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On the basis of the engineering practices of the last 3-4 decades, it is known, tested and proven that,
while mathematical models provide reliable descriptions of processes, cycles or physical phenomena, in
theoretical research the theory of small deviations is comprehensively preferable to any experiment on
regulating characteristics.

Considering the fact that all parameters and characteristics are sometimes interconnected by
nonlinear dependences, it is impossible to distinguish the influence of a specific parameter on the sought-for
value, and can be even hazardous if the determinant argument or its derivative has extreme values.

The role of mathematic simulation to determine the residual lifetime of the fuel injection equipment
of diesel engines was established. It was also noted that for a reliable description of the processes going on
in the fuel injection equipment it is advisable to use the method of small deviations.

The mathematical model is based on the known physical laws that describe the interdependence of the
two groups of parameters: engine variables and performance parameters - both within the groups and between
them. The transition of classical differential equations describing the processes of fuel supply and injection
taking into account fuel leaks in precision pairs to the equations with small deviations of parameters is
shown.

An analysis of correlations between the parameters of injection, fuel supply and fuel leakage was
carried out and the most influential parameters were found. The influence coefficients are found and
correlations between the influence coefficients and the corresponding parameters are constructed. We used
the correlations found to describe the influence of the technical condition of precision pairs on the engine
performance indicators. The correlations between the change in injection patterns and small deviations of
the parameters describing technical condition of precision pairs are also established.

Key words: fuel equipment, diesel engine, mathematical modeling, fuel injection, technical
condition, differential equations.

F. 56. Fig. 9. Ref. 26.

1. Introduction

Taking into account the current circumstances in the world of science, it is extremely difficult to
conduct an extensive, comprehensive experiment when customers no longer formulate their additional
requirements for equipment, but are content with purchase and supply the equipment available with by
machine-building companies. While factory control testing (FCT) or minor control testing (MCT) are
somewhat affordable for manufacturers, the major control testing (MCT) and cross sectoral control testing
(CSCT) are either not carried out or are carried out in scanty fractions of the total production volume.
Reliability tests are only based on the number of cycles (starts, for example), while the general performance
of the products as a whole or their systems (especially transport equipment in agriculture) is not tested at all.

These circumstances speak in favor of modeling the regulating characteristics, which is less costly
and allows to enjoy the existing high resolution of modern computing technology. On top of that, since over
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the century of a diesel engine history, a huge amount of experimental data has been accumulated for
engineering new and improving the existing diesel engines, with consideration of new technologies,
requirements for efficiency, toxicity, reliability and performance [1 — 10].

2. Problem formulation

1. The switch from ordinary differential equations describing the quality of dispersion to the
equations in small deviations.

For the purposes of conversion into small deviations the dynamic characteristics of fuel injection,
taking into account the hydraulic density of precision pairs (plunger-sleeve, valve-seat, nozzle needle) will
be expressed by the following equations:

fuel pressure in the supra-plunger cavity

- [ dh o dhgy  dQm Qw4
(Py)o = ft BV [('f"" dt fi dt dt dt ) (1 J)] dt, (1)
where B — is fuel compressibility factor, ¥, — is fuel volume in the supra-plunger cavity, m®, f; —
cross-sectional area of the supra-plunger cavity, m?,
% . % — the plunger speed and the speed of the fuel injection pump discharge valve respectively, m/s,
% R ﬂ’i_}:z — differential characteristics of fuel delivery into supra plunger

cavity and the leak through the gap in the plunger pair respectively, m*/s; ¢ — fuel surface tension, N/m.

fuel pressure in the volume of the discharge valve adapter

B~ [ gy |-+ (7 G~ - dj;”‘)a ke the-“wt] it (2)

where V, — fuel volume in the cavity of the discharge valve adapter, m®; f;, f; — cross-sectional area
of the discharge valve along the unloading belt and the high-pressure pipeline respectively, m?; P, — pressure
in the cavity of the discharge valve adapter, Pa; Z — acoustic resistance, m*s; @ — damping factor of the fuel
supply wave; L — the pipeline length, m; W}, — pipeline fuel delivery wave velocity, m/s.

pressure in the injector nozzle

1 P, dh f,B, dQ dQ,y
R) = f —[2 ek (—+e-“w ) —fu—— "2 —————X|dt, (3
(), AN ) ha T T a a (3)
where V; — fuel volume in the injector nozzle cavity, m*; r — transport lag of the fuel supply wave, s;
P, — pressure in the cavity of the injector nozzle, Pa,

Fuel consumption characteristics, defined as the sum of the volumes that make up the volume of the
supra-plunger cavity in the unsteady outflow, are determined by the Bernoulli equation
Vi = (G + Vo Vo + Vi + %) = [ Ei3(5) ar @
where V; — engine cylinder volume, m*; I, — volume of the active stroke part of the plunger, m?;
V. — clearance volume in a precision plunger-sleeve pair, m*; V,; — clearance volume in precision valve-
seat pair, m*; V,,, — clearance volume in precision pair of nozzle needle, m?,

v

integral characteristic of injection into the cylinder
where (uf) 4 — effective flow area of the spray nozzle; v, — fuel volume in the supra-plunger cavity,

m?; f — cross-sectional area of the supra-plunger cavity, m?,
integral fuel consumption through cut-off windows

(@), = 1 [F)og VP =] e = v ©)
integral fuel leakage through the plunger-sleeve leaks

(@), = [ VBB = W ™)
integral fuel leakage through valve-seat leaks

(0 ), = | @hus VBT = W, )
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integral fuel leakage through leaks in the spray needle

(Q_‘_UH )0 =/, [(ﬂf)mﬁvm] dt = V. (9)

The main feature of the transition to equations with small deviations, as recommended in the
scientific papers [6, 11], is that the ratio of the change in the differential of functions to the function itself at
the same moment is taken as small deviations of functions, i.e. certain values of functions (1 - 9) are taken as
absolute values. These values can be conditionally called “standard” or values for systems with original
design parameters, this is the first feature. The second feature of the transition should be the assumption that
the value of the derivative of the function is taken by any parameter or argument as an independent variable
that randomly changes during operation unequally with other changing parameters, i.e., the parameters act as
random functions.

The dynamic characteristics of injection are expressed by the rate of pressure change (dP/dt) and the
change in pressure (P (t)) during the injection time in the corresponding containers of the fuel system: the
supra-plunger cavity of the discharge valve fitting and in the volume of the injector nozzle. Therefore, the
initial differential equation that forms the pressure wave is the equation for the rate of pressure change in the
supra-plunger cavity

dP, 1 dh dh d
() —g (b h - ) xa-0-2a-0) o

Then the pressure is Py (t) = [ (dpﬁfdt) dt, while small changes in pressure velocity in the supra-

plunger cavity are written as

1 dh [ dh dh, ( dh dQ, dQ.,.
ﬁ[(afﬁ)a+(aa)fﬁ—wfk)d—j—( ) - ( gf)—(a % )]r D

or

dP, dh, dh o
(5 d:") Kg?(isfn)‘i‘gqn(ﬁ dt) —Ky, (6f.)— qu( dk) 343(5%>_K44( an) (12)

t
The pressure change parameter in the supra plunger cavity is an integral of the equatlon (10):

dh daag.,,
(Pg)o = ﬁV IK f. dt#_ g;”) (1_,5)__[1—0)]& (13)

68 = g O 5 + (65— R0 - (6722~ (SR (7). a9

then

or
dh . dh ]
(6Py) = Ky5(6fy) + Kue (5 dt ) Ky, (8fi)— Kw( %)‘fﬁg (5 dtk) Kgp (5 d‘g ) (15)

The rate of pressure change in the cavity of the discharge valve adapter is described by the equation:
dP, 1 dh,, dh  dQy dQ,, f. -
(@), = gl (&) -2 +(fHE—E— dt ) o7 P e W] (16)

In small deviations, is written as:
(6) == }[{o (0 ) K+ G IDZ+(62) U - (622) - (s %)_E( 5P)—2 [ Te'w1.(17)

dr
or

5 58) = K5y (8] K)+ Ky (8 25) +Ks3 (8 [ 1) + K (657 — Kas (6°2) —Ks (6 72X ) — K7 (6Px) — Kse(6Py). (18)
The pressure in the adapter cavity during the injection period is determined by integrating the

equation (16):

B0 [[K(22) 1 -0) 4 (T2~ 20 - 80) 5 [7pppe-srayic )
Then, in small deviations (19) shall be written as:

(6P) = Siv [TV 2+ (62%) fR + (6 [N+ (52) [ 11— (5°2) — (572%) — (5 PA}E— 2 11e~otw, (20)

or
§2E) = Kss (8 [ K) + Koo (6 5%) +Ke (6 [ ID) + Koz (657) — Koz (672 ) —Kea (6 72%) — Kes(6Pg) — Koo (21)

dt
The rate of pressure change and the pressure in the injector nozzle are represented similarly in small
deviations. Deviations of the parameters that form the injection characteristics are considered.

The rate of fuel pressure change in the nozzle volume is described by the differential equation:
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dafpy\ 01 (Px | -01 _ '5”‘” Pp _de_ d%n
(dt) Vtﬁ[zfi‘"e (Ereorw), - [nZu_jr2_L2_ 2w 22)
Then
. _g1 (6Pk) _ N
(6%2) = %[zfre 018 g [Te 20wy (8 [ 1)L — (522) [ 11 —(5p,) T — (622) - 2211 (23)
or

T dg dQ
(6%2) = Ko (8P) + Koo = Koo (8f2) = Ko (§52) =71 (5B,) = Kro (6 5F) — K73 (5 52).  (24)
Taking into account the additional conditions

(o hy < hy,

11 hy = hy
Vie= {Vk + v, b= hy [ (25)

Z=ap;
If'l'"':’:—r = e—aL % + e_zaLm'r—r] - % Pp
The latter of (25) is expressed as follows in small deviations:
al g —%lg(p,) 1
(W, ) = 8(P) —+= =T~ (8B,), (26)
=T

(6W,_;) = KMMP;:)"‘K?JMP;:) K?B[SPJJ)' (27)

2. Fuel consumption characteristics in small deviations during injection

To solve the given system of equations in small deviations we have to translate the input-output
characteristics (5 - 9) and the atomization quality equations, we represent this.

Fuel input-output characteristics in small deviations.

Injection differential characteristics
f (pfq, /P, P+,u,f¢f I( 8P,) P+,u,f¢f fp—(ap ), (28)

( ) (6uflg ‘j P—
( = ) K77(8ufy) + K7(8p) + K79(6P,)+K e 6(Ry). (29)
Injection integral characteristics in small deviations according to the equation (5):

(632) = uns EVBBet [(2) (e WBTarufe |2 [(0R) -2+ |2 [B- (R (30)
or

(5 iq) K??(5Nf¢) + K;(8p) + K75(8B,) + Kgo6(B,). (31)
or

(5'?)=K91(5#f¢)+392J%+K93,f(5pp)_13u+394 pr_‘f'\(Pu]' (32)

The differential characteristic of the fuel consumption through the cut-off windows in small deviations
is represented from the equation (16). In this equation the value of B,. <« P, by 2 degrees, therefore the
deviation (6B,.) by 2-3 times doesn’t introduce any substantial change and can be neglected in small
deviations, then (6) can be rewritten in differential form as follows:

(£2), - 2 &

In small deviations, omitting transformations

(6222) = Gu) [2VPu+ () VB o+ BFaluify) 2 (34

or
(5 djf ) Kas(8pfy) + Kae(6p) + Ko7 (6Py), (39)
While the integral equations through the above equations in small deviations
(@0n) = [0u) 222+ [(22) tufo) + /@ty [ (36)
or
(dQy) = Kgg(Sufy) + Kgo(6p) + Ko (6Py). (37)

Quite similarly, the differential and integral characteristics of the fuel through the plunger-sleeve gap
will be presented in small deviations (B,. << P) the equation (7):
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dg., Lp,
( Q)H) = 1) | H,
0 \ P

dt
Then the differential leak (36) through clearances in small deviations will be:

88t = (B [+ [ ot P [, (39)
or
(6222 ) = Koy (8uf )+ Koz (6P) + Ko (5p). (39)
While the integral leak through the plunder pair clearances will be from the integral (7):
(Qua)y = [ |04 [ 22, (40)
(6Qy) = (6uf ) \[@ e PO (uf et (uf ) 22 (41)
or
(6Qys) = Koy (8uf )+ Kos(6By) + Koo (6p). (42)

The differential and integral leaks in a precision valve-seat pair determine the value of the residual
pressure in the high-pressure pipeline (P,...), which determines the beginning of the discharge valve start-up
at t>t=0,Py =P, That's why this leak has crucial significance, because if
(5PH = i:(‘-"p;.:) |t=0 = (5PH) - (5Pk)t=o1

then

()5 (G5, (43)

hk:hk
Of the equation (8) we can see that P
the discharge valve is represented as:

> P, then the differential leakage through the clearance of

res

(6722 ) = (ufus) 2= (44)

e
While in small deviations

(6°22 ) = (ouf ) (2= (uF ) o ) + () VPPres [ (45)

(8525 ) = Kor (BHF ) + Ka(0B.e) + Koo (6p), (46)

dt

or

The integral leakage through the clearances of the discharge valve will be equal in small deviations from

(44):
(), =[(.ufm) Feal, @47
(6Q,i) = [(E‘Luf o)t e [(8E, ) f(ﬁfm)xt\lwzm\fm(nfm)]p (48)
(6Qy1), = K100 ({m o) + K101(8Pra) + K105(6p). (49)

Closing leaks are the leaks through clearances in a precision pair of a nozzle-needle. Since these
leaks are diverted to the fuel tank without backpressure, the differential leak is written as follows, instead of
the equation (9).

(5%;&)0=Mma E‘jﬁ T.K F,>» R, (50)
In small deviations
dQyu 2P, z(ap
(5—L .u’fu_[[-;[ F + Jufmﬁ .u'fmﬁ) ftﬁpl (51)
or
dg,,
(5_31'&) = Km3 (5“}0&[[{) + Klm (6Pp)+K105(5p) (52)

While the integral leakage over the injection period through the clearances of the nozzle-needle in
small deviations from (50) will be expressed by the following integral:

(60s), = [1f o J2vP5 ) (53)
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In small deviations through the divergences of parameters:

(6Qy) = (5,@@) JT—:EH— (62,) \E(ﬂfmﬁ)t—i- J%\;’z_% (y_fm)t, (54)

6Qyy = Kygs (5Iifm) +K107(6P,) + K100(8p). (55)
The obtained equations in small deviations enable to differentiate the influence of any parameter

affecting the injection characteristics, which is extremely important for analysis when designing, adjusting
for a selected diesel and introducing operational changes.

or

3. Results of research

We consider the brands of the KamAZ, MAZ etc. as the most commonly used vehicles in the
agricultural industry, while the most widely used diesel engines are KamAZ-740, YaMZ-238. Their
reliability guarantees their ability to perform transport operations. The higher the guaranteed life, the lower
the likelihood of interruption of the technological process of agricultural production; the lower the failure
rate, the higher the availability. Therefore, the less the influence of a parameter deviation on the fuel
equipment and diesel engine operations, the longer the diesel engine operating time (in engine hours), the
fewer failures, and the probability of failures during the residual life period will be zero or close to it. Hence,
the residual life of a diesel engine are engine hours remaining until the end of the guaranteed resource. They
are defined as

To=T.- T, (56)
where T, — guaranteed engine hours; T, — fixed running engine hours.

The latter is normally defined by kilometerage (by speedometer) for trucks and by running hours
(service hour meter) for tractors and harvester vehicles.

It is not possible to cover all diesel systems that serve to obtain mechanical energy and group them
under one indicator (running hours or 1 mileage) in such complex machines as KamAZ or MAZ for the
following reasons:

- unequal wear resistance of friction pairs, systems and units;

- different mechanical and thermal loads;

- different restoration costs;

- different aging rates during storage.

Based on this, the warranty life of a vehicle always differs from the warranty life of the power plant.
We will consider the data (we acknowledge the advertising purposes of the data) of manufacturers for
YaMZ - 10-12 thousand hours, KamAZ - 8-10 thousand hours, mileage of the vehicles (on paved roads), for
average hours (11 103 and 9 103) 660,000 and 540,000 km before overhaul (average operating speed is
assumed to be 60 km/h) respectively.

The actual operating conditions of the vehicles in the national economy, in special situations, are
generally incomparable both in terms of load and mileage. This enables us to suggest (and this is close to the
real average statistical data) that diesel engines have a guaranteed operating time within 6000 hours,
especially since they have been undergoing the reliability tests, that are assigned as large control tests, are
carried out in Ukraine and in the post-USSR countries [12]. Based on this, we will determine the residual life
of the fuel equipment and diesel engine by small deviations of their parameters, taking into account the rate
of their change in operating time.

It should be especially noted that changes in the effective indicators from small deviations of the
parameters of the fuel equipment will be presented separately, and then we represent their combined effect
and deviations of the parameters of the fuel equipment, and the deviations of the parameters of the diesel
engine.

1. The influence of the technical condition of precision pairs on the effective performance of a
diesel engine

Here, the technical condition of precision pairs of fuel equipment is understood as: diametrical
clearance, wear of the cut-off edge of the plunger and bypass (cut-off) holes for the plunger-sleeve pair and
changes in the plunger stroke from wear of the cam, pusher and plunger shank [13].

For the discharge valve, the arguments remain valid: diametral clearance and change in the discharge
stroke due to wear of the tapered sealing lips. For the nozzle needle, the diametral clearance, the minimum
movement of the needle are taken into account, which changes both the kinematic and dynamic parameters
of the injection due to wear of the seal cone. It is also necessary to take into account changes in the effective
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flow area either due to erosive wear, or due to coking of the spray holes. For the specified technical condition
of precision pairs, the output parameters of the diesel engine are considered equal to the initial state.

It should be specially noted that the values at operating hours of more than 6000 hours are taken as
the limiting values of deviations of small parameters, and the rates of change of small deviations are taken as
arithmetic mean according to the data given in [13].

The below analysis is not absolutely new, similar data are available in [3, 14 - 16] and other non-life
tests, but our results relate to the basic principle, discrete changes in these parameters and the determination
of the residual life of fuel equipment and diesel engine.

Fig. 1 - 4 shows the calculated by the mathematical model and the experimental values of the
deviations of the diesel indicators from the deviations of the parameters of the fuel equipment in terms of
operating time (T, hour). The calculated values were obtained according to the mathematical model of the
injection process in small deviations, which were obtained as a result of operating time every 1500 hours.
The output parameters of the diesel engine were compared with the experimental indicators, and the
calculated data were obtained according to the mathematical model and the calculation method of Professor
PhD in Technical Sciences V.P. Muravyova and PhD in Technical Sciences V. A. Kulakova [20].

In this case, the change in the parameters of the diesel engine (Fig. 1 - 4) were taken to be zero, the
changes in the N., g. of the diesel engine obtained experimentally, are the maximum possible from the
simultaneous (total) effect of the change in the parameters of the fuel equipment and the diesel engine, while
the calculated data are differentiated, that is, only from those that are applied to a specific drawing, as
averages of the action and parameters.

The established mutual influences do not contradict to the scientific works [15, 16, 19] and others,
but the fact of practical coincidence of the experiment and calculation allows us to keep hoping that it is
possible to find the criteria for the limiting state of a diesel engine, as suggested in [8].
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The analysis of the data (Fig. 1) shows that the increase in the wear of precision pairs (An, x, u)
requires an increase in the cyclic feed (q.), but its increase to 128 mm3 does not improve the quality of
atomization (dso), when operating in within 6000 hours (dso) lies within 50 um, while during the operating
time from 0 to 2000 hours it lies within 15 - 26 um, which are considered optimal [6, 20].

Diesel power N, is reduced by almost a third, and the specific effective fuel consumption g. increases
by the same virtually relative value.

A tangible increase in the effective flow area of the cut-off window (uf)., due to cavitation wear of
the cut-off adjustable edge, requires an increase in the active stroke of the plunger for growth (q,) and
decrease (dso), while slightly decreasing only up to an operating time of 3700 hours [21].

The relatively intensive wear of precision pairs virtually ends with the same operating time (An, K,
u), and the increase in the cycle feed with this operating time is only 25%, the engine loses almost no power.
Specific effective fuel consumption remains in the range of 210 - 217 g / kWh

Based on the data obtained, according to these small deviations (Fig. 1), it would be possible
(tentatively, but not finally) to establish the maximum operating time of 4500 hours, because it is necessary
to analyze the remaining small deviations in the first place (Fig. 2 - 4), and then analyze changes in work
processes for individual cycles of fuel equipment and diesel at the end of the operating time corresponding to
4500 hours.
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Fig 3. Changes in the indicators of the KamAZ-740
diesel engine from small deviations of parameters
in terms of operating time (Ne)o= 160 kW,

n = 2600rpm.

experiment— calculation -----

Fig 4. Changes in the indicators of the KamAZ-740
diesel engine from small deviations of parameters in
terms of operating time (Ne)o = 160 kW;

n = 2600 rpm.

experiment— calculation -----

A noticeable loss of power (Fig. 2-4) occurs after 4500 hours due to a sharp increase in the advance
of the feed (®) and the effective flow area of the atomizer (uf),, and a decrease in the stiffness of the needle
spring (uf),, leads to an increase in the diameter of the drop (dso), which results in the decrease of power (N.)
and the increase of the specific fuel consumption (g.). Note that this is close to 4500 hours again, i.e. we can
again, yet tentatively, set the limit operating time of 4500 hours for these small deviations as well.

We mentioned the unequal wear resistance of parts and assemblies, and given the tolerances for
manufacturing, heat treatment, assembly of the fuel system and adjustment, we are convinced that the
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unevenness (Ag,) of the fuel supply through the cylinders is more fraught than anything. Therefore, an
equally important parameter should be the value of the residual pressure in the pipeline (Prs) (Fig. 3). A
decrease in the residual pressure delays the formation of a pressure impulse and the moment when the needle
starts to move. This leads to deterioration in the quality of atomization (dso), decrease in power (N.) and the
increase in fuel consumption (g.).

We shall note that this is felt at 4500 hours of operation, when the unevenness of the feed on the
cylinders increases sharply. Such a phenomenon was established for automotive diesel engines by prof. V.F.
Anisimov at the level of 1500 - 1800 hours of operation [24, 26].

The clearances of precision pairs increase with operating time (Fig. 4). It should be noted that an
increased number of leakages in atomizer (Qyu) and (Q,.) leads to a sharp drop in residual pressure (Pres),
which results in the increase of average volumetric diameter of the droplet, delay in the combustion process
far beyond tc, which leads to a sharp decrease in power and increased fuel consumption (g.). The presented
data testify that this occurs within the total operating time of 4500 hours, when the droplet diameter increases
from 20 microns to 48 microns, which is unacceptable for high-speed diesel engines [24].

We shall tentatively conclude that 4500 engine hours can be considered a guaranteed resource.
According to the above analysis, we outline this in Fig. 1 - 4 by the vertical line A - B, dividing the operating
time into permissible (left) and dangerous (right).

2. Changes in the parameters of injection characteristics from small deviations of precision pairs

Integral (Q) and differential (AQ) injection characteristics along with other optimal parameters of the
fuel equipment and diesel engine determine the power and efficiency indicators. In this case, the quality of
spraying according to the average volumetric diameter of the droplet should be in the range of 20 - 30 um for
undivided combustion chambers [24, 25].

Figures 5 - 9 show the results of processing oscillograms of non-motorized tests and calculation
results using a mathematical model of injection in small deviations for the studied diesel engine KamAZ-740
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Let us analyze the changes in the parameters of the injection characteristics, the results of which will
be used to analyze the combustion processes from two pursued positions: firstly, this will prove the validity
of the mathematical model of injection in small deviations, secondly, it will enable us to scientifically
substantiate the correction of injection processes in order to maintain acceptable parameters of fuel burnup
and increase the duration of diesel engine operation, and the most desirable argument (consequently) will be
the exact boundary of the warranty period, on the basis of which the residual resource will also be precisely
determined. This is currently the most important for the machinery that is operated in agricultural production.

Since the main defining parameters of the injection duration (¢2) are Q and ded(p = f[Pp, hu), the

atomization quality is dzg = f[Pp (hu),ﬂﬁ,), therefore, the parameters of the deviation of the injection
characteristic are the change in Q@ x aQ / de’ A2, AQs, AQ, as parameters affecting the quality of spraying at

the beginning of the supply and at the end of the supply (Fig. 5).
The data (Figure 5) show and to some extent warn that the change in the injection speed along the

leading and trailing edges (j—i)n,g are most significant within up to 3000 hours of operation, with the wear of

Ap = 5.2 um, and then settle back approaching a constant value within 5 - 7 mm3 per cycle. Although it is
known that a decrease in the hydraulic density of a precision pair “sleeve - plunger” significantly affects the
forming pressure pulse P, and its rate of change (dP./dy), according to which the pulse is formed (dP./dgp),
and the injection characteristic is determined by (dP,/dp) (the equations are given in [13]).

The emerging “d'Alembert’s paradox” is solvable, since leaks through the clearances in the “sleeve -
plunger” pair should be considered as two processes: the formation of a pressure wave at the pipeline inlet
and a reflected wave (W;-,) (the equation is given in [13]), which both in phase and in amplitude can distort
the impulse entering the high-pressure pipeline, as shown in the work [11].

Gip, 101 g B2 It[11] confirms that the increase in the
;g XA duration of the injection is determined by the fact
), eV AN that the increased cycle feed (Ag,) leads to an
l BY 94 increase in the duration of the injection (Agy) (Fig.
i = ’// 1), 5). Hence all the consequences, in particular, the
V= L deterioration in the quality of atomization (dao), both
A ™ | on the leading and trailing edges. This can
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20 = Focn U increased cycle feed at (uf) = const increases (¢,) the
v \\ 7 duration of the feed. Overlapping a direct pressure
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and motor tests, then our expectations and hopes will
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Fig 7. Deviation of the injection parameters from
the change in the *'needle-spray** parameters:
(Ne)o = 160 kW; n = 2600 rpm;

@2 = 26 deg. n. count shaft.

experiment — calculation -----

Let us analyze the deviations of the injection
parameters from the change in the “valve-seat”
parameters (Fig. 6). The “valve-seat” assembly can
be considered as a plunger with a smaller diameter,
in which the active disturbance of the input pulse is
carried out before the release of the unloading band
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from the seat channel (h. = hg ). If h. > hy , then the perturbation is carried out by the plunger, and

the compressing volume is equal to the sum (V, + V.),, the damping of the disturbance at the beginning of the
high-pressure pipeline is noticeable, although at the end of the pipeline it is not so obvious, since the
movement of the needle and its diameter is significantly less than the stroke and diameter of the plunger.

On the basis of the above it is also obvious that there are changes in the parameters that determine
the changes in the characteristics of the injection and the quality of atomization from the “valve-seat”
parameters (Fig. 6).

From the data obtained, when the conical landing surface was brought up (h. = var) even by a very
small amount (c?hﬁo}, [13] the rate of pressure change in small deviations (equation 15) significantly

decreases, and after closing the valve (h. = 0), the residual pressure decreases sharply, to significantly lower
limits, than established for the case of new apparatus (equations 16 - 18).

Hence the increase in the duration of the injection both along the front (Ag2), and along the rear
(Ag2) injection fronts. While maintaining the unloading stroke of the discharge valve (hg, = const), the

residual pressure decreases without going beyond the reduction limit of the order of 3 MPa, and this
determines that the discharge valve is more fraught not by wear of the diameter of the discharge belt, but by
the density of the shut-off cone. This argument is also confirmed by the fact that the retention of residual
pressure contributes to a clearer onset of the formation of a pressure wave at the pipeline inlet (dP./dt),
(equation 14), while the average volumetric diameter of the droplet in operating time varies slightly over
time. An increase in (hg, ) = var in operating time leads to a sharp deterioration in the quality of spraying

(Fig. 6) (dso = f(h,) = var).
The analysis of the above data inspires once again and brings hope that the valve operating time
equal to 4500 hours, sort of retains its critical merit. Below we shall give this the final status as a parameter.
Changes in the characteristics of the injection depending on the parameters of the spray needle are
shown in Fig. 7. Analysis of these data shows that as the hydraulic density (Au) decreases, the duration of the
injection decreases by almost 3 times, and the duration of the front (A¢,), and rear (Ag2), fronts does so up to
40 degrees of crankshaft rotation. Leaks through the clearances reach up to 40 mm3/cycle (Q,,,), as a result

of which, even with a constant value of the needle displacement, the residual pressure (Pres) decreases from 9
to 3 MPa. All these influences result in a sharp deterioration in the quality of atomization in general, and
along the leading and trailing edges (dso) reaches 100 or more micrometers. In this case, the burnout process
is significantly shifted beyond tc, which reduces the power and torque of the diesel engine.
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Fig 8. Deviation of the injection parameters by Fig 9. Deviation of injection parameters by
changing the atomizer (non-motorized tests): changing the atomizer (non-motorized tests):
(Ne)o = 160 kW; n = 2600 rpm; (Ne)o = 160 kW; n = 2600 rpm;
@2 = 26 deg. n. count shaft. @2 =26 deg. n.c. shaft.
experiment — calculation ----- experiment calculation -------

Here we especially note that the maximum permissible change should be considered the duration of
injection (gp2) - which decreased from 260 to 80, and the average volumetric diameter of the droplet increased
along the fronts to 60 um. Taking into account the increase in the duration of the injection to 100, then the
total ¢, is equal to 28 degrees of crankshaft rotation. If the average droplet diameter in the main injection was
18 - 25 microns, then the deterioration generally does not exceed 12 - 14 microns to the operating time of
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4500 hours. Thus, the gap of 4 microns in the spray needle and the recoverable leakage within 40 - 45 mm3
will not lead to disruption of the diesel engine operation. This circumstance should be taken into account
when analyzing the operation process of a diesel engine.

The most positive fact remains that if the effective flow area of the nozzle (uf), does not change
during the operating time (Fig. 8), then the working sections of the characteristic both along the fronts and

during the main injection remain constant, changing just by an imperceptible amount. In contrast, the
parameter (Q,,,) leads in comparison with motor tests (Fig. 4), this is probably due to the fact that if the

kinematic viscosity increases with increasing temperature and leaks increase due to the increase in the
integral characteristic of the injection.

Motor tests and oscillography of the parameters of the differential characteristics of the injection
(Fig. 9) give grounds to conclude that an increase in the flow area of the nozzle, due to erosive wear of the
spray holes from 0.028 to 0.052 mm2, leads to a significant increase in the duration of the trailing edge. This
can be explained by the need to squeeze out the fuel with the needle after the end of the cutoff. An increase
in (uf)p leads to a decrease in fuel leakage. The change in fuel leakage towards a decrease starts from uf, =

0.035 mm2 to 0.052, with operating time from 4500 to 6000 hours.

4. Conclusions

1. The parameters of the differential characteristics of the injection remain within the permissible
limits in operation both in non-motorized and motor tests up to 4500 hours of operation. In addition, the
coincidence of small deviations obtained in the course of the experiment and by calculation through the
mathematical model of injection in small deviations is quite satisfactory for such multiparameter
relationships. Large percentages of the difference with operating time in the area of 6000 hours and more are
obtained for the sole reason of the maximum deviations being taken from the data on operational tests, i.e.
according to statistical data, the processing of which, in our opinion, is not quite correct. But, nevertheless,
our calculations mostly confirm these data.

2. Having the results of the analysis of changes in the parameters of the differential characteristics of
the injection, it is a fair assumption to say that the operating time of the fuel equipment up to 4500 hours is a
guaranteed (flawless) operating time (Fig. 9). We will consider this as a starting point for further research to
determine the residual life, but first it is necessary to establish the maximum permissible small deviations of
the technical state of precision pairs and adjustments of fuel equipment.
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JOCJII)KEHHS 3AJIMIIKOBOI'O PECYPCY NMMAJIMBHOI AITAPATYPH JIU3EJIBbHUX
ABUI'YHIB MATEMATHYHHUM MO/JEJIIOBAHHAM BITPUCKY ITAJINBA

Ha ocnosi inoceneproi npakmuxu ocmannix 3-4 oecsamuaimo 6i00M0, nepesipeHo i 006e0eH0, Wo, 6
MO Yac K mamemMamuytni mooeni 3a0e3neuyroms HadiliHe ONUC Npoyecis, Yukiie abo Qizuunux aeuwy, 6
MeopemuyHUX OOCTIOJNCEHHAX Meopis MAnux 6Ii0XUleHb 6 YLIOMY Kpauje, HIdC Meopis MAnux 6i0XuieHs.
OYOb-aKuUll eKcnepumMenm no pecynioloduM XapaKkmepucmuKkam.

3 oensady ma mou axm, wo eci napamempu i xapaxmepucmuku iHOOI nog8's3aHi Mixc cobor
HENHIUHUMU  3ANeHCHOCMAMU, HEMOJICIUGO GUOLIUMU GNIUE MO20 YU IHWO20 NApamempa HA ULyKaue
3HAYeHHs, a Modce Oymu Hagimv HeOe3neuHo, AKWO apeymeHm oOemepminanma abo 1o20 noxiona mae
eKCMpemManbHi 3HAYEeHHA.

Bcemanoesneno ponv mamemamuuno2o Mooen08ants 0N BUSHAYEHHS 3ATUUKOB020 Pecypcy NATUBHOT
anapamypu OusenvHux o0seucynie. Taxooc 0OV10 Gi03HAYeHO, WO 01 O0CMOBIPHO20 ORUCY NPOYECis, WO
8i00y6aiombCsl 6 anapamypi 6NPUCKYBAHHS NATUEA, OOYINTLHO GUKOPUCIMOEY8AMU MEMOO MANUX GiOXUNIECHD.

Mamemamuuna Modenv  3aCHOBaHA  HA  GIOOMUX — (DI3UMHUX — 3AKOHAX, AKI — ORUCYIOMb
B3AEMO3ANECIHCHICMb 060X 2PYN NAPAMEMPIE: 3MIHHUX O8USYHA | nNapamempis NPOOYKMUSBHOCMI - SK
6cepeduni epyn, max i midxc humu. Tlokazanuil nepexio KiacuuHux oupepenyianoHux pieHsaHb, o ONUCyioms
npoyecu noodayi i 6NOPCKYSAHHA NAAUEA 3 YPAXYEAHHAM GUIMOKIE NAAUSA 6 MOYHUX NApax, 00 PIiGHAHb 3
MaAUMU 8iOXUIEHHAMU NAPAMEMPIB.
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Ilpogedeno ananiz Kopensyiil Midc napamempamu YnpucKy8anHts, nooayi naied i UMoKy nauea i
BU3HAYEHI HaubLtbw sadxciugl napamempu. 3HaiidoeHo Koeghiyicumu enaugy i nobOy006aHi Kopeaayii midc
Koeiyienmamu 6naugy i 6i0n0GIOHUMU napamempamu. 3Hatioeni Kopenayii GUKOPUCTNOBY8AIUC Ol ONUCY
BIIUBY MEXHIYHO20 CMAHY NPeyusitHUX nap Ha NOKA3HUKY pobomu osucyHa. Bcmarnoeneno xopenayii midxc
3MIHOIO CXeM YHPUCKYBAHHS | HEGeIUKUMU GIOXULEHHAMU NAPAMEMPI8, W0 ONUCYIOMb MEXHIYHUL cmau
npeyusitiHux nap.

Knrouoei cnosa: nanusHa anapamypa, OuselbHUll O08USYH, MamemMamuyHe MOOeN08aAHHS,
6HOPCKYBAHHS NANIUBA, MEXHIUHUL CIMAH, OUpepPeHYiaNbHT PIGHSIHHS.

@. 56. Puc. 9. JTim. 26.

NCCJEJIOBAHUE OCTATOYHOI'O PECYPCA TOIIVIMBHOM AIIITAPATYPBI
JU3EJBbHBIX IBUT'ATEJEN MATEMATHYECKUM MOJIEJIUPOBAHUEM BIPBICKA
TOII/IUBA

Ha ocnose unoicenepnoii npaxmuku nocieowux 3-4 Oecamuiemuil u36eCmHO, NPOSEPEHO U
00KA3aHO, 4mMo, 6 MO 6peMsi KAk Mmamemamuyeckue Mmooenu 00ecnequsaronm HAaA0eHCHOe ONUCAHUe
npoyeccos, YUKIO8 UL QUBUYECKUX SGNeHUL, 6 MeOPemuYecKuUx UCCIe008AHUIX MeopUs MAalblx
OMKNOHEHUTl 6 YeloM NpeOnoumumesnbhee, 4em meopus MaiblX OMKIOHEHUN. 000U IKCNepUMeHm no
pe2yaUPYIOWUM XAPAKMEPUCTRUKAM.

Yyumuleass mom ¢paxm, umo ece napamempul u XapaKkmepucmuKku UH020d CE53aHbl MewHcdy coboll
HEeMUHEUHbIMU 3A6UCUMOCHISIMU, HEGOZMOICHO BbLOCTUMb GNIUSHIUE MO20 UU UHO20 NAPAMEMPA HA UCKOMOE
3HAYeHUe, a Modicem Oblmb 0axdce ONACHO, eClU APSYMEHm OeMEPMUHAHMA UMY €20 NPOUZBOOHAsL UMeem
IKCMPEMATbHBIE 3HAUEHUSL.

Yemanoenena pons mamemamuueckoeo Mooemuposanus 0isi OnpedeneHuss OCMamouHo20 pecypca
MONAUBHOU annapamypvl OuzeibHvlx osucameneu. Takoice OblI0 ommeueHo, 4mo 0. 00CMOBEPHO20
ONUCAHUSL NPOYECCO8, NPOUCXOOAWUX 8 ANNApamype GNPLICKA MONIUBA, Yeleco0Opa3HO UCHOAb308AMb
Memoo MARbIX OMKAOHEHUIL.

Mamemamuueckas MoOenb OCHOBAHA HA U3BECTHBIX (PUBUYECKUX 3AKOHAX, KOMOPbIe ONUCHIBAIOM
63AUMO3ABUCUMOCb  08YX  2DYNN  NAPAMEMPO8.  NEPEMEHHLIX — dgueameiiss U Napamempos
NPOU380OUMENLHOCINU - KAK GHYMPU SPYIN, MAK U MENCOY HUMU.

Toxazan nepexod knaccuueckux OUGHepeHyuanbHbIX YPAGHEHU, ONUCHIBAIOUUX NPOYECCHL NOOAYU
U BNPBICKA MONUBA C YUEeMOM ymeueK MONIUGd 6 MOYHbIX NApax, K YPAGHEHUSIM C MAbIMU OMKIOHEHUSMU
napamempos.

Ilposeden ananuz Koppenayuil mexcoy napamempamiu 6npulcKda, nooauu MONAuéa u Ymeuku
monausa u onpedeneHvl Haubonee eadicuvie napamempol. Hatioenvl Koapuyuenmol 61usHUs U HOCMPOEHbL
KOppensiyuu mMexcoy Koapuyuenmamu euusHUS U coomeemcmseyrowumu napamempamu. Hatioennvie
KOppensiyuu UCNOAb308AAUCL OJI ONUCAHUSL GUSHUSL MEXHUYECK020 COCMOSHUSL NPEYUSUOHHbIX nap Ha
nokaszamenu pabomei O08ueamens. YcmawosneHvl Kopperisyuu Mmexcoy USMEHeHUeM CXeM GNpulcKad U
HeOONbUIUMU OMKTIOHEHUSMU NAPAMEMPOS, ONUCHLEAIOWUX MEXHULECKOe COCMOSHUE NPEeYUSUOHHbIX nap.

Knrouegvie cnosa: moniusHas annapamypa, OUu3elbHbulll 08U2amenb, MamemMamuiecKoe
MOOenuposaue, 6NpyiCK MONIUBA, MEXHUUECKOe COCMOosIHUe, OupghepenyuanvHble YPaeHeHusl.

@. 56. Puc. 9. Tum. 26.
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