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Abstract: This article reviews the state of the knowledge and technology in the field of friction-loss
measurements in internal combustion piston engines. The dependencies that describe the loss of
energy in combustion engines and injection apparatus are presented. Currently, very little can be
found in the literature on the study of frictional forces in injection apparatus, but mainly in the
piston—cylinder group, so this work significantly fills that gap. The aim of this article is to construct
a device and to develop a method for assessing the technical state of injector nozzles to minimize
friction losses in internal combustion engines at the stages of evaluation, design, production and
operation. This article presents a stand for determining the maximum friction forces due to gravity
loading by water-jet control. This article also presents test results on the maximum friction force
between a needle and a body of injector nozzles in piston combustion engines on a designed and
purpose-built stand outside of the combustion engine. Various designs and injector nozzles are made
from various types of alloy steel for marine and automotive piston internal combustion engines fueled
with distillation or residual fuels, and are tested. The research concerned conventional elements for
the injection apparatus as well as electronically controlled subsystems. Precision pairs of injection
equipment are selected for the tests: new ones are employed after the storage period and operated in
natural conditions. The elements dismantled from the internal combustion engines are tested in the
presence of fuel or calibration oil of similar properties. The maximum static frictional forces under
the hydrostatic loading are measured, alongside the parameters for the dynamic movement of the
nozzle needles from bodies of the injector nozzle as time, speed, acceleration and dynamic force.
The influence of the angular position of the needle in relation to the bodies of the precision pairs
conventional internal combustion engines, the diametral clearance between the nozzle body and
needle, and the surface conditions on the values of the maximum friction force are also presented.
Errors in shape and position result in the uniqueness of the friction force at the mutual angular
position of the needle in relation to the nozzle body, and the decrease in diametral clearance and
deterioration of the surface state increase the friction losses. A model was elaborated of the influence
of various factors on the value of the maximum friction force.

Keywords: internal combustion engines; injection apparatus; precision pairs; friction force; energy
losses; measurements

1. Introduction

The internal combustion engines of marine vessels consume a large amount of fuel,
which is the highest cost (up to 50%) in ship operations [1]. The problems of climate change
and the reduction in fossil fuels has necessitated research focused on improving the effi-
ciency of internal combustion engines. The minimization of friction losses in combustion
engines is a primary goal, in order to improve performance and to comply with increasingly
stringent legislative requirements. When operating means of transport powered by an
internal combustion engine, it is advisable to use one with as low a fuel consumption as
possible and to reduce the emission of toxic exhaust components. Global environmental
awareness has become important, and has placed significant new technical requirements
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on means of transport including the improvement of engine efficiency, which is directly
related to the production of carbon dioxide and the emission of harmful exhaust com-
ponents [2]. The striving for improved fuel economy and the rigorous emissions control
of low-speed marine diesel engines have made technologies for reducing engine friction
a problem for designers and a concern for manufacturers [3]. The estimation of friction
losses is recommended at the stage of valuation and design. The estimation of friction
losses in engine component models requires necessary geometric and functional inputs [4].
To enhance the efficiency of combustion engines, different approaches have been taken,
including improvements in advanced combustion processes, reducing the component sizes
and the introduction of electrification and heat-recovery systems.

One method is to minimize the energy losses due to friction at the design stage, and
manufacture and operate the internal combustion engine in the friction nodes. The injection
subsystem, including the injection apparatus, is one of the most unreliable subsystems
of compression—ignition internal combustion engines [5]. Simultaneously, the injector
apparatus determines the course of the working processes, the efficiency and the ecological
values of engines. These elements have received little attention especially in terms of
friction losses, apart from the works of the author and co-authors [6-8].

The present article mainly focuses on the injector nozzles of the marine compression-
ignition engines, but research was also carried out for car engines and other precision pairs.
The increase in the frictional power is an important measure of the wear processes that
take place in the tribological nodes, and it is a factor that determines the efficiency of the
machines [9].

The main aim of this article is to present a method and an actual device for measuring
the course and the value of the friction force in the precision pairs of the injection apparatus,
used in the presence of lubricants. An auxiliary goal is to determine the share of the
mechanical losses in the injection equipment of marine internal combustion engines.

2. Friction Power Losses
2.1. Friction Power Losses in Piston Internal Combustion Engines

The energy performance of an combustion engine depends on the quality and the
properties of the fuel used to fueled with it. The individual components of the energy
conversion process that are realized in a combustion engine can be represented in the
form of an engine power balance. The general equation for the balance in a four-stroke
medium-speed marine engine can be written as:

E=E.+Ey,+E,+E;,, +E,+E,+E, (1)

where E denotes the energy stream supplied to the engine in the fuel, E, signifies the

useful energy stream, E, is the cooling losses (i.e., in the pistons, cylinder liners and heads,

injectors, turbochargers, charge air, etc.), E, is the outlet losses, E;, is the energy stream for

the incomplete combustion losses in the self-ignition engines, E; is the energy flux lost

to the mechanical losses, E, is the stream of energy lost to the environment through heat

exchange, and E; represents the flux of the rest of the losses and the heat-balance error.
The mechanical losses of the combustion engine power N;;, can be written:

Nm=Nf+NCh +Np + No 2)

where Ny is the frictional power, Ny, is the power for the exchange process, Ny, is the power
to drive the auxiliary mechanisms and N, is other losses.

The characteristics of the lubrication systems and the quantification of the friction
losses are vitally important factors for the design of durable combustion engines with
improved fuel economy, as shown in [10]. An article by Karczewski [11] presents the
methodology and the measurement results for the internal resistance of a self-ignition
engine. The resistance to the movement introduced by individual functional systems was
determined, such as the piston crank, the exchanges of the working-medium system, the
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fuel-feed system, the cooling, the lubrication, the automatic steering and the control system
directly related to the engine operation, as well as the percentage share of related power
losses for the drive of individual systems and self-ignition engine units. The frictional
power losses (Ny) are approximately 70% of the above losses and this constitutes the largest
part of the mechanical losses [11].

Friction occurs in all the kinematic pairs of the associated elements.

The crosshead slipper-guide pair and the piston skirt-liner pairs are two important
friction systems in low-speed marine self-ignition engines [3]. The consumption of friction
power by the crosshead slipper, however, is larger than that of the piston skirt [3].

Compression ignition engines lose their energy to friction by around 4-15% of the
total input energy [12]. Most of these friction losses result from the piston—cylinder system
which contributes around 20 to 55% of the mechanical friction losses via these numbers,
also include the power loss from the piston rings. For this reason, modernized materials
or processes for the in-cylinder component of the marine diesel engines have been widely
studied for improving the friction efficiency [13].

Ruddy et al. reported that approximately 5-7% of the total produced power is lost via
the mechanical friction, of which 44% is from the piston assembly, 13% is the crankshalft,
10% is the large-end big-end bearing 10%, 6% is the valve-train mechanism and 5% is the
oil-churning and oil-flow losses, while the 22% that remains has not been assigned [14].
Livanos et al. [15] investigated the friction components of the compression rings, the
oil-control rings, the piston skirt, and the gudgeon pin of the engine piston assembly.

The portion of the frictional losses from the different elements of a large two-stroke
marine diesel engine is not well-known [16]. The engine and the car-engine sub-assemblies’
friction losses were investigated over a full speed and load range, for more than 120 engine-
operation points at different engine media supplied temperatures, ranging from 70 to
110 °C [17]. For the investigated self-ignition engine, a friction-reduction potential of up to
21% was determined, when changing the engine and the parts load operating conditions.
At low crankshaft speeds and high load operations, the friction loss reduction potential is
decreased considerably and is below 8%, which according to Knauder et al. were caused by
indication of mixed lubrication regimes at the piston—cylinder group and valve train [17].

The greatest techniques for reducing the friction of tribological components in recip-
rocating engines are being realized currently through advanced low-viscosity engine oils,
low-friction coatings, and surface texturing [10,18].

2.2. Friction Power Losses in Injection Apparatus

Currently, the literature mainly focuses on research on the friction losses in the piston
ring—cylinder liner pairs, while other losses are marginalized [3,10,12-14]. The power losses
due to friction in the fuel system, including the filters, the feed pump, the supply lines, the
injection pumps, the injection lines and injectors are significant. Of the auxiliary systems
of combustion engines, fuel injection is the one with the highest percentage of total losses,
totaling 6.6% [19]. The results of the experimental test carried out on a single-cylinder
self-ignition engine showed that the energy losses of the fuel injection subsystem are equal
to 0.61% of the chemical energy of the injected fuel [19]. Losses for overcoming friction
forces in the injection apparatus have an impact on the friction losses in other functional
systems, such as the fuselage and the piston-crank system. The power losses in the injector
nozzles are shown in Figure 1. A sum of the losses for overcoming the external and internal
interactions can be determined, which is described in relation to Nj,:

N;, = Nys + Nj. + Ngs + Nsp + N + Ns + Ny, + Ncp + N 3)

where Ny is the power lost to overcome the spring-tension force, Nj. is the power lost in
the fuel inflow channels, N is the power lost in the choking space, N; is the power lost
to overcome inertia forces in reciprocating motion, N is the power lost to friction in the
guiding part of nozzle needle, N is the power lost in the sealing cone, N is the power
lost in the suck volume, Ny, is the power lost in the spraying holes, N is the power lost
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to overcome counterpressure in the combustion chamber and N, is the power lost to the
cooling of the injector nozzle.

Figure 1. Interactions on the injector nozzle and the positions of frictional power losses: 1—guide part
between the nozzle body and the injector needle, 2—inlet passage, 3—throttling space, 4—sealing
cone and 5—atomization hole. In addition, C is the gripping force caused by the deformation of
the injector nozzle, F; is the spring tension force, H is the hydrodynamic pressure force, Q. is the
heat loss for injector-nozzle cooling, Qg is the thermal load with combustion gases, and p. is the
counterpressure in the combustion chamber.

In a nozzle needle-nozzle body pair, the load mainly acts along the axis of the needle.
The side thrusts may occur as a result of the shape and the position errors, the elastic
deformations and the loads caused by the fuel pressure on the surfaces in the gaps between
the body and the nozzle needle [20-22]. However, the reduction in friction in the gaseous-
fuel-injection apparatus is much more important. In the work by Baratta et al. [23], the
injector-needle design was elaborated with the aim of reducing the injector’s internal
friction, which causes injector wear due to a lack of any lubrication effects, as is the case to
liquid-fuel injectors.

The friction surfaces in the precision pairs of the injection apparatus are lubricated
with fuel, essentially by leakage. The force of the friction in a nozzle needle-guide pair
depends on the fuel properties, the pressures and the coefficient of friction; for a mixed
friction situation this can be written as:

T = cAf(x) 4)

where A is the friction surface, c is the planning speed, f(x) is the shape function and 7 is
the fuel viscosity.

There is also a friction force that depends on the fuel properties, the planning speed,
the mixed friction from pressures and the coefficient of friction [24]:

T=f(PcXe) ©)

where P is the load and X, is the tribological properties of the medium.
If the nozzle elements do not change their position in relation to each other, there is a
rest friction between them, or a moving friction when they are in relative motion [25].
The injector nozzles of marine internal combustion engines are operated in extremely
unfavorable conditions under the influence of high fuel pressure and are subjected to
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thermal, mechanical and chemical loads [22,24,26]. As a result of these extortions under the
influence of various external factors, there is intense friction, wear and damage, alongside
changes in the design parameters of the injection apparatus, and a transition from a state of
full ability to either an acceptable state or state of disability [27,28]. In the event of needle
immobilization, the nozzles lose their tightness and additional fuel enters the cylinder,
which will be combusted without enough oxygen. Next, deposits intensively form on the
surfaces of the injector nozzle. If the needle is partially seized, the system is raised at a
higher fuel pressure and a different speed.

Reducing the tightness of the contact between the sealing cones of the needle and the
nozzle body causes an penetration of hot gases from the combustion chamber to the inside
of the injector nozzle. As a result, the surfaces of the injector nozzle are heated and the
needle seizes up due to the loss of lubrication; heat begins to build, deformations occur,
and unwanted deposits are made. Strong heating due to friction acting against the walls of
the nozzle causes a significant increase in the temperature of the fuel and a decrease in its
viscosity of the fuel [29].

When the fuel flow during the injection is at pressures of up to 300 MPa, large velocity
gradients are generated that induce wall friction and a strong heating [30]. In the injector
nozzle, a fuel stream at a pressure of 450 MPa in the sac volume splits into two legs: one
corresponds to a cooling down of the core flow, while the other involves a heating due to
the wall friction [31].

Nozzle needle immobilization occurs when the friction force, T, between the body and
the nozzle needle is greater than the force that causes its displacement, F), (i.e., the spring
tension or the hydrodynamic fuel pressure acting on the surface of the needle), namely:

T>F, (6)

A seizing is defined as an inhibition of the relative movement of the elements of the
friction pair [32].

The technical state of the nozzles is determined by the values of the features, such as
shown in [28]: geometrical dimensions, mutual clearances of cooperating elements, the
surface state in tribological nodes, etc.

The literature [8] and current patents [33,34] show that an important aim is to minimize
the friction losses in internal combustion engines, which results in lower fuel consumption
(Holmberg et al. [35] and Zabelin [36]).

Monieta and Kasyk [8] presented a simulation model for the injector-nozzle structure
of a marine self-ignition engine with an optimization of the design to reduce fuel-flow
losses. One of the design features of the injector nozzles, which influence the fuel injection
process, is the geometry of the nozzle holes.

Longwic et al. [37] wrote that the use of rapeseed fuel with a higher viscosity results
in increased friction losses for the elements of the injection apparatus that move relation to
each other (i.e., the piston—cylinder of injection pump, the unloading valve, the body and
the injector needle). The authors also provide formulas for the resistance forces to motion
and the friction coefficients in the elements of the injection sub-system.

Lopez et al. [38] provided a methodology for characterizing the pressure losses in the
quasi-stationary common-rail injectors of the self-ignition engines that have been developed.
The authors used the friction coefficients in their calculations.

The methods for testing the friction force in injector nozzles are not often
undertaken [6,8,19,22], but some are described in [6,7].

3. Tests of Friction Force in Injectors of Combustion Engines

Theoretical and experimental tribological studies may concern the processes and the
phenomena that occur during friction, wear and lubrication. In precision pairs of injection
apparatus, a mixed friction also occurs, and the value of the friction force is influenced by
the condition of the mating surfaces and the type and quality of fuels that are used [20,24].
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These factors have a significant impact on the durability and reliability of elements of the
injection apparatus and the other elements of internal combustion engines.

The literature [39] describes a method for calculating the frictional force of a body on
an inclined plane. Dudziak et al. [40] presented the test stands for the measurement of the
force and the moment of friction of a sleeve—shaft couple. The sleeve was connected with
shafts that were manufactured with radial error, cross-section deviations, and combinations
of both. Experimental investigations were performed to determine the influence of the
form deviations and the angular positions of the shaft on the value of the axial friction force
(during the shaft sliding) and the moment of friction (during the shaft rotation).

So far, during accepted tests for injector nozzles, it has only been checked whether
the friction force between the body and the needle was smaller than the force that results
from the component of the gravity or not, as described in [41]. Knauder et al. [17] reported
that the friction losses of the fuel pump were not of much interest, and therefore have not
been studied.

The patent descriptions [33,34] only provide a method for reducing the friction force
in the injector nozzles. From another patent document [42], there is known to be a method
for determining the opening pressure of an injector nozzle and a system for implementing
this method. This informs us that the friction generated in the process will constitute
a disturbance variable for determining this pressure, which reduces the accuracy of the
measurement. The device according to the invention provided by the patent document [43]
is intended for measuring the load force and the friction force in a tribological system. The
device comprises a set of two sensor deformations that act in two opposite directions. Each
sensor deforms in one direction under the lifting force and counteracts under the frictional
force measured by two consecutive pairs of strain gauges located on opposite sides of
the bundles.

4. Test Method
4.1. Measurement Method

One method used to measure the friction force component involves the setting of a
stationary sample in motion under the action of gravity. This allows the maximum force
of the resting friction to be calculated. It is also possible to measure the amount of time
needed for the sample to move under the influence of the weight that is needed to propel
the sample.

The aim of such an invention is to construct a device and to develop a method for
assessing the technical state of its injector nozzles at the production and the maintenance
stage, outside of the internal combustion engine. So far, during the acceptance tests of the
injector nozzles, it is typically only checked whether the friction force between the body
and the needle is smaller than the force that results from the force component of gravity
or not, as was described by Piaseczny [41]. After the needle is seated in the nozzle body,
it can be checked by lifting the needle one-third of its length, at an angle of 45°. If the
needle falls on the seat without stopping under the action of its own weight, the technical
state can be considered correct. In this way, the injector nozzles are assessed in two states
(i.e., full ability or partial disability) without a quantitative measurement. The scatter of the
results for the friction force between the nozzle body and the injector needle may be large,
up to a state in which there is immobilization, which has significant effect on the engine
performance [6].

The essence of this method is to verify that the nozzle needle traverses from rest to
motion under the action of its own gravitational force, due to the nozzle body set at an
angle of 45° with the needle pin facing downwards. An additional and a gradual gravity
force is applied to the needle pin along the longitudinal axis of the injector nozzle until the
needle is completely removed from the nozzle body.

The measurement of the friction force was performed after washing the injector nozzle
with a mineral solvent and supplying a lubricant to the guide parts, which may be fuel or



Energies 2022, 15, 6898

7 of 19

16

calibration oil used for testing the injector nozzles with the same properties. Calibration
Shell oil was used in these tests.

The maximum friction force measurements are made with respect to the nozzle body
in at least four positions of the needle, in 90° increments. Due to the shape and the position
errors, there is a diversified distribution of the friction force alongside the position of the
body in relation to the nozzle needle.

4.2. Measurement Stands

The essence of the test device solution consists of a structure designed and built in
sections, which has a plane inclined at a 45° angle, attached to the base plate of the stand by
means of screws. It has a limiter located on the vee block, which fixes to the tested injector
nozzle (Figure 2).

/] / /

/ / / // / /'/ / I / /" r‘" // / / e // ’ S ."! ;,r ,-".‘ .r"'f / ,.f’ - ,J i / / / .
@) (b)

Figure 2. Diagram of the test stand for measuring the friction force of the needle in the nozzle body
before extending the needle (a) and after removing the needle from the nozzle body (b): 1—steel
vee block, 2—tested injector nozzle, 3—mounting screw, 4—nozzle needle, 5—holder, 6—photocell
controlling valve 7, 7—water shut-off solenoid valve, 8—roller, 9—container for accumulated water,
10—electronic laboratory scales, 11—line, 12—extension limiter of nozzle needle, 13—hook, 14—
limiter of vee block, 15—inclined plane 16—main plate of stand.

The device is equipped with a specially designed and manufactured holder that
consists of a metal body in the shape of a cylinder (marked as 5) with an axially drilled
cylindrical channel with a diameter that ensures a free insertion of the pin of the nozzle
needle and mounting with a screw; the hook (13) is free to rotate around the longitudinal
axis (Figure 3).

Figure 3. Holder mounted onto the pin of the nozzle needle: 4—nozzle needle, 5—holder body,
13—hook, 17—needle fixing screw of nozzle needle, 18—nozzle needle pin and 19—spacer ring.
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The value of the maximum friction force between the nozzle body and needle is
influenced by the state of the mating surfaces and their mutual location, contamination, etc.
Therefore, before any measurements are made, all the tested injector nozzles are washed
with gasoline or with another mineral solvent, and then they are dried and blown with
compressed air.

The nozzle body (2) is attached to the steel vee block (1), with the bow (3), so that
the protruding pin (18) of the needle (4) is at the bottom of the vee block. The vee block
is attached to the plane (15) with bolts, and the askew plane is inclined at a 45° angle
to the station base plate (16) near its edge and it is secured by the stop (14) against any
movement. The tested injector nozzle is set at an angle of 45°, which is dictated by a
method of checking the free protrusion of the needle during the verification of the nozzles
at the stage of production and operation. The device is equipped with a holder (5) of a
nozzle needle, to which a rotating hook (13) with a spacer ring (19) is attached to a line
(11) suspended over a roller (8) and it is connected on the other side with a vessel (9) filled
with water from the solenoid valve (7), which is located above the vessel. The line-guiding
roller is attached at a suitable distance, which ensures a line-inclination angle of 45°, and is
parallel to the longitudinal axis of the injector nozzle.

A holder (5) is screwed onto the pin (18) of the nozzle needle (4), which is connected
by a rotating hook (13) to the line along the axis of the needle, and on the other side, the
line is slung over the roller (8) and it is connected to the empty vessel (9). The pin of
nozzle needle (18) slides into the axial bore of the holder (5) (Figure 3) and it is fixed with a
screw (17) before moving. The guide part of the needle should slide completely out of the
injector body until it is beyond the face of the nozzle body (Figure 2b).

The gradual increase in the friction-force component, from the value 0 to the maximum
value (Figure 2), is performed by means of a small and regulated stream of water that is
supplied through the valve (7) and, in the case of a very low value, it is also possible to dose
via a syringe into a suspended small vessel (9). After the needle is completely extended
beyond the front surface of the nozzle body and the holder (5) and rests against the limiter
(6), the water supply to the vessel (9) is automatically switched off by control with the
photocell (6). The vessel with water must be weighed together with the line and holder at
the scales (10) with a digital readout, which is an additional mass, and the nozzle needle
must also be weighed. The weight of the nozzle needle m;, and the additional weights
determined in this way, enables a determination of the force component from gravity and
the maximum friction force (Figures 4 and 5).

Figure 4. Forces acting on the needle in the cross-section of the injector nozzle, in which c—needle
movement speed, F—force acting on the needle, Gy—gravity force component perpendicular to the
inclined plane and T—static friction force.
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Figure 5. Model of the distribution of the forces the act on the nozzle needle, in which Gr—gravity
force component parallel to the inclined plane, m,—additional mass, m,—mass of the needle and
N—pressure force perpendicular to the surface.

Based on Figure 5, a formula can be written for all the forces that act on the nozzle needle:
Gi+Gr—T=0 (7)

By transforming this relationship, the maximum force of static friction is determined:
Tax = max(T) = max(F + Gr) [N] (8)

As the load from the inlet water jet gradually increases, the force acting on the needle
in the injector body increases. This enhances both the contact force N and the friction force.
The static friction occurs if the needle is at rest; only when the load is sufficiently does
the needle begin to move. This maximum force due to static friction, for which the nozzle
needle is still at rest, is the so-called limit-friction force. Thus, the force of static friction T
can vary from zero to a certain maximum value Ty, so that:

0<Ts < Tsax (9)

The value of the static friction force is proportional to the value of the pressure force N
of the needle on the injector-nozzle body:

Tsmax = ﬂsN (10)

where y; is the coefficient of the static friction.

The force required to extend the needle from the nozzle body F is equal to the addi-
tional weight G, on the needle pin with the substitution of the additional mass m, and the
acceleration of gravity g into Formula (11). This causes the needle to move with the force:

F=m,g (11)

The component parallel to the inclined plane is equal to the product of the mass of
the nozzle needle m;, and the acceleration of gravity g, so that Gt = m;g and the sine of the
inclination angle is equal to & = 45°. Therefore, the final formula determined for the static
friction force used in the calculations is given by:

Ts = 1,8 + myg sina [kg-m/s? = N] (12)

In the case when the needle comes out by itself from the nozzle body under its own
weight, the additional weight is not needed, i.e., F = m,g = 0, and the formula for the friction
force will simplify to the following form:

Ts = my-g-sina (13)
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The frictional force that acts on the nozzle needle, while in motion, is called the kinetic
friction or the dynamic friction [44]. The value of the dynamic frictional force depends
on the value of the pressure force (for the needle on the leading part of the injector body),
which is marked as N. This relationship is directly proportional to the friction coefficient of
the motion, y4(c). This is not a constant, but depends on the relative velocity of the rubbing
bodies. Therefore the dynamic friction also changes with speed, so that:

Ty = pa(c)N (14)

where T; denotes the dynamic friction force value and p4(c) is the motion-friction coefficient
as a function of speed.

The research used geometric methods to determine these dimensions, as well as
contact and non-contact devices from reputable companies for measurements, including
micrometers, bore gauges, microscopes and profilometers [28]. The geometry of the tested
objects was measured and analyzed using, among others, the WYKO NT1100 optical
profilometer. Measurements of the shape and profile were made on a specialized instrument
Hommel Roundscan 535. In addition to the measurements of typical geometrical deviations
such as roundness, straightness and conicity, this instrument also enables the measurement
of surface roughness.

Next, the course of the friction force is determined from the extension time and the
course of the speed of the needle extending from the nozzle body. Here, too, significant
variety in the time values was observed. Thus, apart from the vibrations of the elements,
there are also oscillations in the value of the frictional force. The displacement of the injector
needle was processed by the DT10, an eddy-current sensor that uses a designed and built
holder (Figure 6). The displacement of the nozzle needle signals an acquisition and the
analysis system was applied with analog-to-digital processing and data recording, using
the measurement circuit described in [5]. After differentiating the displacement twice over
time, the acceleration course of the advancing nozzle needle movement was determined,
which enables us to calculate of the dynamic friction force Ty, i.e.:

Ty =mua (15)

where a = dh?/dt? is the acceleration of the injector needle. The needle acceleration during
the extension from the injector body is calculated on the basis of movement along the axis
of the nozzle needle. The needle lift was recorded by the measuring system outside of the
combustion engine (Figure 6a), and displacements transverse to the nozzle needle axis
recorded by the signals processing system and part of the stand (Figure 6b) were used to
determine the beginning and end of the needle movement and the duration of the stroke
from the nozzle body for the measured lengths. At higher values of the friction force,
for other measuring stands, the time waveform of the dynamic friction force is directly
recorded via T; = f(7) [6,7].

The average of the applied measurements in at least four planes, T},,y;, is taken as the
final value of the maximum friction force:

Taxa = E Z Tmaxi (16)

where 1 denotes the number of planes in which the i-th value of the maximum friction
force is measured.

The power, N7, of the friction losses is calculated for the conditions of the internal
combustion engine as the friction work is performed by the dynamic friction force T = f(7)
on the needle-stroke path, /1 = (1), during the T needle lift in time of the fuel injection
process, so that:
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where Lt represents friction work and /1,4y is the maximum nozzle needle stroke. In order
to determine a frictional power that is comparable for positions outside of the engine, it is
calculated on the basis of the maximum stroke of the needle.

(b)

Figure 6. The measuring circuit for the acquisition and processing of nozzle needle-lift sig-
nals (a): 1—camshaft, 2—injection pump, 3—injector, 4—photo optical crankshaft position sensor,
5—eddy-current sensor of the lift of injection needle, 6—amplifier, 7—amplifier, 8—terminal connec-
tion, 9—monitor, 10—computer, 11—printer; the part of the stand of signal processing the position
of the feeding of the injector-nozzle needle (b), in which 1—steel vee block, 2—clamp, 3—injector-
nozzle body, 4—displacement sensor holder, 5—nozzle needle, 6—mnozzle needle holder, and 7—eddy
current displacement sensor.

The friction power can be used to calculate the friction efficiency, #1, of the injection
apparatus for one cylinder of the internal combustion engine, which is represented by the
following formula:

_Nr

nr = N,

where N; indicates the power of one cylinder. For the tested injector nozzles, the friction

efficiency ranged from 0 to 0.0322%. Losses to friction in injector nozzles constitute a small
share in friction pairs to losses in dominant pairs of combustion engines.

The essence of the invention is a device for determining the friction force and the
method of its determination. Here, it is proposed to determine this quantitatively, as one of
the measurable significant features of the technical state of the injector nozzles of internal
combustion engines.

(18)

4.3. Estimating Measurement Errors

The measurement errors are estimated to increase the reliability of the method. The
systematic absolute root means square error of the static friction force, o(T5), is calculated
by differentiating over the individual variables that appear in Formula (12), according to
the relationship:

(1) = ¢ 2 g + [ atmn)] +[ote)] +[Zow] a9

dom, amy,

The systematic relative error of the static frictional force, o°(T5), can be calculated from

the following expression:
_ o(T
o(Ts) = (T5) -100% (20)
T
The values of the relative error of the maximum static friction force is dependent
on the mean square absolute error and the value of the measured friction force; these

results are equal to £0.1%. The small error values arise from the high accuracy of the




Energies 2022, 15, 6898

12 0of 19

additional weight measurements. The relative maximum error of the signal processing of
the measurement circuit is calculated as follows:

2 2
Aps )2 Ayp <Abd)
P,) = 100% + + | = 21
( E) <xts — Xbs Xtp — Xpp AD @)

where Ays represents the limiting absolute error of the sensor, A;, denotes the limiting
permissible absolute error of the power supply, x;s — x5 is the measuring range of the
sensor, Xy, — Xy is the measuring range of the amplifier, A is the absolute error of the
analog-to-digital converter and AD is the number of all the bits of the analog-to-digital
converter. The greatest contribution when estimating this error is made by the nonlinearity
of the needle displacement sensor.

5. Sample Test Results
5.1. Results of Measurements of the Maximum Static Friction Force

The numerous measurements were made using the hydrostatic and hydrodynamic
method and the device for measuring the friction force between the body and the nozzle
needle tip of the injectors in the marine and the automotive combustion engines. Technical
data of the most frequently tested injector nozzles are presented in Table 1. An example
of determining the static frictional force, according to Formulas (12) and (13), with the
required additional mass applied to the pin and with an unnecessary additional weight, is
presented in Table 2.

Table 1. Technical data of the tested injector nozzles.

Engine Type AL20/24D L16/24

Number of spray holes 7,9 8
Spray-hole diameter [mm] 0.23; 0.25 0.29
Spray angle [°] 159 145
Needle lift [mm] 0.50 0.40

Needle sealing-cone angle [mm] 7,8 6
Needle length without pin [mm] 39.3 75.7

License Sulzer MAN B&W

Table 2. Data for calculating Tsy.x from the measured components of the operated injector nozzles of

an AL20 engine.
1y 1y Ga Gr Tsmax Tsmaxa
kg kg N N N N
0.2068 0.02522 2.028 0.1748 2.203
0.2408 0.02512 2.361 0.1742 2.536 5097
0.1638 0.02512 1.606 0.1742 1.780
0.1728 0.02512 1.694 0.1742 1.869
0 0.02670 0 0.1852 0.1852 0.1852
0 0.02670 0 0.1852 0.1852
0 0.02670 0 0.1852 0.1852
0 0.02670 0 0.1852 0.1852

The tests show that the value of the maximum friction force changes with the angular
position of the nozzle needle, with respect to the nozzle body, for all the elaborated stands,
as a result of significant errors in roundness and cylindricity as well as impurities, which
make the repeatability of measurements difficult. Figure 7 displays a radar graph of the
maximum friction force, which depends on the angle of rotation of the needle relative to
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the body of operated injector nozzle of the AL20/24 engine, in the presence of lubrication
with calibration oil.

o
el
0
1303903 10 55
oE 30
310 : 40
300 2 50
290 Toma [N] 15 60
280 1 70
270 3 80
260 90
250 100
240 110
230 120
220 130
210 140
200 150

190180 170160

Figure 7. Radar graph showing the maximum value of the static friction force Tsyqy at different
needle positions ¢ in relation to the one operated nozzle body.

The multi-hole injector nozzles were investigated mainly of marine reciprocating
internal combustion engines, new and operated on seagoing vessels or cars. The investi-
gated injector nozzles came from direct-injection self-ignition piston engines. They were
usually in-line, non-reversible supercharged four-stroke engines and were equipped with
turbochargers. Internal combustion engines were fueled with residual fuels, except during
starting and stopping and when staying in certain ports.

The influence of the needle-position angle in relation to the injector body on the value
of the maximum static friction force is significant.

Figure 8 shows the results of the exemplary measured maximum static frictional forces
for the smaller values of the operated injector nozzles. Figure 8 displays a large variation
in the average values of four measurements of the maximum frictional forces for various
operated injector nozzles.

These values of the maximum frictional forces are determined by arithmetic means in
at least four planes [6,7]. The progress of the developed method and device for measuring
the friction force and the method of calculating friction losses is to propose implementation
at the design, production and operation stage [8,41].

0.18 0.06
0.16
- 0.05
0.14 e
=
0.12 0.04
0.1 g
= - 0.03 E
go.08 =
=0.06 0.02
0.04
- 0.01
0.02 il
0 ...n|||||||IIIII|””I”” 0

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82
i-th measurement

mNsmaxa ® Tsmaxa
Figure 8. Systematized (in ascending order) for values of the measured average maximum static
frictional forces Tsyqxqa and the values of the calculated frictional power, Ngyqxq, of different injector
nozzles of L16/24 marine engines.

5.2. Results of Measurements of Dynamic Static Friction Force

The research has shown that not only is the value of the maximum friction force
important, but also the dynamics of the needle’s movement. Some nozzle needles came out
from the nozzle body due to the gravity component, but after a long time, which prompted
the nozzle needle-protrusion-time measurements.
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Figure 9a shows the registration of the shape of the nozzle needle s while extending
the operated nozzle in the time domain T from the operated injector-nozzle body of the
AL20/24 marine engine. It is possible to calculate the average speed of the needle from the
nozzle body ¢, by dividing the length of the needle by the travel time, or for elementary
increments. Figure 9b shows the values of the calculated average speed of the needle from
the operated nozzle body ¢, of AL20/24 marine engines in four planes, every 90°. These
waveforms are significantly different for individual nozzles and for their measurement
planes [6,7].
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Figure 9. Registration of the shape of the nozzle needle lift, s, at time 7, while extending from the
nozzle body perpendicularly to the longitudinal axis (a) and the calculated average values of the
speed of the needle extension from the nozzle bodies c, (b).

5.3. Influence of Various Factors on the Values of the Maximum Friction Force

Among the causes of surface changes that affect the increased value of the frictional
force, the dominant ones are the diametral clearance between the nozzle needle and the
nozzle body, the type of fuel (i.e., distillation or residual), the quality of the fuel, deposit
formations, condition of mating surfaces, etc. [6,7]. Residual fuels have an increased
viscosity than distillate fuels and a high sulfur content [22,24].

From this and previous research by the author [6-8], it can be seen that the maximum
frictional force is dependent on the important factors defined by this formula:

Tmax :f(q)/mﬂ/GT/C/w/T/ltrmt/DC/Df/Si’/sd/FL]/Wib/Win'n) (22)

where ¢ is the angle between the mutual position of the body and the nozzle needle,
w—angular speed, T—time of movement of injector needle, /;—length of the needle in the
nozzle body, D, is the diametral clearance, Dyis the deformation of the nozzle body and
needle, S, is the surface roughness, S;—shape and position deviations of needle guide
parts in the nozzle body, F, is the fuel type and quality, Wy, is the wear of injector body, W;,
is the wear of nozzle needle and # is the number of repetitions of measurements for each
injector nozzle.

Figure 10a shows a field-of-view microscope image of an exemplary surface of the
worn guide part of the nozzle needle of L16/24 marine engines. The image shows traces
of processing during the production, abrasive wear, deposits formation from the fuel,
corrosion, oxidation, etc. Figure 10b,c provide the guide parts of the nozzle needles, while
the results of the maximum frictional forces are presented in Table 2. The state of the
nozzle needle surface with a higher frictional force value (Figure 10b) is worse (i.e., more
covered with deposits) compared to the nozzle needle with a lower friction force value
(Figure 10c). The difference in the surface states was determined by an image-color analysis
and a weighting of the deposit masses. The amount and quality of the resulting deposits
on injector nozzles was determined by means of a global analysis of the blackening degree
of gray images and the share of basic (red, green, blue) colors.
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(c)

Figure 10. Surface state of an exemplary worn nozzle needle (a) at magnification of 300x and (b,c)

the surface conditions of the nozzle needles at magnification of 5x for the friction forces presented in
Table 1.

Additionally, in some cases, adhesive wear was also found. The identification of the
types of wear was dealt with as presented in separate works [6,7,28].

The results of the surface roughness measurement of an exemplary nozzle needle
of the L16/24 marine engine are shown in Figure 11a. The highest values were reached
for the surface-inclination coefficient (kurtosis) and the average wavelength in Figure 11a.
The influence of the diametral clearance on the values of the maximum friction force is
presented in the histogram (Figure 11b). The figure shows that, in general, the static
maximum frictional force is greater with a small clearance.

6 40
5 3B
.—.3‘:| s @
2t Z25
Ei3 £20
= Eq5 .
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@) (b)

Figure 11. Plots showing the influence of the surface-roughness measurement of an exemplary
nozzle needle (a) and influence of the diametral clearance, D., on the values of the maximum
static friction force (b), in which R,—maximum profile peak height, Ry;—maximum profile valley
depth, R;—maximum height, Re—mean height, Ry—maximum height of profile peak, R,—arithmetic
average, R;—root mean square, Rg—skewness, Ry,—kurtosis, Ry,—average wavelength and
Rj,—average slope of the profile.

The geometrical structure of the surface of the friction pairs is a set of all real surface
irregularities (deviations in shape, waviness, roughness), that significantly affect the value
of the friction force. An advance in comparison with the newest and most modern similar
research [18,19] is the understanding of the phenomena of friction, lubricants, wear and
mechanical losses of combustion engines, especially in the injection subsystem [5,8,28].
This can be achieved by optimizing the structural design, including materials and surface
conditions, by reducing the coefficient of friction and increasing wear resistance [7,13,18,28].
The beneficial effects of this method include the global measurement of the parameters,
which is the maximum friction force between the body and the needle of the injector nozzle.
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This method is an innovative, non-destructive diagnostic technique for characterization of
mechanical losses in internal combustion engines with the use of symptoms expressed in
numerical form. The article combines an innovative design with signal processing [5] and
calculation of frictional power losses [8].

6. Conclusions

The essence of this invention is to build a device and develop a method for determining
the friction force in precision pairs of injection apparatus of combustion engines.

The main advantage achieved by the method presented here is the possibility of
quantifying the friction force, since it is one of the significant and measurable features for
the technical state of the injector nozzles of the internal combustion engines with different
values. So far, there has been a lack of knowledge and technical solutions regarding the
methods (and a device) for measuring the friction force between the body and the needle of
injector nozzles. Another advantage is the possibility of using water, which is an available,
cheap and environmentally friendly medium, to enable a wide range of loadings for the
friction-force measurements.

The results of the measurements are likely contribute to take the injector nozzles out of
operations that are in an unfit state and to prevent their further wear by the accumulation
of deposits, the limit negative impacts on the technical state of the engine, the reduction in
the emission of toxic outlet components to the atmosphere from the internal combustion
engine, and the reduction in frictional power losses. The values of the friction forces
in the presented method can be used to calculate the fractions of the power losses in
combustion engines.

The method can be used to assess the technical state of a precision pair of injector
nozzles and injection pumps. The measurement of the maximum friction force applies to
the nozzles before their mounting onto the injector or after disassembly. The influence of the
angular position of the needle in relation to the bodies of the precision pairs in conventional
combustion engines was also investigated, along with the diametral clearance between
the nozzle body and needle and the surface conditions on the values of the maximum
friction force. Errors in shape and position result in the uniqueness of the friction force
at the mutual angular position of the needle in relation to the injector-nozzle body, and
the decrease in diametral clearance and deterioration of the state of surface topography
increase the friction losses.

This research has shown that many injector nozzles are approved for operation that
are, in fact, in an unfit state. An unaccepted injector nozzle can be repaired and re-tested or
taken out of operation.

The contributions of this work are the development of a device and a method for
quantifying static and dynamic frictional forces, alongside a procedure for determining the
friction losses in the injection apparatus. A model of the influence of various factors on the
value of the maximum friction force in injector nozzles was also developed.

In further research, it is planned to consider the influence of thermal loads on the
friction forces in the injector nozzles and friction force investigations in working internal
combustion engines. It is also planned to conduct flow, material and manufacturing
technique tests, leading to a reduction in friction losses.

It is important from the point of view of influencing the values of internal-combustion-
engine operating parameters and minimizing frictional power losses and fuel consumption,
as well as the toxicity and opacity of exhaust fumes. The construction of such equipment
test stand does not require large expenditures. In reviews of the state of the knowledge and
the art, it has not been found that injector nozzles are tested in this way.

7. Patents

Monieta J. Method and hydrostatic device for friction measurement. Patent of the
Republic of Poland 14.01.2016 WUP 09.08.2015, No. 391224, pp. 1-6.
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Nomenclature
a acceleration of the injector needle My mass of the needle
E energy stream supplied to the N pressure force perpendicular to the
engine in the fuel surface
the dimension of the needle nozzle
E, useful energy stream s perpendicular to the longitudinal
axis
Eco cooling losses Ty dynamic friction force
E, outlet losses Ts static friction force
energy stream of incomplete
= combustion losses in self-ignition Tsmax maximum static friction force
engines
stream of energy lost to the average maximum static friction
Ejp, . Tsmaxa
environment through heat exchange force
E, outlet losses Niax frictional power
Ep energy flux lost to mechanical losses & the angle of the inclined plane
the flux of the rest of the energy relative maximum error of the
Er losses and the heat-balance error O(Fe) signal pr i
gnal processing
angle of position of the body
c needle-movement speed [ and the nozzle needle
g acceleration of gravity ua(c)  motion-friction coefficient
h needle lift Us the coefficient of static friction
random absolute root means
Lt friction work o(Ts) square error of the static friction
force in time T
m, additional mass #(T.) random relative error of the

static frictional force
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