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SYNTHESIS OF KINEMATICAL CONJUGATE SPATIAL GEARING
Assoc. Prof. Abadjieva E. PhD.1,2 , Prof. Sc. D. Abadjiev V. PhD.2
Graduate School of Engineering Science, Akita University, Japan1
Institute of Mechanics, Bulgarian Academy of Sciences, Bulgaria 2
abadjieva@gipc.akita-u.ac.jp1, abadjiev@imbm.bas.bg2
Abstract: This study contains main views and scientific principles of its authors, used as a basis for mathematical modeling, oriented to
the synthesis of kinematically conjugated spatial (hyperboloid) gear drives.
Keywords: SPATIAL GEARING, HYPERBOLOID GEAR DRIVES, KINEMATIC SYNTHESIS, MATHEMATICAL MODELLING

The main stage of the mechanical systems’ design, an object of
the Applied Mechanics and Theory of Mechanisms, is known under
the name Synthesis of Mechanisms. In the most common case, the
synthesis of mechanisms involves the following two general tasks
[1, 2]:

The successful implementation of spatial gear drives with new
kinematics and strength characteristics into industry is retained by
the absence of defined adequate approaches to the mathematical
modeling, oriented towards their synthesis and design. In their
studies over the years, the authors of this work have offered two
approaches for creation of a mathematical model for synthesis [2]:
upon a pitch contact point and upon a region of mesh.

• Choice of a structure of the designed mechanism by realizing a
structural synthesis.

2.1. Mathematical Modeling for the Synthesis upon a Pitch
Contact Point

• Design of the chosen kinematic scheme of the mechanism. This
task is known as a kinematic synthesis of the mechanism. Through
its solution it is possible to determine the constant geometric
parameters of the chosen structure of the mechanism, such to
satisfy its preliminary defined kinematic characteristics, like the
function of the law of motions transformation.

It is based on the assumption that all the necessary quality
characteristics, defining concrete exploitation and technological
requirements to the active tooth surfaces are guaranteed for only
one contact point Р (respectively and for its close vicinity) of the

1. Introduction

active tooth surfaces Σ 1 and Σ 2 (see Fig. 1) [2]. This model is
applicable to the synthesis of spatial gear mechanisms with both
point and linear contact. According to it, the common contact point
Р of the conjugated tooth surfaces Σ 1 and Σ 2 is a common

In case of the synthesis of spatial (hyperboloid) gears, the task
of structural synthesis is not solved, since the spatial transformation
of rotations is realized, as a rule, by three-link mechanisms with
high kinematic joints.

contact point of the circles

H ic (i = 1, 2) , called pitch circles

( H 1c : H 2c ) i.e., point Р is the pitch contact point. The tangent
plane Tm , which includes tangents to H ic (i = 1, 2) at point Р
is a pitch plane, and m − m is the pitch normal to the Tm at point
Р . In Fig. 1 a case of mutual placement of pitch circles in the fixed

Obviously, when it is talked about synthesis of gear mechanisms,
it should be understood that the task of kinematic synthesis has to be
solved. As for all mechanical systems and spatial gear mechanisms
as well, the results of solution of the mentioned task have to provide
to the designer an optimal amount of information in order to ensure
the realization of the next stages of gear sets’ design: (1)
development of the design project of the gear drive, which
determines a specific structural form of the mechanism, ensuring its
strength, reliability, durability, optimal efficiency and etc.; (2)
technological preparation of processes related to the production,
providing the planned technical and economic indicators of the
synthesized mechanics.

space, corresponding to the traditional constructions of hyperboloid
gear mechanisms with externally meshed tooth surfaces is

(i = 1, 2) of H ic (i = 1, 2) ,
together with the parameters ai , θ i , δ i (i = 1, 2) , δ and
aw determines the type of the construction and its dimensions,
illustrated. The diameters d i

The work realizes studies on conjugated hyperboloid gear sets
with linear tooth contact oriented to their kinematic synthesis.

2. Mathematical Modelling for the Synthesis
The main purpose of each transmission mechanism is to realize
with a necessary exactness a preliminary defined law of motions
transformation. Among the group of gear mechanisms, spatial threelinks gear drives, transforming rotations between crossed axes, are
essential for both industry and transport. The reason for this is that
they are characterized by the presence of large number of free
parameters and to search for suitable combinations among them
creates the opportunity, in the synthesis of the considered type
mechanisms, the desired exploitation characteristics to be obtained,
such as: high reliability and durability; low vibrational activity and
noiseless; high accuracy in realization of the motions transformation
law, high hydrodynamic loading capacity, etc. As a rule, the
positive technological and exploitation features of the spatial gear
mechanisms are result from higher requirements to obtain their
specific kinematic characteristics. All this determines a kinematic
character of the approach to the synthesis, and respectively
kinematic character of the created mathematical models.
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shape, and mutual position of the movable links in the fixed space
(in the coordinate systems S i (Oi , xi , yi , zi ) , (i = 1, 2) . At the
same time, these dimensions are related to the definition of the
longitudinal and cross orientation of the active tooth surfaces Σ i

(i = 1, 2) at the pitch contact point.
In other words, the pair of circles

( H 1c : H 2c ) has a direct

relation to determining the pitch of the teeth and, respectively, the
tooth module of the designed gear system. The parameters d i , δ i

(i = 1, 2) are the defining dimensions of the reference coaxial
rotation surfaces, i. e. the overall dimensions of the blanks of the
gears depend on them.
The parameters, mentioned above, are also used in determining
the dimensions of the mounting of the synthesized gear mechanism.
From the above, it follows that the mathematical model for
synthesis upon a pitch contact point ensures an algorithmic solution
of two basic problems:
•

Synthesis of the pitch configurations [2-4];

•

Synthesis of the active tooth surfaces [3, 4].

The necessary (preliminary defined) geometric characteristics of
the synthesized gear mechanism in a close vicinity of the pitch
contact point are found by solving these two problems together.
In conclusion, it should be pointed out, that the described here
approach to synthesis of spatial gears is based on the following
kinematical condition: The relative velocity vector

V12 = V1 − V2

i at point Р ) at the
pitch contact point Р has to lie both in the pitch plane Tm and in
the common tangent plane Tn of the tooth surfaces Σ 1 and Σ 2
contacting at Р , and this vector has to be oriented along the
( Vi is a circumferential velocity of the link

common tangent to the longitudinal lines of the active tooth
surfaces Σ i (i = 1, 2) .

Fig. 2 Program scheme for an optimization synthesis of a Spiroid gear pair

2.2. Mathematical Modelling upon Region of Mesh
When hyperboloid gear sets with a linear contact between the
tooth surfaces are synthesized, it is obvious that it is necessary to
control the quality of meshing characteristics over the entire region
of mesh or in a certain area for a specific reason. Such an approach
to the task for the synthesis requires the construction of an adequate
mathematical model. Its general kinematic scheme is shown in Fig.
2 [2].
Mathematical modelling for synthesis upon mesh region is not a
structurally universal. The reason for this is that the concrete
geometric and kinematic characteristics of the mesh region depend
on its placement in the fixed space, as well as on the geometric
characteristics of the instrumental tooth surfaces Σ J , that generate
the active tooth surfaces

Σ i (i = 1, 2) .

Fig. 1 Geometric and kinematic interpretation of the mathematical model

This mathematical model is suitable for application when:

H ic (i = 1, 2) - pitch
m − m - pitch normal to Tm at point Р ; Σ i

for synthesis based on a pitch contact point:
circles;

Tm

- pitch plane;

(i = 1, 2) - tooth surfaces, contacting at the point Р
It has to be noted that the considered approach for the basic
synthesis upon on a pitch contact point is described by the fact that
the created mathematical model and the worked out on it algorithm
are characterized with a universal structure for all types of
hyperboloid gear sets. The universalization of the algorithm can be
continued and at a certain stage it can be transformed into an
optimization synthesis’ algorithm by constructing criteria for
control of the quality of meshing in a vicinity of the pitch contact
point.
When the briefly described approach for the synthesis is
applied, then a mathematical model for synthesis of Spiroid gear
sets [5] is elaborated. On its bases is elaborated a computer program
for their optimization synthesis and design (see Fig. 2) [2].
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•

It is not possible to define the pitch circles, respectively
the pitch contact point;

•

the condition for the special orientation of the longitudinal
lines of the synthesized tooth surfaces is not mandatory or
cannot be kept;

•

the specific technological requirements has to be kept (for
example, when the same tool is used in the manufacturing
of gear sets, that realize different gear ratios, but based on
the same size blanks for the gear sets, housing details and
etc.).

In the basis of the mathematical modelling for synthesis of
spatial gear drives upon mesh region is the kinematic model of
surface of action /mesh region. Following this approach, we will
note that the optimization process, in its essence, is a determination
of both the optimal geometry and limitations on the mesh region, as
part of the action surface (Fig. 3).

ρ 1, p = ρ 1, p (u ,ϑ ), n1, p .V12 , p = 0,
where

(3)

V12 , p is a relative velocity vector in an arbitrary contact

point.
When the equation systems (3) is written in the fixed coordinate
system S (O, x, y , z ) , then the mesh region is obtained as a locus
of the contact lines between

Σ1

and

Σ2

in the fixed space:

x p = x p (u ,ϑ ),
y p = y p (u ,ϑ ),
z p = z p (u ,ϑ ),
n1, x = n1, x (u ,ϑ ),
p

p

n1, y = n1, y (u ,ϑ ),
p

(4)

p

n1, z = n1, z (u ,ϑ ),
p

p

[ x y z t ]T = M sp [ x p y p z p t p ]T ,
[n1, x n1, y n1, z ]T = Lsp [n1, x

p

n1, y p n1, z ]T ,
p

n1, xV12 , x + n1, yV12 , y + n1, zV12 , z ≡ f s (u ,ϑ ,ϕ1 ) = 0.
Here M sp and Lsp are correspondingly 4x4 and 3x3 transition

Fig. 3. Geometric-kinematic interpretation of the model for synthesis upon
mesh region:

Σ1

and

L1

- longitudinal line of

Σ 2 ; AS

Σ 1 ; D12

- contact line between

matrices from S p into

- action surface

coordinate system
link

the movable links ( i = 1 - pinion), is known. Let it be presented by
its vector equation:

ρ 1, p is

Σ 1 in the coordinate system

Σ1 .
The equation (1) also describes the generating tooth surfaces
Σ 2 of the second movable link ( i = 2 ), instrumental
surfaces Σ J ≡ Σ 1 . Let’s accept that on Σ 1 are no folds and
interruptions, i.e. of this surfaces the following condition is
accomplished:

∂ρ 1, p
∂u

×

∂ρ 1, p
∂ϑ

≠0 .

Here n1, p is a normal vector in an arbitrary point of

singular points of second order (undercutting points) are
registered and eliminated;

•

singular points of first order (ordinary nodes of contact) are
registered and eliminated;

In many cases the synthesis of spatial gear drives with crossed
axes is appropriate to be realized by combination of the two main
approaches for synthesis [2]. The general strategy of such approach
is based on:

S p (O p , x p , y p , z p ) , fixed to the pinion; u , ϑ - parameters of

n1, p =

•

• the orientation and placement of the contact lines on the mesh
region is chosen, in order to achieve the maximum loading
capacity and coefficient of efficiency.

(1)

a radius-vector of

i =2.

In general, the defined geometry, dimensions and placement of
the mesh region in the fixed space, as a part of the action surface,
are the optimal ones, if:

In order to illustrate this approach to the mathematical
modelling, let us accept that Σ 1 - the active tooth surface of one of

where

Σ 1 can be written in the
S g (Og , x g , y g , z g ) of the second movable

Analogically, the contact lines on

As it has already been noted, when the spatial gear pair with a
linear contact is synthesized, it is necessary to control their quality
characteristics in the whole mesh region. The technology of the
tooth surfaces generation of these class gear mechanisms is based
on the second principle of T. Olivier. For this reason, the action
surface of every gear drive is defined through the active tooth
surfaces of one of the movable links of the three-link hyperboloid
gear mechanism.

ρ 1, p = ρ 1, p (u ,ϑ ) ,

S.

•

to construct such models, which allow that the basic geometrickinematic characteristics at the pitch contact point to be
determined.

•

establishment of system of criteria, which will control concrete
set of characteristics, that define different quality features for
the whole mesh region or at least for some limited and
preliminary defined part of it.

The approach to the synthesis upon a mesh region is offered by
the authors of this study, when the mathematical model and
computer program for synthesis of some less studied, not only in
Bulgaria, hyperboloid gear drives (gear mechanisms of type
Wildhaber) (see Fig.4) [2, 6,-10] are organized.

(2)

Σ1 .

In accordance with the kinematic approach to the synthesis,
through the direct application of the basic theorem of meshing [24], the contact lines on the active tooth surface Σ 1 can be defined,
i.e.
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3. Conclusion
The presented here study has evolved and improved over time.
As a result of the created computer programs, dozens of gear
mechanisms were synthesized [2, 6-10]: Spiroid, Helicon,
Wildhaber and Planoid. Some of these spatial gear drives have been
realized as industrial models, and many of gear sets of type Helicon
have been manufactured and implemented into various engineering
constructions. The theoretical and applied studies carried out are
accompanied by an active innovation activity related to the creation
of nine Bulgarian inventions registered in the Bulgarian Patent
Office [2].
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MECHANICAL DESIGN AND FINITE ELEMENT ANALYSIS OF A 3 UNIT CUBESAT
STRUCTURE
BsC. Güvenç, C. C., BsC. Topcu B., and Ph.D. Tola C.
Faculty of Aeronautics and Astronautics – University of Turkish Aeronautical Association, Turkey
guvenccerencansu@gmail.com
Abstract: The aim of this study is to design a 3 Unit CubeSat structure performing finite element analysis under static, dynamic and
thermal loads. The main idea of this process is to construct a 3U CubeSat main frame that can structurally endure launching process and
space environment. To accomplish the task, a 3U CubeSat structure is designed and standard loads that a 3 unit CubeSat structure has to
endure are obtained. After the selection of a suitable material, modal analysis, quasi-static launch analysis and thermal stress analysis
coupled with heat transfer analysis are accomplished in Abaqus environment. Finally, the results are evaluatedand endurance level of the
design is determined.
Keywords : 3U CUBESAT, STRUCTURAL DESIGN, FINITE ELEMENT ANALYSIS

Table 1: Material Properties of Al7075 T651 [4, 5].

1. Introduction
Cubesat is a cubic shaped small satellite which has a
dimension of 10x10x10 cm for a 1 Unit. However, some cubesats
are in the dimensions of 10x10x20cm which are called 2 Units,
10x10x30 cm are called 3 Units. The difference of its dimensions
is related about their specifications according to their missions.
Studies on cubesats started in 2001, but until 2013, most of
the universities studied on 1 Unit Cubesats to initiate their
subsystem development research on relatively small models.
Cihan, et. al. designed an innovative cubesat structure provides
flexibility for designers during the design, development and test
processes of 1U cubesats at 2011 [1]. Oh, et. al. peformed the
structural design and performed modal and quasi-static analysis
of a 1U cubesat [2]. Sekerere et. al. examined the structural
strength of a 1U cubesat and performed the modal analysis of it
[3]. After 2013, along with the increase in the work carried out
and change of wishes, multi-unit cube satellites began to be used,
especially 3U. As known, the studies of space are costly and the
environment of space is risky. As an engineer, the aim should be
both reduce of this cost and risk. To do this the choice of small
satellites are standing out.

Symbol

Definition

Value

Unit

E

Young’s Modulus

71.7

GPa

ν

Poisson’s Ratio

0.33

-

ρ

Density

2810

kg/m3

k

130

W/(m.K)

25.2

μm/(m.oC)

cp

Conductivity
Coefficient of Thermal
Expansion
Specific Heat

960

J/(kg. oC)

σyield_std

Yield Stress at 24 oC

503

MPa

σyield_hot

316 oC

45

MPa

0.81

-

α

ε

Yield Stress at

Emissivity

3. Finite Element Model
The finite element model of the cubesat geometry consisting
of 226271 nodes and 33764 hexagonal quadratic elements is
prepared in Abaqus 6.12 as it is seen from Fig. 2.

In this study, by considering that the importance of cubesats
for space applications and subsystem development, a 3U cubesat
structure is designed and analyzed using finite element method to
determine its natural frequencies and mode shapes, its stress level
during the launch period, its temperature distribution at the space
environment and thermal stress distribution of the satellite
governing from the temperature distribution.

2. Geometry and Material Properties
A 3U cubesat shown in Fig. 1 is designed in SolidWorks
environment. Cubesat panels are designed from Al7075 T651
material having 3mm thickness. Properties of the Al7075 T651 is
summarized in Table 1.
Fig. 2 Mesh structure of the 3U cubesat.

The model consists of assembly of the different panels so,
they are attached to each other from the certain locations in the
finite element model as it is in reality.

4. Modal Analysis
Natural frequencies of the 3 unit cubesat structure is designed
considering the excitation frequencies of the Polar Satellite
Launch Vehicle (PSLV). According to the vehicle’s
specifications, natural frequencies of the cubesat should not be
less than 35 Hz in longitudinal axis and 20 Hz in lateral axis [1].
At the same time, there will be high amplitude harmonic
frequencies are under the 100 Hz during the launching process
Fig. 1 Structural Geometry of the 3U cubesat.
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so, cubesat natural frequencies of the cubesat has to be more than
100 Hz in order to prevent resonance [6].

The structure’s top face has been fixed in Z axis to analyze
the worst case scenario and quasi static accelerations are applied
on the system (Fig. 5).

Modal analysis are performed using empty cubesat structure
in order to make a convervative analyse preventing extra stiffness
governing from the card structures. Results of the modal analysis
excluding the free body motion modes are summarized in Table
2.
Table 2: Modal Analysis Results.

Mode

Frequency [Hz]

1

232.13

2

326.54

3

461.72

4

546.04

5

645.17

Fig. 5 Boundary conditions and loads for quasi-static launch analysis.

Accortding to the results, the lowest mode is approximately
232.13 Hz (Fig. 3) and since this value is far beyond the crticial
treshold (100 Hz) it is acceptable.

According to the finite element analysis results, the highest
stress level on the cubesat structure governing from the launching
loads is determined as 453.548 MPa (Fig. 6). Detailed results can
be further examined from Fig. 7 and Fig. 8.

Fig. 6 Von Misses stress distribution due to launch [MPa].
Fig. 3 Mode-1 (232.13 Hz).

5. Quasi-Static Launch Analysis
During the launch phase, the cubesat has to endure the
acceleration loading governing from the launching process. In
order to determine the stress level on the cubesat due to these
acceleration loads, quasi static launch analysis are performed.
Polar Satellite Launch Vehicle, quasi-static launch loads are 11 g
in “z” axis and 6 g in both for “x” and “y” axes [7].
Within the content of the quasi-static launch analysis, masses
of the cards and the equipments belonging to each unit (1U) of
the cubesat are modeled as point mass assuming that the satellite
is fully loaded and they are conneted to the related portions of the
cubesat frame via couplings as illustrated in Fig. 4.

Fig. 7 Von Misses stress distribution on upper panels due to launch
[MPa].

Fig. 4 Locations of the point masses and connection of them.

Fig. 8 Von Misses stress distribution on a panel due to launch [MPa].
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Considering the yield stress of the material is 503 MPa for
standard atmospheric conditions, factor of safety value for the
quasi-static launch analysis is found as 503/453.548 = 1.1
approximately that is acceptable.

According to analysis results, highest temperature
distribution on the cubesat is encountered at t=2040s as it is
illustrated in Fig. 11.

6. Heat Transfer Analysis
Cubesat subsystems and structures have to endure harsh
space environment conditions such as radiation incoming from
the Sun, albedo reflecting from the Earth, and infrared energy
emitting from the Earth (Fig. 9). To determine the temperature
distribution of the satellite during its mission it is required to
perform a heat transfer analysis considering the worst case
scenario.

Fig. 11 Temperature distribution on the cubesat at t=2040s [ oC].
Fig. 9 Low Earth Orbit (LEO) heat fluxes [8].

Tempterature variation of the hottest node during an orbital
period can be examined from Fig. 12.

Selecting the orbital altitude of the cubesat as 600 km and
referencing the orbital calculations on Ref [8], period of the
cubsat is determined as 5801 s and total exposed time for solar
radiation coupled with albedo during a period is calculated as
2127 s. Heat fluxes corresponding to the solar radiation, the
albedo and the Earth infrared energy are taken into account as
1363 𝑊/𝑚2, 406 𝑊/𝑚2 and 237 𝑊/𝑚2 respectively. Therefore,
the heat flux loading illustrated in Fig. 10 is applied to the
cubesat.

Fig. 12 Temperature variation of the hottest node.

7. Thermal Stress Analysis
Thermal stress analyses are performed using the outputs of
the heat transfer analysis in order to find out the stress levels on
the cubesat frame governing from the thermal loads. Quasi-static
thermal stress analyse is performed within the content of this
work assuming that the cubesat temperature is increased from 25
oC to the temperature distribution was shown in Fig. 11.

Fig. 10 Variation of heat fluxes with time.

Application regions of the heat fluxes are selected as in Fig.
11 to simulate the worst case for the cubesat. In addition to the
heat fluxes on the cubesat surfaces, the satellite is emitting
radiation as a result of its temperature from its outer surfaces.

According the analyse results, thermal stresses govering from
the temperature variation is shown in Fig. 13.

Fig. 10 Heat flux application surfaces on the cubesat.

Assuming that the initial temperature of the cubesat is 25 oC,
a transient heat transfer analyse having a resolution of 60 seconds
is performed to find out the highest temperature that may be
encountered during a period considering the worst case scenario.

Fig. 13 Von Misses stress distribution due to temperature load [MPa].
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Detailed results can be further examined from Fig. 14 and
Fig. 15.

performed and evaluation methodology of the results are
explained.

Fig. 14 Von Misses stress distribution on a due to temperature load
[MPa].

According to the results, cubesat’s modal frequency values
are sufficiently higher than the excitation frequency values of the
launch vehicle (PSLV) and factor of safety value of the cubesat
structure governing from launching process is approximately 1.1
that is acceptable. According to the heat transfer analysis results
that are determined considering the worst case scenario, the
highest temperature value on the cubesat frame will be at most
approximately 329 oC. The temperature distribution values may
change and probably decrease according to the orbital position
and also according to the axial rotation motion of the satellite
itself. On the other hand, the structural factor of safety value of
the cubesat is calculated as 2.91 according to the thermal stress
analysis results that are conducted using the temperature
distribution results of the heat transfer analysis. Under these
circrumstances it can be stated that analysis results of the
preliminary design of the 3U cubesat structure is satisfactory and
detail design process can be initiated.
As a future work, it is planned to add further details such as
card structures, connection parts and other kinds of subsystem
elements to the finite element model to perform a detailed
analysis for both quasi-static launch and heat transfer analysis. It
will be better to use an orbital simation software to increase the
accuracy of the heat transfer and thermal stress analysis for the
future work.
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Absract: In this article some of main characteristics of caterpillar vehicle's straight motion are depict. An analytical method for
working out formulas for maximum speed, acceleration and time and route for acceleration is suggested.
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1. Introduction
F   fG cos

In theory of caterpillar vehicles [Гуськов 1984], [Никитин
1971] and [Забавников 1968],the problem for straight motion
dynamics is examined like following task solving:

from longitudinal slope α; 
-resistant force from
ground deformation; ƒ-coefficient of resistance for straight motion



depended from vehicle straight speed trough Laiderman's equation.
The energy losses are estimated only for average motion speed for
every gear.
Using shown characteristics for analysis of dynamic features of
a concrete caterpillar vehicle depending of its constructive
parameters goes along with a large amount of estimate operations
and low accurateness (because of making average speed in the
formula for losses from carpentiliar).

(4)

where Pmax is a power of engine;

Fп  c1a1ik k1  Gk2  c2 bk1ik2V 

To work out analytical functions, illustrated characteristics of
straight motion, is necessary to develop examined in [Гуськов
1984], [Никитин 1971], [Забавников 1968] deferential equation of
straight motion

a1 

,

a

M i i
M
Fп  k  дв т в k 0
rк
rк

(2)
– driving force;
Mk - moment of rotation from driving wheels;
Mдв - moment of rotation of engine's crankshaft;

(7)
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g
dV

 c 3 k 1 ci 3k  Gk 3 V 2 
dt G в



 c 2 bk 1i 2k V  c1 a 1i k k 1  Gk 2  f cos   sin  

dV
0
dt
for steady motion of

The acceleration is
vehicle. That's why (7) is equal to zero. The achieved quadratic
equation solving defines possible speeds for steady motion

-transmission ratios of gear box and

gearing; rk- driving wheel's radius;

Pmaxi0 t
P i 2
P i 3
, b  max20 2 t , c  max3 0 3 t
2 p rk
2 p rk
2 p rk

а

(3)
- caterpillar's
efficiency ; к1, к2 and к3 – coefficients of concrete vehicle; G-

i k и i0

,

3.1. Maximum speed

transmission's efficiency;

weight of vehicle;



where are constant parameters for concrete vehicle. After these
mathematical transformations, the deferential equation(1), displayed
in Koshi form, is

where m is mass of vehicle;

в  k 1 



 c3 k1cik3  Gk3 V 2

(6)

3. Dynamic characteristics

т -

Vi0ik
rk - crankshaft's angle speed;

(5)
ωp – crankshaft's angle speed for maximum power ; c1, c2 and
c3 are Leiderman coefficients. Driving force is shown after
substitution (3), (4) and (5) in (2):

Working out system of equations for analysis of main dynamic
characteristics of straight motion.

(1)

1

 1

2 
M дв  Pmax  c1
 c2 дв2  c3 дв3 
 p
p
 p 

,

 дв 

2. Aim



m

-adjusted
on the ground;
coefficient of rotating masses, cinematically connected with the
engine; mв- caterpillar mass; Jj- axis inert moment of j rotating
mass; ij-summary transmission ratio.
Moment of rotation of engine's crankshaft is shown
depended of straight speed using Leiderman;s formula

Fп  f v  from several points, as driving force is shown

m в x  Fп  Fi  F



 в  1  в  2  J j i 2j 
m rk m



1.1
Determination of forces, which effect vehicle;
1.2
To work out a deferential equation for straight motion
without taking notice of caterpillar slipping as driving force, inert
force and resistant forces from rolling and moment on the slope take
part in the balance of forces influencing on vehicle mass center.
The driving force is shown trough moment of rotation of engine's
crankshaft, transmitted to the driving wheel and reduced with losses
in transmission and caterpillar;
1.3
A numerical identification of speed - force characteristic

Fi  G sin  - resistant force
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V1,2 



c 2 bk1i12  D



2 c 3 k1 ci13  Gk 3



2 2
1 1

D  c 2 bk i





where V1 and V2 are roots of equation (7). Expression (10)
shows time for acceleration for a specific gear. For whole of stage
for acceleration to maximum speed is necessary to solve (10) for
each of gears. The final time for acceleration (фиг. 1) is achieved
after recapitulation of all times for each gears

, where



 4 c 3 k1 ci13  Gk 3 .

c1 a1i1 k  Gk 2  f cos   sin   .

t

The bigger of them is in stable zone of speed-force
characteristic and it is maximum speed for motion in concrete
road conditions.

t

i

i 1

(11)

.

The route, which vehicle pass for acceleration from
is determined with following integral solving:

3.2. Maximum acceleration

t

tн

(12)

for

,

dt 

maximum vehicle's acceleration is achieved:

а max 
(8)

as for dt is used the expression

g
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V
where н is initial speed, which vehicle accelerates from, and
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S
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(15)
The minimum values of integrals (9) and (13) getting depends
of limits, which they are integrated. The optimum values for initial
and final speed, for achieving time and route for acceleration for
concrete gear are determined from graph on fig.3.
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The whole route for acceleration (fig.2) is achieved as sum of
all routes for each of gears

V is its final value for each of gears. After substitution (7) in (9) and
solving of gotten integral, the following expression is achieved

(10)

V

 a dV

Vн
(13)
.
After substitution (7) in (13) and gotten integral solving, the
expression for route, which vehicle passes for acceleration for one
of gears

Analytic identification of time for acceleration is achieved

from

dv
a . After substitution

the following formula is achieved

3.3 Time and route for acceleration

а

Vн to V ,

S   V dt

Driving force has maximum value for speed, determined

dFп
0
from dV
equation. After substitution in (7),

n
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Fig.2. Graph of route for acceleration of caterpillar
vehicle with parameters:

Fig.1. Graph of time for acceleration for caterpillar
vehicle with following parameters:
Pmax=507 kW; wp=187 s-1; nt=0.9; rk=.3;
c1=0.822; c2=1.356; c3=1.178; k1=0.95;
k2=0.025; k3=0.000003; it=3.85; i1=8; i2=4.4;
i3=3.48; i4=2.787; i5=2.027; i6=1.467; i7=1;
i=0 %; f=0.04

2

Pmax=507 kW; wp=187 s-1; nt=0.9; rk=.3; c1=0.822;
c2=1.356; c3=1.178; k1=0.95; k2=0.025; k3=0.000003;
it=3.85; i1=8; i2=4.4; i3=3.48; i4=2.787; i5=2.027;
i6=1.467; i7=1; i=0 %; f=0.04
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Abstract: The article deals with the process of wave forming on the surface of a liquid in a chamber of a liquid auto-balancing device
partially filled with a liquid for rotors with a vertical axis of rotation under non-stationary modes of the system's motion. In non-stationary
processes, the possible wave formation causes a dynamic instability in the operation of the machine and the increase of vibrations under
certain operating modes. In the article the problem for the case when the rotor is installed in elastic supports is solved, the joint movements
of the rotor - liquid system are considered and their stability is investigated.
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count the fluctuations of the free surface of the liquid.

1. Introduction
For machines with variable rotor imbalance and when balancing
rotors of machines without stopping under operating conditions,
traditional methods of reducing vibrations are ineffective. These
machines include separators and centrifuges that are used in various
sectors of the national economy (food, chemical, sugar, mining,
etc.), medicine, and everyday life. The most reliable, promising, and
often the only possible method for reducing the vibrations of such
machines is automatic balancing with the help of devices with the
free movement of correction masses, which have the form of a hollow chamber partially filled with working bodies (liquid), and are
passive direct action regulators that do not require power supply and
control system for moving correction masses [1].
The idea fluid balancer is thus not new; but recently there has
been a renewed interest, both in industry and in academia [2]. Experimental fluid balancer studies have been carried out by Kasahara
[3] and Nakamura [4]. As to mathematical models, simple lumped
mass models have been considered by Bae [5], Jung [6], Majewski
[7], Chen [8], and Urbiola-Soto and Lopez-Parra [9]. The first and
the last two of these papers include experimental studies a swell.
The paper [6] includes a few numerical simulation results based on
computational fluid dynamics.
Тo get a fluid balancer to work perfectly is a delicate process
and, thus, a more detailed understanding is desirable; in particular, a
more detailed understanding of the fluid dynamics of the balancer.
This is the main motivation behind the present work.
The characteristic features of the process of automatic balancing
of liquid under stationary conditions of rotor movement with a vertical axis of rotation is that automatic fluid balancing is effective for
elastically de-formable rotors, on elastic supports ones, where there
is a phase difference between the direction of force from the imbalance and the rotor deflection or the displacement of the rotor, as
well as the fact that in the auto-balancer device chamber the liquid
tends to set against an imbalance not only in the above resonance
but also in the pre-resonant area of rotation of the rotor and at the
resonance itself [10]. However, there is no theoretical verification
of fluid behavior in the ABD chamber under non-stationary conditions of rotor rotation.
Under some simplified assumptions it is [11] shown that the
risk of loss of stability of a system containing a cavity partially
filled with a liquid is always where the intrinsic frequency of any
form of free fluid fluctuations is close to the nutation frequency of
the carrier fluid of the body. An infinite number of forms of free
fluctuation of a fluid corresponds to an infinite number of areas of
instability, however, as shown in [12], only a few first regions can
have practical value. It is believed that the internal friction that
damps its own fluctuations in the fluid reduces the region of higher
order instability.
The purpose of the paper is to analyze the behavior of a fluid in
an auto-balancing device chamber for rotors of machines with a
vertical axis of rotation in the case of a non-stationary movement of
the shaft-fluid ABD system, where it is necessary to take into ac-
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2. Experimental details
In [14] it is shown that the free surface of a fluid is part of a paraboloid of rotation with an axis that coincides with the main central
axis of the inertia of the system. As the velocity increases, the parabolic form gets into a cylindrical one. In the horizontal section of
the ABD chamber, the free surface of the fluid is a circle. Reducing
the radius of the free surface and correspondingly increasing the
thickness of the liquid layer at a constant radius of the chamber R
does not cause a shift in the centre of the mass of the system, since
the centre of the free surface of the liquid coincides with the centre
of the mass of the system. In the change of the unbalanced state of
the rotary system, a thin layer of fluid is involved, which is close to
the magnitude of the double displacement of the centre of the mass
of the rotor [10, 13]. Another liquid only increases the mass of the
system, located concentrically around the axis of rotation. However,
it has been experimentally determined that the amplitude of the
system fluctuations increased at a critical frequency range when the
ABD chamber was filled with more fluid than necessary for balancing.

Fig. 1 Installation for studying the behavior of working bodies in the ABD:
1 - drum (rotor); 2 - platform; 3 - bearing housing; 4 - elastic elements; 5 body; 6 - electric motor; 7 - ABD; 8 - imbalance; 9 - inductive sensor; 10 piezo sensor (accelerometer) scheme

To investigate fluid behavior in an auto balancing device in the
pre-resonance and above resonance areas, an ABD model of optically transparent material was developed and made. The ABD is a
ring with an outer diameter Ø400 mm, two concentric partitions
Ø300 and Ø200 mm in diameter, forming three concentric chambers for the arrangement of working bodies in them. The installation
for studying the behavior of working bodies in the ABD is a hard
console vertical rotor (1) elastically suspended to the body (5) (Fig.
1). To ensure sufficient rotor rigidity and the ABD (7) fixed on it,
the first is shaped like a hollow cylinder of sheet stainless steel with
a bottom at one end, which is rigidly secured to the shaft. The axis
of the rotor through the rolling bearings (3) is connected to the rigid
platform (2) connected to the body of the unit (5) by four elastically

damping pendants (4) (the actual frequency of oscillations of the
suspension system is ~ 9 - 10 Hz).
At the free end of the hollow cylinder (further on the rotor), a
model of ABD (7) is inserted, which is inserted into the rotor and
fixed to it by the outer diameter with the help of clamps. Due to
this, the necessary stiffness of fastening of the ABP on the rotor and
co-ordination are provided. The ABD model has an inner opening
sufficient for free access to the inner cavity of the rotor, which allows, without dismantling the ABP, to change the rotor's imbalance
(8) both in location and size by attaching it to the inner wall of the
specified load, which during the research additionally holds the
centrifugal by forces. The rotor drive is carried out by a synchronous electric motor (6) with a power output of 180 watts through a
lowering clutch transmission. The motor is powered by alternating
current, whose voltage can vary in a wide range with the help of an
autotransformer with a control system. Thanks to this, the installation allows you to set the rotation of the rotor with different frequencies in the range of 0.5-18 Hz (30-1080 rpm), to set different
angular accelerations when accelerating the rotor, to stop in the preresonance and above resonance areas of rotation of the rotor on a
given time for detailed research on the work of the ABD.
In order to determine the effect of the volume of liquid on the
efficiency of the system balancing on the resonant rotor frequencies,
a series of studies with an imbalance D = 3000 g⋅cm for a variety of
radii of the chambers ABD (R = 0.2, 0.15, 0.1 m) separately. The
chamber stepwise (in 50 ml increments) was filled with liquid (fresh
water). After each change in the volume of the liquid, the vibration
of the upper edge of the rotor was recorded during its movement.
The results of processing records are presented on fig. 2.

tions of wave formation on the free surface of the liquid. To do this,
we will analyze the frequency equation of the system of differential
equations, which describe the motion of a rotating rotor with an
ABD and a liquid inside it.

3. Results of theoretical research
We accept the calculation scheme, shown in Fig. 3. Let us suppose that a simplified flat task is considered (since the geometric
dimensions of the ABD have a ratio R>>h [10]); that the liquid
involves into the cylinder chamber of the ABD and rotates with the
rotor as a single solid, and that, when neglected by gravitational
forces, it has the form of a ring with an internal radius R1 and external - R. We shall consider the small translational motion of the cylinder in the plane of rotation (z=z(t) and y=y(t) are the generalized
coordinates of the cylinder axis). In this case, the movement of the
liquid in relation to the cylinder is also considered as small one. In a
relative motion, viscosity strengths are not taken into account.
For a moving coordinate system connected with a rotating cylinder, we take the polar coordinate system with the polar axis n
(Fig. 3); r, θ - coordinates of a point in this system. In addition, in
Fig. 3 the following notation is introduced: u= u(r, θ, t); υ= υ(r, θ, t)
- respectively, the radial and tangential components of the relative
velocity of the liquid at the point (r, θ). Denote М - mass of rotor
with ABD.

Fig. 2 Amplitude of fluctuations of the upper edge of the drum at different
volumes of the working fluid in the ABD

From Fig. 2 it is seen that automatic balancing with liquid
working bodies for a vertical rotor at the resonance itself is obvious
(comparing with the points corresponding to V = 0 ml). There is an
optimal amount of fluid for efficient balancing of the rotor, it is 100
ml for a radius of 200 mm, 150 ml for a radius of 150 mm and 200
ml for a camera with a radius of 100 mm with a mass of imbalance
of 150 g. In cases where the volume of the working fluid increases,
there is an increase in the amplitudes of oscillations.
To explain this behaviour of the system we consider the condi-

∂u
∂t

− 2ωυ = −

1 ∂p

ρ ∂r

Fig. 3 Calculated scheme

Free oscillations of the rotor-fluid system are described linearized (due to the smallness of the considered motions of the system)
by differential equations in the chosen polar coordinate system

− y cos(ω t + θ ) − z sin (ω t + θ ) + rω 2 ;
(1)

1 ∂p
∂υ
+ y sin (ω t + θ ) − zcos(ω t + θ ) ,
+ 2ω u = −
ρr ∂θ
∂t
2π

equation of continuity

∂
∂r

(ur ) +

∂υ
∂θ

= 0,

(2)

M z + cz z = Rh ∫ p

r=R

0

for limit conditions

u r=R = 0 ;

and expressions for the forces acting on the system
2π

M y + c y y = Rh ∫ p r = R cos(ω t + θ )dθ ,

sin (ω t + θ )dθ ;

u r=R =
1

∂ζ
;
∂t

p r = R1 +ζ = 0 ,

where р=р(r, θ, t) is the liquid pressure at the point (r, θ), ρ is the
density of the liquid; h - height of cylindrical chamber; ς=ς(r, θ) is
the radial deviation of the points of the free surface of the liquid.
Integration of the system of equations (1) - (3) is experiencing
considerable difficulties. Therefore, in view of the study of the sta-

0

(3)
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bility of the system, we turn to the analysis of its characteristic equation.
If we look for possible movements of the system in the form of
principal oscillations, in which all generalized coordinates change
with the same frequency (denote it k), setting the law of the change
of the generalized rotor coordinates in the form
z=A1 sin kt;

y=A2 cos kt,

uid, waves arise only in the first order (the wavelength is equal to
the length of the free surface of the liquid) [3]), we find the form of
the inner surface of the liquid to the arbitrary constants В1 and В2
ς=B1cos[(k + ω) t+ θ]+ B2cos[(k – ω) t – θ].

(5)

We find the principal fluctuations of the fluid of the same frequency k.
The solution of the system of equations (1) - (3) with allowance
for dependencies (4) and (5) is a system of four equations

(4)

and take into account only the waves of the 1st order (since in the
case of joint oscillations of the system a cylinder - a liquid in a liq-
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where m- mass of fluid in the rotor, A=A1 – A2, В=В1 – В2.
In order for system (6) to have a nontrivial solution, its determi-
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If сz=су=с, then system (6) splits into two unbound systems, and
the frequency equation (7) is to two independent expressions, since
the left side of (7) for сz=су=с can be given as two multipliers, and
the second one is obtained from the first substitute k by (– k). To

2mk 2 (k − ω )

0

 cz − c y 
−

 2(M + m ) 
1 2
k
2

2

0

]
]

nant must be zero. From this condition we obtain the equation of
frequencies

 2(k + ω )2

+ (3ω + k ) ⋅ (k + ω ) − ω 2 

2
 (R / R1 ) − 1

1

(6)

]

solve the question of the stability of the vibrations of the system
under consideration for сz=су=с it is enough to investigate one of
the equations of the fourth degree, for example

2

c   2(k − ω )

+ (3ω − k ) ⋅ (k − ω ) + ω 2  = 0.
+ k 2 −
 ⋅ −
2
M + m   (R / R1 ) − 1
−1 


]

The division of expression (7) into two independent equations
means that for сz=су the principal oscillations of the system are
circular. Equations (4) describe the motion of an axis of a cylinder
in an elliptical trajectory. However, using the expressions A=A1 –
A2, В=В1 – В2, an elliptic trajectory can be presented as a sum of
two circular, with the angular velocities of these trajectories will be
equal to k and (– k)

(8)

of complex-conjugate, motion can be considered unstable.
The roots of equation (8) are the oscillation frequencies of the
rotor-liquid system at сz=су=с.
Taking the liquid stationary relative to the rotor (A1 = A2, В1 =
В2 = 0), we obtain the partial frequencies of the propagation of direct and reverse waves and the frequency of oscillations of the rotor-liquid system

A+ B
A
B
sin kt = –
sin (– k t) +
sin kt;
2
2
2
A− B
A
B
y=A2cos kt = –
cos kt = –
cos (– k t) +
cos kt,
2
2
2

+
k liq
= ω ⋅b =

z=A1 sin kt =

−
k liq
=ω ⋅a =

which corresponds to the propagation of the wave in the forward
and reverse directions (in a moving coordinate system a direct wave
propagates towards the cylinder rotation, and the opposite is opposite to the rotation).
An indication of the instability of the system is the presence in
the partial equation (8) of the roots with a negative imaginary part.
Therefore, if among the four roots of equation (8) there is a couple

ω

;

1 − (R1 / R )
1−
2

2

ω
1 − (R1 / R )
1+
2

2

We express (8) through the partial frequencies
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.

+

−

αk2(k – ω)2-(k2 – kp2)∙ (k – k liq )∙ (k – k liq )=0,
where α =

is filled with more liquid than necessary for balancing. The wave
frequency in the fluid resonates with the rotor's rotational speed.

(9)

c
2m
1
- the partial
⋅
< 1 ; kp2 =
M +m
M + m 1 + (R / R1 )2
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The presence of the areas of instability of the rotor-fluid system
and the dependence of the area width on the mass of the fluid filling
the chamber of the ABD can be explained by an increase in the
amplitudes of the oscillations of the system when the ABP chamber
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Abstract: Numerical investigation of naturally aspirated gasoline engine main operating parameters and engine upgrade with a
turbocharger is presented in this paper. Analysis is performed by using numerical 0D (zero-dimensional) simulation model. Turbocharging
process with a selected turbocharger increases engine maximum torque for 62.58 % and also increases maximum engine effective power for
58.82 %. One of the main reasons of turbocharging process usage is reduction of engine brake specific fuel consumption. The highest
decrease in brake specific fuel consumption for a turbocharged engine, in comparison with naturally aspirated one, is obtained at 4000 rpm
and amounts 8.83 g/kWh (from 239.01 g/kWh for naturally aspirated engine to 230.18 g/kWh for a turbocharged engine). Turbocharging
process brings several useful benefits to the analyzed gasoline engine, which is also a valid conclusion for internal combustion engines in
general.
KEYWORDS: GASOLINE ENGINE, TURBOCHARGER, NUMERICAL SIMULATION, ENGINE UPGRADE

1. Introduction
Internal combustion gasoline engines with spark ignition were
developed as a counterweight to diesel engines in which fuel and air
mixture combust due to high in-cylinder pressures and
temperatures. Both internal combustion engine types have many
advantages and disadvantages [1] which are dependable on several
elements and characteristics.
Researchers are currently investigating various phenomena
related to gasoline engines. Kilicarslan and Qatu [2] performed an
exhaust gas analysis of gasoline engine based on engine speed,
while Elsemary et al. [3] investigated spark timing influence on
performance of a gasoline engine fueled with a mixture of
hydrogen-gasoline. Effect of spark timing on the performance of a
hydrogen-gasoline rotary engine (Wankel engine) was also
investigated by Su et al. [4].
Alternative fuels for gasoline engines, or gasoline mixtures with
an alternative fuel and its influences on engine performance and
characteristics are analyzed by many authors. Alptekin and Canakci
[5] analyzed performance and emission characteristics of solketalgasoline fuel blends in a vehicle with gasoline engine. Optimized
ethanol-gasoline blends for turbocharged engines were investigated
by Zhang and Sarathy [6].
Turbocharging process which uses the energy of engine exhaust
gases is one of the best methods for improving naturally aspirated
engine operating parameters and characteristics, as well as to reduce
engine brake specific fuel consumption [7]. Turbocharging system
diagnosis for a large power engine presented and analyzed Barelli et
al. [8]. Investigation of the influences of turbocharging process on
the gasoline engine exhaust emission levels performed Mahmoudi
et al. [9]. Modeling and control of the air system of a turbocharged
gasoline engine investigated Moulin and Chauvin [10].
In this paper were firstly investigated main operating parameters
of naturally aspirated gasoline engine for automotive usage.
Investigations were performed by numerical analysis with 0D (zerodimensional) simulation model. After obtaining the results of
numerical simulation for a naturally aspirated engine, the same
engine was upgraded with a turbocharger. During the engine
upgrade, engine main operating and geometrical characteristics
remain unchanged. Turbocharging process increases engine torque
and engine effective power in each engine rotational speed, but the
increases in those two parameters are significant for higher engine
rotational speeds. Turbocharging increases maximum cylinder
pressure, but maximum cylinder pressure limits were not reached in
any observed engine operating point. Engine with turbocharger has
significant lower brake specific fuel consumption in comparison
with naturally aspirated. Turbocharging process increases pressures
and temperatures at intake and exhaust manifolds, what is
significantly noticeable at higher engine rotational speeds where the
turbocharger reaches its optimal operating parameters.
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2. Basic equations of 0D numerical model for internal
combustion engine simulations
Numerical model used for simulation in this study is 0D (zerodimensional) model presented by prof. Medica in [11]. Numerical
model is basically developed for simulation of diesel engines and a
few years later is upgraded on QD (quasi-dimensional) numerical
model presented in [12] and [13].
To be able to simulate the operating parameters of a gasoline
engine with the mentioned 0D model, the model is modified in
necessary elements which present main differences in operating
characteristics between gasoline and diesel engines. Modified 0D
model is tested on a few gasoline engines which measurements
were obtained from the manufacturers. For all analyzed gasoline
engines and its operating parameters were obtained deviations
between measurements and numerical model results in the range of
± 3 %.
The basic 0D model equations are related to the temperature and
pressure change for each engine control volume (engine cylinder,
intake and exhaust manifolds, turbine and compressor - if
turbocharger applied, air cooler - if applied, etc.). Equation for
temperature change in each engine control volume is:
 dT 

 =
 dϕ i

1
mi

 dQ 
 dV 
 dm 
 ∂u   dλ  
  − Ci
 − pi 
 − ui 
 − mi   

 ∂λ i  dϕ i 
 dϕ i
 dϕ i
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 ∂T i Bi Ti  ∂p i
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where the coefficients Ai, Bi and Ci are defined as:
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 − 
 +  
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Pressure change in each engine control volume is calculated by
using ideal gas state equation:
pi =

mi Ri Ti
Vi

(2)

In the equations (1), (1a), (1b), (1c) and (2), used symbols are:
T = operating medium temperature,
φ = engine crankshaft angle,
m = operating medium mass,
Q = heat amount,
p = operating medium pressure,
V = operating area volume,

u = operating medium specific internal energy,
λ = excess air ratio,
R = operating medium gas constant,
i = index for any engine control volume.
Calorific gas properties (u, ∂u/∂λ, ∂u/∂T, ∂u/∂p, ∂R/∂λ, ∂R/∂T,
∂R/∂p) are modeled from the analytical expressions relating the
temperature and gas composition [14].
To make the simulation as fast as possible, it is assumed that in
each engine cylinder happens the same change of pressure and
temperature (phase-shifted). Because of the simplicity of the
numerical model, this assumption presents the inability of such
numerical model to investigate the processes within each engine
cylinder individually.
Fig. 1. Geometrical characteristics of charger and turbine [15]

3. Engine and turbocharger characteristics
Investigated engine is a four stroke, high speed gasoline engine
with direct fuel injection. The engine is designed for application in
passenger road vehicles. The first version of the analyzed engine
was designed without any upgrades known from automotive
industry (turbocharging, air cooling after turbocharging, usage of
west-gate valve or usage of EGR - Exhaust Gas Recirculation
valve). Main operating parameters and specifications of the basic,
naturally aspirated engine are presented in Table 1. In Table 1 are
also presented used cylinder materials and fuel specifications in
order to provide a proper calculation of heat exchange for the incylinder process.
Table 1. Main operating parameters of investigated naturally
aspirated engine
Fuel
Gasoline
Fuel lower calorific value
43 MJ/kg
Fuel density
0.75 kg/l
Cylinder bore
84 mm
Stroke
86 mm
Number of cylinders
4
Cylinder clearance volume 0.0477 l
Connecting rod length
129.8 mm
Compression ratio
11
Ignition order
1-3-4-2
Intake manifold volume
2.0 l
Exhaust manifold volume
2.5 l
Engine cooling
With water
Materials:
Cylinder head
Aluminum
Piston
Aluminum
Cylinder liner
Cast Iron
After obtaining the results of numerical simulation for a naturally
aspirated engine, the same engine, which main operating parameters
are presented in Table 1, is upgraded with a turbocharger. Usually,
during the upgrade of naturally aspirated gasoline engine numerical
model with a turbocharger, it is usual to change some engine
geometric and operating parameters such as intake and exhaust
manifold volumes or valves opening/closing periods. During the
engine upgrade with turbocharger presented in this paper, engine
main operating and geometrical characteristics remain unchanged.
One of the author’s intentions was to investigate the possibility and
quality of engine operation with selected turbocharger, without any
engine modifications. The main geometrical characteristics of
selected turbocharger KKK 30.60/13.21 are presented in Table 2
and in Fig. 1:
Table 2. Main geometrical parameters of selected turbocharger
KKK 30.60/13.21 [15]
Description
Variable Dimension
Charger intake diameter
d
0.0457 m
Charger outlet diameter
D
0.0762 m
Intake turbine flowing surface
A
0.0013 m2
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Much more information’s and features for similar turbochargers,
used in automotive engines such as engine analyzed in this paper,
can be found in [16].

4. Numerical model results and discussion
Change in engine torque for the analyzed engine with and
without turbocharger, at different engine rotational speeds is
presented in Fig. 2. At each engine rotational speed engine torque
obtained with turbocharger is higher. At a rotational speed of 1000
rpm, engine torque obtained with turbocharger is slightly higher in
comparison with a naturally aspirated engine. During the increase in
the engine rotational speed, the difference in engine torque between
turbocharged and naturally aspirated engine increases. The highest
difference in engine torque was obtained at engine rotational speed
of 5000 rpm where turbocharged engine obtains torque of 307.45
Nm, while at the same engine rotational speed naturally aspirated
engine obtained torque of 189.11 Nm.
A decrease in engine torque can be seen only in the rotational
speeds from 5000 rpm to 6000 rpm. At the highest engine rotational
speeds, there is no need for high torque, so it decreases.
The introduction of turbocharging on the analyzed gasoline
naturally aspirated engine can increase engine torque up to 62.58 %
(obtained at 5000 rpm).

Fig. 2. Change in engine torque for the analyzed engine with and
without turbocharger
Increase in engine torque of turbocharged engine when compared
to naturally aspirate in any observed rotational speed, resulted also
with an increase in engine power. During the increase in the engine
rotational speed, engine power continuously increases for both
naturally aspirated and turbocharged engine, Fig. 3.
In Fig. 3 can also be seen that increase in engine power of a
turbocharged engine is low at lower rotational speeds (at 1000 rpm
and 2000 rpm). As the engine rotational speed increase, engine
power of turbocharged engine when compared to naturally aspirate
significantly increases. At the highest engine rotational speed (6000
rpm) naturally aspirated engine develops output power of 111.44
kW, while at the same rotational speed turbocharged engine
develops power of 176.99 kW, what is the highest difference in
engine power for the entire field of engine rotational speeds.
The engine effective power is obtained by multiplication of
engine torque and angular velocity. On Fig. 2 can be seen that
between rotational speeds 5000 rpm and 6000 rpm engine torque

decrease for each observed engine. Simultaneously, engine power
between the same rotational speed increases. It can be concluded
that engine power is more influenced with an increase in the engine
rotational speed from 5000 rpm to 6000 rpm than with decrease in
engine torque at the highest rotational speeds.

Turbocharging process resulted with volumetric efficiency
significantly higher than 100 % at the higher engine rotational
speeds, because in the engine cylinder, air charger compresses the
higher air mass than those which can be brought at the environment
state, Fig. 6. At lower engine rotational speeds (lower than 3000
rpm) volumetric efficiency of a turbocharged engine is lower than
100 % because at that engine rotational speeds turbocharger is
unable to develop optimal operating parameters. The highest
volumetric efficiency of a turbocharged engine is obtained at 5000
rpm and amounts 154.2 %.

Fig. 3. Change in engine power for the analyzed engine with and
without turbocharger
Upgrade of naturally aspirated gasoline engine with turbocharger
resulted in a significant increase in maximum cylinder pressure, as
presented in Fig. 4. Maximum cylinder pressure for both observed
engines was obtained at the 5000 rpm and amounts 72.38 bars for a
naturally aspirated engine and 121.7 bars for turbocharged engine.
Turbocharger usage is usually limited with maximum cylinder
pressure. For similar automotive gasoline engines with
turbocharger, it is common to set a maximum cylinder pressure
limit between 150 bars and 170 bars in order to avoid any damage
which can occur at very high maximum pressures. The selected
turbocharging process of the analyzed engine did not reach common
maximum cylinder pressure limits in any observed operating point.

Fig. 5. Brake specific fuel consumption change for the analyzed
engine with and without turbocharger

Fig. 6. Change in volumetric efficiency for the analyzed engine with
and without turbocharger

Fig. 4. Change in cylinder maximum pressure for the analyzed
engine with and without turbocharger
One of the essential reasons for turbocharging process usage is
reduction of engine brake specific fuel consumption (injected fuel
mass per unit of produced power). As presented in Fig. 5, the
analyzed gasoline engine with turbocharger has significant lower
brake specific fuel consumption in comparison with a naturally
aspirated engine, for the most engine rotational speeds. Only at the
lowest and the highest engine rotational speeds (1000 rpm and 6000
rpm) brake specific fuel consumption of an engine with
turbocharger is lower in comparison with naturally aspirated one,
but not significantly.
The highest differences in brake specific fuel consumption
between two analyzed engines can be seen at engine rotational
speeds of 3000 rpm, 4000 rpm and 5000 rpm. Turbocharged engine,
in comparison with naturally aspirated one, saves 5.10 g/kWh of
fuel at 3000 rpm, 8.83 g/kWh of fuel at 4000 rpm and 6.95 g/kWh
of fuel at 5000 rpm.
Engine volumetric efficiency is defined as a ratio of air mass
brought to engine cylinders and air mass which can be brought to
engine cylinders at the environment state.
For naturally aspirated gasoline engine, volumetric efficiency is
always lower than 100 % because of air pressure losses and
temperature increase during the air supply to the cylinders, Fig. 6.

At the lower engine rotational speeds of the naturally aspirated
engine (1000 rpm and 2000 rpm) air pressure in the intake manifold
is slightly lower than ambient pressure (ambient pressure is 1.01
bars), Fig. 7. As naturally aspirated engine rotational speed
increases, intake manifold pressure decreases to ensure smooth flow
of air from the atmosphere to the engine cylinders. Decrease in air
pressure is as higher as the rotational speed increases and lowest
intake manifold pressure of 0.96 bar is obtained at 6000 rpm.
Intake manifold pressure of turbocharged gasoline engine is
higher than ambient pressure and it continuously increases during
the increase in the engine rotational speed, Fig. 7. The highest
increase in intake manifold pressure of turbocharged engine can be
seen at rotational speeds higher than 4000 rpm. The highest intake
manifold pressure of turbocharged engine amounts 1.23 bars and is
obtained at 6000 rpm.

Fig. 7. Change in intake manifold pressure for the analyzed engine
with and without turbocharger
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Exhaust manifold pressure of naturally aspirated engine increases
very slightly during the increase in the engine rotational speed, Fig.
8. The exhaust manifold pressure of turbocharged engine increases
notably during the increase in the engine rotational speed. The
highest increase in exhaust manifold pressure of turbocharged
engine can be seen at rotational speeds higher than 4000 rpm, where
the turbocharger reaches its satisfactory operating conditions. The
highest exhaust manifold pressure of turbocharged engine amounts
3.14 bars and is reached at the highest engine rotational speed of
6000 rpm.

4000 rpm and amounts 8.83 g/kWh (from 239.01 g/kWh for
naturally aspirated engine to 230.18 g/kWh for a turbocharged
engine).
Pressures and temperatures in intake and exhaust engine
manifolds also increase when the turbocharger is used. Therefore, it
would be advisable for the intake and exhaust manifolds to be
dimensioned more robustly with better thermal insulation, in order
to be able to withstand the introduction of turbocharger on the
naturally aspirated engine without any modifications.
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Fig. 8. Change in exhaust manifold pressure for the analyzed
engine with and without turbocharger
Exhaust manifold temperature continuously increases during the
increase in the engine rotational speed for both naturally aspirated
and turbocharged engine, Fig. 9. From the lowest to the highest
engine rotational speed, exhaust manifold temperature increases
from 761.2 °C to 951.9 °C for a naturally aspirated engine and from
801.8 °C to 1051.1 °C for turbocharged engine.
At any observed rotational speed, turbocharged engine has a
higher exhaust manifold temperature in comparison with a naturally
aspirated engine. When compared analyzed two engines, the highest
differences in exhaust manifold temperatures can be seen at
rotational speeds of 5000 rpm and 6000 rpm and amounts 98.3 °C
and 99.2 °C.

Fig. 9. Change in exhaust manifold temperature for the analyzed
engine with and without turbocharger

5. Conclusions
The paper presents an investigation of main operating parameters
of naturally aspirated gasoline engine for automotive usage and its
upgrade with a turbocharger. Analysis is performed by numerical
0D (zero-dimensional) simulation model. During the engine
upgrade, engine main operating and geometrical characteristics
remain unchanged.
Selected turbocharger inclusion into the gasoline engine
operation resulted with an increase in engine maximum torque for
62.58 % (from 189.11 Nm to 307.45 Nm) and with an increase in
engine maximum effective power for 58.82 % (from 111.44 kW to
176.99 kW). Turbocharging process also resulted with an increase
in maximum cylinder pressure, but the limits were not reached with
a usage of selected turbocharger.
One of the main reasons of turbocharging process usage is
reduction of engine brake specific fuel consumption. The highest
decrease in brake specific fuel consumption for a turbocharged
engine, in comparison with naturally aspirated one, is obtained at
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EXPERIMENTAL SIMULATION OF COMMON RAIL ELECTROMAGNETIC
INJECTORS WEARING
ЕКСПЕРИМЕНТАЛНО СИМУЛИРАНЕ НА ИЗНОСВАНЕ ПРИ ЕЛЕКТРОХИДРАВЛИЧНИ ДЮЗИ
ОТ СИСТЕМАТА COMMON RAIL
Dipl. eng. Yordanov N., Assoc. Prof. Kiril Hadjiev, PhD ,Assoc. Prof. Emiliyan Stankov, PhD
University of Ruse, Facilty of Transport, Department of Engines & Automotive Engineering, Ruse, Bulgaria
e-mail: nyordanov@uni-ruse.bg, khadjiev@uni-ruse.bg, emstankov@uni-ruse.bg
Abstract:
At the time of exploitation, the geometrical position of the control valve changes as a result of wearing, which leads to a change of residual
electromagnetic gap stroke and force of control valve spring. The following study measures the hydraulic characteristic changes, based only
on common rail injector increased stroke of control valve and residual electromagnetic gap. The results show that the increasing of control
valve stroke and residual electromagnetic gap increase the fuel flow rate and return fuel flow. Increased fuel flow rate and return fuel flow
are presented with short injector signal time and lower levels of working pressure. The increasing is lower with longer injector signal time
and high level of working pressure. The follow-up results are practically significant by common rail electromagnetic injector diagnosing and
repairing.
KEY WORDS: SIMULATION, VALVE SEAT, WEARING, RESIDUAL ELECTROMAGNETIC GAP, HYDRAULIC
CHARACTERISTICS

1. Introduction
Volumetric capacity of injection with electronic control
depends on fuel pressure in the fuel accumulator and the duration of
signal, energizing the electromagnetic coil of electromagnetic valve.
The use of hydromechanics injector with electromagnetic control
allows changing the start of injection and fuel flow rate of injection
process.
Electromagnetic injectors used in first generation Bosch
system, use fast switching electromagnetic ball control valve,
controlling the fuel pressure of injector control piston chamber.
The movement speed of injector nozzle needle depends on the
speed of pressure alteration in control piston chamber.
The dropping speed of control piston chamber pressure is a
function of closing throttle cross section and control valve stroke.
In the process of continuous exploitation, the control valve
stroke increases as a result of the impact load on the valve seat [1].
Passing through the control valve, fuel causes further erosion
of the sealing surfaces of the saddle and the ball valve.
In the present study, the change in the hydraulic characteristic
of the nozzle is taken into account only as a result of the increased
control valve stroke and residual electromagnetic gap [7].
As a result of the change in the rate of these main control
valve parameters, the fuel flow rate of both, the injected fuel and the
fuel required to control the hydro-mechanical part of the injector is
changed.

fig. 1 Solenoid valve Bosch CRI1

2. Discussion and results

1 - Ball valve washer, 2 - Electromagnetic gap washer, hreg Electromagnetic gap, hv - Ball valve stroke.

With control valve stroke increasing, as a result of wearing,
control valve goes down in the sealing surfaces of the saddle.
This alteration of control valve geometrical position leads to
alteration in residual electromagnetic gap and the pressure force of
control valve spring fig. 1.

Fuel flow rate, injected by electrohydraulic injector, depends
not only on fuel pressure and signal duration, but also on
geometrical position of elements.
By manufacturing of injector elements, the actual geometrical
size differs from the specific size to the limit values.
There are differences in the geometrical position between its
elements also as a result of assembling technologies including the
tightening torque of the threaded connection.
These differences lead to alterations in registered fuel flow
rates of injectors with constant fuel pressure and signal duration.
In order to maintain constant values of fuel flow rate of
electronically managed electromagnetic hydromechanical injector it
is necessary not only high precision of elements manufacturing, but
also high accuracy of regulation parameters measuring.
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In the experimental simulation of wearing influence of control
valve are used calibrated regulating shims, that set control valve
stroke hv and residual electromagnetic gap hreg.
Four experimental series were undertaken, first of which with
a specific value according to the technical manual for the certain
injector model.
An increase of the stroke h - 0.05 ÷ 0.08 ± 0.003 mm of the
ball valve and the corresponding change of the residual
electromagnetic gap was simulated due to the change of the
geometric position of the elements in the baseline dimension.
The research was conducted in a laboratory at the Department
of Engines & Automotive Engineering at the Faculty of Transport
of the University of Ruse "Angel Kanchev".
A modified "Star 8" test bench was used, refitted with more
powerfull motor and variable-frequency drive of the AC motor.
A high pressure pump, a common rail with pressure sensor
and pressure regulator, fuel temperature controllers, injector
controller were added. A two-channel oscilloscope for the injector
control was used.
The testing of the hydraulic characteristics of the injector was
carried out using fuel pressures throughout the system operating
range of 30, 50, 80, 100 and 135 MPa and a duration of the control
signals 150, 200, 250, 300, 400, 500, 600, 700 and 800 μS.
Graphics with results at typical manufacturing test pressures
are presented, in which the injectors are functionally tested.
The temperature mode of the fuel in the test bench tank is
maintained by a pipe cooler and the drive shaft rotation speed is
maintained constant when performing all the tests.

Fig. 3 Alteration of the return fuel flow rate, defined by the stroke
of the control ball valve hv = 0.05 ÷ 0.08 mm at 30 MPa
With an increase in wear, a corresponding increase in the
fuel flow rate in each mode is observed. It is noteworthy that the
greatest increase observed is the percentage of the short injections
time that correspond to the preinjections.

Fig. 4 Alteration of the fuel flow rate at 150 µS, defined by the
stroke of the control ball valve hv = 0.05 ÷ 0.08 mm

Fig. 2 Alteration of the fuel flow rate, defined by the stroke of the
control ball valve hv = 0.05 ÷ 0.08 mm at 30 MPa
The value of the fuel flow rate as a function of the control signal
duration fig 2 at the various levels of wearing of the ball valve hv
and the corresponding variation of the residual electromagnetic gap
hreg.

Fig . 5 Alteration of the fuel flow rate at 200 µS, defined by the
stroke of the control ball valve hv = 0.05 ÷ 0.08 mm
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Fig. 6 Alteration of the fuel flow rate, defined by the stroke of the
control ball valve hv = 0.05 ÷ 0.08 mm at 80 MPa

Fig. 9 Alteration of the fuel flow rate, in range of preinjection time,
defined by the signal duration at 30 MPa

Fig. 7 Alteration of the return fuel flow rate, defined by the stroke
of the control ball valve hv = 0.05 ÷ 0.08 mm at 80 MPa

Fig. 10 Alteration of the fuel flow rate, defined by the signal
duration t = 150 ÷ 800 µS at 30 MPa

Fig. 8 Alteration of the fuel flow rate, defined by the stroke of the
control ball valve hv = 0.05 ÷ 0.08 mm at 135 MPa

Fig. 11 Alteration of the return fuel flow rate, defined by the signal
duration t = 150 ÷ 800 µS at 30 MPa
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3. Conclusions
Concerning the experiment, the following can be stated:

Фиг. 12 Alteration of the fuel flow rate, defined by the signal
duration t = 150 ÷ 800 µS at 135 MPa

1.

The study shows an increase in the fuel flow rate in all
levels of simulated wearing.

2.

With short duration of signals, corresponding to the
preinjection rate, the percentage increase of the hydraulic
characteristic is significant, and at 150 μS the fuel flow
rate increase reaches 700%. With an increase in working
pressure to 135 MPa this is up to 220%.

3.

With the increase of the control signal duration, the trend
of increasing in the percentage ratio decreases, having an
increase of only 110% with 800 µS. With an increase in
the working pressure to the maximum value for this
system, 135 MPa, at the same signal duration, the impact
of wearing on the fuel rate decreases to 107%.

4.

Concerning the fuel flow rate, the increase in function of
the signal duration at 150 μS is 133% and at 800 µS is
112%. As a function of the wearing, pressure at 30 MPa,
the control portion increased to 117%, while at 135 MPa
the increase was 124%.

5.

With the return fuel rate as a function of the pressure, the
alteration rate due to wear at 30 MPa increases to 117%,
while at 135 MPa the increase is 124%.

6.

By increasing fuel pressure the trend shows reduction of
the impact of wear on the fuel rate, whereas for the return
fuel rate this trend is reversed.
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Abstract: Paper presents an overall analytical review of recent achievements in the field of development and improvement of
technologies for producing structural materials with ultrafine-grained structure by severe plastic deformation. Main modern methods of
obtaining ultrafine-grained structure by severe plastic deformation are described. Special attention to combined process “helical rolling pressing” is devoted.
Keywords: severe plastic deformation, ultrafine-grained structure, technology, combined processes.
length and the need for a large number of processing cycles. And it
sets out the economic inexpediency of introduction of this method
in production.

1. Introduction
The creation of new structural materials with new unique
properties remains one of the urgent problems of modern materials
science. In practice, it is possible to improve the properties of
already existing structural materials by grinding their structure to
ultrafine-grained state. At the moment, there are several ways to
obtain an ultra-fine structure and one of these methods is a method
of severe plastic deformation (SPD), implemented in the entire
volume of the deformable workpiece.
The most well-known method for implementing SPD in ferrous
and non-ferrous metals is equal-channel angular pressing [1]. This
method ensures the production of ultrafine-grained structure in the
metal during 6-10 pressing cycles. At the same time, in order to
reduce the required number of pressing cycles, to produce a metal
with a given grain size over the past decade, a number of dies of
different modifications have been developed that ensure the
implementation of this method of deformation. But until now, this
method has not found application in the real industrial sector
because of the lack of deformation in this method, which consists in
discreteness, i.e. inability to process products of relatively long

2. Concept of combined processes
For the solution of a problem of reception ultrafine-grained
materials by methods of severe plastic deformation (SPD) in
industrial conditions we had developed a number of the combined
technologies of deformation allowing to receive rods of rectangular
and round section from ferrous and non-ferrous metals with
ultrafine-grained structure. These processes include the following
combined processes: "rolling - ECA-pressing" [2-6] (Fig. 1, a),
"helical rolling - ECA-pressing" [7] (Fig. 1, b).
The essence of the proposed combined methods of deformation
is as follows. Preheated to the temperature of the beginning of
deformation (for some non-ferrous metals, an option is possible at
room temperature), the workpiece is fed to the rolling rolls, which,
due to the forces of contact friction, capture it in the gap of the
rolls, and at the exit from it is pushed through the channels of an
equal-channel step matrix.

а)

b)
1 - conical rolls; 2 - equal-channel step matrix; 3 - workpiece.
Figure 1 – The scheme of the combined process
to the contact friction forces capture the workpiece and fully pull it
out of the matrix. When implementing the same combined process
"helical rolling - ECA-pressing" after the workpiece is completely
out of the gap of the rolls, the following billet is fed to them, which,
passing through the rolls and once in the matrix, pushes the
previously deformed billet from the matrix.

In this case, the process of pressing in an equal-channel step
matrix is realized by using the contact friction forces arising on the
surface of the metal contact with rotating rolls.
When implementing the combined process of "rolling - ECApressing" after the workpiece is completely out of the matrix
channels, it is captured by a second pair of rolls, which are also due

212

The combination of the rolling process (longitudinal and
helical) and subsequent pressing in an equal-channel step matrix
allows to realize a favorable scheme of the stress-strain state with
the implementation of severe plastic deformation in the entire
volume of the deformed metal, which creates good conditions for
the formation of an ultrafine-grained structure.
As a result of numerous laboratory experiments to study the
effect of the proposed methods of deformation on the evolution of
the microstructure of various structural materials (ferrous and nonferrous metals and alloys) and change their properties, it was proved
that the combined processes "rolling - ECA-pressing" and "helical
rolling - ECA-pressing " have undeniable advantages over

conventional equal-channel angular pressing, both in terms of more
intense grain crushing and higher mechanical characteristics of the
deformable metal in one cycle of deformation, and in terms of the
possibility of obtaining long blanks [8, 9].
During one of these studies, we have conducted an
experiment on the deformation of workpieces with a diameter of 30
mm and a length of 300 mm of alloy structure steel, grade 40X on
the stand implementing a combined process of "helical rolling ECA-pressing" (Fig. 2), which was assembled on the basis of the
rolling mill 10-30, in order to study the influence of the proposed
method of deformation on the evolution of the structure of the steel
grade.

Figure 2 – The stand implementing the combined process of "helical rolling - ECA-pressing"
at the time of the experiment and non-rolled butt-end
then be warmed again, replaced installed on the mill matrix, a
matrix with a smaller bore diameter and in the same way, cut bars
up to a diameter of 18.5 and 17.0 mm. After each passage for
conducting metallographic analysis the samples from longitudinal
sections of the rod were cut.

For the experiment rods with a diameter of 30 mm and a length
of 300 mm (4 pieces) were produced. The rods have heated up to
800 ºC in a tube furnace Nabertherm R120/1000/13 with exposure
of 30 minutes. Then, the samples were rolled for 2 passes on a
rolling mill 10-30 up to a diameter of 22 mm. At the next stage,
ECA-matrix was mounted at the mill and bars were deformed by
combined method up to a diameter of 20 mm. All 4 workpieces
were rolled by this scheme, while the subsequent billet is pushed
from the matrix to the previous one. Then, the matrix was
disassembled, the butt-end was extracted, which was leveled in the
rolls of the mill at another pass without compression, heated in the
furnace to an initial temperature of 800 ºC and processed on a
combined installation by the rear, untreated end. The pieces will

а)

3. Results and discussion
The samples were investigated using scanning electron
microscope Quanta 200i 3D (FEI company, USA). Photos of typical
types of microstructure in the center and on the periphery of the rod
after screw rolling, and after the third pass on the combined stand
"helical rolling - ECA-pressing" are shown in figure 3.

b)
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c)

d)
а, b – the periphery and the center of the rod after rolling to a diameter of 22 mm;
c, d – the periphery and the center of the rod after three passes on the combined stand "helical rolling - ECA-pressing"
Figure 3 – Microstructure of steel 40X (X10, 000)

The microstructure of the peripheral zone has a predominantly
equiaxed sub-ultrafine-grained nature with grain size about 1 µm. In
the central zone there is a structural stripe in the form of elongated
grains in the direction of rolling with a size of 5÷10 x 0.9÷1.5 µm
and a chain of chromium carbide crystals (white phase). The
microstructure obtained after rolling on a helical mill before
entering the workpiece into the matrix is typical for this type of
deformation and confirms the data presented in [10-11].
The study of samples after three passes on the combined
installation "helical rolling - ECA-pressing" (figure 3, c, d) showed

а)

a change in the striped texture of the central zone of the bar to a
more equiaxed structure with the grain size of the order of 3-6
microns. The peripheral portion of the workpiece retained the
ultrafine-grained character.
A typical picture of the transition zone at a distance of 0.5
radius from the center of the rod is shown in figure 4. The transition
zone after the second pass still retains traces of the oriented
"rolling" structure, although significantly altered. After the third
pass, the transition zone has a fine-grained structure with grain size
of the order of 1-1.5 microns.

b)
Figure 4 - Microstructure of the transition zone at a distance of 0.5 radius
from the center of the bar after the second pass (a) and third pass (b)

According to the results of measurements of the grain size of
steel 40X, it can be concluded that the high intensity of shear
deformation characteristic of screw rolling and combined process
"helical rolling - ECA-pressing", allows to largely grind grain.
Moreover, the combined process, due to the greater nonmonotonicity of the plastic flow of the metal, grinds the grain to a
greater extent, allowing to obtain grain with a minimum average
size of up to 1 µm. At the same time, metallographic studies have
shown the transformation of the oriented banded structure of the

central zone into a more equiaxed structure with a predominance of
large-angle intergranular boundaries.

4. Conclusion
Implementation and bringing to the industrial use of the
proposed combined processes will allow to obtain a method of
continuous extrusion of high-quality rod with rectangular and
circular cross-section. The economic and energy efficiency of the
proposed technology in comparison with the traditional technology
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of equal-channel angular pressing is to reduce the number of
deformation cycles required to obtain a uniform ultrafine-grained
structure by almost 2 times and in a larger proportion of the material
produced in one cycle of processing by ensuring the continuity of
the process. Thus, at comparable quality, productivity, and hence
efficiency of installations for realization of the offered combined
processes will be not less than 2 times higher. At the same time, the
necessary set of properties is formed in fewer passes, and the
proposed installation have no restrictions on the length of the
workpiece. This makes it possible to talk about the energy-saving
advantages of the proposed technology and the prospects for its
commercial application.
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WELDING OF GRADE 1 TITANIUM BY HOLLOW CATHODE ARC DISCHARGE
IN VACUUM
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Abstract: Because of the combination of high specific strength and excellent corrosion resistance in many media, titanium and titanium
alloys are used in aerospace engineering, chemical industry, mechanical engineering etc.
The present work introduces results that demonstrate the effect of the thermal cycle on mechanical properties of Grade 1 Titanium welds,
produced by hollow cathode arc discharge in vacuum. Dimensions of the welds were established. The mechanical properties of the welds –
hardness and tensile strength – were determined. The influence of the thermal cycle on welds structure was investigated.
Keywords: UNALLOYEDTITANIUM, WELDED JOINTS, MECHANICAL PROPERTIES, MICROSTRUCTURE

experiments for Titanium alloy Grade 5 [12]. Cylindrical and
elliptical cathodes made of tantalum foil with length of l = 30 mm
and wall thickness δ = 0.2 mm were used. Welding was done
without the use of filler material and without a welding gap.

1. Introduction
The advantages of titanium and its alloys over other
construction materials are related to their high mechanical
properties, low density and excellent corrosion resistance to many
aggressive environments, low thermal conductivity, non-magnetic
properties, and others.
These materials are most widely used in space and automotive
industry [1, 2, 3, 4, 5, 6], as commercially pure (non-alloyed)
titanium (Grade 1, 2, 3, 4) and the Ti-6AI-4V alloy are the most
used titanium materials in medicine [7].
The mechanical properties of commercially pure titanium are
characterized by a good combination of strength and plasticity, and
in this respect it does not yield a number of carbon and Cr-Ni
stainless steels. The differences in the mechanical properties of the
individual grades of commercially pure titanium are mainly due to
the different maximum allowed amounts of interstitial elements oxygen, carbon, hydrogen and nitrogen.
The last is the most effective strengthening element of
unalloyed titanium, followed by oxygen [8]. While they increase
strength, they sharply reduce plasticity. Therefore the content of
impurities, especially gases, is strictly limited.

Fig. 1 General appearance of the semi-industrial installation for arc
treatment with hollow cathode in vacuum: 1 - vacuum chamber; 2 - burner;
3 - hollow cathode; 4 - welded parts, 5 - manipulator, 6 - electric motor; 7 core power source, 8 - auxiliary power source, 9 - capacitor battery, 10 microprocessor; 11 - reductyl-ventil; 12 - bottle with plasma-forming gas.

Since titanium and its alloys are used very often as a material
for welded structures, it is necessary to take into account certain
technological difficulties. These are: high chemical activity
requiring quality protection not only of the weld, but also of the
surrounding area heated to temperatures above 250-300° C;
formation of pores and cold cracks as a result of the presence of gas
impurities; tendency towards grain size increase in the heat affected
zone requiring usage of optimal operating modes.

Table 1: Operating modes
№ of
Current
Welding
regime
[A]
speed
[mm/s]

А basic criterion for definition of titanium and its alloys
weldability is the ability to produce joints without defects with
sufficient toughness and plasticity [9]. Unalloyed titanium has
medium strength, good corrosion resistance and weldability. For
welding of the titanium and its alloys, the following methods are
used: TIG, plasma, electron beam, hollow cathode arc in vacuum,
laser, by friction and diffusion [10, 11].

1
2
3
4

The purpose of the present paper is to investigate the effect of
the working parameters on the geometrical dimensions and
mechanical properties of the obtained welds and joints of unalloyed
titanium Grade 1 (according to ASTM B265) using vacuum arc
discharge.

2. Materials and Methods
The experiments were carried out with the help of a semiindustrial installation for arc treatment with hollow cathode in
vacuum. Used working modes are pointed out in Table 1. They
were selected on the basis of previously conducted welding
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115
130
115
130

4,2
5,5
5,5
6,5

Form and size of
the cathode
[mm]
Round; Ø 4
Round; Ø 4
Elliptical 5,6 x 2
Elliptical 5,6 х 2

Amount of
plasmaforming gas
[l/h]
2,3-2,4
2,3-2,4
2,3-2,4
2,3-2,4

The used specimens were with dimensions 100x50x2mm
(LxWxH) and were made of commercially pure Titanium Grade 1.
Determination of joints mechanical properties was done using
tensile and hardness testing in characteristic areas of the welded
joints. The tensile tests were conducted using an Instron 3384
machine and was complied with the requirements of EN ISO 68921:2009. Hardness measurements were performed by Vickers
method using "Wilson Hardness" tester with a load of 5 kg and an
impact time of 10 s. The dimensions of the fusion and heat affected
zones were measured to an accuracy of 0.1mm.
Macrostructural and microstructural analysis of the welded
joints was performed. Revealing the macrostructures was done with

a reagent of composition: 15 ml of HNO3, 10 ml of HF, 75 ml of
H2O. The microstructures were observed after etching with a
mixture of 30 ml of C3H6O3, 10 ml of HF and 10 ml of HNO3.

Table 4: Hardness according to the literature data, in the state of delivery
and in the different zones of the joints after welding
Type of
specimen

Fusion zone
HV5

Heat affected zone
HV5

Base material
HV5

Literature data

-

-

115

Delivery state

-

-

125

120
125
124
123

125
128
121
126

3. Results of the experimental study
Table 2 presents the dimensions of the fusion zones (welding
pool) and heat affected zones obtained after welding in the used
modes. It can be seen that the change in the cross section of the
cathode from round (modes 1 and 2) to elliptical (modes 3 and 4),
geometrically oriented with its wide side along the welding axis, led
to reduction basically of the dimensions of the fusion zones.

Specimen 1
Specimen 2
Specimen 3
Specimen 4

138
140
142
136

Table 2: Dimensions of areas obtained after welding
Mode №

Width of fusion zone
[mm]

Width of heat affected zone
[mm]

1
2
3
4

9,0
8,5
7,0
8,0

4,5-5,0
4,5-5,0
3,0-4,0
4,5-5,0

Table 3 shows the mean values of investigated mechanical
properties of the base material and the joints. These properties were
compared with literature data for pure titanium Grade 1.
Table 3: Characteristics of mechanical properties according to the
literature, in the state of delivery and of the compounds after welding
Yield
Tensile
Relative
Type of
strength
strength
elongation A5
Note
specimens
Rp0,2 [MPa]
Rm [MPa]
[%]
Literature
220
345
37
data
Delivery
250
346
40
status
Specimen 1
243
345
40
O
Specimen 2
236
342
35
O
Specimen 3
235
334
14
I
Specimen 4
240
343
40
O
O - fractured outside the welding area; I - fractured at the welding site.

Fig. 3 Mean hardness in the joint specific zones welding

The transition from the base metal to the zones heated to
temperatures in the range between the phase transformation
temperature and the melting temperature of titanium resulted in a
minor reduction of the hardness (within 3 ÷ 5 HV5). A hardness
increase was observed in the fusion zone where the temperatures
exceeded titanium melting temperature; measured hardness values
were 10 ÷ 20 HV5 higher than these of the material at delivery.
Such a hardness distribution can not be related to the size of the
grains, since Figures 4a and b clearly show that they were largest in
the fusion zone. A reason for that hardness distribution could be
related to the different cooling rates at the different joint zones that
led to formation of α-phase with different degree of dispersion.

The results in Table 3 indicate that the strength and deformation
characteristics of the obtained joints after welding in tensile test
were measurable with those of the material in the state of delivery.

It is worth noting that only small difference in the measured
hardness values in the fusion zones and heat affected zones of all
joints were measured. This fact indicated that the used welding
parameters did not influence significantly the formed structures, and
hence – the mechanical properties.

It should also be noted that in three of the four modes, the
fracture of specimens occurred out of the welding area (Figure 2).
That was due to the increased strength characteristics found in
hardness measurement in areas where the temperature during
welding exceeded that of the phase transition. In mode three,
fracture occurred in the weld due to the lack of full penetration.

a)

b)
Fig. 4 Macrostructure of the welded joints: a) weld + heat affected zone;
b) heat affected zone + base material.

Fig. 2 General appearance of specimens after tensile testing.

Table 4 and Figure 3 show mean hardness values of fusion zone,
heat affected zone and base material.

The observed changes in hardness values were also proven by
the tensile tests. As it can be seen in Figure 2, the deformation was
localized outside the fusion zone, with necking of the base metal
where fracture occurred.
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In the macrosections of the joints (Figure 4) the above
mentioned large (2 -3 mm) grains were observed. Their orientation
in the weld differed from that in the heat affected zone; a reason for
that could be the difference in heat exchange conditions in the
volume of the studied welded joints. Grain size decreased toward
heat affected zone. The observed boundary between heat affected
zone and base metal was abrupt.
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Fig. 5 Microsections of specimen 3: a) base metal; b) base metal/heat
affected zone boundary; c) heat affected zone; d) weld pool

Figure 5a shows equiaxed α-grains in the base metal
microstructure (as-received Grade 1 Ti); a structure like this is
typically obtained after process annealing [13]. A sudden change in
grains size and shape was observed at the base metal/heat affected
zone boundary, as shown in Figure 5b. Heat affected zone was
characterized by enlarged and elongated prior β-crystals; grains
elongation was normal to the weld surface direction. Closer
examination of heat affected zone microstructure revealed coarse
acicular and Widmanstatten α-grains morphology - Figure 5c. The
microstructure of the weld pool (Figure 5d) consisted of large
elongated prior β-grains; fine acicular and Widmanstatten α-grains
were formed into prior β-grains. The finer α-needles morphology of
weld pool caused the measured higher hardness values of weld
pools.

4. Conclusion
1. Changing the basic working parameters and cathode shape in
vacuum arc discharge welding of titanium Grade 1 allows formation
of fusion zones and heat affected zones of different dimensions.
2. The used welding modes do not significantly influence the
investigated mechanical properties of the obtained welded joints.
3. The formed macrostructure is typical of titanium and its
alloys welded joints and is characterized by large grains in the weld
that decrease in size towards the abrupt boundary “heat affected
zone/base material”.
4. The different conditions of heat exchange in welds and in the
heat affected zones determine the formation of more dispersed
morphologies of the α-phase in the weld, as well as the different
orientation of the prior β-grains.
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PECULIARITIES OF CHEMICAL-THERMAL TREATMENT
OF SEMI-PERMEABLE POWDER METALLURGICAL MATERIALS
IN SEMI-PERMEABLE SATURATION MEDIA
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Abstract: The main characteristic of the powder metallurgical materials that distinguishes them from the summer ones is the presence in
them of residual porosity. For this reason, the processes of their thermochemical treatment are differ significantly from those occurring at
saturation of dense ones. In the present paper the impact of technological processes such as boronizing, chromizing, siliconizing,
carburizing, borocarburizing, etc., is monitored on the kinetics of diffusion layer growth in powder materials with a porosity of 5÷35%. The
specimens of iron powders NC 100.24 and those doped with 2% Cu were subjected to study. The samples were pressed with an effort of 200
÷ 800MPa and sintered for 0.5h at 1150°C in dissociated NH3 medium. Thermochemical treatment was conducted at 950°C for 4 hours in
semi-permeable saturation media. Graphical dependencies for varying the thickness of diffusion coatings in different thermochemical
treatment modes are presented, depending on the porosity of the saturation materials.
KEYWORDS: POWDER METALLURGY; CARBURIZING; CHROMIZING; SILICONIZING; BORONIZING; BOROALUMINIZING;
BOROCARBURIZING.
;.

1. Introduction
The kinetics of the formation of diffusion layers in powder;ejdlurgical construction materials, their construction, their phase
composition and their properties are predominantly determined by
the specifics of their sintering. A decisive influence on the character
of the formed diffusion coatings results in the voidity of the
saturated matrix. Depending on the size, the shape, the way of
distribution, and especially the type of pores - open or closed, the
mechanism of formation of the diffusion layers is predetermined.
As a result, it is necessary to distinguish between the closed and
open pores in the diffusion processes in the powder materials.
According to this index, the powder materials are conventionally
divided into three main groups: [5,7, 11,12]
 impervious - have a completely closed porosity;
 permeables - all pores are found;
 semi-permeables - only a portion of the pores are
detected.
The most commonly used powder alloys - those based on iron,
can be applied to the group of impervious when their total porosity
does not exceed 7 ÷ 10%, and permeables when their total porosity
exceeds 25 ÷ 30%. In all other cases, when their porosity ranges
from 10 ÷ 25%, they refer to semi-permeable materials. [8,9,12]
In addition to the type of saturable matrix, chemical termal
treatment of powdery materials is also the type of active medium
from which the diffuser element is separated. Similar to the matrix
and saturation environments are classified as permeable - gas,
semipermeable - liquid and impervious - solid. [5,8,11]
The combination of the different types of matrices and
saturation environments necessitates the need for further studies to
specify diffusion processes depending on the type of the matrix and
the type of saturation medium.
In this regard, the aim of the present study is to investigate the
efficiency of diffusion processes in saturation of semipermeable
powder materials in semi-permeable saturation media.

The samples thus prepared were subjected to diffusion
enrichment for 4 hours at 950 ° C, in melts for carbonizing,
siliconizing, chromizing, boronizing, boroaluminizing and
borocarborizing with a concentration of the formulas 1 to 6.
[1,2,3,4,6,10]
81% [55% NaCO3+45%K2CO3] + 13%SiC + 6%B2O3
50%[65%Na2SiO3+35%SiC]+ 50%NaCl

(2)

82%Na2B4O7+12%SiC+6%K2Cr2O7

(3)

97%[25%Al2O3+75%Cr2O3]+3%NH4Cl

(4)

80%[82%Na2B4O7+14%SiC+4%K2Cr2O7]+
20%[82%(55%Na2CO3+45%K2CO3)+12%SiC+6%B2O3]

(5)

30%Na2B4O7+40%B2O3+10%Al2O3+8%K2Cr2O7+12%B4C

(6)

After saturation, samples were subjected to microstructural
analysis [9] to determine the thickness of the formed diffusion
layers. Since, due to the presence of open and prominent pores, the
resulting diffusion coatings are of relatively uneven thickness - Fig.
1, for each studied sample 5 random measurements were made for
the thickness of the layer and their arithmetic mean value was
calculated - Table №1.
The graphical interpretation is presented in Figures 2 ÷ 4.

2. Eksperimentalna part
In the present study, the research is directed to addressing the
saturation peculiarities of semipermeable powder construction
materials in semi-permeable saturation environments.
Iron powders type NC100.24 were used as the basis for making
the test samples. They are pressed with an effort of 200 ÷ 800MPa,
in order to obtain samples with different porosity - 5÷35%. Sintering
is carried out at 1150 ° C in a dissociated ammonia protective
medium. The samples obtained in this case are a product of the socalled solid phase sintering. To test the diffusion processes in
samples after sintering in the presence of a liquid phase, samples
were made in the same process scheme in which the iron matrix was
d alloyed with 2% Cu.
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(1)

Fig.1. Microstructure of a boride layer on a sample
of Fe - NC100.24 + 2.0% Cu, with a polarity of 25%

№
under
order

6

7

δ, m

Table №1. Experimental data
Thickness of
Diffuthe diffusion layer, δ,µm
sing
Tape of matrix
elePorosity - P,%
ment 5
10
15
25
35

240
220

1

2

3

4

5

1

Fe- NC 100.24

С

487

674

949 1370

2

Fe- NC 100.24

Si

148

162

175

198

215

3

Fe- NC 100.24

B

63

87

102

115

127

4

Fe- NC 100.24

Cr

28

34

37

43

49

5

Fe- NC 100.24

С+ В 115

121

126

131

134

6

Fe- NC 100.24

C+ Cr 10

15

17

18

-

7

Fe - NC 100.24

8

-

180
160
140

2
3

120
100

C

415

621

756

843

-

B

54

73

88

102

118

80

+ 2,0%Cu
8

1

200

Fe - NC 100.24

60

4

+ 2,0%Cu
9

40

Fe - NC 100.24
C+ B

110

113

118

121

123

10

B +Al 143

152

159

164

167

5

20

+ 2,0%Cu
Fe - NC 100.24

0

+ 2,0%Cu

0

Note: When measuring the boride layers, the entire thickness
of the layer is determined, not just its thick part

20

30

40

P, %

Fig.3. Thickness of the diffusion layer after sintering
without the presence of a liquid phase:
1 – siliconizing; 2 – borocarbonizing; 3 – boronizing; 4 – chromizing;
5 - carbochromizing
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Fig.2. Thickness of diffusion layer after carbonization
in iron matrix Fe - NC 100.24-1
and with 2% Cu alloying - 2.
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Fig.4. Thickness to the diffusion layer after sintering
in the presence of a liquid phase:
1– boroaluminizing; 2 – borocarbonizing; 3 – boronizing.
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From the experimental results obtained, it can be seen that the rate
of formation of the diffusion layers at saturation of permeable
materials - porosity 25 ÷ 35% is significantly higher compared to
impervious ones - porosity 5 ÷ 10%.
For this difference in the growth rates and the construction of
the diffusion layers, it is essential to penetrate the saturation
medium into depth of the open and through pores. Therefore, the
saturation of the permeable materials is practiced over the entire
volume of the article. As a result of the ongoing diffusion processes,
the surface pores are saturated the most and the circulation of the
saturation media towards the inside of the parts decreases. This in
turn leads to a reduction of the surface activity of the medium to the
core of the articles and the formation of micronized, chemicallyderived diffusion layers. As a result, highly concentrated phases are
formed on the surface of the open pores and can be recorded at a
significant depth from the surface of the saturation product.
These causes accelerate the diffusion processes, favor the
volumetric diffusion prioritization and the gradual change of the
diffusion element concentration both in depth of the formed layer
and in relation to the surface of the separately collected open pore.
When analyzing the results obtained, it should be taken into
account that the initial porosity in the saturation process does not
remain constant. The saturation result in this case is predetermined
by the interaction of the active substance - the diffusing element
with the surface of the matrix-forming beads forming the pore. The
formation of a diffusion layer on the surface of the open pores is
accompanied by an increase in volume resulting in a cross sectional
area of the open pores decreasing This is the reason why, after a
certain saturation time, it is difficult to penetrate the saturation
environment into the interior of the details. Moreover, in the
saturation process it is possible to completely or partially deplete
the pores. In this case, the permeable matrix may pass into a semipermeable or even impenetrable. Naturally, the sooner this is done,
the less will be the effect of accelerating the increase in the
diffusion layer of the sintered materials compared to the dense
materials.
Comparing the results obtained after saturation of samples of
iron powder type NC100.24 with different porosity - 5 ÷ 35%, it can
be seen that as the porosity increases, the thickness of the formed
diffusion layers increases. For samples subjected to silicon, this
difference is 50%; 100% for chrome plating - 60% and for
carbonization - 300%.
The experimental data obtained demonstrates the intensification
of the processes related to the removal of the detected and passage
pores in the initial stage of the diffusion processes in the cases of
chromium. In contrast, when charring, pore deletions do not occur.
The effect of the obliteration of the porosity is partial during the
boronizing - 25 ÷ 30% and siliconizing - 30 ÷ 35%.
Comparing the results obtained after the boron and boron
carbonation of Fig. 3 and 4, it appears that the deletion of the open
porosity is intensified if a liquid phase is formed in the sintering
process or chemical compounds are formed whose dimensions are
smaller than the pore size. The presence of copper in the master
matrix of the samples, which is in the liquid state during the curing
process, leads to intensification of the processes associated with the
removal of the pores found, and this inevitably results in the
formation of diffusion layers of lesser thickness.

3. Conclusions
The following conclusions can be drawn from the research
carried out and the results obtained:
 In the chemical-thermal treatment of permeable and semipermeable powdered construction materials on a ferrous
basis in semi-permeable saturation environments with
increased porosity, the rate of formation of the diffusion
layers increases. This is the result of the presence of a large
amount of open and through pores allowing the workpiece
to flow through the entire volume of the article.
 In the diffusion enrichment process, partial or total deletion
of the open and through pores can occur, resulting in the
rate of formation of the diffusion layers decreasing as a
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result of the transformation of the saturated matrix into a
permeable, semi-permeable and even impermeable matrix.
 The deletion of surface and throughput porosity in the
chemothermal treatment of permeable materials is in direct
dependence on the type of diffusion element and the type of
sintering - whether it is solid phase or flows in the presence
of a liquid phase.
 Pore deletion is favored in cases where the diffuser element
is inherently close to iron chromium; copper and others.
transition metals. In cases where the diffuser element is
significantly different in its nature from the iron aluminum, silicon, carbon, etc., it does not lead to the
deletion of the pores, but only to the reduction of their cross
section.
 Pore deletion is intensified if a liquid phase is formed or
chemical compounds are formed in the matrix during the
caking and saturation process - FeB; Fe2B; Fe2Al5 and
others.
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Abstract Titanium dioxide coatings and zirconium dioxide were deposited on SiO2 underlayers by sol-gel method on stainless steel
plates. The samples were treated at two different temperatures (500 and 700oC) in air. The morphology was examined by means of Scanning
electron microscopy (SEM) and the phase composition by X-ray diffraction analyses. The corrosion resistance of the coatings were examined
by evaluation of the weight loss in NaCl medium. The TiO2/SiO2 coatings possess relatively smooth surface with some crystallites on the
surface, while ZrO2/SiO2 coatings are not so smooth. After treatment at higher temperature the ZrO2/SiO2 coatings become rougher. The
weight loss measurement have proved that the TiO2/SiO2 coatings exhibit higher corrosion resistance in comparison to ZrO2/SiO2 coatings.
The TiO2/SiO2 coatings, treated at 500oC after the corrosion test retain their characteristic grain structure without any cracks and other
defects. Similar is the structure of these coatings, treated at 700 oC. The better protective properties of TiO2/SiO2 could be attributed to their
amorphous dense structure.
Keywords: SOL-GEL, MULTILAYERS, NANOSIZED FILMS, BARRIER PROPERTIES, FILMS

90°C and finally at 300°C. These steps are repeated two times. In
ZrO2/SiO2 (SZ) samples were deposited three ZrO2 layers over
SiO2 layers, using ZrOCl2.8H2O with a acetylacetone and then
dried sequentially at 300°C. The dipping-drying steps were
repeated 3 times, finally was carried out final treatment at 500°C
or 700oC (sample code SZ5 and SZ7, respectively). The same
procedure was applied for the preparation of TiO2 /SiO2 samples
with codes ST5 and ST7. The TiO2 coatings were deposited from
precursor titanium isopropoxide Ti (OC3H7)4 (98%), dissolved in
a mixture of ethanol and butanol . The phase compositions of the
samples were studied by X-ray diffraction (XRD) with CuKαradiation (Philips PW 1050 apparatus). A scanning electron
microscope (SEM) Philips 515 was used for morphology
observations of the films. The chemical corrosion resistance of
the investigated samples and uncoated stainless steel (reference
sample) were studied by immersion in salty corrosive solution of
3.5% NaCl at 25°C (EN ISO10289/2006) for 200 hours .The
temperature of solution and the air temperature were controlled
by calibrated thermometers.

1.Introduction
Corrosion can be defined as a chemical or electrochemical
reaction between a material, usually a metal, which has many
serious economic, health, safety etc consequences. There are
several methods of corrosion control: inhibitors, cathodic
protection and applying of coatings. Coatings for corrosion
protection can be divided into two broad groups - metallic and
nonmetallic (organic and inorganic). [1,2] Recently, the inorganic
oxide coatings are increasingly used for range of industrial
applications to provide wear and erosion resistance, thermal
insulation and corrosion protection [3]. Among them, ZrO2
coatings have good chemical and thermal stability, high strength,
high dielectric constant etc., which make them suitable for
anticorrosiion coating for steels protection [4]. Titania coatings
are also widely used as anticorrosion coatings on stainless steel
[5-7]. The physical and chemical properties of the both ZrO2 and
TiO2 films strongly depend on the deposition method and the
corresponding heat treatment process, especially the temperature
of thermal teatment [8]. Multilayer coatings have recently been
increasingly used as anticorrosive coatings because they provide
better protective properties compared to monolayer coatings. [9]
The multilayer configuration of the two types of oxides applied
to each other has the combined effect of their advantages, and the
surface layer to protect the parent metal should have increased
corrosion resistance. The aim of this article is to study the the
effect of the heating temperature of ZrO2 and TiO2 nanosized
coatings, deposited over silica sol gel layers to their corrosion
resistance.

3. Results and discussion
The figure 1-a indicates the presence of ortophombic
crystallographic phase of ZrO2 and SiO2 phase in sample SZ5
with crytallites sizes 44 and 75 nm , respectively. After heating at
700oC the sample SZ7 crystallizes in cubic ZrO2 phase with very
fine crystallites (9 nm) (Fig 1b). The X-ray diffraction patterns of
sample SТ5 heated at 500oC do not indicate the presence of a
crystalline phase of TiO2, i.e. the sample has amorphous structure
(Fig 1-c) During the isotermical heating at 700oC both phases are
formed: nanocrystalline anatase phase TiO2 phase and SiO2
phase. The same result was obtained from Cheng and co-authors
for sol gel SiO2 doped titanium dioxide films [10]. They have
proved that the peaks intensity of the anatase phase is weakening
with an increase in silica concentration and the films doped with
20% SiO2 is amorphous. Another group of researchers also
showed that the introduction of SiO2 into TiO2 nanoparticles
suppress the crystallization of the anatase phase [11].

2. Experimental
The silica underlayers were prepared from tetraethoxyl
silane (TEOS) dissolved in a mixture of ethanol, water and
hydrochloric acid as a catalyst. The molar ratio H2O: TEOS is
3.7. The solution undergoes aging for 7 days. Stainless steel AISI
316 7.5x 2.5 cm were cleaned ultrasonically in ethanol and
acetone, after taht were immersed in the solution and withdrawn
at a constant rate of 3 cm / min and then dried at 60°C and at
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Fig. 4 Weight loss of the multilayer samples ZrO2/ SiO2 and TiO2/ SiO,
treated at two different temperatures

Fig. 1 XRD patterns of the TiO2 and ZrO2 coatings on silica
underlayers: SZ5 (a), SZ7 (b), ST5 (c) and ST7 (d)

It was established by other research group that the presence of
amorphous structure of TiO2–SiO2 composite deteriorates the ion
and electron conduction of the films, thus acting positively on the
corrosion protection [12]. The relatively dense, amorphous
structure of the samples TiO2 /SiO2, may be reason for their
better protective properties than those of the ZrO2/SiO2
multilayers.

The morphology of multi-layered ZrO2 and TiO2 coatings on
silicon dioxide: freshly prepared and after the corrosion test is
presented on figures 2 and 3. The coatings SiO2/ZrO2 are
relatively thick with the presence of nanosized pores (Fig 2). The
surface of ST sample is relatively dense with a few surface
nanocrystals of different sizes.(Figure 3a) There are no visible
cracks and pores. After thermal treatment at 700oC more
numerous larger superficial nanocrystals are observable (Figure
3b). After the corrosion test the roughness of titania coatings
deposited on SiO2 treated at lower temperature increases slightly
without showing any effects of corrosion such as cracks and
other defects (Figure 3c). The corrosive attack deteriorates
significantly the surface of the samples, treated at 700oC (not
shown here).

4. Conclusions
Coatings, consisting of TiO2 and ZrO2 deposited over SiO2
underlayers were obtained by dipping technique. The titania
coatings on silica underlayer are relatively smooth with many
crystallites on the surface,while the ZrO2/ SiO2 coatings are
rougher . The TiO2 coatings on SiO2 treated at lower temperature
manifested the higher corrosion resistance than that of ZrO2
samples, which have been proved from the weight loss test in
NaCl medium and the morphology studies. The increasing of the
treatment temperature deteriorates the protection properties of the
both types of coatings. The better protective properties of
TiO2/SiO2, heated at 500oC, could be attributed to their
amorphous structure and relatively dense surface. The obtained
new multilayer structures are promising with the view to increase
the corrosion resistance of the steel and this fact gives us the
reason to extend the scope of the experiments.
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OPTIMIZATION OF THE CIRCULAR MANHOLE COVER MADE OF DUCTILE
CAST IRON USING FINITE ELEMENT METHOD
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Abstract: In this paper, in order to dimension the position and the number of vertical reinforcement, several numerical linear static
simulations of bending circular manhole cover of ductile cast iron (grade EN-GJS-500-7) with 600 mm diameter are performed. The
analysis of displacement and stress using the finite element method in the software package Autodesk Simulation Mechanical were
conducted. Verification of numerical results for the solution of thin circular plate was performed with analytical bending solutions. After
checking the numerical procedure on the thin circular plate, two circular vertical reinforcements were added on the underside: internal and
external. Numerical simulations investigated the influence of the inner circular reinforcement position on the strength of the circular
manhole cover, while equivalent stresses followed by energy theory of strength (von Mises) were monitored. Since maximal equivalent
stresses remain on the plate by varying the position of the inner circular reinforcement, simulations with added radial reinforcements are
performed. Finally, by optimizing the number of radial reinforcements, the optimum plate design is chosen.
Keywords: CIRCULAR MANHOLE COVER, VERTICAL REINFORCEMENTS, LINEAR ANALYSIS, FINITE ELEMENT
METHOD, DUCTILE CAST IRON
E=169 GPa, Poisson’s ratio  =0.275, minimum tensile strength
Rm=500 MPa, minimum 0.2% proof stress Rp0.2=320 MPa,
minimum elongation A=7%. The microstructure of ductile iron
grade EN-GJS-500-7 was observed by light microscope Olympus
GX-51A. It consists of ferrite and pearlite (Fig.3).

1. Introduction
Modern civilization cannot be imagined without a system of
drainage of waste and precipitation water. Manhole covers are
essential functional and safety parts of the system. They must allow
access to the system, i.e. to be mobile, but also must have the
required strength.
Manhole covers are circular or square plates, which are
generally located on pavements or roads. They must be very strong
and durable to be able to withstand the load and impact of
pedestrians and/or vehicles’ constant weight upon them. They are
generally made out of cast iron. The circular shape for the manhole
cover allows easier transporting by rolling as well as manufacturing,
installing and maintaining [1,2].
Installation place according to classes of manhole cover are
presents in [3]. Covers class D 400 (Fig. 1), placed on the roads and
parking lots for cars and for heavy goods vehicles, should endure a
load of 400 kN. Since there is a lack of literature data of manhole
cover optimization, this paper deals with analytical solution
followed by numerical simulations.

Fig. 2 Dimensions of circular ribs (reinforcements) of manhole cover.

Fig. 3 Microstructure of ductile iron grade EN-GJS-500-7.

Firstly, the analytical analysis for bending of thin circular plate
was conducted. Then, the same analysis was performed numerically
using the software package Autodesk Simulation Mechanical [5]
based on the finite element method. Results of the vertical
displacement and radial and circular stresses, obtained by the
numerical simulation, were compared with analytical solution. After
the verification of numerical results of the bending of thin circular
plate with analytical solution, the ribs on the bottom side of plate
were gradually added. Optimal position of circular ribs and number
of radial ribs will be calculated numerically using finite element
method.

Fig. 1 Circular manhole cover Class D 400 [3].

2. Material and design
In this paper cover made of ductile iron (grade EN-GJS-500-7)
with following dimensions was analyzed: diameter A=600 mm,
height Hp=50 mm, thickness 22 mm. The dimensions of the circular
ribs are shown by the radial cross section on Fig. 2, while the
position of the inner rib is variable at r = 80, 100, 120, 140, 160,
180, 200 mm.
According to EN 1563:2011 [4] mechanical properties of ductile
iron grade EN-GJS-500-7 are following: modulus of elasticity
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3. Analytical solution
Analytical solutions are only applicable for simple geometric
problems such as bending of thin circular plate. A thin circular plate
with a radius of R=300 mm by simply supported edge and loaded by
uniformly continuous load q is presented in Fig. 4.

Internal transverse force Q was determined using the
equilibrium condition for the radius r of the plate element according
to Fig. 3b
(1)
 Fz  2r Q  r 2 q  0 .
The differential equation of bending the thin circular plate [6] is
given by relation:
d 1 d
Q
(2)
  r   D ,
dr  r dr

where D is flexural stiffness of the thin plate expressed by
Eh3
(3)
D
.
12 1   2





Rotation of the normal to the elastic line is represented by an angle
α, which is variable in the radial direction [6] determined by the
following expression:
dw
 
,
(4)
dr
and represents the slope of the tangent to the elastic line (Fig. 4c).

4. Numerical solution
The analysis of the circular manhole covers was being
conducted by software package Autodesk Simulation Mechanical
[5] based on the finite element method. The purpose of this paper
was to analyse the influence of ribs on strength of circular manhole
cover in three variants of circular plates:
(I) thin circular plate without ribs (Fig. 5a),
(II) thin circular plate with two circular ribs added on the
bottom side: lower on the outer circumference and higher on
the inner circumference the radius that will change (Fig. 5b).
Position of the internal rib is variable at r = 80, 100, 120, 140,
160, 180 and 200 mm.
(III) thin circular plate with several (6,7 and 8) radial ribs
connected with the circular ribs on the bottom side (Fig. 5c).

a)
b)
c)
Fig. 5 Circular manhole cover: a) Variant I, b) Variant II, c) Variant III.
a)

b)

c)
Fig. 4 Bending of thin circular plate [6]: a) simply supported on the edge, b)
internal transverse forces and c) elastic bending lines.

Terms of normal stresses [6] in the radial (σr) and circular (σφ)
direction are expressed with the following expressions:

E 
d 
E  d
r 
  z ,  

 
 z . (5)
r
1   2  dr
1  2  r
dr 
Inserting equations (1) and (3) into the equation (2), followed by its
integration, and inserting two boundary conditions result in the
expression for angle α: (i) complete plate (for r=0 → α=0) and (ii)
there is no the bending moment on the outer edge (for r=R → Mr
=0).
The necessary information about vertical displacement (deflection)
w could be defined by rearranging equations (4) and by including
the boundary condition of inability of deflection on the outer plate
edge (for r=R → w=0). It is known that on the center of the plate the
vertical displacement is maximal, as shown by the following
expression
5  q  R4
(6)
wmax 

.
1   64  D
Incorporating all known values for the material (E, ν), the load
(q=F/(R2π)) and the geometry of the plate (D and h), the analytical
solution of the maximal vertical displacement is achieved. Maximal
vertical displacement for ductile iron grade EN-GJS-500-7 is 4.59
mm.
The design process has to ensure that the maximum calculated
(equivalent) stress (  equ ) is less than the allowable stress
(  equ   allow ). For ductile materials, such as nodular cast iron, the
allowed stress (  allow ) is calculated according to the expression

 allow 

Rp0.2

,
(7)
fs
where fs is the safety factor. In this paper taken safety factor is fs=2.
Allowed stress for ductile iron grade EN-GJS-500-7 are 160 MPa.
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In numerical analysis it is not necessary to model the entire
manhole covers in all three variants. Variants I and II of the covers
are axially symmetric and the analysis can be conducted by the
axisymmetric elements. Because of radial ribs, the Variant III of the
manhole cover is not completely axisymmetric. Therefore, all
numerical analyses will be conducted in such a way that the cover
on the upper surface is divided into equal parts in the circular
direction. The plate geometry of Variants I and II was observed at
an angle of 60 °, while in Variant III depending on the number of
added radial ribs angle varied as follows: 360°/6, 360°/7 and
360°/8.
All geometries of circular covers was being modeled by the
software package Autodesk Inventor Professional [7], and imported
to the software package Autodesk Simulation Mechanical [5] to be
performed the preprocessing. Imported geometric domain is divided
into a network of finite elements on which are associated material
properties, natural boundary conditions (q) and geometric boundary
conditions shown in Fig. 6. Before defining the boundary
conditions, it is necessary to set up a cylindrical coordinate system.

Fig. 6 Natural and geometric boundary condition applied on thin circular
plate (Variant I).

Load of F=400 kN in the form of pressure q (q=F/(R2π)) over
the entire upper surface of circular manhole cover is added (Figure
5) and the following boundary conditions are defined as follows: (i)
at the outer bottom periphery edge the condition of prevented
displacement in z direction (Tz=0) and (ii) based on a cylindrical
coordinate system at the radial sections the boundary conditions of
φ-symmetry (Tφ=0, Rr=0 and Rz=0).
In the numerical simulations the equivalent stresses based on
the energy theory of strength (von Mises) were monitored. After
preprocessing, the three-dimensional linear static analyses of all
three variants of cover are performed. The results of these analyses
are presented in the next section.

5. Results and discussion
Results of numerical analysis of bended thin circular plate
(Variant I) displacement in the z direction (deflection) and
equivalent stress are shown in Figure 7a and 7b, respectively.

displacement (deflection) in the z direction are shown in Fig. 9a. On
Fig. 9b for position of internal circular ribs of r=120 mm vertical
displacement magnitude are presented.

a)
a)

b)
b)

Fig. 7 Results of vertical displacement (a) and equivalent stress (b) for
bending of thin circular plate (Variant I).
Fig. 9 (a) Dependence of the maximal vertical displacement on the position
of the inner circular rib and (b) numerical results of vertical displacement
for bending circular manhole cover with two circular ribs (r=120 mm)
(Variant II).

It is obvious that deflection and equivalent stress are greatest in
the center of the plate. Results of radial and circular stresses are
presented in Figure 8a and 8b, respectively.

The analysis of results of maximal deflection at center of cover
shows that by increasing the radius of the internal circular rib (Fig.
9a) maximal vertical displacement decrease.
Results of several numerical analysis of bending of circular
manhole cover with two circular ribs (Variant II) of equivalent
stress are shown in Fig. 10a. On Fig. 10b for position of internal
circular ribs of r=120 mm equivalent stress are present.

a)

b)
a)
Fig. 8 Results of radial (a) and circular (b) stresses for bending of thin
circular plate (Variant I).

Analytical and numerical solutions for maximal deflection and
maximal radial and circular stresses are compared in Table 1. It can
be seen a very good agreement of numerical results with analytical
which implies a verification of numerical analysis by analytical
solution.
b)

Table 1: Comparison of analytical and numerical solutions for bending the
thin circular plates (Variant I).
Analytical solution
Numerical solution
wmax, mm
4.57
4.59
+328.27
±323.08
𝜎r, N/mm2
-328.07
+328.27
±323.08
𝜎𝜑, N/mm2
-328.07

The maximal equivalent stress, obtained numerically using the
energy theory of strength (von Mises), is 343.17 N/mm2 (Fig. 7b). It
could be seen that in case of the analysis of Variant I (Fig. 5a) the
condition of strength is not achieved.
For this reason, two circular vertical ribs are added on the
bottom side of existing thin circular plate (Fig. 4b, Variant II):
internal and external. The dimensions of the circular ribs are shown
on the radial cross section of Fig. 2, while the position of the
internal rib is variable at r = 80, 100, 120, 140, 160, 180 and 200
mm.
Results of several numerical analysis of bending of circular
manhole cover with two circular ribs (Variant II) of maximal
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Fig. 10 (a) Dependence of the maximal vertical displacement on the position
of the inner circular rib and (b) numerical results of vertical displacement
for bending circular manhole cover with two circular ribs (r=120 mm)
(Variant II).

The analysis of results of equivalent stresses shows that by
increasing the radius of the internal circular rib (Fig. 10a), stresses
decrease in the positions 1, 3 and 4, while at the center of cover
(position 2) increase. In the diagram (Fig. 10a) the area of allowable
stress is indicated by another color (beige). For further analysis,
based on the Fig.1 the position of the internal rib at r = 120 mm is
chosen. The stresses which are greater than those allowed in
positions 1 and 3 will be reduced by addition of radial ribs.
On the model of Variant II with r = 120 mm radial ribs located
from the inner to outer circular ribs, is added. The radial ribs are 15
mm thick. Numerical simulation of bending of circular manhole

cover with 6, 7 and 8 radial ribs is performed. The results of the
numerical analysis of the vertical displacement and the equivalent
stresses with seven radial ribs are shown at Fig. 11 and Fig. 12,
respectively.

a)
Fig. 13 Schematic representation of numerical results of maximal equivalent
stress in stress-strain diagram of ductile iron.

By adding the circular and radial ribs on the bottom side of the
thin circular plate, the maximum deflection at the centre of the
cover decreases (wmax,I > wmax,II > wmax,III).

6. Conclusions

b)

The purpose of this paper was to analyse the influence of ribs
on strength of circular manhole cover in three variants of thin
circular plate:
(I) thin circular plate without ribs (Fig. 5a) – Variant I,
(II) thin circular plate with two circular ribs added on the
bottom side: lower on the outer circumference and higher on
the inner circumference the radius that will change (Fig. 5b).
Position of the internal rib is variable at r = 80, 100, 120, 140,
160, 180 and 200 mm – Variant II.
(III) thin circular plate with several (6,7 and 8) radial ribs
connected with the circular ribs on the bottom side (Fig. 5c)
– Variant III.

Fig. 11 (a) Dependence of the maximal vertical displacement on the
number of radial ribs and (b) numerical results of vertical
displacement for bending circular manhole cover with two circular ribs
(r=120 mm) and seven radial ribs (Variant III).

The analysis of results of maximal deflection at the center of
cover shows that by increasing the number of radial ribs (Fig. 11a)
maximal vertical displacement decreases.

Numerical solution for bending thin circular plate (Variant I) is
compared with analytical solution. For Variant II and III of manhole
cover numerical simulation of bending are conducted.
It is important to note that the equivalent stresses in the plate of
Variant I exist in the center of the plate, in Variant II are moved
closer to the internal circular rib and in Variant III lower to the top
of the circular rib. Results of numerical simulations showed that
increase in number of radial ribs decrease the maximal vertical
displacement and equivalent stress. Finally, it can be concluded that
optimal design of circular manhole cover is made of seven radial
ribs connected with the circular ribs on the bottom side of cover.

a)

7. References

b)

Fig. 12 (a) Dependence of the maximal equivalent stress on the number of
radial ribs and (b) numerical results of equivalent stress for bending
circular manhole cover with two circular ribs (r=120 mm) and seven radial
ribs (Variant III).

The analysis of results of equivalent stresses show that by
increasing number of radial ribs (Fig. 12a) maximal stresses
decrease. In the diagram presented in Fig. 12a the area of allowable
stress is indicated by another color (beige). Design of circular
manhole cover of Variant III with more than six radial ribs is
allowed, because equivalent stresses are less than the allowable
stress (  equ   allow ). Design of circular manhole cover with seven
radial ribs is optimal.
Schematic representation of all numerical results of maximal
equivalent stresses on Variant I, II and III in stress-strain diagram of
used ductile iron on Fig. 13 is presented.
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