified against
tolerances within this sensor-to-failure mode relation and
the risk for Type I and Type II errors, where Type I is
a false alarm and Type II is a genuine error that is not de-
tected [12].

With OBM, the diagnostic is given by the regulator.
Here the focus lies very differently because the OEM has
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the interest to ensure that failure modes are detected not
only by the OBM monitor but also by own diagnostics that
ensure efficient repair is possible. This implies that the
existing OBD must be in place. However, in addition,
a collection of multiple small failures but with a common
source (OBM 1: common source is foreign substances or
oil) are detected. A big delta to OBD is here that the failure
modes of each individual contributing emissions system
(EGR, SCR, etc.) are far smaller than in the case of pure
single fault OBD. The more minor effects emphasize the
issues of sensor tolerances and aging. It needs to be ensured
that aging and drift, together with other noise factors, can
be distinguished from the actual sensor signal.

In the situation of OBM 2, there is an added complexity.
Even though none of the components or systems may be
perceived to be having a failure mode, the sum is still
enough to trigger tailpipe NO, limits. Here, an OEM is
interested in ensuring that this situation only occurs after at
least the minimum mileage and vehicle age for emissions
durability (full useful life) have been passed. For consumer
satisfaction, however, likely a higher mileage or vehicle age
target is demanded.

Allocation

With OBD, the allocation is a non-complicated matter.
The SCR diagnostic to detect the single point fault has to be
allocated to the SCR software. In that ECU or software
section, the correct information is available at the correct
accuracy and sample rate.

With the OBM 1 example, the situation becomes more
complex. The symptom analysis, however, will help signif-
icantly. The symptoms analysis will first remove any com-
binations of failure modes that are irrelevant or physically
impossible. It will highlight those that have a common
failure mode.

With OBM 1, the deviation that each part can have due
to aging is now defined. In traditional emissions control,
this is defined by the aging done to demonstrate the durabil-
ity of the emissions system on the emissions cycle. In the
case of OBM, however, there must be a safety margin add-
ed as not every vehicle will age each component the same.
Some vehicle will have increased EGR soot loading while
other will have more SCR coating aging. The target for the
OEM is to define an allowable aging deviation per compo-
nent.

Analysis of the implementation

To analyse the implementation for OBD, a tolerance in-
vestigation is required. This can be based on computational
simulation, vehicle measurements, or a mixture of both.
The systems Type I and Type II errors need to be defined

For the OBM 1 situation, the approach is the same. Each
diagnostic that detects the individual elements and that
feeds into the symptom analysis can be wrong by itself with
Type I and Type II error,

For the OBM 2, the verification requires a Monte Carlo
simulation or other identification algorithms [13, 14]. As is
known to be done based on new component tolerances, it is

verified by the simulation what the chances are of a toler-
ance combination that can lead to tailpipe NO, exceedance.
Should this be the case, then either 1) the specific combina-
tion of tolerances is considered rare enough to be accepta-
ble, 2) the specific combination of tolerances is made im-
possible, or 3) the tolerances that are most dominating in
the analysis are reduced by demanding or developing ele-
ments with stricter tolerances. This approach is for OBM 2
repeated, however, with those tolerance deviations added
caused by aging.

While practical experience with OBD has shown that
starting later in the vehicle development cycle with design-
ing OBD can sometimes result in challenges (e.g., sensor
types and positions that have already been determined de-
spite being sub-optimal for OBD) with OBM, this is a far
more significant concern. If a component is chosen that has
in certain situations aging to the point it would reach the
OBM level, then every vehicle that is exposed to said situa-
tion would trigger an OBM warning. For an OEM to reach
the demanded and internal targets, this may mean that said
component cannot be used. Such information must be
available as early as possible in the development cycle.

4.4. Integration and test

When applied for safety engineering, the safety meth-
odologies can result in SW implementation of algorithms,
failure rate (FIT) rate demands on hardware components,
tolerance demands on mechanical components, and even
redundancy in design. Also, they can demand testing from
unit tests up to vehicle validation.

With OBD, this situation existed to a minor degree as
apart from demanding sensors for measurements, OBD did
not directly affect the hardware. Tolerances are a concern
with OBD and may, at times, demand changes. Failure
rates, however, are of no concern in OBD development.

OBM does take even the last step and does include fail-
ure rates, especially where it concerns aging effects that can
trigger before the emissions durability or warranty term is
passed. Despite the integration work and testing as de-
manded for OBD, for OBM, specific testing and/or simula-
tion work is required in establishing the failure rate.

5. Conclusions

In order to fulfill the complex requirements of diagnos-
tics development in the age of OBM new methods have to
be introduced in the field. A lifecycle approach based on
functional safety was proposed and described for emission
system case. With a simplified system example the process-
es and analysis methods that make up the lifecycle were
demonstrated. Each step of the lifecycle was either de-
scribed or partly analysed in order to prove that the meth-
ods are fit for purpose. In authors opinion, the example and
outcomes prove that such a systematic approach can handle
the complexity of OBD development in the OBM environ-
ment providing additional benefits such as argumentation of
completeness.
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Nomenclature

AMOX ammonia oxidation catalyst FuSa  functional safety

CARB California Air Resource Board HARA hazard analysis and risk assessment
DOC  diesel oxidation catalyst HW hardware

ECU electronic control unit OBD  on board diagnostic

EG emission goal OBM  on board monitoring

EGR  exhaust gas recirculation OEM original equipment manufacturer- car producer
EMIL emission integrity level PEMS portable emission monitoring system
FIT failure in time (per 10° hours) RDE  real driving emission

M fault mode SCR  selective catalytic reductor

FMEA fault mode effect analysis SDPF  SCR-catalysed diesel particle filter
FMEDA failure mode effects and diagnostic analysis SOTIF safety of intended functionality

FTA  fault tree analysis SW software
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were created using CATIA V5 and the analysis is done using ANSYS 19.2. The flow is considered to be laminar
and is calculated using Reynold’s Equation. The new concept gave insight on how the design considerations
affect the pressure distribution and the pressure developed. From the results, it was interpreted that the new
design can withstand the four times the pressure while distributing the pressure over twice the original design.

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

1. Introduction

The development of internal combustion engine has led
to the discovery of new components which improve not
only the power but the emission also. The thirst for power
paved the way for the construction of turbochargers. Turbo-
charging has now become a very popular way of increasing
the power output of internal combustion engines. This sim-
ple and compact piece of machinery is typically imparting
a boost of 0.4 to 0.6 bar.

The turbocharger became popular due to fact they are
light weight power packs, which not only improve the pow-
er but the emissions as well. But the turbocharger on its
own is not that efficient. To increase the efficiency, inter-
coolers were provided to improve the density of air that is
compressed using the turbocharger. The high operating
temperature of a turbocharger causes the air to expand after
compression [20]. The level of expansion determines the
size of the intercoolers required. The increase in the tem-
perature of the inlet gases, also increases the NO, emissions
due to peak in-cylinder temperatures [12]. The longer
length of the exhaust system also tends to increase the pres-
sure loss in the system. The longer exhaust system also
increases the turbo-lag which is a primary concern in turbo-
charging.

The turbochargers are considered to be very inefficient
at low speeds, which increases the turbo-lag. There is also a
heat transfer from the turbine to the bearings, which causes
damages due change in mechanical properties of the bear-
ings [5, 15]. The oil properties are also varied extensively
since it has been proved that the oil takes out about 30% of
heat from the turbines [8, 20]. The insulation of the turbine
is a solution which has been widely used to decrease the
heat transfer between turbocharger components [18].

A solution to some of these problems were found out by
Mercedes in the Formula-1 endeavours, as they introduced
the first split turbocharger engine. The splitting of the tur-
bine (hot) and the cold (compressor) side was done to re-
duce the heat interactions of the high temperate gases from

the exhaust to the inlet air. This in turn helps in decreasing
the exhaust system length. The split turbocharger system
contains a longer shaft which increases the separation be-
tween the hot and cold side. The shaft is supported by
a special bearing system, which sustains the load of the
shaft which rotates by 50,000-250,000 rpm. The longer
shaft also has given a possibility of introducing a special
energy recovery system called MGU-H (Motor Generation
Unit-Heat).

2. Turbocharger bearing systems

The arrangement of the bearings is based on where the
turbocharger is installed and used. The regularly used ar-
rangement of the bearings are in between the turbines as
shown in Fig. 1A. This configuration makes it easier to
supply oil, since all the housings are separated. The bearing
access is provided by removing the turbine housing. The (B
— Fig. 1) configuration decreases the need for a long shaft,
thus decreases vibration and forces produced by the shaft.
But the configuration also increases the problem of intro-
ducing a more complex lubrication system. The layout of
the bearing system (C — Fig. 1) causes a large heat transfer
between the turbines, which decreases the density of the
compressed air [2, 14].

Fig. 1. The different bearing arrangements in a turbocharger [19]
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The advantage of this configuration is the separation of
the gases system and the lubrication system. The turbo-
chargers used in marine or large-scale application uses the
(D — Fig. 1) configuration. This configuration enables easy
maintenance options, but the bearing capacity at high
speeds are decreased.

3. Research methodology

This publication presents the results of design works of
new slide bearing solutions. The research methodology was
based on the characteristics of the oil film which, through
the required pressure, can support the shaft. The starting
point was standard bearing journal designs from one of the
automotive turbochargers. The design changes included the
thickness of the oil film, the number of grooves, the dimen-
sion of the grooves, the number of inlets and outlets, the
dimension of the babbitt and mainly the length of the jour-
nal bearing.

The simulation models were created using CATIA V5
and the analysis is done using ANSYS 19.2 — education
version [1]. The flow was considered to be laminar and was
calculated using Reynold’s Equation.

The journal bearings were designed to support the long-
er shaft, with pressures exceeding the twice the existing
condition. The design concepts focused on decreasing the
efficiency losses by improving rotor dynamic stability and
pressure distribution [10, 24]. The journal bearings were
designed in two parts, journal and the steel backing. Each
of the parts were designed individually and were analyzed
to understand more about how the parts work separately.
The forces acting on the oil film were only radial forces.
The same radial forces were administered on the face of the
babbitt and the steel backing of journal bearing. The fric-
tional forces or the axial forces were not considered here,
since axial forces were supported by the thrust bearing and
absence of the shaft nullifies the frictional force.

The bearing analysis was only considered for the inner
oil film and whether the new design can sustain the pres-
sure of oil film, even though the journal bearing used for
the analysis is a fully floating bearing. The data which was
experimentally found was used to estimate the pressure
output of the oil film. The assumptions which were taken
are as follows:

— the flow was considered to isoviscous [22],

— the pressure was taken as ambient,

— the outlet pressure was considered as zero,

— no external heat was added to the system,

— the property of the oil remained the same throughout the
analysis,

— the oil was considered isotropic and incompressible [16].

The babbitt was designed such that the clearance be-
tween the babbitt and the shaft should produce the desired
oil film. The babbitt was developed in 2 different dimen-
sions, this was to test how the thickness of the babbitt influ-
ence the factor of design safety and deformations.

The final piece of the puzzle was the steel backing of
the journal bearing. The dimension of this was decided by
the thickness of the babbitt used. The steel backing was
taken the shape of the outer surface of the babbitt to com-
plement the stress distribution. Together with the babbitt

and the steel backing, the whole design of journal bearing
which produced the required oil film was completed.

The assumptions taken while using the methodology
were, no lubricant flows in the axial direction, there is no
eccentricity between the shaft and the bearing, and the oil
film cannot support the load acting on it.

The research temperature ranges have been adopted
from other publications [6, 13, 21] and were ranging from
310 K to 350 K. The viscosity of lubrication oil is termed to
be a non-linear function in the range of 310-370 K [6]. In
paper [21] states that the bearing temperature ranges from
290 K to 290 K during operation. Thus, it was assuming the
case of 370 K as inlet temperature to avert any problems
that may occur in the future. The inlet pressure was set
0.101325 MPa and velocity was 12.5 m/s during the initial
setup [13]. The pressure under operating conditions reaches
up to be 4.0 MPa at 60,000 rpm (based on the load acting).
To support an excess load and excess pressure created, the
journal bearings are to be designed for 12.0 MPa pressure
and for a rpm of 200,000 to 250,000. Because it was very
hard to have an overall good pressure distribution, the
worst-case scenario was taken [17]. The oil is taken to have
a density of 889 kg/m’ and a dynamic viscosity of 1.06
kg/ms. This is the engine oil configuration used in ANSYS
system. The specific heat of the oil is taken as 1845 J/kgK
and the thermal conductivity is taken as 0.145 based on the
literature [2, 21].

4. Model designing

The considered designs of oil films were introduced af-
ter different analysis which provided how the changes af-
fect the pressure distribution. The one inlet design (Fig. 2)
helps in reducing the complexity in production. This first
design was simple, using one inlet around the circumfer-
ence and using the periphery as the only outlets. Since the
size of the outlet is small, the restriction for the flow was
more hence the pressure increases significantly [3].

Fig. 2. Design of the oil film 1

The second model (Fig. 3) consists of 2 inlets and 2 out-
lets opposite to each other with a groove connecting them
to regulate the flow of oil. The thickness of the oil film was
reduced to by 25%.
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Fig. 3. Design of the oil film 2

The third oil film model (Fig. 4) consisted of 3 grooves
instead of one, which was a design progression which was
led by the previous analyses. The length of bearing was also
increased from 12 mm to 20 mm.

Fig. 4. Design of the oil film 3

The final design (Fig. 5) consists of 4 inlets and two
outlets which are place perpendicular to each other. To
incorporate the changes in pressure distribution due to in-
crease in length, the inlets and outlets were modified.

Fig. 5. Design of the oil film 4

The journal bearing (Fig. 6) was designed in according
to last mentioned oil film design. The overlay is made in
three thicknesses to check whether which thickness is suit-
able for the pressure distribution and oil flow. The three
thicknesses where selected based on the data obtained on
the commonly used thickness for the material. They are 100
pum, 50 um, 35 um and according to the thickness of the
overlay, the thickness of the backing changes to reach the
chosen diameter [23].

Fig. 6. Design of the bearing 1 (1 mm)
5. Data and results analysis

5.1. Computation

The simulation was done using the CFD/FEM software
ANSYS. The available version was an education version
which had several limitations in analysis. The maximum
number of the nodes which were usable in the design was
512k nodes. The maximum number of faces that the model
can have is 300 and the number of bodies was limited to 8.

5.2. Model meshing

The analysis for the oil film is done using the fluent ana-
lyser module of ANSYS 19.2. The element size was selected
to 0.0007 mm for the accuracy. The mesh growth rate was
program controlled. The model was set as solid structure
with the material as babbitt. The babbitt was given boundary
conditions, the ends are constrained in x, y, z axis for zero
movements. The pressure was imported from the oil film
analysis and is applied on the selected faces of the babbitt.

The number of nodes were 18609 and the elements were
to be 8933. The whole journal bearing model with the steel
backing was imported and meshed. The pressure is imported
and is applied to the inside faces of the babbitt. The boundary
condition remains same for the babbitt and the steel backing.
The analysis is repeated for all the models of the babbitt.

5.3. Materials

The most sound operation of a journal bearing is ob-
tained when the material used to make the bearing combine
both high strength with softness [9, 11]. This in a little
paradoxical but most of the bearing materials have the
combination of these properties with a little compromise on
their side. There were three components which required
materials to consideration during the analysis, like the two
parts of the journal bearing and the oil film. The overlay is
a smooth material which can produce less wear and tear if
there is any contact with the journal, the backing is usually
a hard material which can absorb the load and withstand it
for a long time.
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The oil is taken as the lubricant for the operation. The
materials which comes into contact with shaft was made of
a metal matrix composite called babbitt [4, 7]. The material
which is backing the babbitt was selected from three op-
tional steels which are available in the market. The steels
which were selected are AISI 1018, 1020, 1022, in which
the AISI 1020 provided the required mechanical properties.

5.4. Oil film analysis

When considering the analysis of the first design, the oil
film was having the highest pressure near to the inlet and
was decreasing at a rapid rate while moving away from it.
The groove has allowed the oil to produce some pressure at
the bottom of the film. But it can be observed (Fig. 7) that
the pressure is too high, reaching up to 50.0 MPa. This
means there should be a change in velocity to decrease the
pressure formed.

Fig. 7. Pressure distribution inside oil film 1
By introducing a second inlet parallelly opposite to the
first one (Fig. 8), increase in the flow to all the circumfer-

ence of the oil film. The overall bearing capacity was in-
creased and there is less pressure losses in the film.

Fig. 8. Pressure distribution inside oil film 2

Fig. 9. Pressure distribution inside oil film 3

Next oil film had 3 grooves to flow which was used to
transfer the oil to the extreme ends of the film (Fig. 9). By
establish the new grooves, pressure was distributed in
a more uniform manner.

The final design (Fig. 10) showed promising results
compared to first one The pressure on the oil film was less-
er than 10.0 MPa, which was the initially expected pres-
sure. The placement of the inlets and holes ensures a wide
range of support for the shaft without any significant reduc-
tion in pressure.

Fig. 10. Pressure distribution inside oil film 4

By placing the holes in between the inlets, more oil is
removed and thus decreasing the pressure at the edges of
the inlet. It was decide that this oil film design to be used
for design of the actual journal bearing. There are here (Fig.
11) the diagram for the pressure formed in each oil film
design. This is showing how each design affected the pres-
sure, but the graph is for a soft visual comparison since a lot
of design changes were experimented between different
stages to verify the effectiveness.
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Fig. 11. Maximum pressure exerted by all the oil films

5.5. Babbitt analysis

The babbitt with 1 mm thickness was analysed using
static structural analysis by applying the pressure exerted
by the desired oil film. The result shows that, the highest
pressure noted is near the inlet to the Babbitt (Fig. 12). The
animation of the expansion due to the pressure shows, the
babbitt expands at faster and higher rate near the inlet of the
babbitt. This is due to pressure exerted at the inlet end was
high in the oil film analysis. The holes in the babbitt design
decreases the deformation at that point by a large value.

86

COMBUSTION ENGINES, 2022, 188(1)



Design of the turbocharger bearing arrangement to increase the overall efficiency of the combustion engine

Fig. 12. Deformed babbitt 1 under pressure from oil film

In the 0.35 mm (Babbitt 2 — Fig. 13), the result showed
a large difference in how the circumference, which is per-
pendicular to the inlet, deforms due to the pressure. This
surface does not undergo a deformation compared to the
other locations. The amount of deformation near the holes
also increases which is a noted pattern as the thickness
decreases. Since the material is a metallic, the stress-strain
graph shows us that there can be an elastic deformation
which changes to plastic after a certain value. This is noted
here, the material deformation is easier near the inlet, thus it
continues to deform to relieve the increase in pressure.

Fig. 13. Deformed babbitt 2 under pressure from oil film

The below table shows a comparison between the bab-
bitts in mechanical properties.

Table 1. Comparison of the results for each Babbitt

Design No

Parameter Unit  "Babbitt 1 | Babbitt 2

(1 mm) (0.35 mm)

Maximum deflection um 1.21E-02 6.52E-02
Maximum stress Pa 3.53E+08 1.64E+09
Maximum elastic strain m/m 7.10E-03 3.31E-02
Total strain energy J 2.14E-02 6.93E-02
Factor of Minimum - 7.08E-01 1.50E-01
Safety Average - 6.14E+00 | 2.69E+00

5.6. Full bearing analysis

The bearing with 1mm babbitt is seen considerable im-
provements in deformation due to support provided by the
steel backing. The babbitt is deforming in a uniform man-
ner starting from the inlet to the periphery. The maximum
stress developed also decreased by 10 times compared to
just the babbitt supporting the pressure. The other parame-

ter were also decreased by a considerable value except
Factor of Safety (FoS). The average FOS value as seen in
the Table 2 is a very good value which reinforce the safety
factor of the bearing under operation. The maximum de-
formation is seen on the corner edge of the grooves near the
inlet of the oil supply, since the stress concentration is more
due to sharp edges present at those points.

Fig. 14. Deformed bearing 1 under pressure from oil film

While analysing the bearing with 0.35 mm babbitt, the
deflection further decreased in value, which means that as
the thickness of the babbitt is decreased, the bearing proper-
ties are improved. Since the deflection was tending to de-
crease, we can see a relation which affects the strain energy
acting on the bearing. The FOS value and the stress devel-
oped are closely related, thus the stress developed still re-
mains the same.

Fig. 15. Deformed bearing 2 under pressure from oil film

The table below shows a comparison of the bearings
with their corresponding mechanical properties.

Table 2. Comparison of the results for each bearing

Design No

Parameter Unit Bearing 1 Bearing 2
(1 mm) (0.35 mm)
Maximum deflection um 1.218-02 9.00E-03
Maximum stress Pa 6.24E+07 5.85E+07
Maximum elastic strain m/m 4.49E-04 3.98E-04
Total strain energy J 2.62E-03 2.00E-03
Minimum - 4.73E+00 5.04E+00

Factor of Safety
average - 1.44E+01 1.46E+01
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5. Summary

It seems that the main objectives of the project which
was to design a slide bearing, so that it can withstand the
forces generated due to the increased length of the shaft in
the turbocharger has been achieved. The paper introduces
a series of modernization of the bearing structure, consider-
ing the most favorable oil pressure distribution. The study
takes into account changes in thickness of the oil film, the
number of grooves and their dimensions, the number of
inlets and outlets and the length of the slide bearing. Simu-
lation models were created using CATIA V5 and the analy-
sis is performed using ANSYS 19.2. With the help of the
oil film, the babbitt plate was designed. It was having
a higher deformation near to the inlet due to the higher
pressure which is formed. The grooves were producing
sharp ends near the inlet which also increases the stress
concentration. The irregularity in deformation of the babbitt
is caused by the holes reducing the pressure in its zone.
During the babbitt analysis, it was observed that as the
thickness increased the babbitt showed better properties
under the pressure acting on them.

The babbitt was supported by the steel backing and was
analysed, which showed that the lesser the babbitt thickness
the more better the journal bearings performance. This
property can be explained by the transfer of stress from one
material to the other. The stress transfer is high when the

distance between the point of stress application and the
location of the second material is less. As stress travels over
a longer distance, the material absorbs the energy and de-
forms. This cause less energy to be transferred to the sec-
ond material, and making too much stress allocation on the
first material. Thus, after using the steel backing, the bab-
bitt with 0.35mm proved to show more Factor of Safety and
less deformation compared to the other bearings.

The currently constructed bearings can withstand about
150 bar of pressure in the oil film without having a signifi-
cant change in dimensions. From the two bearings that were
designed according to the oil film required, it can conclude
that the 0.35 mm thick babbitt bearing is better than 1 mm.
The length of the bearing can be increased to without com-
promising in the pressure exerted at different location by
making changes to the oil film design. Removing the edges
in the grooves can decrease the concentration of stress and
increase the Factor of Safety. All of the mentioned above
items directly affect to overall efficiency of the engine due
to the fact that the energy necessary to overcome frictional
resistance is reduced.
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1. Introduction

In the recent decades, the scientists continue to work on
the rational global energy using as well as urgent ecological
and environmental problems. The requirements stated by
the EU parliamentarians to intensify the development of
renewable energy sources, strict environmental requests
associated with the reduction of greenhouse gas emissions
and wastes in the municipal economy, agricultural and
forestry sectors encourage the researchers to investigate
alternative and renewable energy strategies including
a wider use of biofuels. Up to now, the researchers have not
offered new technological solutions that would completely
replace internal combustion engines by other mechanical
energy sources. For this reason, oil and the natural gas
reserves rapidly decrease over the recent decades. Moreo-
ver, smoke and exhaust emissions produced by internal
combustion engines cause serious damage to the ecological
system. The Directive 2009/28/EC of the European Parlia-
ment and the Council on the promotion of the use of energy
from renewable sources approved a target of a 20% of Eu-
ropean energy consumption using renewable fuels in a cost-
effective way [1]. This Directive fixes the minimum con-
sumption of renewable fuel used in transport-sector and
creates a challenge for both the scientists and the industry.
Agriculture and transport sectors are among the largest
fossil fuel consumers and therefore can be regarded as the
biggest contributors to the environmental pollution. The
mineral diesel fuel traditionally remains the most popular
among the others motor fuels. Consumption of the diesel
fuel has been growing steadily over the last two decades.

The physical properties of the fuel such as density, vis-
cosity and bulk modulus of compressibility affect the deliv-

ery rate and the injection characteristics and thus the quality
of the air and the fuel mixture, which in turn affects the
combustion process, brake thermal efficiency and the eco-
logical parameters of the diesel engine. Specific properties
of alternative and renewable biofuels such as density, vis-
cosity, calorific value, cetane number, freezing point, etc.
differ from those of the normal diesel fuel. Keeping in
a track with the newest trends to use lighter and more envi-
ronment friendly biofuels for a diesel engine powering,
Giakoumis et al. [2], Rakopoulos et al. [3], Labeckas et al.
[4] tested n-butanol in diesel fuel blends. The research
revealed [4], due to the longer auto-ignition delay period of
a pilot portion of diesel-n-butanol fuel blends both the fuel-
energy conversion efficiency representing burn angle
MBF50, at which burns a half of the injected fuel portion,
and the end of combustion occur earlier in an engine cycle
after TDC. In result, the brake thermal efficiency increases
to maximum value of 0.383 when running with diesel fuel
blend involving n-butanol DB3 (3.0 wt% oxygen) at speed
of 1800 rpm. While the NO,, CO and THC emissions de-
crease by 5.1%, 29.5% and 3.7 times, respectively, when
running with the most n-butanol involving blend DB4 (4.0
wt% oxygen) against analogous values a fully loaded
straight diesel produces at a higher speed of 2500 rpm. The
scientists Sukjit et al. progressed further with totally renew-
able and environment friendly binary, biodiesel-n-butanol
biofuels adding to the intake manifold hydrogen to enhance
combustion and drastically reduce CO and particulate mat-
ter (PM) emissions in compression ignition engines [5].
Normal butanol (CH;CH,CH,CH,OH) with molecular
weight of 74.12 g/mol is an alcoholic-origin colourless
liquid of medium volatility and a characteristic banana-like
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odour. It is flammable enough with a flash point of around
35°C, contains 21.62 wt.% of fuel-bound oxygen with
a boiling point of about 117.40°C at 760 mm Hg. This
renewable biofuel added to widely known rapeseed oil
methyl ester (RME) reduces density, viscosity, C/H atoms
ratio and provides plenty of fuel-bound oxygen that along
with its good evaporative properties improves both the air
and fuel vapours mixing rate and the combustion of biofuel
blends. Because biodiesel and n-butanol contain a lower
number than traditional diesel fuel the carbon atoms in the
molecules, the enhanced combustion takes the advantage to
reduce the total amount of both CO, and CO emissions
below the respective values of neat biodiesel or from
a straight diesel could be expected. When being used as an
oxygenator source in the above tests, anhydrous, 200 proof,
ethanol (CH;CH,OH - 99.9 vol%) created more concern to
the researchers than n-butanol in terms of the blends con-
sistency, auto-ignition delay extension and combustion
peculiarities. However, the presence of a lighter n-butanol
in biodiesel also reduces the blended cetane number rating,
net heating value and thus affects mass of biofuel consumed
per unit of energy or effective power developed by an en-
gine. A sensitive interaction between advantageous and
disadvantageous operational properties of renewables with
a widely differing nature, origin and production technology
of biodiesel and n-butanol may lead to ambiguous devel-
opment trends in the combustion attributes, net heat release
rate and engine out emissions [4]. In contrast to ethanol,
operational properties of n-butanol are much more similar
to those of a straight diesel or biodiesel with the exception
of lower density, viscosity and about twice as much lower
CN rating the improvement of which rests on the higher
cetane number of biodiesel [8]. Moreover, n-butanol pro-
vides operational advantages because its reasonable addi-
tion to biodiesel has the potential to drastically reduce the
production of CO and smoke (PM) due to considerably
lower C/H atoms ratio and high fuel-bound oxygen mass
(wt, %) content. Next, the lower density and viscosity of
n-butanol may have positive impact on biofuel injection,
atomisation and vaporisation characteristics, the air and fuel
vapours mixing rate in the hot in-cylinder compressed air
charge, combustion attributes and thus engine out emissions
when operating under steady and transient conditions [9].
Wei et al. [6] investigated and compared biodiesel-
ethanol (BE) and biodiesel-n-butanol (BBu) blends-made
effects on combustion, performance and emissions of
a direct-injection diesel engine. Experiments were conduct-
ed on a straight diesel, biodiesel and BES (5% ethanol and
95% biodiesel, v/v), BE10, BE15 and BBu5, BBulO,
BBul5 biofuel blends, at five engine loads and constant
speed of 1800 rpm. The blended fuels lead to higher maxi-
mum heat release rate, higher maximum in-cylinder pres-
sure, longer auto-ignition delay, and shorter combustion
duration that all in a company evoked adverse effect on
combustion noise and stability particularly when running
with the BE blends. Moreover, on average of the five en-
gine loads, the BBu and BE blends increased CO emission
by 13.7% and 22.8% and HC emission by 5.6% and 29.2%,
respectively; but reduced NO, emission by 6.5% and
28.0%, particle mass concentration by 20.7% and 20.6%

and particle number concentration by 22% and 21%, re-
spectively. Thus the BE blends revealed themselves as
being more effective in reducing particulate and NO, emis-
sions, while the BBu blends suggested less increase in CO
and HC emissions [6].

Zoldy [7] conducted a wide-range chemical-analytical
investigation on properties of butanol, hydrogenated vege-
table oil and diesel fuel blends and measured nearly 20
chemical and physical parameters, especially such as flash
point, cetane number, viscosity and cold filter plugging
point (CFPP) to find out whether or not the three compo-
nent blends are suitable for compression ignition engines.
The researcher estimated that the viscosity decreases within
the test range nearly liner and every 1% of butanol mass
content (v/v%) added to the blend causes slight 1.4% de-
creasing effect on viscosity. He also noted that the added
butanol decreases the blend’s flash point to around 40°C
that is under the standard DIN EN ISO 2719, revised in
2016, minimum. This decrease is critical from the point of
view of transportation fire-safety and logistics security.
Because butanol-diesel and/or n-butanol-biodiesel fuel
blends are flammable, the security equipment needs to be
used as in the gasoline supply chain. Through wide-range
experimental tests, the author disclosed that there about
a liner relationship exists and the increase by 1% of butanol
in Hydro-treated Vegetable Oil (HVO) content decreases
the blended CN rating with an average of 0.4 points [7].

A lot of the research and development performed on
n-butanol using in a diesel engine, however, there is not
completely clear what could be the rational renewable bio-
diesel and n-butanol mixing rate that could be acceptable
for diesel-powered machines and power generators. To
make a difference, the undertaken research intends to put
more light on the changing trends in performance parame-
ters of a diesel engine, biofuels energy conversion efficien-
cy and emissions of the exhaust when running alternately
on neat biodiesel (B) derived from rapeseed oil as a ‘base-
line’ fuel and a totally, renewable binary liquid biodiesel-n-
butanol blends.

2. Materials and methods

Regardless of both biodiesel (B) and n-butanol (Bu) are
of the same renewable nature, nevertheless, the production
of tested biofuels derives from different resources by using
dissimilar technologies, therefore, these biofuels differ as
having completely different origins with widely differing
chemical and physical properties (Table 1). The totally
renewable blends BBulO (11.972 wt% oxygen) and BBu20
(12.336 wt% oxygen) were prepared by mixing 90 vol.%
B/10% Bu (BBul0) and 80 vol.% B/20 vol.% Bu (BBu20),
respectively.

The experimental investigation was carried out in the
Engine testing laboratory of Power and Transport Machin-
ery Engineering Institute, Faculty of Agricultural Engineer-
ing of Vytautas Magnus University — Agricultural Acade-
my. For stroke, single-cylinder, direct injection, air cooled
DEUTZ FL 511 diesel engine was used for these experi-
ments. Load characteristics of an engine were taken when
operating at gradually increasing load and constant engine
speed of 2000 rpm at which an engine maximum torque
develops. The test results of engine operation with various
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biodiesel-n-butanol blends are analysed and compared with
the respective parameters measured when running with neat
biodiesel derived from rapeseed oil at the respective loads,
with particular attention to full (100%) engine load, at con-
stant speed of 2000 rpm.

Table 1. Chemical and physical properties of tested biofuels

Parameter Rapeseed oil n-butanol
biodiesel (B) (Bu)
Density at 15°C, kg/m’ 884.7 810
Kinematic viscosity, mm?/s 4.8 2.63
Lubricity (HFRR), wear scar diame- 205 591
ter (wsd 1.4) at 60°C, pm
Flash point, open cup, °C 168 35
Initial / final boiling points, °C 346/366 117.7
Auto-ignition temperature °C ~342 ~343
Cetane number 53.4 25
Oxygen content, max wt% 10.9 21.62
Carbon-to-hydrogen ratio (C/H) 6.49 4.8
Stoichiometric air/fuel ratio, kg/kg 12.62 11.12

Torque of an engine was measured with a magnetic
powder brake dynamometer PT40M (0-60 N-m) with
a definition rate of +0.5 N-m and rotation speed with
a mechanical tachometer (150-3000 rpm) with an accuracy
of +0.5% of the measured value. The air mass consumption
was measured with a turbine type gas meter CGT-02 (10—
100 m*/h) with an accuracy of +1% of the measured value,
and fuel mass consumption by using electronic scale
SK-1000 with an accuracy of +0.5%.

Emissions of nitric oxide (NO), nitrogen dioxide (NO,),
carbon monoxide (CO) in parts per million (ppm) and car-
bon dioxide (CO,) in vol% were measured with electro-
chemical cells installed in Testo 350 XL flue gas analyser.
Total NO, emissions were determined as a sum of both NO
and NO, pollutants with an accuracy of +5 ppm. Exhaust
smoke was measured with a Bosch RTT 110 opacity meter
with an accuracy of £0.1% in a scale range of 0—-100%. To
improve reliability of the measured data the tests have been
repeated no less than three times.

Lubricating properties of the fuels were determined by
using the HFRR method. Tests were conducted according
to the international standard ISO 12156. The temperature of
the fuel was maintained to be of a constant value of about
30°C during the lubricity tests.

3. Analysis of the results and discussions

3.1. Lubricity of biodiesel-n-butanol fuel blends

Columns in Fig. 1 show how the average wear scar of
the test ball changed when using the neat biodiesel and
biodiesel-n-butanol fuels blends.

The test results demonstrate that the average wear scar
with maximum increase in the diameter of 0.395 mm was
obtained when using biofuel BBu30 blend. While the min-
imum wear scar with the diameter of 0.280 mm was ob-
tained with neat biodiesel. The Ball On-Cylinder or
BOCLE tests showed that biodiesel derived from rapeseed
oil has superior lubricity compared to low sulphur diesel
fuel [10] and thus the wear-sensitive fuel system designs
such as plunger-barrel and the needle-valve-barrel units are
able to tolerate n-butanol additions to biodiesel.

Fig. 1. The dependency of the average wear scar caused by the neat bio-
diesel and biodiesel-n-butanol fuel BBul0 and BBu30 blends

3.2. Performance efficiency and emissions from an
engine powered with biodiesel-n-butanol fuel blends
Figure 2 shows the brake specific fuel consumption
(bsfc) variations as a function of engine load. The summa-
rised effect of the widely differing chemical and physical
properties and net heating values of the biofuels studied
along with the changes in the autoignition and combustion
peculiarities have influence on the fuel mas burned over an
hour (kg/h) and the fuel mass consumed per unit of effec-
tive power (g/kWh) developed by an engine. As can be seen
in graphs, the brake specific fuel consumption (bsfc) for
neat biodiesel are lower over the whole load-range tested
compared to the engine running on less calorific biodiesel-
n-butanol blends. The noted differences in the bsfc values
are mainly observable when running at a light load, low
pressure and temperature in the cylinder because the auto-
ignition delay extends due to the presence of more volatile
n-butanol with both the cooling effect and the reduced CN
rating that may negatively affect the combustion of the
blends. For the above reasons and slightly lower calorific
value, the brake specific fuel consumptions for the respec-
tive blends BBul0 and BBu20 are up to 12.56% and
16.76% higher than, 798.7 g/kWh, neat biodiesel suggests
for light-load operation.

Fig. 2. The brake specific fuel consumption (bsfc) as a function of engine
load when running at maximum torque speed of 2000 rpm

As soon as the temperature inside the cylinder increases
with engine load increased to about medium (50% of full),
the differences in brake specific fuel consumptions are also
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less observable and the bsfc values for the respective blends
BBul0 and BBu20 sustain at about 1.38-2.80% higher
levels than, 398.4 g/kWh, the neat biodiesel consumes at
considered test conditions.

As could be reasonably expected, the bsfc values remain
relatively up to 1.39%-9.77% higher for n-butanol oxygen-
ated biodiesel blends BBulO and BBu20 when running at
a full (100%) load as well than, 343.1 g/kWh, neat biodiesel
suggests for the same loading conditions at maximum
torque speed of 2000 rpm. The relatively higher brake spe-
cific fuel consumption of binary biofuels BBulO and
BBu20 can be mainly attributed to the lower net heating
value of plenty oxygenated biodiesel-n-butanol blends.

Figure 3 shows the brake thermal efficiency variations
as a function of engine load.

Fig. 3. The brake thermal efficiency as a function of engine load when
running at maximum torque speed of 2000 rpm

The biggest relative decrease in the brake thermal effi-
ciency of an engine reasonably obtained when running with
neat biodiesel and biofuel blends tested under the low loads
and thus not as high as would be needed for fuel-efficient
combustion the temperature inside the cylinder. As shown
in Fig. 3, an engine develops the lowest brake thermal effi-
ciency value of 0.106 (14.15% lower) when running with
the most n-butanol oxygenated blend BBu20 and the max-
imum one of 0.121 with neat biodiesel at the lowest (10%)
load. The obtained energy conversion efficiencies of biofu-
el blends match well with obvious differences in the cetane
number, negative changing trends in the combustion noise,
engine performance stability and the respective bsfc values
(Fig. 2) measured when running with blend BBu20 at the
lowest load. The brake thermal efficiency gradually in-
creased with engine load and the temperature inside the
cylinder to reach for neat biodiesel the same maximum
value of 0.282, remaining 3.28% and 7.33% lower engine
efficiencies, 0.273 and 0.263, for the respective n-butanol
blends BBul0O and BBu20 when running under full (100%)
load conditions.

The variation of total emissions of nitrogen oxides
(NOy) with as a function of engine load and different biofu-
el blends is presented in Fig. 4. The total NO, emissions
sustain at a reasonable level when running at the lowest
engine load varying within the narrow range from 434 ppm
for neat biodiesel to 489 ppm for the biggest mass content
of n-butanol containing biofuel BBu20. The relatively

12.5% higher NO, emissions emanating from the combus-
tion reaction of the most n-butanol involving blend BBu20
can be reasonably attributed to the fact that the temperature
inside the cylinder is too low to keep smooth operation of
an engine on plenty n-butanol oxygenated biodiesel blend
at the lowest load. Therefore, the increased combustion
instability accompanied by the high noise levels and the in-
cylinder pressure oscillations contributed to the production
of more NO, emissions in this particular low-load condi-
tions. High evaporative cooling effect and low calorific
value of n-butanol can be realised in practise bearing in
mind that the production of NOj relies primary on the tem-
perature inside the cylinder, local oxygen concentration, the
residence time limited by the combustion reactions, and
relative (overall) air/fuel ratio [11], but less depends on the
availability of the local oxygen [12].

Fig. 4. The total nitrogen oxide (NOx) emissions as a function of engine
load when running at maximum torque speed of 2000 rpm

The production of NO, emissions gradually increases
with engine load and thus the temperature inside the cylin-
der reaching the lowest value, 1280 ppm, for neat biodiesel
and 1273 ppm, for the combustion of biofuel blend BBul0
when running at about medium (50% of full) load.

As could be expected, the NO, emissions increase to the
maximum value of 2290 ppm for neat biodiesel sustaining
at relatively 0.7% and 23.5% lower levels for the respective
biodiesel-n-butanol blends BBul0 and BBu20 when run-
ning under the full (100%) load conditions. It is challenging
to define the reasons, but in fact, the obtained result pro-
vides excellent finding revealing that the higher n-butanol
mass content (v/v%) is added to biodiesel blend, the lower
actually its contribution to the reduction intensity of maxi-
mum NO, emissions can be expected. The potential answer
to this intriguing question lies perhaps beyond the fact that
the NO, emissions emerge mainly during the first kinetic
combustion phase under the high temperatures above
2000 K where a key role in the NO, production plays the
air-borne oxygen. While the biofuel-bound oxygen takes
only a second-rate role coming into effect too late in the
expansion stroke during the diffusion-controlled combus-
tion phase and thus with a little help to contribute to the
NOy production. For this reason, the effect of the fuel-
bound oxygen on the NO, emissions changing trends can be
ambiguous enough, hardly predictable and dependable on
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the feedstock materials, origin and production technology
of the biofuel as well as on the combustion chamber type
and the test conditions of an engine, particularly on the
relative (overall) air-fuel ratio.

The dependencies of carbon monoxide (CO) emission
of engine load is shown in Fig. 5. At the beginning of en-
gine loading, the CO emissions relatively decrease to be 6.0
and 25.3% lower mainly for the blends BBul0 and BBu20
case, than neat biodiesel, when running at the lowest load.

As soon as the engine load increases to about medium
(50% of full) value and the temperature inside the cylinder
boosts up, both most n-butanol oxygenated blends BBul0
and BBu20 reveal themselves as having strong potentials to
drastically reduce the carbon monoxide (CO) emissions by
10.7% and 27.3%, respectively. The noted positive CO
emissions changing trends with using the most n-butanol
oxygenated biodiesel blends BBulO and BBu20 actually
remain in value after transition to full (100%) load opera-
tion as well. The enhanced combustion of the respective
blends BBul0 and BBu20 produces the CO emissions 486
ppm and 374 ppm lower values than, 555 ppm, for the neat
biodiesel under full (100%) load operation.

Fig. 5. Dependencies of carbon monoxide (CO) emissions on engine load
when running at maximum torque speed of 2000 rpm

In contrast to ambiguous the NO, emissions behaviour,
the positive effect of the lower C/H atoms ratio strongly
supported by both the absence of polycyclic aromatic hy-
drocarbons in the composition of biodiesel-n-butanol biofu-
els and the increased n-butanol-oxygen mass (wt, %) con-
tent, significantly contributes to enhance combustion and
thus drastically reduce CO, CO, emissions and visible
smoke of the exhaust.

Figure 6 shows dependencies of smoke opacity of the
exhaust of engine load. Smoke opacity characteristics for
the respective n-butanol oxygenated blends BBulO and
BBu20 is 52.9% and 23.5% higher comparison to the neat
biodiesel produces, when running at low load and maxi-
mum torque speed of 2000 rpm. This phenomenon of
smoke is the evidential fact that biofuel vapours do not burn
completely at the low load, so they additionally affect
transparency of the exhaust if or when the temperature
inside the cylinder is not as high as would be needed to
support efficient combustion and take under control the
cyclic variability of operational parameters. As could be

reasonably expected, the lowest smoke opacity produces
the combustion of most n-butanol oxygenated blend BBu20
that is 26.7% lower than, neat biodiesel suggests when
running at about medium (50% of full) load.

Fig. 6. Dependencies of smoke opacity of the exhaust on engine load when
running at maximum torque speed of 2000 rpm

When running the engine on biofuel blends BBul0 and
BBu20 at full (100%) load at maximum torque speed of
2000 rpm, the smoke opacity decreased by 28.5% and 35%,
respectively, compared to the cases of using neat biodiesel.

Conclusions

1. Maximum mean diameter of the wear scar was equal to
0.395 mm when using biodiesel-n-butanol fuel BBu30
blend and the minimum value of the wear scar was
measured when running with the neat biodiesel.

2. The brake specific fuel consumption using biodiesel-n-
butanol fuel blends increased across at over the whole
load range. At full engine load biofuel BBul(O and
BBu20 blends, the break specific fuel consumption in-
creased by 1.39%, and 9.77%, respectively, compared to
neat biodiesel. The main reason of having relatively
higher the bsfc for oxygenated blends is much lower net
heating value of the added n-butanol.

3. Using a biofuel BBu20 blend, the break thermal effi-
ciency was 7.33% lower, compared to the engine run-
ning on neat biodiesel, at full engine load.

4. The highest total NO, emissions, 2290 ppm, produces
the combustion of neat biodiesel, while the positive ef-
fect of n-butanol oxygenated biodiesel blends on the
NOy suppression is not as huge as could be expected. At
full engine load and using biofuel BBu20 blend, the
most environmentally and human harmful total emis-
sions of nitrogen oxides decreased 23.5%, respectively.

5. When the engine running at low load, the highest the
carbon monoxide emissions were obtained with the en-
gine running on neat biodiesel (302 ppm) and the lowest
using the biofuel BBu20 blend (241 ppm). Both most n-
butanol oxygenated biodiesel blends BBul0 and BBu20
revealed themselves as having strong potentials to dras-
tically reduce the carbon monoxide (CO) emissions for
full load.

6. At the full engine load, using biofuel BBul0 and BBu20
blends, the smoke opacity was 28.5% and 35% lower,
compared to the engine running on neat biodiesel.
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Taking into account the above merits, renewable binary
biodiesel-n-butanol blends are suitable for diesel engine
powering to replace fossil-origin diesel fuels, reduce the
climate change and safe the untouched nature for future
generations. Because of the absence of polycyclic aromatic
hydrocarbons in renewable biofuel blends, lower maximum

NO, and drastically reduced CO emissions and smoke
opacity (PM) could reasonably be expected due to poten-
tially improved homogeneity of combustible mixture and
particulate matter (PM) emissions benefits suggested by
higher n-butanol-oxygen mass content (21.62 wt%) and
much lower carbon-to-hydrogen ratio (4.8).

Nomenclature
CN cetane number WSD wear scar diameter
B rapeseed methyl ester bsfc brake specific fuel consumption
Bu n-butanol bte brake thermal efficiency
BBul0 10 vol% n-butanol/80 vol% rapeseed oil methyl NO, total nitrogen oxides
ester; CO carbon monoxide
BBu20 20 vol% n-butanol/90vol% rapeseed oil methyl
ester
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The aim of the study is to present the results of mathematically modeled influence of the average speed on

the pollutant released in the air during the cold-start process. There were taken into consideration the emission
from the passenger cars (PCs) for the different fuel types, vehicles’ segments (including hybrid), and the Euro
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standard. In the article the simulations was performed using the COPERT software, as well as WLTP-based
research. The modelling results there are presented show that the change in average speed has a significant
effect on air pollutant (CO, NO,, NMVOC, CO) emissions released in cold-start process. Furthermore, the
results show that pollutants’ emissions are sensitive to average speed fluctuations.
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1. Introduction

Passenger cars’ emissions are largely responsible for
emissions from the road transport sector which is a
significant source of air pollutants as: CO,, NO,, NMVOC
and CO. All of these pollutants are harmful to the
environment and human health, contribute to the
greenhouse effect and affect air quality. Emissions from
road transport is particularly troublesome in cities, where it
significantly deteriorates the air quality. Emissions from
motor vehicles arise mainly during two states of
combustion engine operation: hot and cold-start emissions
[5]. In modern vehicles emissions released into the air
during the hot start (when the engine is at its normal
operating temperature) are relatively small in comparison to
cold-start emissions, and constantly decreasing during the
trip. For this reason the cold-start emissions have become
important [1, 8, 13, 16]. The cold-start emissions can be
defined as the total mass of the individual pollutants
generated under the operating conditions of a thermally
unstable engine almost after the engine is started. [9]. Cold-
start emissions can be also defined as ’excess’ emissions,
i.e. they are significant compared to the emissions produced
when an engine is in a fully warmed-up operational state.
However, taking into consideration the duration of any
period of driving, the significance of cold-start emissions
decreases as the duration and distance of a period of driving
increase. Cold-start emissions arise at the initial start-up
when the engine is cold — starting from the ambient
temperature (Ta), their value can be expressed as a mass of
pollutant(s) per the vehicle start [9]. During a hot start, the
temperatures of the oil, coolant and all the elements of the
engine are very close to those observed during a fully
warmed-up operation (Tw). The term cool start can be used
to refer to an engine’s start in the intermediate
temperatures, i.e. Ta < T < Tw, where T is the temperature
of a given engine [9].

The bad air quality in urbanized areas is often
dominated by these cold-start emissions which also
contributes to formation of secondary aerosols [8, 13, 16].

It is especially important at low and average speed which
are typical for cars usage in cities. It is also known that the
emission of air pollutants depends on the type of fuel, and
the Euro standard of the vehicles [2—4, 13].

2. Methodology

In this paper for purposes of simulation authors use the
COPERT 5.4 software. The methodology used in the
COPERT model are in accordance with the guidelines from
EMEP Guidebook 2019 [5, 12] and widely applied in
European countries. In the following Tier 3 approach, the
total exhaust emissions from road transport are estimated as
the sum of hot-start and cold-start emissions (during
transient thermal engine operation) [5].

The general equation for the ‘Tier 3’ methodology is
presented below:

ETotal = EHot + ECold (1)

where: Ery, — total emissions [g] of any pollutant for the
spatial and temporal resolution of the application, Eyy —
emissions [g] during stabilized (hot) engine operation, Ecoyq
— emissions [g] during transient thermal engine operation
(cold start).

Additionally, cold-start emission occurring manly to
urban driving condition, rarely in rural driving and in
limited number of trips start at highway conditions. That’s
mean the total exhaust emission can by calculated by the
equation [5]:

Etotal = Eurban + Erural + EHighway (2

where: Eyan, Erurats Eniighway — are the total emissions [g] of
any pollutant the respective driving situations.

According to the ‘tier 3’ methodology cold-start
emission is an additional emissions, which take place under
all driving conditions (but most likely for urban and rural
driving, as the number of starts in highway conditions is
relatively limited).

Cold-start emission occur in all vehicles category, but in
“EMEP/EEA air pollutant emission inventory guidebook
2019” there are available emission factors for petrol, diesel
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and LPG passenger cars and light commercial vehicles,
therefore only for these categories are covered by the
methodology. Moreover, they are not considered to be
a function of vehicle age.

According to the ‘tier 3’ methodology cold-start
emissions are calculated as an extra emission over the
emissions that would be expected if all vehicles were only
operated with hot engines and warmed-up catalysts.
A relevant factor, corresponding to the ratio of cold over
hot emissions, is applied to the fraction of kilometres driven
with a cold engine. This factor varies from country to
country. Driving behaviour (varying trip lengths) and
climatic conditions affect the time required to warm up the
engine and/or the catalyst, and hence the fraction of a trip
driven with a cold engine [5].

eCold
Ecogsiij = Bix " Nk " Mic " epogin " (CGree| ik — 1D )
Ecolgjij — cold-start emissions of pollutant i (for the

reference year), produced by vehicle technology k, Bjy —
fraction of mileage driven with a cold engine or the catalyst
operated below the light-off temperature for pollutant i and
vehicle technology k, Ny — number of vehicles [veh] of
technology k in circulation, My — total mileage per vehicle
[km/veh] in vehicle technology k, egyix — hot emission
factor for pollutant i and vehicles of k technology, e;;:: ik
— cold/hot emission quotient for pollutant i and vehicles of
k technology.

The P parameter depends on the ambient temperature (in
COPERT software is using the average monthly temperature),
the conditions (pattern) of the vehicle use that’s means the
average trip length l,;,. However, the information on ly, is not
available in Poland for all vehicle classes. According to the
available statistical data and the default value of COPERT
software author use the value of 12 km [5].

It should be emphasized that all of the emissions factors
included in the COPERT model are determined on the basis
of laboratory testing in accordance with the WLTP driving
cycle [9].

In this paper, the authors investigated the impact of
changes in average speed on the cold-start emissions of
CO,, NO,, NMVOC and CO in passenger cars (PCs), for
particular Euro standards, vehicles’ segments and different
fuel types. In the Table 1 there are shown the types of
vehicles considered in the simulation.

Table 1. Types of the passenger cars considered in the simulation

Fuel Segment Euro Standard

Petrol Mini, Small, Medium, Euro 1 — Euro 6
Large-SUV-Executive

Petrol HEV Mini, Small, Medium, Euro 4 — Euro 6
Large-SUV-Executive

Diesel Mini, Small, Medium, Euro 1 — Euro 6
Large-SUV-Executive

LPG Bifuel Mini, Small, Medium, Euro 1 — Euro 6
Large-SUV-Executive

CNG Bifuel Mini, Small, Medium, Euro 4 — Euro 6
Large-SUV-Executive

Calculations carried out using the COPERT software

were based on the actual input data used for the compilation

of Polish national emission inventory for 2019 [10]. The
estimations are conducted for the basic assumptions on
share per road class (urban, rural and highways) (Fig. 1), as
well as the maximum and minimum temperatures occurring
in Poland in 2019 [6, 7] (Table 2). The data is given below.

Fig. 1. Mileage share per road class

Table 2. Average monthly temperatures in Poland in 2019

Month Min Max
January -8.5 1.2
February -2.8 4

March -2.9 7.2
April 0.8 11.2
May 1.9 13.8
June 12.5 23.3
July 9.7 20.3
August 11 21.2
September 5.7 15.2
October 4 11.5
November -0.7 79
December -3.1 4.8

Based on the various traffic situation in Polish cities
authors want to check how big is the impact of the average
speed on the cold-start emissions. The simulations are
performed assuming average speed changing from 5 km/h
to 45 km/h with 5 km/h intervals. The simulations were
performed with the assumption that the engine warm-up
time does not change.

3. Results

The comparison of cold-start emissions for CO,,
depending on average speed for the Euro standard is shown
in the Figs 2-5, for the vehicle segment in the Figs 6-9 and
for the fuel type in the Fig. 10.

Fig. 2. CO, emission from petrol PCs for Euro standards depending on
average speed
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Fig. 3. CO, emission from diesel oil PCs for Euro standards depending on
average speed

Fig. 4. CO, emission from LPG PCs for Euro standards depending on
average speed

Fig. 5. CO, emission from CNG PCs for Euro standards depending on
average speed

In the above figures it can be seen that for all fuels
types, the CO, emissions decreases with the increase of the
average speed. The cold start emission from PCs CNG and
PCs LPG has the same value for all Euro standards, for PCs
petrol there is small difference between the Euro standards,
the greatest difference is visible for PCs diesel, where for
the Euro 1 standard the cold start emission is the highest.

Fig. 6. CO, emission from petrol PCs for vehicle depending on average
speed

Fig. 7. CO, emission from diesel oil PCs for vehicle depending on average
speed

Fig. 8. CO, emission from LPG PCs for vehicle depending on average
speed

Fig. 9. CO, emission from CNG PCs for vehicle segments depending on
average speed

The Figures 7-9 shows the dependence of CO, emissions
on the average speed for the passenger car segments. The
lowest emission is for the “Mini” and “Small” segment (for
petrol, the emissions from the “Mini” and “Small” are the
same, and for diesel, the emissions from the “Small” and
“Medium” are the same). For CNG and LPG, there is no
difference between the segments for cold start emissions.

Fig. 10. CO, emission from PCs for fuel type depending on average speed
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It is clearly visible that as the average speed increases,
the cold-start emission decreases. The figure shows the
sensitivity of cold-start emissions to the vehicle segment,
moreover, that the lowest cold-start emission is for diesel
oil and LPG.

In the Figures 11-14 are shown a comparison of NO,
cold-start emissions for Euro standard depending on the
average speed, in the Figs are 15-18 for the vehicle
segment and for the fuel type in the Fig. 19.

Fig. 11. NOx emission from petrol PCs for Euro standards depending on
average speed

Fig. 12. NO, emission from diesel oil PCs for Euro standards depending
on average speed

Fig. 13. NO, emission from LPG PCs for Euro standards depending on
average speed

Fig. 14. NOy emission from CNG PCs for Euro standards depending on
average speed

In the Figures 11-14 it can be seen that for only for
diesel the NO, emissions decreases with the increase of the
average speed and for petrol, CNG and LPG emission
grows. The cold start emission from PCs CNG as the same
value for all Euro standards.

Fig. 15. NOyx emission from petrol PCs for vehicle segments depending on
average speed

Fig. 16. NO, emission from diesel oil PCs for vehicle segments depending
on average speed

Fig. 17. NOy emission from LPG PCs for vehicle segments depending on
average speed

Fig. 18. NOy emission from CNG PCs for vehicle segments depending on
average speed
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The Figure 16-18 shows the dependence of NO,
emissions on the average speed for the passenger car
segments. For PCs CNG, there is no difference between the
segments for cold start emissions.

Fig. 19. NO, emission from PCs for fuel type depending on average speed

Unlike CO, cold-start emissions, NO, emissions increase
with the average speed for all fuels types except diesel, this
is the case for all euro standards and vehicles segments.

The comparison of cold-start emissions for CO,,
depending on average speed for the Euro standard is shown
in the Figs 20-23, for the vehicle segment in the Figs 24-27
and for the fuel type in the Fig. 28.

Fig. 20. NMVOC emission from petrol PCs for Euro standards depending
on average speed

Fig. 21. NMVOC emission from diesel oil PCs for Euro standards
depending on average speed

Fig. 22. NMVOC emission from LPG PCs for Euro standards depending
on average speed

Fig. 23. NMVOC emission from CNG PCs for Euro standards depending
on average speed

In the figures above it can be seen that for all fuels types
NMVOC emissions decreases with the increase of the
average speed for petrol, CNG and LPG emission grows.
The cold start emission from PCs CNG as the same value
for all Euro standards.

Fig. 24. NMVOC emission from petrol PCs for vehicle segments
depending on average speed

Fig. 25. NMVOC emission from diesel oil PCs for vehicle segments
depending on average speed

Fig. 26. NMVOC emission from LPG PCs for vehicle segments depending
on average speed
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Fig. 27. NMVOC emission from CNG PCs for vehicle segments
depending on average speed

On the Figure 24-27 it can be seen the dependence of
NMVOC emissions on the average speed for PCs segments.
For PCs CNG, there is no difference between the segments
for cold start emissions.

Fig. 28. NMVOC emission from PCs for fuel type depending on average
speed

The figures above show that the NMVOC emissions
decrease with speed for all types of fuel in all categories
and segments. It should also be noted that standards for
Euro 4-Euro 6 no difference in emissions.

In the Figures 29-32 are shown a comparison of
NMVOC cold-start emissions for Euro standard depending
on average speed, n the Figures are 33-36 for the vehicle
segment and for the fuel type in the Fig. 37.

Fig. 29. CO emission from petrol PCs for Euro standards depending on
average speed

Fig. 30. CO emission from diesel oil PCs for Euro standards depending on
average speed

Fig. 31. CO emission from LPG PCs for Euro standards depending on
average speed

Fig. 32. CO emission from CNG PCs for Euro standards depending on
average speed

The figures show the dependence of CO emissions for
various euro categories on the average speed. The cold start
emission from PCs CNG as the same value for all Euro
standards.

Fig. 33. CO emission from petrol PCs for vehicle segments depending on
average speed
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Fig. 34. CO emission from diesel oil PCs for vehicle segments depending
on average speed

Fig. 35. CO emission from LPG PCs for vehicle segments depending on
average speed

Fig. 36. CO emission from CNG PCs for vehicle segments depending on
average speed

On the figure above it can be seen the dependence of CO
emissions on the average speed for PCs segments. For
“Mini” and “Small” and for “ Medium” and “Large-SUV-
Executive” for diesel and LPG the values are on the same
level. For PCs CNG, there is no difference between the
segments for cold start emissions.

Fig. 37. CO emission from PCs for fuel type depending on average speed

The figures above show that the CO emissions decrease
with speed for all types of fuel in all categories and
segments. It should also be noted that standards for petrol
CO cold-stare emission is higher than for another fuel.

4. Conclusions

The results of modelling indicate that in case of CO,,
NMVOC, CO are decreasing with the increasing of average
speed. There is a difference between euro standard, for the
Euro 1-3 cold-start emission is higher the for the Euro 4-6.

There is also a noticeable difference between the types of
fuel. Cold-start emissions from gasoline combustion for all
pollutants are higher than for other fuels.

The simulations carried out clearly show that increasing
the average speed will reduce the cold-start emissions. The
problem of emissions is particularly acute in cities during
traffic congestion. It is important to strive to increase the
average speed in cities, it will reduce the emission of
pollutants from road transport.

The obtained modeling results would be worth
comparing with measurements in real traffic conditions, the
authors are in the process of conducting such tests.

Nomenclature

CNG compressed natural gas
CO carbon monoxide

CO, carbon dioxide

D diesel oil

LPG liquified petrolum gas

NMVOC non-methane volatile organic compound

NO, nitrogen oxides

P petrol

PCs passenger cars

WLTP  Worldwide Harmonized Light-Duty Vehicles
Test Procedure

Bibliography

[1] ANDRYCH-ZALEWSKA, M., MERKISZ J., PIELECHA
J. The influence of the heating time of a catalyst-covered
glow plug on the exhaust emissions from a diesel engine.
Combustion Engines. 2021, 184(1), 52-56.
https://doi.org/10.19206/CE-134738

[2] BRADY, R.N. Internal Combustion (Gasoline and Diesel)
Engines. Reference Module in Earth Systems and
Environmental Sciences. 2013.
https://doi.org/10.1016/B978-0-12-409548-9.01056-3

[31 BURR, M., GREGORY, C. Vehicular Exhausts.
Encyclopedia of Environmental Health (Second Edition).
2011, 335-343.
https://doi.org/10.1016/B978-0-444-63951-6.00664- 1

[4] CLAIROTTE, M., SUAREZ-BERTOA, R., ZARDINI, A.A.
et al. Exhaust emission factors of greenhouse gases (GHGs)
from European road vehicles. Environmental Sciences
Europe. 2020, 32, 125.
https://doi.org/10.1186/s12302-020-00407-5

102

COMBUSTION ENGINES, 2022, 188(1)



Modelling of the air pollutants’ cold-start emissions depending on average vehicles’ speed

(3]
(6]
(7]
(8]

(9]

(10]

(1]

EMEP/EEA air pollutant emission inventory guidebook
2019.

GUS (2020). Statistical Yearbook of the Republic of Poland
2019. GUS, 2020.

GUS T (2020). Transport — activity results in 2019. GUS,
Warsaw 2020.

LASKOWSKI, P., ZIMAKOWSKA-LASKOWSKA, M.
The dependency between methane emissions and the trip
length accounting the cold start engine conditions.
Proceedings of the Institute of Vehicles. 2019, 1(119), 25-33.
LASKOWSKI, P., ZASINA, D., ZIMAKOWSKA-LASKO-
WSKA, M. et al. Modelling hydrocarbons cold-start
emission from passenger cars. Advances in Science and
Technology Research Journal. 2021, 15(3), 117-125.
https://doi.org/10.12913/22998624/138764.

Ministry of Climate and Environment. 2021. Poland’s
Informative Inventory Report. Submission under the
UNECE CLRTAP and NEC Directive.
https://cdr.eionet.europa.eu/pl/eu/nec_revised/iir/envyei5sq/
NTZIACHRISTOS, L., GKATZOFLIAS, D., KOURIDIS,
C. et al. COPERT: a European road transport emission
inventory model. ATHANASIADIS, LN., RIZZOLI, A.E.,
MITKAS, P.A. et al. (eds) Information Technologies in
Environmental Engineering. Environmental Science and
Engineering. Springer, Berlin, Heidelberg. 2009.
https://doi.org/10.1007/978-3-540-88351-7_37

Piotr Laskowski, DEng. — Faculty of Automotive
and Construction Machinery Engineering, Warsaw
University of Technology.

e-mail: piotr.laskowski@pw.edu.pl

[12]

[13]

[14]

[15]

[16]

Magdalena

SENTOFF, K.M., ROBINSON, M.K., HOLMEN, B.A.
Second-by-second characterization of cold-start gas-phase
and air toxic emissions from a light-duty vehicle.
Transportation — Research  Record: Journal of the
Transportation Research Board. 2010, 2158(1), 95-104.
https://doi.org/10.3141/2158-12

CHARLTON, S.J. Chapter 11 — Control Technologies for
Compression—Ignition Engines. Handbook of Air Pollution
From Internal Combustion Engines. Academic Press. 1998,
358-419. https://doi.org/10.1016/B978-012639855-7/50050-8
SUAREZ-BERTOA, R., ASTORGA, C. Impact of cold
temperature on FEuro 6 passenger car emissions.
Environmental Pollution. 2018, 234, 318-329.
https://doi.org/10.1016/j.envpol.2017.10.096
WEILENMANN, M., FAVEZ, J.Y., ALVAREZ, R. Cold-
start emissions of modern passenger cars at different low
ambient temperatures and their evolution over vehicle
legislation categories. Atmospheric Environment. 2009,
43(15), 2419-2429.
https://doi.org/10.1016/j.atmosenv.2009.02.005
WEILENMANN, M., SOLTIC, P.. HAUSBERGER, S. The
cold start emissions of light-duty-vehicle fleets: A simplified
physics-based model for the estimation of CO, and
pollutants. Science of the Total Environment. 2013, 444,
161-176. https://doi.org/10.1016/j.scitotenv.2012.11.024

Zimakowska-Laskowska, DEng. —

Institute of Environmental Protection — National
Research Institute.

e-mail: magdalena.zimakowska-laskowska@kobize.pl

Damian Zasina, DEng. — Faculty of Building Ser-
vices, Warsaw University of Technology.

e-mail: damian.zasina@pw.edu.pl

COMBUSTION ENGINES, 2022, 188(1)

103






S

INTERNATIONAL-

Join us in person in 2022!

Powertrains, Fuels

and Lubricants

Meeting and Exhibition

Call for Papers/Presentations

Share your innovative research by submitting an abstract for
consideration as part of our 2022 technical program. It only
takes 250 words to get started!

Contact: Dr. Piotr Bielaczyc, FSAE - Chair of the SAE 22 PF&L Organizing Committee

email: piotr.bielaczyc@bosmal.com.pl
phone: +48 33 8130598

sae.org/pfl

Exhibit Space &
Sponsorships
Available

Contact Megan McCoy
for information on
exhibiting or
sponsoring in Krakow.

0: +1.724.772.4037
€. megan.mccoy@sae.org

P21835301








