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Abstract. The article discusses the problem of diagnosieged fuel equipment. The most
common methods for diagnosing fuel equipment aesgnted. The rationale for diagnosing
the technical condition of the plunger elementshef high pressure fuel pump by moving the
injector needle is given.

1. Introduction
The analysis of the structure of the fleet of comuia¢ vehicles showed that a significant part dsit
equipped with automotive diesel engines. The mostreon in Russia and other countries is the
KAMAZ-740 family of automotive diesel engines witiplit-type fuel equipment (FE) with a high-
pressure multi-plunger fuel pump (HPFP) with di#ietr control systems [1]. FE of diesel engines is a
complex high-tech engine assembly, the technicatliton of which determines the environmental,
economic and technological performance of the VehiEnsuring the operational state of diesel engine
FE elements in operation is achieved by conducatigine diagnostics and technical inspection of the
fuel system. The most important unit of diesel eagFE, which determines the operation and its
characteristics as a whole, is injection pump [Bje analysis of FE diesel engine malfunctions
showed that one of the most loaded nodes is pluigarents [3] and their malfunctions (Figure 1).
Currently, the diesel FE service market offers deaniange of diagnostic equipment and techniques
[4]. At the same time, the methods of diagnosirgsell engines that are widely used are performed
when removed from the car and partially disassethblbe use of modern non-separable diagnostic
methods for such FE will make possible to solveptablem of reducing the complexity of work and
improving the quality of diagnosis [5]. Such diagtio methods are based on the analysis of the
output parameters of the diesel engine FE, funalipmelated to its structural parameters, however,
they have not been studied enough. Available deweémts for the diagnosis of diesel engine FE can
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be divided into groups: diagnosis by the charesties of the operation of FE; diagnosis by FE
parameters; engine performance diagnostics [6].

malfunction of
injectors (16%)

HPFP adjustment disorder

(36%)

others
(22%)

oss of density of
nterfaces in HPFP

(26%)

a b c

Figure 1. Fault distribution othe diesel engindFE with a split injection syste

The methods for diagnosing FE in the first group mot informative and largely depend on the
experience and qualifications of the diagnosticMfhen applying brakeless and partial diagnostic
methods, monitoring the state of FE elements ispticated by many factors that affect the reduction
of power and economic parameters of a diesel enpimeever, these methods allow evaluating the
general technical condition of the engine. The @aalytical method for diagnosing diesel engine FE
has limited information due to the tightening ofveanmental standards for the content of harmful
substances in exhaust gases. Diagnostic technigueEf operation parameters is an assessment of the
technical condition and quality of adjustment of tinain elements of the diesel fuel supply system.
The most common is the method of diagnosing imecpump plunger elements of HPFP by the
maximum pressure of fuel injection into a dry cibsdamber or into the atmosphere, however, it is
unsuitable for quantifying the hydraulic density afplunger element due to the small range of
measured pressure (up to 50 MPa), unavoidable|éaéds through the injector needle. The most
promising in our opinion is the method of diagngstliesel engine FE at idle, without dismantling and
disassembling it. That is, it is possible to reftesase expensive and bulky stands

2. Materialsand methods

To substantiate the method for diagnosing diesginenFE by moving the injector needle, we have
developed a nozzle with an optical sensor (patentl82362) [7] and a diagnostic device for diesel
engine fuel equipment (patent application No. 2@BAD5). Diagnostic modes with parameters of the
maximum fuel injection pressure and the injectoredie movement were investigated and
substantiated. The regularities of their changeeddimg on the magnitude of the radial clearance of
the pairing plunger-sleeve of HPFP are obtaine@. Mietrological characteristics of the device made
it possible to carry out measurements with an esfd.11 %, which is sufficient for the information
content of the diagnostic parameter. Testing thecdeon the engine confirmed the assumption about
the effectiveness of this method of diagnhosingalieagine FE as a promising one.

When investigating the FE diagnostic mode and safpdahe optimal crankshaft speed, it is
necessary to determine the nature of the chantieimjector needle movement and the fuel pressure
in the cavity above the injection pump plunger, filne injection pressure and the effect of the HPFP
on plunger-sleeve clearance on the values of thdmmoan fuel injection pressure and moving the
injector needle.

The calculation was carried out for the high-presdine of the operating diesel engine FE, in
which a diagnostic nozzle, capable of detectingilbgement of its valve, was installed.
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3. Development of a mathematical model of theinjection pump for estimating the pressure and
movement of the injector needle

The mathematical model of a diesel engine FE uaimg method of solving the wave equation is
functionally reduced to the Cauchy boundary valteblem, which is based on the equation of the
transient process of a working fluid in a high-gre® pipeline. The boundary conditions are made up
of a system of differential equations charactegzine processes occurring in the high-pressure fuel
pump — on the left and near the nozzle — on thetrifpr the description of which, the systems of
equations of volume balance written for variousdakities and the equations of motion of the nozzle
and pump valves are used.

The process of changing the pressure in the cabibye the plunger depends on the change in the
compressibility of diesel fuel, the flow rate whigrexpires through the gap between the plunger and
the sleeve and the channel of the HPFP valve [8].

When calculating the compressibility coefficiemt(m? / N), we used a tabular experimental
dependence of the true and average values of thpressibility coefficients of diesel fuel [9] oneth
current pressure p (N /Apwhich is shown in Figure 2.

Figure 2. Dependence of the compressibility coefficierdf diesel fuel on the current pressure p:
ay — IS the true compressibility coefficientay — is the average value of the compressibility
coefficien

Based on tabular data, regression mathematicalndepees are constructed on the current
pressure over plunger p:

- values of the average compressibility coefficiehtliesel fuelaay in the form of a fourth-order
polynomial:

anv=ar+plrarpirazrpltas*p+as (1)
where regression coefficientsa5.1569- 16; & = -8.3799-10; a; = 0.0531; a= - 1.9148;
as = 100.06;
- values of the true compressibility coefficient diesel fueloy p in the form of a fifth-order
polynomial:
ar=ar*p ta*pt+tazrpitasrpitastp+as 2)

where regression coefficientsa-7.5712-16; & = 1.4734-106; a =- 0.0014; a= - 2.9671;
as = 0.0825; a=99.997.
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When calculating the fuel supply process in theseli@ngine FE elements, the dependence of the
diesel compressibility coefficient was used. Thakésge from the cavity above the plunger between
the sleeve and the plunger was considered anddiuenetric flow equation of it had the following
form [8]:

B AD2.83.d..-
Oy = LA BGND gy ®
12poSptepoylpcu PO

where Be — correction factor for eccentricity of couplingom 1.15 to 1.4);Ap =p, —po —
differential pressure in the gap, (N /mé§, — annular clearance, (m)y & 1.0025 — constant
coefficient; Wpo) — dynamic viscosity of fuel at atmospheric presgur= 0.1 MPa (kg / (s - m));pdlp
— accordingly, the diameter and length of the steéw); ¢ — HPFP plunger speed, (m/ s).

Formula (3) takes into account the change in thedfictent of dynamic viscosity from pressure
pp over the plunger of HPFP:

P
He = Hepo) " Cu /p°1 (4)

The coefficients of dynamig and kinemativ viscosity of diesel fuel are interconnected:
v= (5)

Pt

wherep; — the density of diesel fuel, (kg £m

The values of dynamic viscosityare usually calculated from the values of kinemuigcosityv,
obtained experimentally.

According to the tabular data of the experimen&gdeanhdence of the kinematic viscosity of the fuel
on temperatureJ[9] a regression dependence having the follovidmog was constructed:

v =a, +a,log(Ty) + as - log(Tr)?, (6)

where regression coefficients, a 0.76149543; a= -0.36487040; a= 0.043988593; M — the
temperature of the diesel fu¢lQ).

The regression dependence (6) of kinematic visgcesitf the diesel fuel on its temperature i
the form of a graph is shown in Figure 3.

veqg
I'ITEJIE,
0.08
0.08

0.04

0.02

Figure 3. Dependence of kinematic viscosityof the diesel fuel on its temperature: D -
experimental date - simulation resuli

The volumetric flow rate of the fuel entering thgbuthe space of the injection valve through the
fuel line to the nozzle was determined by the feitg formula:
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[pi1—Di2l .
Qo =t fi+ |2HHE - sign(pa — piz), @)

wherey; — injection valve space flow coefficientfinjection valve space area,4jpa — pressure
of the flow entering the space, (N Ampr — flow pressure at the outlet of the injectionveaspace,
(N / ?); p: — diesel fuel density, (kg /3n
The dependence of the flow coefficient of the itit valve space in equation (7) was calculated

by the regression dependence:
156 12,5
Hi = ’@-l_l_Rei’ (8)

Ul"d
v

where Re; — Reynolds number; — fluid flow rate, d — hole diameter.

The equation for changing the flow coefficient bktshut-off hole of the plunger sleeve was
adopted similar to equation (8), and the regressmeifficients were taken in accordance with the
literature.

These leaks characterize the volumetric flow rdteéotal fuel leaks from the cavity above the
plunger and were taken into account in the mathieaiahodel [10]:

ZQ(pp) = QpH + Qf + Qo(hp)v 9

where Qn — the volumetric flow rate of fuel leaks along thigace between the sleeve and the
plunger, (M/ s); Q — the volumetric flow rate of the fuel entering thozzle, (/ s); Q — volumetric
fuel consumption through the shut-off hole in thenger sleeve, (A1 s).

The mathematical model of the dynamics of presstmanges in the cavity above the plunger
depending on the displacement of the plunger ofitfextion pump is presented in the form of a
nonlinear differential equation of the first ordeith ordinary derivatives and has the followingrfor
[11]:

Rei =

d
apy Vhy L= f, - cp(9) = ZQpyp), (10)
cp (@) = 0,if 0 = hy = hymax)

whereay(pp) — fuel compressibility factor, (b N); V(hy) — cavity volume above the plunger,3m
fo — plunger area, (1 ¢ — angle of rotation of a camshaft of HPFRypE— plunger speed, (m / )Q
— volumetric flow rate of total leakage from thevitg above the plunger, (h s); b = [co(q(t))dt —
plunger movement, (m);,p- pressure in the plunger pair, (N nt — time, (S); Rmax — maximum
displacement of the fuel injection plunger of HPER).

To calculate the displacement of the injector needke used a model of the dynamics of pressure
in the cavity under the injector needle, dependingits displacement in the form of a first-order
nonlinear differential equation with ordinary deziiwes, which has the following form:

apyVxy-2L = Qr — 2 Qpy), (12)

whereoi(pp) — fuel compressibility factor, (fd N); pr — pressure in the cavity under the injector
needle, (N / M; V(x;) — cavity volume under the valve, I{nQ — fuel flow into the cavity under the
injector needle, (1Y s); ZQ(p) — total leakage from the cavity under the injecteedle, (/ s); X —
movement of the injector needle, (m); t — time, (S)

The total fuel leakage from the cavity under thedtor needle is described by the volumetric flow
rate formula [12]:

Y Q(ps) = Q5 + iz, (12)
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where Q — volumetric fuel consumption in the space betwdenguide sleeve and the injector
needle, (M/ s); gz — volumetric fuel consumption through the nozzderings due to pressure at the
inlet and outlet of the nozzle openings3(rs).

The formula for leaks from the cavity under theeatpr needle between the guide sleeve and the
valve is as follows:

B AD2:-52.(:-
Qf = mhetp™? dll?;(,;”)_l Ffroc-d; -52—”
12po6-epoyliccy  'PO

(13)

wheree — eccentricity correction factor (from 1.15 to)1.Ap = p - p — differential pressure in
the space, (N / fy & — annular clearance, (m); & 1.0025 — constant coefficientigy — dynamic
viscosity of fuel at atmospheric pressure, (kg-m(s d, li — accordingly, the diameter and length of
the space between the guide sleeve and the injgegalie, (m); ic- injector needle speed, (m/ s).

The equation for the dependence of the volumetow frate @ of the fuel through the nozzle
openings on the pressure change is described girtileequation (7), and the dependence of the flow
coefficient of the conical space between the sadtlae valve is regressed (8).

The model of the dynamics of the movement of thecior needle in the form of a differential
equation has the following form [13]:

d?x; @
m; d; = Fari(t) — Fri = Fepi = A; " pe(8) — kg 'd_i — cpi - (i +x01),  (14)
% =0, f 0= X = hr‘(mmﬂ}

where ki — the force acting on the valve from pressure utiteinjector needle, (N);rF friction
force of viscous resistance to the injector needteement, (N); A— the injector needle work face,
(m?); pt) — pressure under the injector needle, (N iFcpi — the injector needle return force, (N); m
— the mass of moving parts of the valve, (kg);-k coefficient of friction of the sealing part dfet
injector needle, (N - s / m)yic- the injector needle spring rate, (N / mj);—xthe injector needle
moving, (m); % — pre-deformation of the injector needle spring);(t — time, hmax — the injector
needle maximum stroke, (m).

The inequality describes restrictions on the movanoé the injector needle when it is planted on
block stops. To calculate the fuel supply pressataes by the injection pump plunger pair when the
injector needle moving, the inverse modeling problgas used, which consisted in determining the
time-varying values of driving forcenk, caused by the pressure under injector neadier xnown
time-varying movements of the injector needle mass The inverse solution of the original
differential equation (14) has the following form:

dz-xi
dt?

dx;

+kTi.E

FEnov(t) = A; pe(t) =m; - + cpi (X + X0;), (15)

then
Fgari(t
pe(t) =742,

Driving force Fov (t) is nothing more than the fuel supply presqeeunit area of the plunger of
HPFP p without leakage Qthrough the plunger-sleeve coupling, which causehange in the
technical condition of the plunger pair of the HPRB create a mathematical model, leakage&3§
were described by changing the fuel supply pressueeAp, plunger in empirical form:

3
_ Jdp (4p—kp)aj nby

a, Ilnb,

Apy , (16)

1 Be-Ap?-8p>-dp-In(cy).

s
: _ e d ok = g 0P
where variables,, = it by =y dp =po; kp =1y dy L dp = Qpn-
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Then the mathematical model of the change in tlessure of the fuel supply when moving the
injector needle:

mi'%%tri'%ﬂpi'(x#xoi)
pp = Ai + Appv (17)

Pp = p: +Ap,

The analysis of the structure of differential equai(14) shows that the state of movement of the
injector needle depends on the following factohginges in diesel pressure under the working belt of
the injector needle; fuel viscosity; the stiffnessefficient of the injector needle spring and the
preliminary tightening (deformation) of the valverisg, limiting the movement of the valve and the
radial clearance of the HPFP plunger-sleeve cleararherefore, to solve equation (17) of the inwers
modeling problem and determine the dependenceegptissure change under the injector needle on
the movement of the valve, it is necessary to cbritie diesel fuel viscosity, for example, by
temperature.

The solution to this problem made it possible tofcm the possibility of applying the method of
monitoring the technical condition of diesel engite elements for moving the injector needle and to
compare with the control method for the maximumueabf the injection pressure. For this, a
mathematical fuel supply model was used in the $nkwisual graphical programming environment
(Matlab) based on equations (1-14) with a diagonastit based on equation (17). Due to the fact that
the pressure wave of the fuel under the injectedleeis offset in time relative to the pressure evawv
the HPFP, a time offset unit by= = was introduced for the restored pressure valuertie injector
needle to compare the values.

Calculation of delay time of the pressure wave under the injector needle is:

T=ky- (18)
ay

whereLy — the length of the fuel line from the HPFP to tlozzie, (m);a, - the speed of the fuel
pressure wave in the pipeline, (m /lg): wave deformation coefficient.

The parameters of the differential equations ofhmistatical models are selected according to the
technical characteristics of KAMAZ-740.11 diesebere [8]. The integration of the process model
was carried out by the numerical method of comprat mathematics - Runge-Kutta 4.5 orders of
magnitude with a variable integration step and emyuof 0.001, in the time interval O ... 0.04 BeT
dependences of the change in the instantaneoussvafupressur@, in the HPFP, and pressupe

restored by the simulation in tini@re shown in Figure 4.

PiMiPa

i

35 L1 ; i i ] I I | |

1342 1.708 2074 bLms

Figure 4. Dependences of the pressure change in the HPFPthangressure restored
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simulation over time for a KAMAZ-740.11-240 diesshgine operating at rotation af = 600
mintwithout load: (1)- data of mathematical interpolation; - simulation resul:.

A comparative analysis of the dependences of the tiariation of the fuel supply pressure by the
HPFP plunger pair (1) and the pressure restoredsitmylation (2) (Figure 4) showed that the
restoration of the fuel supply pressure by the gdurrpair by moving the injector needle cannot récor
high-frequency pressure fluctuations due to thé Inngss of the last one. The difference in maximum
pressure values is not more than 5 %.

Thus, the conducted analytical studies show thatge of moving the valve of the diesel nozzle as
a diagnostic parameter will make possible to eveluthe technical condition of the diesel fuel
equipment.

4. Effect of the radial clearance " plunger-deeve" of the HPFP on the values of the maximum
pressure of the fuel injection and the movement of the injector needle during diagnosis

To evaluate the effect of the radial clearancdefdiPFP plunger pair on the movement of the infecto
needle and the maximum fuel supply pressure, welwatied laboratory studies of the KAMAZ-
740.11-240 diesel engine operating at idle speed@00 min-1), the results of which are given ia th
form of correspondences in Figure 5.

45 70
1, Mpa
40 60 p p
35
\ 50 p2, Mpa
30 40
225 © =3, Mpa
30 -
820 o=
o,
0 h1, %
15
10 10 h2, %
5 0
/ t, ms h3, %
0 2 -10
IEIARNITIBNLIZ
L T ) B = B A ]
o o o O — = o~ (o]

Figure 5. Time dependence of the injector needle movemaést,fiuel supply pressure of the
plunger pair in time on the radial HPFP plungeesgt clearance of the KAMAZ-740.11-240
diesel engine: p1, hl — respectively the time ddeece of the injector needle movement, the fuel
supply pressure of the plunger pair in time onrdial HPFP plunger-sleeve clearance of the
KAMAZ-740.11-240 diesel enginaS = 4um; p2, h2 — respectively the time dependence of the
change in pressure of the fuel supply by the plupgé& of the HPFP when the radial clearance of
the plunger-sleevéS = 7 um; p3, h3 — respectively the time dependence ofctienge in
pressure of the fuel supply by the plunger paithef HPFP when the radial clearance of the
plunger-sleevaS = 10um.

To determine the movement of the injector needlégegice of our own design was used
(Figure 6). The nozzle design assumes that the meneof valve 12 is rigidly connected with
the movement of the nozzle rod with bar 5. Thedfdahe nozzle rod, when the injector needle is
raised, narrows the cross section of the emittanhgroportionally reducing the amount of li
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flux to the receiver, which causes a decrease envifitage across the resistor of the electric
circuit of the displacement sensor valve, the valuehich is measured by an oscilloscope.

g
)

e $OL0

a) b)

Figure 6. Diagnostic device for diesel fuel equipment: a engral view of the device;

b — the nozzle of a diesel internal combustion magRF patent No. 152362); 1 — nozzle atomizer
body; 2 - sprayer nut; 3 - spacer; 4 - guide pthsnozzle rod with a bar; 6 - nozzle body; 7 -isga
ring; 8 - nozzle nipple; 9, 10 - adjusting disks; -1Inozzle spring; 12 - spray valve;13 - slottdr]

14 - valve movemet sensc

The sensor for moving the valve of nozzle 12 is enadthe form of an optical pair. A BPW41N
photodiode and a BIR-BM1331 infrared LED, respeadtiy were used as a receiver and an emitter.
The electrical circuit of the injector needle dem@ment sensor contains resistors R1 to limit the
maximum current of the LED and R2 to match theentrof the oscilloscope channel.

The fuel supply pressure by the plunger pair waerdened at the stand. The injector needle
movement was evaluated by measuring the voltagesadthe photodiode resistance, which varied in
proportion to the valve movement. For the convergeof the research, the movement was presented
as a percentage, 100 % corresponded to a maximmake sif 0.25 mm of the valve movement "with a
stop at the stop block".

It turned out that an increase in the radial cleegaof the HPFP plunger-sleex8 to 10um leads
to a decrease in the maximum value of the fuel lyup@ssure by 6.52 MPa (15.5 %) and a decrease
in the maximum movement of the injector needle By64which indicates high information content
diagnostic parameter. An increase in the radiarelece of the plunger-sleeve of the HPFP also leads
to a decrease in the speed of movement of thetamjaeedle and the delay in its full opening by2@.1
ms.

On the curves of the change in the fuel supplyques(Fig. 5), there are high-frequency harmonic
oscillations occurring due to throttling of the fudrough the nozzle nipple openings during the
movement of the injector needle. Their amplitudé ascillation period changed insignificantly when
the size of the "plunger-sleeve" space is not highan 7-8um. However, with an increase of the
space to 1Qum, pressure fluctuations are significantly reduaddp showing a sharp decrease in the
mobility of the injector needle. The movement o thjector needle also reflects the duration of the
fuel injection. The longer the valve moves, the enfarel falls into the cylinder. The increase in the



6th International Conference on Agriproducts processing and Farming IOP Publishing
IOP Conf. Series: Earth and Environmental Science 422 (2020) 012126  doi:10.1088/1755-1315/422/1/012126

radial clearance of the HPFP plunger pair leada significant reduction in the cyclic fuel supply,
which causes uneven operation of the engine cylindad an increase in dynamic loads on engine
parts.

The dependence of the movement of the injectorleemdthe radial clearance of the plunger pair
of the HPFP is linear (Fig. 7), which is characted by a high correlation coefficient (0.9) of
analytical and experimental studies.

hi, %

y =-7,824x + 95,612

e | eessseee linear

Figure 7. Dependence of the diagnostic parameter hi on stralckS: hi — experimental data, linear
[hi] = linear regression model resi

Operational studies of the injector needle disptaa@ of the KAMAZ-740-11-240 diesel with a
change in the fuel pressure and an increase irathial clearance of the plunger pair of the HPRP ar
shown in Figure 8.

That is, disturbance of motor performance occuremnwthe value of the displacement of the
injector needle is 32%, which corresponds to th&imam fuel-injection pressure of 38.1 MPa and
maximum radial clearance of the plunger-sleevénef{PFP of 8 um when operating at idling speed.

07—&0 10-20 20-30 30-40 40-50 50-60 m60-70

60

50
© 40
a.

= 30
o X
=3 20 =
<

10

0

4
AS, pm 6

hi %

pp,1dMa
Figure 8. Dependence of the maximum values of the injectedleedisplacement (hi) and the fuel
supply pressure (pp) on the radial clearance ophinege-sleeveof the HPFP AS)

5. Conclusion

Based on the analytical dependencies of the matiehanodel (10), (14), (17) and the resultant
surface of interference of parameters (Fig.7) agxample of the fuel equipment automotive diesel
family KAMAZ 740.11-240 the following can be stated
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1. Increasing the radial clearance «plunger-bushwigthe HPFP of the KAMAZ ICE to 10 pm
reduces the maximum fuel injection pressure by &MRa (15.5%), leads to a decrease in the
maximum of injector needle displacement by 0.11 (48%) and decrease in the speed of injector
needle displacement and delay of its full openp@i22 ms.

2. The error in the value of the fuel supply by gihenger pair of the HPFP for the injector needle
displacement at idling speed does not exceed 5%.

3. Improper operation of the diesel KAMAZ 740.1162domes at a value of maximum injector
needle displacement of 0.08 mm (32%), which coomrdp to the maximum fuel injection pressure of
38.1 MPa and a maximum radial clearance plungenibgsof the HPFP of &m when operating at
minimum idling speed.

Thus, diagnosing auto-tractor diesel fuel equipnveith multi-plunger HPFP by injector needle
displacement is informative and can be used irdihgnostics, as well as the method of assessment of
technical condition of the elements of diesel feguipment at the maximum injection pressure.
Timely detection of engine failures will reduce ogteng costs.
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