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Найкращі значення адгезійної міцності 

показали зразки, отримані при роботі магнетронній 

розпилювальної системи в режимі постійного 

струму при тиску 8,8 · 10-2 мбар. Причому ці зразки 

показали найкращий результат за весь час 

досліджень. Всі подальші дослідження 

проводилися з параметрами режиму, які показали 

найкращий результат за адгезійної міцності. 

ВИСНОВКИ 

1. Отримані результати вимірювання 

адгезійної міцності покриттів дозволяють говорити 

про можливість використання обраних режимів для 

нанесення підшару титану в якості адгезійного 

підшару під матеріали, які використовуються при 

пайку компонентів (мідь, олово-золото і ін.). 

2. Нанесення плівки методом пароструйного 

осадження в кластерному режимі роботи джерела 

дозволяє отримувати покриття з Швидкістю 

нанесення до 2 мкм / с на локальній ділянці 

підкладки. Така товщина покриття забезпечується 

на ділянці шириною 2 мм навпроти центру сопла 

джерела. 

3. Для збільшення адгезійної міцності 

покриттів міді на підкладках оксиду алюмінію 

необхідно використовувати адгезійний підшар, 

наприклад, підшар титану. Використання такого 

підшару приводить до збільшення адгезійної 

міцності в 10 і більше разів. 

4. Режими роботи магнетронної 

розпилювальної системи і параметри 

технологічного процесу істотно впливають на 

адгезійну міцність одержуваних покриттів. 

5. Найкращі результати адгезійної міцності 

отримані при нанесенні адгезійного підшару при 

роботі магнетронній розпилювальної системи в 

режимі постійного струму при тиску у вакуумній 

камері 8,8 · 10-2 мбар.  
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МОДЕЛЮВАННЯ ШУМОВОГО ЗАБРУДНЕННЯ БІЛЯ ЗАЛІЗНИЦІ 

 

Summary. Noise from railway transport is a relevant problem from the point of view of people health. Now, in 

Ukraine, the railway traffic infrastructure has the period of development. It is important to predict railway transport 

noise impact in case of changing of transport infrastructure. Existing in Ukraine predictive models are based on 

empirical formulae which were obtained long ago for specific conditions and do not take into account some important 

factors. So, these models can’t be used for existing problems which are connected with railway transport noise. The 

aim of this work was development of numerical predictive model to forecast noise from railway transport. The model 

is built on the numerical integration of wave equation for acoustic pressure. Some results of numerical experiment 

are presented. 

Анотація. Шум від залізничного транспорту є актуальною проблемою з точки зору здоров'я людей. 

Зараз в Україні інфраструктура залізничного руху має період розвитку. Важливо передбачити вплив шуму 

на залізничному транспорті у разі зміни транспортної інфраструктури. Існуючі в Україні прогнозні моделі 

базуються на емпіричних формулах, отриманих давно для конкретних умов і не враховують деяких важливих 

факторів. Отже, ці моделі не можна використовувати для існуючих проблем, пов’язаних із шумом 

залізничного транспорту. Метою даної роботи була розробка чисельної прогнозної моделі для прогнозування 

шуму від залізничного транспорту. Модель побудована на чисельному інтегруванні хвильового рівняння для 

акустичного тиску. Представлено деякі результати чисельного експерименту. 

Key words: sound barriers; numerical simulation; railway transport 

Ключові слова: звукові бар’єри; чисельне моделювання; залізничний транспорт 

 

Introduction. The noise from railway transport 

has a negative effect on the environment and creates 

acoustic discomfort for the people. Locomotives and 

wagons are among the most significant sources of this 

noise. In addition, the impact of the wheels on the joints 

of the rails, the sound of brake rods, etc. make a certain 

contribution. In this regard, much attention was paid to 

the problem of forecasting traffic noise and methods of 

dealing with it [1-7]. Worthy of note that mathematical 

modeling of noise pollution from trains is a difficult 

problem. Now to solve it Navier–Stokes equations are 

widely used [1-7]. For practice, it is necessary to have 

quick computing mathematical models to use the 

models widely in every day practice. 

In fact, in Ukraine, empirical formulae [8] are used 

to estimate the intensity of noise from different trains. 

For example, the maximum noise level from a freight 

train is estimated using the following formula [8]: 

𝐿𝐴макс = 79,4 + ∆𝐿𝐴стик + 0,233𝑉,  (1) 

where V – average estimated speed of trains; LAстик 

– amendment in dBA, taking into account the type of 

railway track; is determined in accordance with [8]. 

For passenger trains the maximum noise level is 

calculated as: 

𝐿𝐴макс = 82,4 + ∆𝐿𝐴стик + 0,12𝑉 (2) 

Empirical models like these have additional 

formulae which help to «adjust» the model to some 

specific situations, for example, to take into account 

effect of some obstacles on sound level near the train 

track. Empirical models allow quickly assess the level 

of noise pollution. Worthy of note that empirical 

models like equations (1), (2) give sound level value 

only in one point near the railway track. This is a point 

which is situated 25m far from the railway track. These 

models can’t give information about sound level in 

another point which is situated at another distance from 

the track. These models can’t predict sound field which 

is formed near the railway track. 

Therefore, at present, the development of other 

mathematical models which allow to take into some 

important factors are of great interest. 

The aim of this work is to develop a quick 

computing numerical model for the estimate the sound 

pressure field near the railway. 
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Goal. The goal of this paper is development a 

numerical model for quick computing of sound 

pressure field near the railway, where sound barriers are 

used. 

Mathematical model. To simulate sound pressure 

field from the railway transport we used wave equation 

for pressure: 

𝜕2𝑃

𝜕𝑡2 = 𝑎2 (
𝜕2𝑃

𝜕𝑦2 +
𝜕2𝑃

𝜕𝑦2),  (3) 

where а is sound speed; Р is pressure; x,y are 

Cortesian coordinates; t is time. 

Initial condition is: P=0 in the computational 

region. We set P=0 at the right and left boundaries of 

the computational region and ∂P/∂n=0 (here, n is the 

internal normal to the boundary) at the solid internal 

boundaries. 

Numerical models. For the numerical integration 

of equation (1) we used the following difference 

scheme [9]: 

𝑃𝑖,𝑗
𝑛+1−𝑃𝑖,𝑗

𝑛 −𝑃𝑖,𝑗
𝑛−1

∆𝑡2 = 𝑎2 𝑃𝑖+1,𝑗
𝑛 −2𝑃𝑖,𝑗

𝑛 +𝑃𝑖−1,𝑗
𝑛

∆𝑥2 + 𝑎2 𝑃𝑖,𝑗+1
𝑛 −2𝑃𝑖,𝑗

𝑛 +𝑃𝑖,𝑗−1
𝑛

∆𝑦2 .   (4) 

This is three time layers explicit difference 

scheme. To start integration we must set pressure value 

at two time layers. 

To simulate the complicated geometrical form of 

the computational region we used «markers» (porosity 

technique). In this case we separate computational cells 

where we integrate wave equation from the cells which 

represent internal boundaries of the computational 

region (figure 1). This technique allows to make 

quickly the geometrical form of the region where we 

want to study the acoustic regime. 

 

 
Fig. 1. Sketch of computational region: 1 – boundary of the hill; 

2 – markers which indicate the train position (source of noise) 

 

To simulate the source of noise (for example, 

locomotive) we choose the internal subregion where 

the source of noise is situated. The internal boundary 

covers this subregion. In this subregion we set a number 

of point sources having constant sound pressure P. We 

may say that in this subregion we have the internal 

Dirichlet condition. 

We developed code to perform numerical 

experiments. FORTRAN language was used to develop 

code. 

Results. The developed numerical model was 

used to solve the model problem. A notch is considered 

where the railway track passes (figure 2). 

 

 
Fig. 2. Sketch of computational region: 

1 – internal boundary for source of noise; 2 – vertical barrier; 3 – «wing» 
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Three scenarios are considered. The first scenario 

– there is no sound barrier near the railway track. The 

second scenario – there is a vertical sound barrier near 

the railway track. The third scenario – the vertical 

sound barrier which has a wing (figure 2). 

Figures 3-5 show dimensionless sound pressure 

field near railway track for each scenario. 

 

 
Fig. 3. Dimensionless sound pressure field near railway track, 

t=0.008s (scenario #1: no barriers) 

 

 
Fig. 4. Dimensionless sound pressure field near railway track, 

t=0.008s (scenario #2: vertical barriers) 

 

 
Fig. 5. Dimensionless sound pressure field near railway track, 

t=0.008s (scenario #3: vertical barriers with wings) 

 

In figure 6 the acoustic pressure field calculated 

on the basis of the Laplace equation (potential flow 

model) is shown. If we compare figure 5 and figure 6, 

then we can see a significant discrepancy in the 

structure of the pressure field. The Laplace equation 

does not allow to take into account the interference of 

sound waves. 
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Fig. 6. Dimensionless sound pressure field near railway track 

(scenario #4: model of potential flow) 

 

In the table 1 the dimensionless value of the 

acoustic pressure at the receptor (see figure 5) is shown. 

Table 1. 

Dimensionless sound pressure at receptor point 

Scenario 
#1 

no barriers 

#2 

vertical barriers 

#3 

vertical barriers+ «wing» 

Sound pressure 7.8 3.9 2.7 

 

As can be seen from the table 1, application of a 

sound barrier with a wing reduces the sound pressure 

level at the point of interest. 

Next figures (fig. 8-10) illustrate acoustic pressure 

field in case when locomotive is situated on the top of 

the railway embankment (fig. 7). Three scenarios were 

considered: no sound barriers at the railway 

embankment (scenario #1); low sound barriers at the 

railway embankment (scenario #2); high sound barriers 

at the railway embankment (scenario #3). 

 

 
Fig. 7. Sketch of train at the railway embankment 

(https://nunatsiaq.com/stories/article/65674baffinland_railway_may_be_dead_pond_inlet_group_declares/) 

 

 
Fig. 8. Dimensionless sound pressure field near railway track (scenario #1: no barriers) 
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Fig. 9. Dimensionless sound pressure field near railway track (scenario #2: low barriers) 

 

 
Fig. 10. Dimensionless sound pressure field near railway track (scenario #3: high barriers) 

 

It can be seen from fig. 8-10, that complex sound 

pressure field is formed in the computational region. 

Interference of waves creates this picture of sound 

pressure distribution. 

It should be noted that solving the problem 

requires 3 seconds from computer time. 

Scientific novelty and practical significance. 

Developed numerical model allows to compute sound 

pressure pattern near the railways taking into account 

complex terrain and sound barriers installation. Results 

of numerical experiment are presented. 

Conclusions. A numerical model was built to 

simulate sound pressure near the railway track. The 

model is based on the explicit difference scheme which 

was used for integration of wave equation for sound 

pressure. The model allows to simulate train traffic 

noise with account of geometrical form of terrain. The 

model takes little computation time to perform 

numerical experiment. 

Further improvement of the model should be 

carried out in the direction of creating a 3D numerical 

model. 
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