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Abstract. To determine the diagnostic parameters of the fuel system of engines of grain harvesters, 

technological and structural parameters of the technical condition were considered. The authors investigate the 

structural schemes of indicator connection of the purpose (performance) of the fuel system of engines and 

parameters of the technical state of its structural elements. For example, we consider the modal structure 

diagram, which characterizes the fuel system of grain harvester engines and parameters of the technical state of 

their structural elements. For example, we consider the modal structure diagram, which describes the fuel system 

of the engines. At the highest level there are parameters that describe the process of fuel supply and directly 

determine the characteristics of injection, or the law of fuel supply. On the lower levels there are parameters that 

characterize the technical state of the most important elements of the fuel equipment. They are used for 

elemental diagnostics. Experimental studies of vibration characteristics of nozzles of diesel engines have shown 

that the energy vibration nozzles manifested most actively at the frequency from 5 kHz to 10 kHz. Application of 

Hilbert’s conversion to vibration analysis has made it possible to use the ability to control the identity of nozzles 

and identify defects, such as breakage of nozzles and spray gun hangs. When the injection pressure changes from 

27.0 MPa to 8.0 MPa, signal duration, which is measured between the front and rear fronts with maximum 

amplitudes, decreases 2 times. Application of technological cards together with diagnostic means will allow in 

1,5 times to cut down the technical equipment due to technical problems at expense of preventing bursts and 

reducing the fuel consumption by 5-10 %. The range of sensors for diagnostics of diesels, the basic electric 

circuit of the tool for measuring the angle are developed for fuel supply, the requirements for the computerized 

system for bench diagnostics of the fuel equipment. 
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Introduction 

Technical diagnostics of the fuel system of the engine is an important link in the system for 

controlling the reliability of combine harvesters [1]. Knowledge of the technical state of the fuel 

system of the combine engine at any time allows it to be used with the highest efficiency, to determine 

the amount of work during maintenance and repair [2]. 

To do this, first of all, diagnostic tools and the diagnostic technology are needed, taking into 

account new combine harvester models [3]. 

Creation of a database of diagnostic tools should be carried out on the basis of dynamic diagnostic 

methods [4], which allow to use for diagnostics the parameters of working processes that directly 

characterize the state of the object; electronic diagnostic tools are developed [5]. This is especially true 

with simultaneous work in the direction of mutual adaptation of the means and combines to the 

diagnosis [6]. This requires the appearance of combines equipped with on-board diagnostics based on 

built-in sensors and electronic equipment [7]. 

The urgency of the work is to increase the technical readiness of combines, reduce the fuel 

consumption and engine power losses due to timely diagnostics of the fuel system of the engine and 

troubleshooting [8]. 

Materials and methods 

To examine the mechanisms of vibroacoustic processes arising in the nozzle during fuel injection, 

two main factors were determined: shock effects of the needle of the sprayer during its lifting and 

landing and hydrodynamic phenomena; the fuel supply process was analyzed in the outlet section of 

the fuel line near the nozzle [9]. 

In the analysis it was taken into account that in the process of fuel supply from the pump to the 

nozzle with the speed of sound passes the primary pressure wave, and the jump-like transition of the 

section of the injection fuel to the passage sections of the spray holes leads to a hydraulic impact [10]. 

At the time of fuel injection through spray holes, the fuel flow had a turbulent character [11]. This 

caused pulsation of both the flow velocity and the pressure that had a fairly wide range of 
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amplitudes [12]. In the analysis of processes, we take into account the developments [13]. In general, 

the results of the analysis revealed the possibility of diagnosing injectors on a diesel engine by 

vibroacoustic characteristics, obtaining initial data for selection of measuring and recording 

equipment, and developing a method of experimental research [14]. 

It should be pointed out that the state of the plunger pairs of the high-pressure fuel pump affects 

the nozzle processes. The valve in the closed position has greater impact on the signal, however, that 

impact is still minimal. Firstly, the engine is V-shaped. Secondly, the frequency of the valve closure 

has a lower oscillation frequency (approximately 6-8 kHz). 

Vibroacoustic diagnostics showed that the neighboring injectors do not affect the nozzle operation 

signal because of the wave velocity. The injectors do not actuate simultaneously. In addition, the speed 

of ultrasound propagation in steel is about 5.8 km·s
-1

. Taking into account the construction and 

placement of the injectors on the engine and the time among pulses of neighboring injectors, the signal 

will go this distance for about 100 times. 

The experimental installation for the research in vibration characteristics of diesel nozzles was 

created on the basis of a computerized measuring device. Signal processing programs, a nozzle testing 

device and a bench for adjusting the fuel equipment with a stand fuel pump and a set of fuel lines. The 

vibration accelerator sensor was mounted on the nozzle with a special clamping device. 

The experimental installation ensured creation of the required high-speed mode and measurement 

of fuel supply with an injector. The program of signal processing is carried out on the computer record 

of the signal from the accelerator sensor and its processing in the mode of spectral analysis of 

oscillations [15]. 

At the first stage of the experimental research, an injector with an accelerometer was installed on 

a bench for adjusting the fuel equipment. The signal from the sensor was fed to the input/output board 

of the L-1250 signals. Signal registration was carried out at band-filtering with a 9 kHz bandwidth 

filter, focusing on the range of vibration of the jet from 7 to 16 kHz. The signal was recorded to the 

computer memory buffer. 

With the help of spectral analysis of vibration of the nozzle, the range of frequencies was 

specified, in which the energy of vibrations is most actively displayed. In the course of the research, 

the speed of the camshaft of the fuel pump varied from idle speed to nominal, and the injection 

pressure was in the range of 13 to 25 MPa. In the processing of the input signal, the influence of the 

nozzle defects on the amplitude and the phase parameters of the signal, as well as on the vibration 

spectrum of the nozzle, was analyzed. 

At the second stage, research was conducted on the engine of the “Slavutich” combine harvester 

using a vibration accelerator sensor and a computerized system. The processing of signals was carried 

out in accordance with the method used for bench testing. The signal recording was carried out at the 

nominal value of the injection pressure and in simulation of such defects as breakage of the spring and 

freezing of the spray needle in idle mode. Particular attention was paid to filtering the signal to provide 

diagnostic information. For the analysis of vibration signals, the transformation (transformation) of 

Hilbert was used and an option was chosen that allowed the localization of the component of the 

spectrum containing the diagnostic information. 

The nozzle is one of the main elements of the fuel equipment, which affects the formation of the 

injection characteristics, and especially its final phase. Therefore, estimating the efficiency of nozzles 

directly on the diesel engine will allow to timely prevent violation of the fuel supply process. One of 

the possible directions of searching for diagnostic methods is the use of vibroacoustic processes that 

occur in the nozzle when fuel is injected. The main factors that cause such processes are the impact of 

the needle spray, when it is raised and lowered, and hydrodynamic phenomena in the process of fuel 

supply. Consider the mechanism of occurrence of these vibroacoustic processes. 

After the pressure wave generated at the pump runs through the fuel line, the pressure in the 

cavity of the sprayer rises. As soon as this pressure begins to exceed the pressure of the beginning of 

the needle lift, it separates from the saddle. From that moment on the pressure acts on that part of the 

needle, which until the lifting of the needle was closed saddle. This leads to a sharp increase in the 

speed of the needle lift from 1.6 to 2.2 m/s. Moving the needle with such a speed and the shock nature 

of its lifting and landing cause intense coincidence and vibration of the nozzle body. 
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Using the method of hydrodynamic calculation of the fuel supply process and considering the 

equation of the boundary conditions for the initial cross section of the fuel line (near the nozzle), you 

can write the equation of motion of the needle spray in this form: 

 ( )( ) ( ) ,'''
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where δpr – stiffness of the spring, N·m
-1

; 

 mg – needle weight, kg; 

 hg – needle lift, m; 

 hpr – preliminary compression of the spring, m; 

 fg – cross-sectional area of the needle, mm
2
; 

 fg
’
 – area determined by the seat diameter of the needle cone, mm

2
; 

Рf, Pfo – fuel pressure in the cavity of the sprayer above the stop cone current and at the 

moment when the needle is started, MPa; 

 P
/
f – pressure between the shutter cone and spray nozzles (counter pressure), MPa; 

 t – time, s. 

From the above equation (1) it can be seen 
2

2

dt

hd
m

g

g  that the value that determines the intensity 

of the needle’s impact upon reaching the stop will depend on the effort of the previous tightening of 

the nozzle spring Pz = δprhpr. 

Thus, the oscillatory processes in the nozzle, which are caused by the shock effects of the needle, 

are due to the tightening force of the spring of the nozzle. Therefore, the change in Рz during the 

operation will directly affect the parameters of the vibration signal. 

Analysis of works in this direction [7;14] shows that the energy of vibration of nozzles most 

actively manifests itself in the frequency range from 12 to 18 kHz. The frequency of intrinsic vibration 

of the nozzle is in the ultrasonic frequency range. However, the authors are ambiguous in the impact 

of the needle spray on the vibration characteristics of the nozzle. The most practical, from a practical 

point of view, is the use of the vibration characteristics of the nozzles to assess the identity of their 

operation on the diesel engine, to determine the angle of advance of the start of the injection, to detect 

failures, such as breakage of the nozzle spring and freezing of the spray needle. 

The research was conducted to use vibration characteristics to assess the technical condition of 

nozzles. For this purpose an experimental installation was prepared (Fig. 1). 

   

Fig. 1. Experimental installation and stand of vibroacoustic diagnostics 

The study used a standard diagnostic kit for diesel engines, namely: two ultrasound transducers 

and a low-pass sensor mounted on the engine head; a sensor of a “diesel” binder and a high frequency 

sensor mounted on each high pressure fuel line and nozzle, respectively. The aim was to determine the 

dynamic performance indicators of the fuel pump plunger and the operation of the nozzle of the 

selected section. Experiments were conducted for each engine cylinder separately, which made it 

possible then to compare the results between them. 

The general picture of the performance indicators of the first section of the fuel pump and the first 

engine cylinder jet is shown in Fig. 2. 
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Fig. 2. Indicators of operation of first section of fuel pump and first cylinder engine jet 

For a more detailed analysis of the results, we have identified and left on the screen only those 

sensor values that are needed for the study, which can be seen in Fig. 3. 

 

Fig. 3. Indicators of sensors for binding diesel (bottom) and high frequency sensor (on top) 

According to the results of the taken indices, the tensile time of the fuel spray nozzle, which was 

on average 1.5...2 ms. depending on the operating mode of the diesel engine, was estimated. The time 

of transfer of pressure from the plunger to the nozzle is 0.47 ms. 

Having removed the figures from the fuel system of the diesel engine, the following conclusions 

came. The shut-off valves of the fuel pump plunger are not in the best condition, this is said to be 

uneven sensor displays. This indicates that the valves already have certain deposits. It is also possible 

to say with certainty that the valve status is closely linked to the quality of modern diesel fuel. The 
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spray nozzles have a marked cramming of seats, which is reflected on the oscillogram in smoother 

features of the opening and closing of injectors, when the new features are as sharp as possible. 

More thorough research was carried out on the diagnostic parameters of the engine nozzles. 

Analyzing the operation of the nozzle according to the high frequency sensor, it is evident that when 

the nozzle opens, it behaves rather quietly, moving components (needle) do not have shock contacts 

with other parts of the design. Such work is provided primarily by countering the nozzle spring and 

centering the spray needle with the pressure of the injected fuel. After the characteristic fuel injection 

into the combustion chamber, the injector closes, which is characterized by a powerful splash of the 

high-frequency components of the indicators. This is due to the very essence of the injection at the 

moment. The nozzle should maximally sharply complete the injection process, depending on the flow 

of fuel in the sprayer. If the nozzle does not close quickly enough, the fuel remains in the spray gun, 

which in the future will affect the coke of the spray, which leads to violation of the spark ignition and 

burning of fuel. As a result, the toxicity of the exhaust gases of the engine increases. These all factors 

entail a loss of powerful characteristics and increased fuel consumption by the engine, which in the 

future will necessarily affect the cheap repair of fuel equipment. 

Having examined the work of the nozzles of the second cylinder, a defect was found, namely: 

coking the seat of the needle sprayer. This is evident from the oscillogram depicted in Fig. 4: the 

absence of sharp bursts of closure of the nozzle marks the difficult movement of the spray needle and 

the unclear completion of the process of fuel injection into the combustion chamber. 

Fig. 4. Work of second cylinder nozzle 

Characteristics of the third cylinder nozzle are shown in Fig. 5. The nozzle has somewhat 

overestimated closing energy by the high frequency signal of the sensor, indicating that the needle is 

pinched and its seat is activated. 

Fig. 5. Work of third cylinder jet 

On the sensor signal, as in the Hilbert transform, there are clearly two characteristic vibro-pulses 

that correspond to the lifting and planting of the spray needle. With an increase in the frequency of 

rotation in 2 times, the amplitude of the first vibration impulse increases. At the next stage, the failure 

of the spring of the nozzle was imitated by a decrease in the pressure Pf from 27.0 MPa to to 8.0 MPa. 
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The position of the rail of the pump remained unchanged. In the mode n = 300 min
-1

, the amplitude of 

the second vibrational pulse decreased by 1.5 times. With an increase in the frequency of rotation at 

such a defect, the amplitude of the first vibration impulse increases by 6 times, and the second 

vibrational pulse disappears, even visually reflecting such a malfunction of the nozzle. 

One of the implementations of vibration of the nozzle during the hole of a spray needle. The 

tightness of the sprayer is unsatisfactory; the cyclic feed has decreased to 8.7 mm
3
/cycle. Such a defect 

results in significant changes in the signal of the vibration sensor. Its duration increases 3 times, and 

the amplitude decreases by 4 times. These changes also reflect the Hilbert’s conversion. The decrease 

in the amplitude of the vibration signal is due to the fact that, when the needle is in a stale state, the 

fuel enters the spray holes without delay. As a result, the pressure decreases before the spray holes, 

which reduces the velocity of the turbulent motion of the particles of fuel, which also determines the 

energy of vibration of the nozzle. A similar phenomenon is observed in the case of weakening of the 

tightening of the spring due to its breakdown. Fuel, practically, freely passes through the sprayer. With 

an increase in the speed of a sharp increase in the fuel pressure, the intensity of vibrations increases. 

Results and discussion 

In general, the results of the conducted experiments indicate the possibility of assessing the 

identity of the nozzles and detecting such defects as breakage of the spring and freezing of the needle 

spray vibration acoustic parameters. 

On the basis of consideration and analysis of the existing diagnostic technologies, a list of 

diagnostic parameters of the technical condition of the diesel fuel equipment is given in Table. 

Table 

Diagnostic parameters of the technical state of the fuel system 

Fuel system and its 

components 
Parameter name 

Fuel pump Bulk fuel consumption. 

Setting angle of the beginning of injection (supply) of fuel. 

The starting angle for fuel injection 

Revolutionary regulator Frequency of rotation of the crankshaft (minimum, maximum). 

Uneven frequency of rotation of the crankshaft 

Automatic fuel outflow 

coupling 

Change the starting angle of the fuel supply 

Plunger pair Pressure that develops a plunger pair at the starting speed 

Pressure valve Tightness 

Nozzle Injection pressure 

Fuel suction pump Pressure before the filter of fine fuel cleaning during crankshaft 

scrolling of the launcher and off fuel feed. 

The maximum pressure that the pump develops with the running 

outlet 

Filter for fine fuel 

cleaning 

Pressure at the inlet to the filter when the fuel is fed manually by a 

suction pump and an open outlet from the filter 

The sequence of diagnostics of the fuel system of combine engines depends on specific 

production conditions, accepted organizational forms of maintenance, availability of diagnostic tools 

and other factors. In general, the diagnostic process is constructed in such a way as to avoid 

performing unnecessary work and unnecessarily loading the process with simple prophylactic 

operations. The basic principle is that a deep check of the state of the components of the machine must 

be performed only in the case of a real need. Otherwise, they are limited to a general check of the 

quality of functioning of the components and the state of adjustment of parameters. 

The computerized diagnostic system of the combustion engine fuel system includes the following 

requirements: 

1. analog input and I/O of digital information via a L-1250 type card; 

2. bit 12 (16) bit; 
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3. number of input channels – 16; 

4. range of input voltages – from 0.1 V to 10 V; 

5. presence of sensors for receiving pressure signals in the fuel supply system, the provisions of the 

top dead point of the camshaft pump, vibration sensors for information on the phase parameters of 

the fuel supply; 

6. recording and displaying on the monitor the characteristics of the pressure change in the fuel line; 

7. presence of amplifiers, signal switches, the ability to synchronize signals; 

8. signal processing program should provide digital filtering, signal integration, spectral analysis of 

signals from vibration detectors based on the Hilbert’s quick conversion. 

The composition and number of sensors are determined by a set of diagnostic parameters that are 

measurable, taking into account a number of technical requirements. 

Electronic resources, in our opinion, should be used, first of all, to measure the diagnostic 

parameters that characterize working of the diesel system. 

The diagnostic parameters that reflect the working processes, such as the characteristic of pressure 

change in the fuel line of high pressure, contain several diagnostic features. Thus, the residual pressure 

in the fuel line characterizes the state of the pressure valve and the needle of the sprayer; the velocity 

of pressure increase in the fuel line depends on the state of the plunger pairs. The maximum pressure 

determines the tightening pressure of the nozzle spring. 

At the same time, the characteristic of the pressure change in the fuel line contains signs of too 

different levels. So, the residual pressure and the maximum pressure in the fuel line can differ in 5-10 

times, which imposes rigid requirements on the sensors for accuracy and overload capability. 

Frequency range of the change of the diagnostic parameters of vibroacoustic processes in diesel 

jet nozzles is 10-20 kHz, parameters of working processes of 5-10 kHz. The oil pressure in the 

lubrication system has a pulsating pattern relative to the average level with a pulsation frequency of up 

to 40 %. 

The sensors must have a sufficiently high output signal, linearity of the output characteristics 

throughout the operating range, (1.5-2.0) – double load capacities and the stability of the output 

characteristics. 

In addition, the sensors demand interchangeability. This is especially necessary in the analysis of 

the identity of processes, such as the characteristics of the pressure change in the fuel line along the 

lines of injection. 

Conclusions 

1. Investigation of the vibration characteristics of the nozzles of diesel engines showed that the 

energy of vibration of the nozzle is most actively manifested at a frequency from 5 kHz to 

10 kHz. 

2. The use of the Hilbert’s conversion to analyze the vibration signal enabled it to be used to control 

the identity of the nozzles and to identify defects, such as breakage of the nozzle spring and 

freezing of the spray needle. When the injection pressure is changed from 27.0 MPa to 8.0 MPa, 

the signal duration, which is measured between the front and rear fronts with maximum 

amplitudes, is reduced by a factor of 2. 
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