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4 NUMERICAL SIMULATION OF THE FLOW
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where 
!

0
~

 is the turbulence source, due to of
velocity gradient, Gω is the source of ω. Γ

k 
and Γω

are the effective diffusivity  k and ω. Y
k
 and Yω are

dissipations of k and ω, due to of turbulence, Dω is
the  diffusive term.
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Meshes of original and deformed blade were
topologically equivalent. Computational domain
was discretized with structural mesh. To reduce the
calculating time, only one interblade area (1/5 total
area) was calculated, on borders a periodic
boundary condition was regulated. Influence of the
mesh was examined only at optimum flow and for
the case of original – not deformed blade. Finally,
the mesh with approximately 400.000 nodes was
used, which was on the channel walls and along

the fan blade refined - y+ was between 30 and 80.
With this kind of mesh density we evaluated the
error of discretization to 0,5 %. Geometry, as well
as deformed blade mesh, was equivalent for all
working points - it was adopted, that for every
single working point of the axial flow fan,
deformation does not change significantly.

4.2 Convergence Criterion

Convergence criterion was set, regarding the
pressure development on the inlet and velocity on
the outlet from the computational domain.
Parameters were always converging, when the
residuals sum of transport equation in the entire
computational domain was less then 1×10-3. Finally,
for convergence criterion, the situation was used,
when the residuals decreased below 1×10-4, for
which approximately 350 iterations were needed.
Iteration error was estimated to 0,05 %.
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Pressure distribution on blade is similar for
both, the original and deformed blade. At lower flow

(Q = 1.31 m3/s) it can be noticed, that pressure on
suction side of the deformed blade is slightly lower,
which effects the intensive separation of flow at this
location. The reason for this is a larger blade angle
of attack, because of deformation. Near the optimum
(Q = 2.76 m3/s) changes are less distinctive, pressure

O rig in a l b la d e D e fo rm e d  b la d e

P re ssu re  s id e S u c tio n  s id e
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on suction side of deformed blade is slightly lower
that in the case of original blade. In working point
4.22 m3/s, pressure conditions on blade are not
distinctive. Pressure on the trailing edge on the
section side of the deformed blade is slightly higher
in comparison to the pressure on the same place of
the original blade. The difference is the result of
better flow conditions for the deformed blade,
because the angle of attack is larger (optimum moves
to the higher volume flow).

Despite the deformations, conditions on the
blade pressure side remain mostly the same, and
changes are negligible.
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5.3 Velocity on Blade Tip

In 1����� 12 relative velocity vectors are
shown on the section 15 mm from the tip of the

O rig in a l b la d e D e fo rm e d  b la d e

Q  =   m /���� �3

Q  =   m /���� �3

Q  =   m /���� �3

Fig. 12. Relative velocity vector on the section 15 mm from the tip of the original and deformed blade in
fan’s three working points

Q = 1.31 m3/s

Q = 2.76 m3/s

Q = 4.22 m3/s
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points (Q = "( "!
�(=$!
�(��
6 M).

Images show velocity conditions at the most
critical place (at the tip of the blade). Separating of
flow on this place causes the efficiency and power
drop and generation of aerodynamic noise.

At the lower and optimal flow (Q = 2.76
m3/s) the separating of flow is obviously larger in
case of deformed blade, which is the result of
inappropriate (larger) blade angle of attack. In case
of higher volume flow (Q = 4.22 m3/s) the
aggressiveness of separating between the blades is
comparable, which is the result of shifting the
optimum towards higher volume flow, because of
blade deformation.

5.4 Predictions and Measurements of Integral
Characteristics

Figure 13 shows measured and numerical
(for original and deformed geometry) integral
characteristic of standardized efficiency and
pressure increase in dependence of volume flow.

@�6������
 6�3��
 E���
 ��������
 *��3�

���6���0
�����
E���
6�����6���
�����
����
���

�/��6�6
E��	���
/����!
�����E��
3��������
���

������(
4�
�
3��������
E���
���
�����
�*�����3
���6

��6������
 6�3��
 E���
 ���
 3����6�3
 *��3�

���6���0!
E����
6����
E���
�G/���6�����
 �����

��
E�3��
 �����(
2�����
 3��������
 ���
*�
 ���
 ��

��E��
����6�
���E!
E����
�
/��*�*�0
���
�����
��

�������6���3
 /��3������
 ��
 ���E
 �/�������
 ��

��������
�3��
��
���
*��3�
��3
���������
���6�����

��
 *��3�
 3����6�����
 ����
 ����0
 ���!
6�����3

3����6�����
 ��
 �/��6�6
E��	���
 /����
 E�

����3���3
N
��
���/���
 �(

�����*����
 ����3�������
 ��
 ������

�3����6�3�
��/�
��
���
*��3�
�
�*����!
*�����

�����
�
��
�/����
���
*�����
/��3������
��
������
���E

����3
��3
�����
�/��6�>�����
��
*��3�
���6���0(

$
'C@'.%�4C@

A��
/�/��
/������3
���
���������
��
*��3�

3����6�����
��
���
��������
��3
�����
�������������(

D���
 ��6/����
 ��3�3
 ������>�����
 *��3�
 ��/

3����6�����
E���
3�����3(

������6���
�����

E���
 ��3
 ��
 3����6���
 ���
 �����*��
 *��3�

���6�����!
E����
E�
 ��
 ������������
 ��3
 ���

��6������
6�3�����
 ���
 ���
 �6�
 ���
 ��������

E��	���
 /���6����(
'���3�����
 ��
 ��
 ������

�3����6�3�
��/�
��
���
*��3�
E���3
*�
����*��
��

���
 ���!
 *�����
 ��
 ���*��
 *�����
 /��3������
��

������
���E
����3
��3
�����
�/��6�>�����
��
*��3�

���6���0(

��,�	����������

B������
E�
����3�3
*0
����/���
���3
���

��������
 3�����/6���
 ��
 /������
 ���6�
 �������3

"�������� 	�� %�	������� ��������� ���	������

�����	������ �	�� ���#�	�����	���� � �������� ���

Fig. 13. Comparison between the experimental results and numerical model for cases of original and
deformed geometry
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0 INTRODUCTION

One of the most important challenges in
helicopter aerodynamics is the accurate prediction
of rotor loads, especially in forward flight.

Helicopter rotor aerodynamic flow field is
very complex, and it is characterized by remarkably
unsteady behavior. The most significant
unsteadiness appears during the forward flight. In
that case, the progressive motion of helicopter
coupled with rotary motion of rotor blades causes
drastic variations of local velocity vectors over the
blades, where the advancing or retreating blade
position is of great significance. In first case, the
local tip transonic flow generates, while in second,
speed reversal appears.

In addition, in forward flight, blades
encounter wakes generated by forerunning blades
and so encounter non-uniform inflow. The wake
passing by the blade induces high velocities close
to it causes changes in lifting force. Besides that,
in horizontal flight blades constantly change pitch,
i.e. angle of attack at different azimuths. Such angle
of attack variations are very rapid, so that dynamic

stall occurs, especially in case of retreating blades
[1] and [2].

Various methods have been used to represent
the rotor and its wake. The rotor blades have been
represented by actuator disc, blade elements, a lifting
line, lifting surface, or a finite difference and finite
elements method. Lifting surface theory allows for
a more realistic and general representation of the
blade than lifting line theory, and has been shown to
be more accurate as well [2] to [4]. Finite difference
or finite element methods must be used to introduce
transonic effect. Also, they offer the potential to
predict blade drag [5]. However, the major drawback
of finite elements and finite difference methods are
their long computation times.

1 DYNAMICS

In this paper the rotor of helicopter SA 341
“Gazelle” is modeled, at which the blades are
attached to the hub by flap, pitch and pseudo lead-
lag hinges.

Blade motion in lead-lag plane is limited
by dynamic damper, which permits very small
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maximum blade deflection. Due to such small
angular freedom of motion, we can assume that
there is no led-lag motion at all.

Pitch hinge is placed between flap hinge and
pseudo lead-lag hinge. In derivation of the
equations of motion [6] and [7], the following was
assumed:
• the rotor does not vibrate, and its rotation

velocity Ω is constant,
• the blade is considered absolutely rigid.

According to the above mentioned, the
following frames have been selected for use:
• fixed frame F, with x-axis in the direction of

flight, and z-axis oriented upwards;
• frame H, connected with the rotor and rotates

together with it; it is obtained by rotating the F
frame for a certain azimuth angle ψ; keeping
the common z-axis;

• frame P, connected to the flapping hinge, so that
the y-axis is oriented along the blade; its origin
is displaced from the rotating axis for the value
eβ, while it is rotated for the angle β with respect
to the frame H;

• frame B, connected to the blade, displaced for
the value eθ from the origin of P, and tilted for
the value θ (pitch angle) with respect to the P.

With assumptions mentioned above,
equation of blade flapping motion is [7]:

where B is moment of inertia about P
x
, m

b
 mass of

the blade, x
g
 position of blade center of gravity in

P frame, and M
A
 is aerodynamic moment.

2 AERODYNAMICS

2.1 Analytical Model

The flow field is assumed to be potential
(inviscid and irrotational) and incompressible. In
that case, velocity potential satisfies the Laplace
equation:

The equation is the same, both for steady
and unsteady flows. Owing to that, methods for
steady cases can be applied for the solution of
unsteady flow problems, as well. Unsteadiness is
introduced by unsteady boundary condition:

of the Kelvin theorem:

and the unsteady form of the Bernoulli equation:

In order to define the aerodynamic
characteristics of blades, two models should be
established: blade model and wake model.

The blade is modeled as a thin lifting
surface, which enables a complete 3D modeling
around helicopter blades. Lifting surface model is
more accurate in the treatment of the 3D effects at
low angle of attack, and with some extensions,
compressible flow effects. It is very suitable for
modeling any blade geometry (symmetrical or non-
symmetrical airfoils, various blade shape, blade tips
i.e.), since they do not need airfoil experimental
data. Unfortunately, it cannot deal with viscous
flows, and thus is no more accurate than lifting line
theory at high angle of attack.

Numerical modeling of the wake must be
done very carefully due to it’s high influence on
the lift force generation. The free-wake model,
which is applied in this paper, is one of the most
advanced, since it can cover all relevant problems
connected with the wake influence.

2.2 Unsteady Kutta Condition

In case of inviscid problems, it is necessary
to satisfy Kutta condition at the trailing edge [8] to
[10].Fig. 1. Coordinate systems

�

( )2 cos sinb g AB B m e x R Mββ + Ω β + β =��

0∆Φ =

( ) 0− ⋅ =
� � �

TV V n

0
Γ =
�d

dt

2 2 2
1

2

∞
∞

∞

− ∂Φ= − −
∂ρ

p p
V V

t
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Based on unsteady Bernoulli equation, the
pressure coefficient for unsteady flow is defined
as:

According to that, the difference between upper
and lower surface pressure coefficients is:

(1),

where subscripts U and L denote upper and lower
surface values.

In case of the thin lifting surface, with the
assumption that spanwise velocity components are
small, the potential difference can be written as an
integral from leading edge to a certain point M at
the surface:

where the tangential velocity difference is the local
bound vortex distribution:

Final equation defining the potential
difference is:

(2).

If we assume that spanwise velocities are
small, the difference of velocity squares can be
calculated as:

(3).

By substituting (3) and (2) in (1), the
following equation is obtained:

The Kutta condition can be expressed as the
uniqueness of pressure coefficients at the trailing
edge, which, mathematically expressed, takes the
form:

Since it is impossible to be V∞ = ∞, the
relation within the parentheses must be equal to
zero:

(4).

The integral in the upper equation is, in fact,
the contour circulation, which covers the lifting
surface:

so, the equation (4) can be written as:

The expression for unsteady Kutta condition
comes out directly as [11] and [12]:

If the right hand-side part is substituted with
(3) written for the trailing edge, we obtain:

From this equation, it can be clearly seen
that the variation of the lifting surface circulation
in time can be compensated by releasing vortices
of magnitude ( )

TE TEU LV V−  at the velocity
( ) 2

TE TEU LV V+ .

3 DISCRETIZATION AND NUMERICAL
SOLUTION PROCEDURE

The method for the solution of this problem
is based on the coupling of the dynamic equations
of blade motion with the equations of
aerodynamics. It is not possible to obtain an
analytical solution of this problem, so discretization
and numerical approach must be accepted.

Discretization in time is done by observing
the flow around the blade in a series of positions
that it takes at certain times t

k
(k = 0,1,2...), which

are spaced by finite time intervals ∆t at different
azimuths.

Discretization of the thin lifting surface is
done by using the panel approach [12] and [13].
By this method, the lifting surface is divided in a
finite number of quadrilateral surfaces – panels.
Vorticity distribution is discretized in a finite
number of concentrated, closed quadrilateral linear
vortices, whose number is equal to the number of
panels, in such a way that one side of the linear
vortex is placed at the first quarter chord of the
panel, and represents the bound vortex of the
corresponding panel. The opposite side of the
vortex is always placed at the trailing edge, while
the other two sides are parallel to the flow. The
wake is represented by quadrilateral vortex in the

2

2 2 2

2
1

1
2

∞

∞ ∞ ∞ ∞

− ∂Φ= = − −
∂ρ

P
p p V

C
tV V V

( )
2 2

2 2

2

∞ ∞

− ∂∆ = − = − − Φ − Φ
∂U L

U L
P P P U L

V V
C C C

tV V

( )
T T

M

U L U L
LE

V V dlΦ − Φ = −∫

( )γ = −
T TU LV V

Φ − Φ = γ∫
M

U L
LE

dl

2 2 2U LV V V∞− ≈ γ

2

2
M

P
LE

C V dl
tV

∞
∞

 ∂ ∆ = − γ + γ
 ∂ 

∫

2

2
0

TE

p TE
LE

C V dl
tV

∞
∞

 ∂ ∆ = − γ + γ =
 ∂ 

∫

0
TE
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V dl
t∞

∂γ + γ =
∂ ∫
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dlΓ = γ∫�

0TEV
t∞

∂Γγ + =
∂

�

TEV
t ∞

∂Γ = − γ
∂

�

( )
2 2

2 2
TE TE TE TE
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∂
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airflow behind the lifting surface. One side of it is
connected to the trailing edge, while the opposite
one is at the infinity. The other two sides (trailing
vortices), which actually represent the wake, are
placed parallel to the airflow. The vorticity of the
quadrilateral vortex is equal to the sum of the
vorticities of all bound vortices of the panels that
correspond a certain lifting surface chord, but
opposite in direction. Then the trailing edge
vorticity is equal to zero.

Model established in such a manner
corresponds to the steady flow case. On the other
hand, it can be very easily spread in order to include
the unsteady effects.

3.1 Vortex Releasing Model

The variation of the lifting surface position
in time induces variation of circulation around the
lifting surface as well. According to the Kelvin
theorem, this variation in circulation must also
induce the variation around the wake. According
to the unsteady Kutta condition, this can be
achieved by successive releasing of the vortices in
the airflow [13].

Suppose that the lifting surface has been at
rest until the moment t, when it started with the
relative motion with respect to the undisturbed
airflow. The vortex releasing, as a way of
circulation balancing, is done continuously, and in
such a way a vortex surface of intensity γ(t) is
formed.

At the next moment t + ∆t, the flow model
will look like in Fig. 3. The circulation of the vortex
element joined to the trailing edges equal to the
difference in circulations at moments t + ∆t and t.
We will discretize the vortex “tail” by replacing it
with the quadrilateral vortex loop, whose one side
is at the trailing edge, and the opposite side is at
the finite distance from the trailing edge (shed
vortex). By this, we can obtain the final model for
unsteady case.

3.2 Discretization of Wake

The established vortex-releasing model is
appropriate for the wake modeling using the “free
wake” approach [13] to [15].

During the time, by continuous releasing of
the quadrilateral vortex loops, the vortex lattice
formed of  linear trailed and shed vortices is created.
The collocation points of the vortex lattice are node
points. The wake distortion is achieved by altering
the positions of the collocation points in time, by
application of a rather simple kinematics relation:

The velocities of the collocation points are
obtained as sums of the undisturbed flow velocity
and velocities induced by other vortex elements of
the flow field.

Induced velocities are calculated using the
Biot-Savart law. In order to avoid the problems of

�

Fig. 2. The steady panel scheme

Fig. 3. Vortex releasing Fig. 4. Unsteady panel scheme

( ) ( ) ( )i i ir t t r t V t t+ ∆ = + ∆
�� �

Bengin.pmd 16. 05. 08, 10:24173



174

��������	�
�����	
�
�������
��
����������
�����������
�������� !
"#��"#�

����������	�
����������	�������������	�����������	���������

velocity singularities, line vortex elements are
modeled with viscous core. The existence of the
vortex core has remarkable influence in blade-wake
interactions, since in this way large velocity
irregularities on the blade close to the wake are
avoided. Thus, using appropriate core model is
important for accurate predictions of the wake
development. Distributed core model is used since
it is more realistic [1].

The core radius varies with the gradient of
the bound circulation at the position where vortex
is released, from the value r

c
 = 0.00275R (where R

is the rotor diameter) for the elements at the end of
the wake (high gradient positions), to the values
r

c
 = 0.05R inside the wake (low gradients) [16].

The wake influence at large distances from
the blade is negligible, so it is possible to neglect
the wake distortion at a sufficient distance from
the rotor. The area in which distortion is relevant
depends on the helicopter flight regime, and it can
be determined by the advance ratio µ [1]:

where m is the number of revolutions for which it
is necessary to calculate the wake distortion. After
that, the wake shape is “frozen” in achieved state,
and it moves through the flow field keeping it for
the rest of the time (velocity of collocation points
is equal to the flow field velocity).

The “frozen” part of the wake still
influences the adjacent area in which it is still being
distorted. After some distance, even the influence
of the “frozen” part becomes negligible, and then
it is eliminated from the model. Decision of
elimination row of shed and trail vortex elements
from “frozen” part of the wake is made when the
intensity of velocities they induced on blade panels

becomes smaller than prescribed value close to
zero. In this way, a discretized wake model,
consistent with the panel model of the lifting
surface and vortex releasing is obtained.

3.3 Discretization in Time of Unsteady Kutta
Condition

Let us consider the unsteady Kutta condition
from the aspect of the assumed discretized model.
The condition can be written as:

(5).

In case of transition to the discretized time
domain, it is necessary to substitute the partial
derivative with the finite difference form:

By substituting this equation in (5), we obtain:

(6).

In case of numerical solutions, it is
customary to satisfy Kutta condition in vicinity of
the trailing edge. According to that, the intensity
of the distributed vorticity at the trailing edge γ

TE

is treated as equal to the intensity of the distributed
vorticity at the trailing edge panel γ

n
. The intensity

of the distributed vorticity is constant at every
panel, so it can be written:

where γ
n
 is intensity of the distributed vorticity at

the trailing edge panel, and l
n
 is the panel cord

length. Substituting this equation in (6), we have:

i.e. the difference of circulations around the lifting
surface at the moments t + ∆t and t can be calculated
by:

4 DEFINITION OF EQUATION SET

The boundary condition of impermeability
of the lifting surface should be satisfied at any
moment of time, t

k
(k = 0,1,2...) in a finite number

of points of lifting surface:

Fig. 5. Discretized wake

�
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0TEV
t∞
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∂

�

( ) ( )t t t

t t t
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∂ ∆ ∆

� �� �

( ) ( )
0TE

t t t
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Γ + ∆ − Γ
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Points at which this condition must be
satisfied are called the control points. One of them
is placed on each panel, at the three-quarter chord
panel positions. By this, at every moment of time,
the number of lifting surface impermeability
conditions is equal to the number of unknown
values of circulations of bound vortices.

The equations of motion of the lifting surface
are known, as well as the velocities T iV

�
 of all

characteristic points, and their normals in
�

 as well.
At each flow field point, velocity can be

divided to the free stream velocity and perturbation
velocity:

The perturbation velocity is induced by
lifting surface and wake vortex elements. Boundary
condition of impermeability of the lifting surface
can be written at any moment of time as:

(7),

where perturbation velocities are:
( )i B
w
�

– induced by bound vortices,
( )i S
w
�

– induced by shed vortices,
( )i W
w
�

– induced by wake vortices.
At every moment, the wake shape and

circulations of its vortex lines are known, and so
the wake-induced velocity at every flow field point
is known as well. On the other hand, the circulations
of the bound vortices are unknowns (their positions
are defined by the lifting surface shape).

Therefore, equation (7) can be rewritten in
the form where unknowns are on the left side, and
knowns are on the right side of the equation (fact
is that second term on the left side has an unknown
and a known part, as will be shown later):

(8).

Let us consider one column of the n panels
on the lifting surface which spreads itself
chordwise, from the leading edge to the trailing
edge of the blade (Fig. 6) and shed vortex AD with
circulation ∆Γ� .

Perturbation velocity in the first term on the
left side of the equation (8) can be calculated as
sum of the velocities induced by bound vortices:

where ( ),i j B
w
�

 is velocity induced by j-th bound
vortex.

This velocity is calculated as sum of
velocities induced by all of the line vortices that
make horseshoe vortex ABCD. While circulation
is constant along one horseshoe, and induced
velocity is calculated by Biot-Savart law, it is
possible to be written:

where 
,ABCD i j

G
 
   

∑
�

is vector depending only on
blade geometry, i.e. position of i-th control point
and shape of j-th horseshoe vortex. Finally, we may
obtain:

On the similar way, it is possible to express
other induced velocities as product of circulation
and vector depending only of geometry:

According here developed vortex releasing
method, ∆Γ�  can be expressed as:

By substituting above expressions for
induced velocities in equation (8), and using
necessary time notifications we may obtain:

( ) 0; 1,2, ,i T i iV V n i N− ⋅ = =
� � �

�

i iV V w∞= +
� � �

( ) ( ) ( )( ) 0i i i Ti iB S W
V w w w V n∞ + + + − ⋅ =
� �� � � �

( ) ( ) ( ) ( )i i i i Ti i i iB S W
w n w n V V n w n∞⋅ + ⋅ = − ⋅ − ⋅

� �� � � � � � �

( ) ( ),
1

n

i i jB B
j

w w
=

= ∑� �

�

 

CP 

Fig. 6. One chordwise column of panels on the
lifting surface and shed vortex
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Circulation of bound vortices Γ
j
 are known

from the calculations made in previous moment of
time (t - ∆t), so second term on the left side of
equation above can be divided in known and
unknown part at the time t.

Finally, the boundary condition for the i-th
control point can be written as:

where:

In this way, by writing equations for all
control points, the equation set of the unknown
bound circulations in the certain panel column at
the time t is obtained.

Along with this equation set, the Kutta
condition must be satisfied:

(9).

By adding the Kutta conditions to the
equation set, an over-determined equation set is
obtained.

Each blade consist of many cord-wise panel
columns, and if we notate total number of them
over all the blades as m, then total number of panels
will be n.m, as well must be number of boundary
conditions of impermeability. Number of the Kutta
conditions in the form (9) must be m. Thus, there
are n.m + m equations, and n.m unknown bound
circulations. Over-determined equation set,
obtained in this way, can be reduced to the
determined system by the method of least squares.
After that, it can be solved by some of the usual
approaches, by which the unknown values of
circulations Γ

j
 at the time t are obtained.

5 DETERMINATION OF THE
AERODYNAMIC FORCE

After unknown circulations are obtained,
velocity at every point of the flow field is known,
and we can use them for the determination of

aerodynamic forces that act on the blade. The
calculation aerodynamic force is necessary for the
defining of the blade position at the next moment
of time. The total aerodynamic force is calculated
as the sum of forces acting on all panels:

Aerodynamic force acting on a single panel
can be defined by introducing the Kutta condition
in a vector form (Fig 6):

where BC
→

 is bound circulation vector and effective
circulation can be defined by using:

The integral should be calculated from the
leading edge to the quarter-chord position of the i-
th panel:

After determination of aerodynamic forces,
moment of aerodynamic forces M

A
, necessary for

blade flapping equation, can be calculated as sum
of moments acting on flapping hinge.

6 RESULTS AND DISCUSSION

Presented method for blade air-loads
calculation has been implemented in a computer
code. Forward flight application is presented for
SA 341 “Gazelle” helicopter at moderate forward
speed condition (advance ratio µ is 0.35). The rotor
has three blades with constant NACA 0012 cross-
sections, and the blade has a linear twist of -6°20’.
In presented case, blade is modeled with 13 non-
uniformly spanwise spaced panels (more panels at
the tips), and 6 chordwise panels non-uniformly
spaced (more panels near leading and trailing
edges). Azimuthal step size of 10° and appropriate
time discretization for calculations is used.

By analysing the drawings of the blade
wakes (Figs. 7 and 8), it can be concluded that
model applied in this paper gives reasonable
simulation of actual wake behavior, specially in
the domain of wake boundaries, where wake roll-
up occurs (although it is slightly underestimated
compared with existing experimental data). In
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addition, larger wake distortion in the domains of
the forerunning blades or their wakes is noticeable.

The program results (Figs. 9, 10 and 11),
show the difference in circulation distributions at
different azimuths, as well as the disturbances caused
when blades are passing the wakes of other blades,
and the characteristic reversal flow domains.

Range of azimuth where circulation is negative
can be seen much clearly on the Figures 9 and 10.

Effects of the vortex-blade interaction are
in the disturbing circulation and section lift
distributions at the certain azimuth angles and
span positions when blade passing the wakes of
other blades. It is shown on the Figures 11 and
12.

On the Figure 13 is presented blade flapping
angle distribution after achieving its periodical
form.

Fig. 7. Calculated free wake geometry; µ  = 0.35
(3D view)

Fig. 8. Calculated free wake geometry; µ = 0.35
(top view)

Fig. 9. Circulation distribution on the rotor disk;
µ =0.35 (different points of view)

�

�

� 

� 

Fig. 10. Rotor blade spanwise circulation
distribution at different azimuth positions; µ =0.35

Fig. 11. Rotor blade azimuth circulation
distribution at different radial positions; µ =0.35
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7 CONCLUSION

A solution for potential, incompressible
helicopter main rotor flow field has been
developed, and preliminary validations were done.

Obtained results can define suggestions for
the future solution improvement. Firstly, by
incorporating the transonic flow calculations, the
advancing blade tip simulation would be more
appropriate. Secondly, viscous interaction should
be included as well, which would improve the wake
roll-up simulation. The viscous vortex core
simulation in time would improve the results
concerning the wake vanishing effects far enough
from the blade. Finally, introduction of the
curvilinear vortex elements would give better
results from the aspect of wake self-induction.

With these enhancements, this solution
should prove to be a useful and efficient tool to the
rotorcraft performance evaluation.

8 REFERENCES

[1] Johnson,W. Helicopter theory. Princeton, New
Jersey: Princeton University Press, 1980.

[2] Johnson, W.  Airloads and wake models for a
comprehensive helicopter analysis, Vertica,
1990, vol. 14, no. 3, p. 225-300.

[3] McCroskey, W. J. Some current research in
unsteady fluid dynamics. Journal of Fluids
Engineering, March 1977, p. 8-38.

[4] Mello, O., Rand, O. Unsteady, frequency-
domain analysis of helicopter non-rotating lifting
surfaces, Journal of the American Helicopter
Society, 1991, p. 70-81.

[5] Chattot, J. J. Calculation of three-dimensional
unsteady transonic flows past helicopter blades,
NASA TP-1721, 1980.

[6] Kießling, F. Computer aided derivation of
equations of motion for rotary wing aeroelastic
problems, ICAS 1982, ICAS Proceeding-82-
2.1.3, p. 67-77.

[7] Bramwell, A. R. S., Done, G., Balmford, D.
Bramwell’s helicopter dynamics, 2nd Ed. Oxford:
Butterworth-Heinemann, 2001.

[8] Colin, O. Unsteady thin - airfoil theory for
subsonic flow. AIAA Journal, vol. 11, no. 2,
1973, p. 205-209.

[9] Basu, B. C., Hancock, G. J. The unsteady motion
of a two-dimensional aerofoil in incompressible
inviscid flow. Journal of Fluid Mechanic, 1978,
vol. 87, part 1, p. 159-178.

[10] Sears, W. R. Unsteady motion of airfoils with
boundary layer separation. AIAA Journal, vol.
14, no. 2, 1976, p. 216-220.

[11] Ardonceau, P.  Unsteady pressure distribution
over a pitching airfoil. AIAA Journal, vol. 27,
no. 5, 1989, p. 660-662.

[12] Geissler, W. Nonlinear unsteady potential flow
calculations for three-dimensional oscillating
wings. AIAA Journal, vol. 16, no. 11, 1978, p.
1168-1174.

[13] Katz, J., Plotkin, K. Low-speed aerodynamics –
from wing theory to panel methods, Int. Ed., New
York: McGraw-Hill, 1991.

[14] Bliss D., Miller W. Efficient free wake
calculations using analytical/numerical
matching. Journal of the American Helicopter
Society, 1993, pp. 43-52.

[15] Torok M., Berezin, C. Aerodynamic and wake
methodology evaluation using model UH-60A
experimental data. Journal of the American
Helicopter Society, 1994, p. 21-29.

[16] Torok M., Chopra, I. A coupled rotor aeroelastic
analysis utilising non-linear aerodynamics and
refined wake modeling. Vertica, 1989, vol. 13,
no. 2, p. 87-106.

Fig. 12. Blade section lift coefitient azimuth
distribution at different radial positions; µ =0.35

Fig. 13. Blade flapping angle; µ=0.35

Bengin.pmd 16. 05. 08, 10:25178



179

��������	�
�����	
�
�������
��
����������
�����������
�������� !
"#$�"��

����������	
��
�����
�������
�	
���������	
��
���	��������
���

��������	�
�����	
�
�������
��
����������
�����������
�������� !
"#$�"��

%&'
(�")�

����������	
��
�����
�������
�	
���������	
��
���	��������

���

*����
+�,�����-.
�
/�,����
+���-
�
0�1����
2���-

%�������3
��
4���	!
����������
�����������
5�����3
��
������	�
6��7!
'������

��
 ��������	��
 ��������
 ��
 ��
 ������
 ���		�	�
������
 ����
�	
 ����	�
 ��
 ���	���������

������
�
 ���
��
����������
�	������
 ��
 �	������
�	�
���
��	����	��
��
����������	
��
����������

�	�����	�
������
 ��	
 �������
 �	�
������
 ������
 ����
 ���������
����
 ����
 �������
 ��
 ������

�����	�
��
�	��������	�
��
����������	
��
	����
	������
�	
�������	�
��
��	��������	�
��������

�	��
 �	��������
 ���	��������
 ���
��
 ��
���
���
�������	��
 ������
���������
��
�
����!����������	

	����
	�����
���
�	
�	�����
�	�
 ��
�������
�	
����
 ��
��	����
"#$
 %"���
#�	
$����&

����
 ������
��
�����	�
����
���
 �	������
 �	��
 ��
�"'
�����
 %�	������
"�����
'��		�	�

�����&
��
�
��	��������	�
�����	��
��
���
�����
��������	�
��
���	��������
���
�����	�
��
��

�"'
 �����
����
 ������
 ��
 ���������
 ���	�
��	��������	�
 �������	�
 �	�
 ����
 ��
 �����
 ���

���������	
���		�	�
�	�
����
��
������
��	�����
��
����
��
���	��������
��
����
���
����
�	�
��

���������	
���������	
���	��������
���
���
�������

8
����
�������
��
����������
�����������)
9��
�����
������7)

��������
������
���		�	��
����������
�	�����	��
	����
	������

:�;��
�������7<


"�)�)���#

:�;��
����;��7<
"$)"�)���#

*Corr. Author’s Address: %�������3
��
4���	!
����������
�����������
5�����3
��
������	�
6��7!
/��
=)
6���-�

��>�����-
�!
?0� ����
������	�
6��7!
'������!
�����)�,������@�1)��

�
 =A/04&%'/=4A

/��
 ������,���
 ��
 ���
 1���
 ��B����,���

,�7���
�����;���
���
����7
C���!
���
�
�
;��7���

�;��,�,
B�����3!
��C
;��7������
���!
���7���
��

���
 �����7
 ��,�
��
7������3
 ��7
�
,���
 ��������

,�������
 ��7
 �����,�����
 ,�����,���
 ��
 �

;��7������
 3��,!
 ������
 1�
 �,�����7
C������

��C
 ���������
 �;;������
 ��
 ;��7������

;��;�������)
 /��
 �����
 ��
 	��C��7��
 ��7

�����������
��
;��7������
;��;�������
�����
��

�
����7���1��
�,;���
�;��
���
�����
�������������

��
�
;��7���
��7
��
 ��7�����
������
��
;��7������

���
 ��7
 ���
 ��,�
 ��
 7������3)
 =����������
 ��

��,;����
 �)�)
 ��,;����
 3��,
 ����
 ���

;��;�������!
,������������
��7
,�������
;����

��
�D����7
�
�����
���������
��
���������
���
�����

��
 ����,�����!
 ;��7�������3
 ��7
 ���D�1����3
 ��

,������������
��,;����)
=�
���
C�3
���
��,��

�������,���
 ��
;��7������
��
1���
�����������3

��7���7
C����
��
���
�,�
��,�
���
��,��
������E

�,;�������
��
;��7������
;��;�������
��
��,����7

�D��;�������3
 �����)
 63
 ���
 �;;��������
 ��
 ���

3��,
1��7
��
����������
������������
����,;�
���

,�7�
��
���������
��7
,�	�
��,,���3
�����1��

���
 ����,�����7
 ��7���7���
 	��C��7��
 ��7

�D;�������
��
���
;��;��
C��	���
��
���
;��7������

;��;�������
�����)
��,�
������
��7�3
7���
C���

���
C�3
��
����������
���
�������������
	��C��7��!

��
 ;����������
 ��7
 �;;��������
 ��
 �����������

3��,)
/��3
��
���
��B����7
�D;���
	��C��7��

��
���
'�,;����
9�7�7
:����
:�������
�'9::�

3��,
���
���
�7������������
��������������
��
C��	

;����!
 ��������
 ��
 �
,������������
 ;����!

,������
 ��7
,��������
 ;���,����
 ��
 ��7��
 ��

������
 ���
 ��,�
 ��7
,���,�F�
 ���
 �����
 ��
 ���

;����
;�������
��
 ���
,��������
;����
G"H
 ��

G H
��7
�,�
�����
;�����
��	�
�������
G�H)

/��
 �������������
	��C��7��
 �
������3

���
7����,�������
��
 ���
1���
,�������!
 �B�����

��
,������������
�;�������!
��������
��
����
���)

/��
 ;��1��,
 ��
 �;��,�F�����
 ��
 ���
,�������7

���������
 �
 B����
 �,;������
 ��
,������������

��7�����)
4��
��
���
�;����7���
������B��
��
���

�;��,�F�����
;����7���
�
���
�;;��������
��
�������

��������,
 �*9�)
 /��
 �;��,�F�����
 ������B��!

C����
 �
,���
 ���������
 ����
 ���
 ���7�������
 ���

����,�����
;�����,,���!
73��,��
;�����,,���!

���)�
�
7����1�7
��7
�,;��,����7
��
���
C��	
��

,��3
������
 G�H
 ��
 G�H)
/��
 ������
 G�H
 ��7
 G(H

��
�������
��������,
��
���
�;��,�F�����
��
�������

;���,����
 ��
 �������
;�����)
/��3
����7��
�

�����
��,1��
��
���������
���
�
�������
�����!

,������
 ;�C��!
 ����
 �����1����3!
 �������
 F���

��,;�������
���)
 ��
��7��
 ��
 ������
 ���
 ��,�
��7

��7���
 ���
�;�������
���)
9���,;�
���
,�7�
 ��

Simunovic.pmd 16. 05. 08, 10:30179



180

��������	�
�����	
�
�������
��
����������
�����������
�������� !
"#$�"��

(���	���)
*�
!
(���)
��
!
+�,�)
"�

�������
 ���
 �,�
 ����
 13
 �
 ���������

�,;����,���
 ��
 �������
 ���7�����
 �)�)
 13
 ���

7�����;,���
 ��7
 �;;��������
 ��
 ��
 �������

�����������
 3��,
 ���
 ���
 ,���������
 ��7

�;��,�F�����
��
�������
���7�����
1��7
��
�������

��������,
 G#H
 ��
 G$H)
/��
 ������
 G"�H
 ��7
 G""H

���
 7���
 C���
 ���
 �;��,�F�����
 ��
,��������

;���,����
1��
13
���
�;;��������
��
���
,�7����7

*9
C���
 ���
 ����������F���
 �7�;����
 ;�����3

��49:�
������3
�)�)
13
���
�;;��������
��
;�������

*9
��7
�,�����7
���������
��9�)
6��7�
���
*9

���
������
���C��	
�AA�
G"�H
��
G"�H
���
���
�����

��,1���7
 ��
 ���
 ;����7���
 ��
 ���
,��������

;���,����
�;��,�F�����)
/��
���
���
��������
��

�;��,��
 ,��������
 ;���,����!
 1��7
 ��

�D;���,�����
 7���!
 C���
 ���
 ����3�����
 ��7

�,;������
,����,������
,�7��
���
���
������1��!

*���������3
4;��,�F�7
A�����
A��C��	
�3��,

�*4AA��
G" H
�
;��;��7)
=�
���
;�;��
���
AA

��;�����
 ���
 ����������;
 1��C���
 ���
 �������

���7�����
 ��7
,���������������7
 �����1��!
 ��7

*������
9�������,
 �*9�
 �1����
 ���
 �;��,�,

�;���������
���7�����)
/��
;�;��
G"�H
;�����
���

��
��
 ������
 ���C��	
 ��7
�������
 ��������,
 ���

,�7������
 ��7
 �;��,��
 ��������
 ��
 ��;��

;���,����
��
�1�����
���C
,��������
;����)
5��

�
 ,�������������
 �;��,�F�����
 ��
 ���
 �������

;���,����
 ��
 �
 �������
 ;����
 ���
 �31��7

����3������������
���C��	
�;;�����
G"�H
��7
G"(H

�
 ���
 ;��;��7)
A�����
 ���C��	
 ���
 ���
 ��7

���
����������
��
���
,������7
������
�������

G"#H
�)�)
��
���
����
C���
��
���
,��������
;����

G"�H)
/��
������
G"#H
��7
G"�H
��,;���
���
�����

�1�����7
13
���
�;;��������
��
������
���C��	
C���

���
�����
�1�����7
13
����3�����
,�7��)
=�
�
���

;��1��
��
��
������
���C��	
���
�����������
����

;���
����������
���
���
,������
��
����
������
G"$H

��7
G��H)
=�
�����
C��	
���
������
��	�
���
��B����7

������
 B�����3
 �
 �
 ;��,��3
 �������������

��B����,���
���
����
������
,������
;�����,,���)

/��������
���
�;;��������
��
����������
������������

���
���
�������
��
;������
,������������
;��1��,

�
��
,��
���
�������7
��
���
���������
��
���

���
 ,�������7
 C��	)
 =�
 ,�����7�,�������

;��1��,
 ��
C����
 ���
,����,������
 7�;��7����

��
��;��
��7
���;��
�����1��
�
7��������
��
��,��

�,;��1��
 ��
 ��
 �;!
 ���
 �;;��������
 ��
 ������

���C��	
�
��������3
����������)
A���������!
��

,�����
C���
���
,���
�1�������
��
���
�;;��������

��
������
���C��	!
�����
���
��C
������
���3
C��

;��	
�1���
�,;����,���
��
���,
��
���
;�������3

������7
���C��	
 �����������
 ����
 �
 �����;��7���

7���
1��
C�����
C����
���
�����
���
���C��	
����

,����
1�
��;����7�3
��7)
=�
�
�D����3
���
;��1��,

��
;��7������
�������������
��,�
13
���
�;;��������

��
 ������
 ���C��	
 ��7
 �����������
 ��
 �
 ������7

���C��	
����
���
�0:
3��,
����
���
;�����
;�;��

7���
C���)

"
/?�
:0462��
9A&
=AI��/=*9/=A*

*492
&�5=A=/=4A

/����
���
 �C�
;���
 ��
 ���
;��7������
��

������
 ����
 ��,
 ��1�<
 �������
 ;���
 ��7

����7���
��7
;�������
;���)
=�
���
�������
;���
�

������
����
1��7
��
7�����
C�7��
��7
����	��!

7�;��7���
��
���
��B����7
�D������
7��,����
��
���

��1�!
 �
 �����7
 ����
 �
 ��,1��
 ��
 ��������
 ��7

����F�����
������
��7
���,�7
����
�
��1�)
/���
���

�7��
��
 ���
 �����7
 ��1�
 ���
�����7
 ��7
;��;���7

���
���
/=*
C��7���
��
�
;���������
���,1��)
/��

�
�����C�7
13
���
����7���
��
���
����7
�7��
��

���
C��7
��7
����1������
��
 ���
 ��1�
�����7���
��

���
��B����7
���������
��
�D������
7��,����
��7
���

��B����7
����
��;���)
9����
���
C��7
�
����7
13
�

����7���������
 ,����7
 ��7
 ���������

�������������
 �����!
 ���
 ��1�
 �
 �����
 �����7!

,��	�7!
���
��
���
;������7
������
��7
��	��
��
�

����
 ���
 ���
 �,��,����������7
 ;��7���)
 9

;�����7
,���,�,
B������3
��
���
��1�
��
������

7�,�����
�
	�;�
��
���
����)

=�
,��
 ���
 ��1���
$�J�
 ����
 ������

����
 ��,
 ��1�
 ���7
 �77�������
 ����7���
 ��7

;�������)
/��
���,�
��
���
����7���
��7
;�������

����
 �
 �����
 ��
 5�����
 ")
 &�;��7���
 ��
 ���

����,��E
 ��7��
 ���
 ��1�
 ���
 ��	��
 ���,
 ���

������
;����
��7
���
����7
;���
�����7���
��7

;��������
�����C)
:����
�������
�1�����
1���

��7
;�������
���7
��7
��������
�����7
�D�
����

���
��B����7
���������
��7
;����
��
���
�D������

������)
=�
���
��B����7
B�����3
�
��
1�
������7
���

C���
���
�1�����
1���
����7
1�
��;����7
��
��,�)

=�
���
�
���
���
���
���
��1�
C���
1�
���
1��	
���

�77�������
�����,���
�==
��
===
;���
��
;��������

C����
�����
���
���3
��
���
��
��
��,�
1��
��
���

�������
��
���
C��	���
��7��
���
���)
���������

;���,����
��7
���
��,�
������3
���
���
����7

;���
��
;��7������
���
,���3
���7
1��7
��

�D;�������)
/��
,��������
��,�
���
1�
���������7

��
���
1��
��
���
;�������
����
��7
���
;�������

����
7�;��7
��
�
�����
��,1��
��
�����
;���,����

��
���������)

Simunovic.pmd 16. 05. 08, 10:30180



181

��������	�
�����	
�
�������
��
����������
�����������
�������� !
"#$�"��

����������	
��
�����
�������
�	
���������	
��
���	��������
���

� �

� ������	


�

�

�
	���������
��	�
�

�����	��
���	
�����	��


� ������
	��	���
���	�

� ������
����	��

�

� �����	
����
����	��	


�

 

!

"

� ���#�������	���


 ��$�����	


! ��%#��	��
���	
�����	��


" ��&��	���'

=�
 �
 ��,��
 �,;��1��
 ��
 ���1���
 �

,����,������
,�7��
��
���
;�������
����
7��
��
�

��,1��
 ��
 �����������
 ;���,����!
C����
C���
 1�

7����1�7
�����)
/��������!
���
��
���
����
��
���

;�;��!
 C����
 7���
 C���
 ���
 ����������
 ��

�������������
 ;���,����
 ��7
 ��7������3
 ��

�������������
 ��,�
��
 ���
 ��,
 ��1�
;�������!
 �

��
 7�����;
 �
 ;�������
,�7��
 1��7
 ��
 ���

�;;��������
 ��
 ������
 ���C��	)
 /��
 7�����;�7

,�7��
C���
 1�
 ���������7
 ����
 ���
 �D�����
�0:

3��,
 ��
 ���
 ��,;��3
K���
K�	���-
L��7�7

I���
2�7)
/��
�����
��
 ��;��
�����1��
 ��
 ���

,�7��
C���
1�
1��7
��
���
�0:
3��,
����
7���

��7
 ���
 �����
 ���
,�7��
 ����
 ����7
 ���,
 ���

1��
 ���
 �
,���
 ;�����
 ��,���
 ��
 7������3

��,�
��7
;��7������
;�������)
/��
�����������
��

���
,�7��
����
���
�0:
3��,
����7
�;���7�
���

���������
 ��
 ���
 �������������
 ;��;�������
 ��

;��7������
��7
���
��1
��������7
C���
;��7������

;�������
 ��7
,�	�
 ���
 7���
 ���
,�7��
 ����

��������3
 �����1��
 ��7
�����
 ���
 ���
 ��,;��3

�
�
C����)

A�����
 ���C��	
 ���
 ������7
 ���

���1������
 ���
,�7��
 1�����
 ���
 	��C��7��

�1���
���
;��1��,
�
������1��
��
���
���,
��
�
��

��
7������
�����
��
���
����
������
���,���
��7

���
;����
���;��
�����)
0���
7���
���
������
�;

���
,�7��
����
1���
��������7
����
�
������
;����7

��
 ��,�
 ��
 ���
 ��,;��3
K���
K�	���-
L��7�7

I���
2�7)
��
���
;��7������
��
������
����
��,

��1�)

�
�I92%9/=4A
45
/?�
�9'?=A=A*

:909��/�0�
6M
/?�
9::2='9/=4A
45

/?�
69'N�:04:9*9/=4A
A�/L40N

�� 
!�����	
��
 ��
���
��
�����
������
"

#	���
$���

The observed research belongs to the
problems dealing with continuous input and output
values i.e. problems connected with prediction, thus
the back-propagation network is applied. Figure 2
shows the structure of a back-propagation network
with one hidden layer (there can be more hidden
layers), while the structure of an artificial neuron
is shown in Figure 3.
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The value of the weighted connections
increase in the network [ ]s
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where vector � �1 2 3, , ,...,i i i i inX x x x x�  represents
input variables, and vector � �1 2 3, , ,...,o o o o onY y y y y�

output variables.

���
 ����������	
 ��
 ��
 %���&'���������	

������
 �	
 ���������	�
 ��
 $����	�	�

'�������

In the given problem the model vector has
one output variable – the rate of polishing. The
technological time is calculated from the rate of
polishing. Input variables are: kind of material, tube
external diameter, wall thickness, oval shaping of
the tube after the first phase of production,
gradation of the belts used for grinding or polishing
adjusted on machine (conveyor), condition of belts
(time of usage), pressure of belts, required and
performed roughness of the surface, length of tubes
and polishing phase (Table 1).

The RMS error (Root Mean Square error)
is taken as a criterion for network validation. It is
defined as:
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In expression (9) the formula for the Delta
rule is given:

                   
(9),

where is the value of the difference in the weights
of neuron j and neuron i realized in two steps (k-th
and k-1), mathematically described by:
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where y
dj
 is the actual (desired) output. The error

given by the expression (11) returns to the network
only rarely, other forms of error are used instead
depending on the kind of network.

For most actual problems various rates of
learning are used for various layers with a low rate
of learning for the output layer. It is usual for the
rate of learning to be set at a value anywhere in the
interval between 0.05 and 0.5, the value decreasing
during the learning process. While using the Delta
rule algorithm the used data are to be selected from
the training set at a random basis. Otherwise
frequent oscillations and errors in the convergence
of results can be expected.

The transfer function used in this paper is the
Sigmoid function calculated according to
expression:
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2.3 Obtained Results

The study of the application of the back-
propagation network was carried out for a defined
data model. By alternating the attributes diverse
architectures of neural networks were studied. The
attributes of the network that gives minimum RMS
error are shown in Table 2. This network
architecture generated the network output with
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3.01% rate of RMS error in the training phase and
4.82 % in the validation phase.
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3 INTEGRATION OF A PREDICTION MODEL
BASED ON NEURAL NETWORKS INTO A

TECHNOLOGICAL SUBSYSTEM

The company in which the study was carried
out had an ERP (Enterprise Resource Planning)
system integrated previously. The structure and
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Fig. 5. Presentation of actual and predicted values given by NN for the rate of polishing
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components of the ERP system are shown in Figure
8.

By implementing the ERP system the
organization level of the preparation,
manufacturing and service jobs has raised, quality
of management has improved and control of the
processes of preparation and production has
become easier. Stocks of materials, production
costs, costs of quality deviation (scrap, refinish),
costs of customer complaints, costs of penalties due
to delays in delivery have all been reduced.
Production cycle time and production preparation
time have been cut, number of required documents
and amount of manual work needed for data
entering and copying has become smaller. The time
necessary to repair damages and machine
breakdowns has been reduced. The ERP system

technological subsystem DEPTO makes it possible
to enter and define materials, raw materials, work-
pieces, assembly blocks and products, product
components with standards for raw materials,
materials and finished parts. It also enables the
definition of manufacturing processes, material
ratings, technological times per operation resulting
from experience, connection and inspection of
drawings of parts, assembly blocks and products
and print-out of technological documentation.

Determination of the feasible times of
delivery based on offers and later also on orders in
the Selling and Calculation subsystem – PROKA
is mainly experientially based. The system users
only rarely carry out multi-criteria analyses. A
major factor in determining the times of delivery
is the technological time. The overall time of a
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Fig. 6. Rate of polishing dependence on tube
external diameter and usage time of belts

Fig. 7. Rate of polishing dependence on tube
external diameter and pressure of abrasive belts
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manufacturing process can be calculated from the
ERP technological subsystem previously defined
technological parameters, including the rate of
polishing. However, this theoretical, empirical
value of the polishing rate based on the condition
of the tubes, machine and equipment, changes. That
is why the obtained model based on the application
of neural networks has been integrated into the
existing ERP system of the company K���
K�	���-
Welded Vessels Ltd. The model is directly
integrated into the DEPTO subsystem.

Therefore, one of the goals of the prediction
model integration into the ERP system is to more
precisely predict the rate of polishing, thus the time
of machining and feasible times of delivery, on the
basis of the system obtained model actual data.
Such precise predictions of the rate and time of
polishing that the previously obtained model gives,
are essential in the planning and scheduling of
production and particularly of the production plan
revision.

Based on the system data and application
of the prediction model it is also possible to make
a correction of the empirical (theoretical) rate of
polishing at the moment of the preparation of
technological documentation and perform
launching with the real technological times.

A month long application of the integrated
model has proven efficient as it gives the actually
needed times of polishing (Fig. 9). The necessary
data that represent the input into the obtained model
are collected from the following subsystems and
modules (Fig. 10): Commerce and Sales, Definition
of Products and Technology, Supply and Inventory,
Maintenance of Production Facilities, Common
Data Base, Production Monitoring, and Production
Planning and Scheduling.
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observed (Fig. 9a), including the formation of
complex carbides (η-phase) W

6"x
Fe

x
C in the form

of dendrites (Fig. 9b). Thus, if adhesion is not
prevented, the wear between the steel and the metal-
doped DLC coatings could be very high.
Accordingly, appropriate additives are obviously
required for a reduced adhesion and the improved
wear performance of these contacts.
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in Figure 10b, while the transferred wear debris from
the Ti-DLC were found on the steel balls. However,
with additives in the oil, the adhesion of the Ti-DLC
was successfully prevented, as seen from very
limited material transfer in Figure 10c.

In contrast to the typical adhesion-based
wear mechanisms found for metal-doped coatings
(W-DLC and Ti-DLC), a non-metal-doped coating
(Si-DLC) tested in mineral base oil against a steel
counter body showed different wear behaviour,
Figure 11. The amount of adhesion, even when
using only base oil without additives, was
negligible (Fig. 11a) compared to the Ti-DLC and
W-DLC coatings. This suggests a limited chemical
compatibility of the Si-DLC coatings with the steel
surfaces, indicating that they are more like the non-
doped DLC coatings than the metal-doped coatings.
The observations of the ball surfaces were in
agreement with the disc surfaces, as no sign of any
transfer of the Si-DLC wear debris was found. The
surfaces were mechanically damaged, showing

poor lubricant protection, but no adhesion was
present. Furthermore, when additives were added
to the base oil, the surfaces changed their
appearance, indicating that a thin and apparently
soft layer formed on the Si-DLC surface, which
might suggest that an interaction occurred between
the additive, the steel and the coating, Figure 11b.

From this study [49] it is clear that in
contrast to the non-metal-doped DLC coatings (Si-
DLC), the metal-doped coatings (Ti-DLC and W-
DLC) in contact with steel always experienced
severe adhesive wear and mutual wear debris
transfer if a mineral base oil without additives was
used. Therefore, metal elements most probably
induce metal-like behaviour of the metal-doped
coatings, while the non-metal-doped coatings
behave more like  non-doped DLC coatings, which
was also noted for self-mated DLC/DLC contacts
[59]. On the other hand, the addition of EP additives
was very successful on Ti-DLC, but this was not
the case for W-DLC.
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0 INTRODUCTION

In recent year, with the improvement of
FEM (finite element method) and the development
of computer technology, numerical simulation
technology based on FEM is increasingly becoming
a powerful tool to analyze the hot rolling and the
hot forging process of steel and so on [1] to [5].
The processing tube tension-reducing is an
important and complex deformation process in the
producing seamless tubes, which is influenced by
the materials properties, deformation temperature
and rolling rate, stress, contact and friction
condition, reducing size and others, which are a
non-isothermal steady-state coupled with non-
steady-state three-dimensional thermo-mechanical
process. While numerically simulating the above
process, it is necessary to conduct a coupled
analysis, and give a consideration to the contact
heat transfer by contact between the work-piece
and the roll, convection and radiation between the
work-piece and the environment, and the heat
generation due to plastic work and friction force.
This paper’s aim is to get metal flow and
distributions of equivalent stress on some special

sections such as longitudinal and transverse
sections under processing tube tension-reducing.

1 EXPERIMENTAL MATERIAL

The chemical composition of the
experimental material 33Mn2V steel is shown in
Table 1.

3-D thermo-mechanical coupled elasto-
plastic FEM was used for simulation of two-pass
processing tube tension-reducing of the new steel
33Mn2V for oil well tubes using MARC/
AutoForge3.1 software. The material database of
MARC/AutoForge3.1 software do not have the data
of the flow stress of steel 33Mn2V, so its database
should be set up. The experimental material was
taken from the same part of a barren tube billet,
and then manufactured into dozens of specimens
with a diameter of 8mm and a length of 15mm.
According to various process parameters based on
practice production, the hot upsetting experiments
was conducted on a thermal/dynamic simulation
tester and then their flow stress curves were written
down, and stored into the computer by MARC/
AutoForge3.1 software’s format. The whole flow

Table1. Composition of experimental material in wt %
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stress curves are shown in Figure 1. The thermo-
physical parameters including heat conductivity,
specific heat capacity and thermal expanding
coefficient at different temperature were directly
input on the software windows, and the thermo-
physical parameters at high temperature can be
extrapolated based on Table 2 [6] and [7].

2 FINITE ELEMENT MODEL

Figure 2 shows a rolling roll of the three roll
continuous hot rolling the machines of tube tension-
reducing based on steel tube factory of wu-xi:

D
1 
= D – (each pass tube diameters)

Making Φ60×5mm seamless tubes, every
pass reducing size is about 3.4 %, the deformation
temperature is 800°C to 860°C, the deformation
rate is 0.02 s-1.

Figure 3 shows a three-dimensional two-pass
processing tube tension-reducing elasto-plastic FEM

model according to Figure 2. The distance between
No.1 and No.2 rolls along rolling direction (-Z
direction) is just set as 260 mm. The work-piece is a
barren tube billet whose initial diameter and length
are 64.4 mm and 380 mm, respectively. The
maximum rolling speed of the first pass is 0.7 m/s

Table 2. Thermo-physical property parameters of 33Mn2V steel

Fig.1. Flow stress at a strain rate of 0.02/s at
different temperatures

Fig. 2. Schematic diagram of rolling roll

Fig. 3. Three-dimensional elasto-plastic FEM
model for two-pass processing tube tension-

reducing
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Fig. 4. Metal flow and equivalent stress evolution on work-piece surface during two-pass processing
tube tension-reducing. Initial deformation temperature: 860 °C; every pass reducing size = 3.4%;

increment: (a) 40, (b) 150, (c) 450, (d) 480, (e) 650.
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Fig. 5. Distribution of equivalent stress and temperature on the cross section of the work-piece via the
axis of No.1 roll. The initial deformation temperature: 860 °C; increment: (a) 40, (b) 150, (c) 450, (d)

480, (e) 650, (f) 150; reducing size = 3.4%. (a)~(e) equivalent stress, (f) temperature.
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and the second pass is 0.73 m/s. For its symmetry,
just one sixth of the work-piece is taken as simulation
object to further shorten computation time.

Eight-node hexahedral element type is
taken, at the same time 2280 elements and 3239
nodes are obtained for the work-piece. The work-
piece is assumed to be elasto-plastic and described
by updated Lagrange method, i.e., it obeys the
Mises yield criterion and Prandtl-Reuss flow rule,
and its deformation is simulated in a step-by-step
manner, updating the coordinates of material points
and the property after each step. The rolls are
assumed to be rigid and with heat-transfer, and they
were analytically described.

The displacement of all nodes on
symmetrical planes perpendicular to their
corresponding symmetrical plane is zero. The
friction between the work-piece and the roll contact
surface keeps to shear law, and their friction
coefficient is set as 0.7. The equivalent heat-transfer
coefficient between the free surface of the work-
piece and the ambience is set as 0.17 kW/(m2 K).
The contact heat-transfer coefficient between the
work-piece and the roll is set as 23 kW/(m2 K). The
initial temperature of the work-piece, the ambient
temperature and roll temperature is set as 860 °C,
20 °C and 200 °C, respectively. The conversion
factor from plastic work to heat was set as 0.9 [8]
and [9].

3 SIMULATION RESULTS AND DISCUSSION

3.1 Equivalent Stress Evolution on Work-Piece
Surface

Figure 4 are charts of the new steel 33Mn2V
for oil well tubes by MARC/AutoForge3.1
software. They show the equivalent stress evolution
on the work-piece surface during two-pass
processing tube tension-reducing. At increment 40,
No.1 roll has already bitted the work-piece, and
the rolling was still in a non-steady state; at
increment 150, No.1 roll have already rolled the
work-piece steadily; at increment 450, the rolling
for No.1 roll was still in a steady state, and No.2
roll began to bite the work-piece and the rolling
was still in a non-steady state; at increment 480,
No.1 roll approached the end of the work-piece,
which was non-steady-state rolling, but the rolling
for No.2 roll has already been in a steady state; at
increment 650, No.1 roll has completed the rolling,

and the No.2 roll has been in steady state. Its
maximum equivalent stress is about 211.9MPa near
YZ plane after the rolling for No.2 roll is steady at
increment step 650 and its minimum equivalent
stress is about 102.7MPa after No.1 roll has already
bitted the work-piece at increment step 40.

3.2 Distribution of Equivalent Stress and
Temperature on Typical Cross Sections

We give an example to describe the
distributions of equivalent stress and the
temperature on typical cross sections. Fig.5 shows
equivalent stress distribution and temperature
distribution on the cross section of the work-piece
via the axis of No.1 roll at different increment step.
It can be seen from Fig.5 that they are very non-
uniform, and their ranges are 26.8 to 205.4 MPa
and 847 to 899 °C, respectively. Their non-uniform
distributions attribute to equivalent strain,
equivalent stress and temperature interaction. On
the one hand, the distribution of strain or strain rate
on the cross section is non-uniform of itself,
therefore, the result in non-uniform stress
distribution, and non-uniform temperature
distribution appear as a result of plastic work and
heat-transfer; on the other hand, non-uniform stress
and temperature distributions have effect on the
distribution of the strain and the strain rate.

4 CONCLUSIONS

We conclude this paper by physical
simulation experiments and FEM simulation are
performed to analyze the processing tube tension-
reducing of the new steel 33Mn2V for oil well
tubes. FEM simulation coupled with physical
simulation vividly visualizes the metal flow and
dynamic evolution of stress and temperature during
processing tube tension-reducing of the new steel
33Mn2V for oil well tubes. Simulated results show
that the non-uniform distribution of stress and
temperature on the longitudinal and transverse
sections and inside the work-piece is a distinct
characteristic of processing tube tension-reducing.
The prediction of the metal flow, the evolution of
stress and temperature and their distributions on
some special sections during processing tube
tension-reducing can be used as basic data for
improving tool and technics design, predicting and
controlling the micro-structural evolution of
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processing tube tension-reducing of the new steel
33Mn2V for oil well tubes.
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Finishing prints by means of pressing a
transparent film gives a significant effect in mass
production at low costs: it improves aesthetic and
advertising qualities; gives ample opportunities of
creative designing; provides the best protection of
a surface against mechanical damages and the
environmental impact [1].

In the world practice of polygraphic industry
three basic ways of laying a polymeric material
over paper are used:
1) Glueing the film on the paper by using varnish

or glue (a glutinous way);
2) Pressing the duplicated film, one layer of which

has considerably lower temperature of fusion
than the other, and carries out thermoglue
functions during pressing (a glueless way);

3) Coating paper with fusion polymer which acts
as thermoglue during the coating process, and
after cooling and hardening serves as protective
coating (extrusion, co-extrusion).

When choosing a film for lamination, i�� ��
�������	
�����������	������	��������������������

�������� ��� ���� �����	������ �������� �	�������

����	���� ��	� ����������� ����	����������
�	��
����

�������������������	������������������	��������	���	

����������������	��������	����� ����������� �	�

��h transparency, shine, low specific weight;
therefore it represents special interest for
lamination of polygraphic production [2].

Study on rough-surface biaxially oriented
polypropylene film is presented in [3]. The
influence of processing conditions on the roughness
state of BOP was generally similar to that in the
case of monolayer cast sheet.

Three different techniques for
experimentally determining the bending stiffness
of flexible films and laminates have been
evaluated using a number of different packaging
materials [4]. The calculations showed that layer
modulus often is less important than layer
thickness and that the position of the layer in the
laminate can have a major influence on the overall
stiffness.

Permanence and strength of digital prints
on paper are show in [5]. Colour prints with a
surface protection of polymer varnish or foil
protection are very unstable, causing deterioration
of colour, contrasts and colour balance.

With the big assortment of lamination films
and a great variety of laminated materials, there is
an urgent problem of defining optimum
technological modes of lamination that would allow
to reduce the duration of performance and to raise
the quality of production [6].

The aim of this paper was to research
qualitative parameters of lamination at different
technological modes, as well as to develop the
mathematical model of the lamination process for
optimizing the mode parameters of the lamination
process.
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1 METHODOLOGY OF RESEARCH

The mechanical properties of the films were
investigated by a tensile machine: samples of a film
15×250 mm, distance between the clips of the
tensile machine - 180 mm, speed of movement of
the bottom clip - 100 mm/min. Measurements were
taken in the longitudinal and cross-sectional
directions of the film orientation. Strength at break
σ

R
 (kPa) and lengthening at break ε

R
 (%) were also

measured.
Contraction (%) (relative change of length

of a film after its thermal processing and cooling
to normal temperature):

�"�!

where L
0
 is the initial length, L

1
 is the length after

thermal processing and cooling.
Tests were carried out for two directions

(longitudinal and cross-sectional), on samples of
the size 100×�  ������������	���	��! �����" �#$

�����������������%���������������	�����&���������

�������	��
���������rement was – 0.1 %.
Adhesive strength� ��� ����������� �

������������������������	�����������������'
���

�����������	�������������������
��������	��(�	

������	����������������������������	����%��)���	���

������������&�mm and length 150 mm, which were
not laminated on one side (so that there were ends
in length of 20 mm for fixing in the dynamometer
clamps). The maximum loading which caused tear
of the film from the paper was fixed as the result
of the tests. The parameters of strength of fastening
a film to paper were taken as an arithmetic mean
of three tests. Strength�����������������������%�

�������������* �%�+ [7].
An objective criterion of good adhesive

interaction of glue with paper and a polymeric film
is the factor of strengthening of the system:

(2),

where f
l
, f

p
, f

f
 are the breaking stre���� ��� ��

��������� ���� ��� �������� ����	����)� ����	� ���

���
��	������������	�����
��%�+�

At the correct choice of lamination modes
this factor �

sh
 > 1.
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Curl (deformation) of the sample is
characterized by the size of rise of corners in
relation to the horizontal surface, and also the ratio
of the size of approximation of the sample edges
to its middle all along the length of the sample,
expressed in percentage. The lamination quality is
considered good if the size of deformation of the
sample does not exceed 5 % [8].

For determining the curling of laminates,
samples were cut out from each sheet in the size of
100×100 mm and the height of rise of two opposite
corners in relation to the plane of the table were
measured. The exponent of twisting is the height
of the edge rise of the sample in relation to the
surface of the table in mm-1 [9].

The search of optimum parameter values for
mathematical models of lamination process
(dependence of strength of lamination and curling
of laminates on temperature, speeds and weights
of paper) was performed by applying the method
of least squares [10] and [11].

Calculation of parameters of the obtained
models and all following calculations were carried
out by means of computer mathematical system
Maple V [12].

�
>���*>%)
?;
7�%)6?5?C=%*5

4*>*��7�>�
?;
5*�=6*7=?6
4>?%���

D=7)
?44
;=5��

Under certain technological conditions
during lamination the polymeric film forms a new
combined system with a print ‘film-paper-film’
whose properties are defined by the properties of a
substratum, adhesive and modes of lamination.
Factors which influence the quality of lamination
can be divided into mode and technological ones.
The process modes depend on technological factors
and are selected according to the properties of the
substratum, in view of the capabilities of the
equipment.

The quality of laminated production is
defined by three parameters: fastening strength of

%100
0
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 = f
l
 / (f

p
 + f

f
)
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the package ‘film-paper-film’, curling of laminates
which testifies to the presence of internal pressure
in the system, absence of outer defects (strips,
morel, bubbles, etc.).

It is experimentally confirmed that adhesive
strength of the system ‘film-paper-film’ depends
on the character of initial materials and the mode
of lamination. Besides, the temperatures and the
total pressure, which intensify the penetration of
the adhesive into the substratum pores, have the
decisive effect on the results of lamination.

(�	� 	��������� ,�����
� ��������	�� ���� ��

�������� ����������������� ��� '����� �
�����-

�����������	���	���������	���������������������	

�������������	������	������

The analysis of dependences of films
‘lengthening-loading-lengthening’ (Fig. 1) gives a
more detailed understanding about their rheological
(elastic-plastic) properties. An OPP film, 27
microns in the longitudinal direction, is easily
extended at insignificant loading (dependence
curve 1 sharply goes upwards). And on the contrary,
in a cross-sectional direction at constant increase
in loading the insignificant gradual increase in
lengthening is observed (see curve 2). Such
character of curves specifies the cross-sectional
orientation of the film. Curve lengthenings 3 and 4
for a film of 80 microns are characteristic for
nondirectional films, the strength of such a film is

provided with significant thickness, instead of
orderliness of molecular structures.

Anisotropis�����������	����	�����������

����� *.����	���� ���%� ��� ��� �	���-���������

��	������� ����� �	����� ��� '�� �	��� '
� ��� ����	��

contraction (Fig. 2). In the longitudinal
nondirectional direction the film has considerably
smaller contraction than in the cross-sectional
focused one. Films with 60 and 80 micron thickness
are nondirectional and also have isotropic
properties - their contraction makes up 0.4 % and
0.3 %, respectively, in both directions.

Investigation of quality indicators of
lamination (strength of lamination and curling
laminates) at different technological modes (the
temperature of lamination and speed) for different
papers is shown in graphic dependences Figures 3
and 5.

Figure 3 shows that the increase in the
temperature of lamination leads to the increase in
strength of fastening a film with paper, and the
process is influenced essentially by the weight of a
substratum. Thus, in order to obtain laminates with
strength of adhesive fastening 20 kPa for the paper
mass 80 g/m2, the temperature of lamination should
make 96 degrees; for the paper mass 120 g/m2 -
110 degrees; for the paper mass 150 g/m2 - 135
degrees.

With the increase of lamination speed
(reduction of contact time of a package ‘paper-film’
with the heated surface of the shaft), the strength
of lamination decreases (Fig. 3, b). So, at the
lamination temperature of 110 degrees in order to
obtain sufficient strength������������������������
�* �%�+��� ��	 the paper mass 80 g/m2 lamination
speed of 5 m/min is necessary; for paper 120 g/m2

- 4 m/min., 150 g/m2 - 3,2 m/min.
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The analysis of the dispersion of the values
of the laminate detachment force (see Fig. 4)
indicates that it is small and does not exceed 4 %
in the longitudinal direction (the greatest dispersion
of sample 1 - up to 3.9 %). In the cross-sectional
direction it is much higher (sample 2 up to 6.3 %).
Dispersion of the values of the detachment force
in sample 3 both in the longitudinal direction and
in the cross-sectional direction is small (about 1
%) which testifies to high quality lamination.

Dependences in Figure 5, a show that with the
increase in lamination temperature propensity of
laminates to deformation rises and they start to curling.
And the smaller the mass of the paper, the more it is
deformed. So, at the lamination temperature of 100
degrees curling is observed in paper mass 80 g/m2 on
7 mm, paper mass 120 g/m2 - on 3 mm, and papers
mass 150 g/m2 - on 1.5 mm. With increasing speed of
lamination (reduction of time of contact) deformation
of laminates decreases (Fig. 5, b). So, if the process
of lamination occurs at the speed of 6 m/min., the
paper mass 80 g/m2 is deformed on 8 mm, paper mass
120 g/m2 - on 6 mm, mass 150 g/m2 - on 4 mm.

Fig. 3. Dependence of strength of lamination on temperature (a) and speed of lamination (b) for a paper
in weight: 1 – 80 g/m2; 2 – 120 g/m2; 3 – 150 g/m2
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Thus, as regime and technology factors have
an ambiguous influence on quality indicators of
lamination (strength of lamination and curling of a
laminate), for finding optimum parameters of the
lamination process in each special case, it is
necessary to carry out its mathematical modelling
and optimization.

To obtain the mathematical model of
strength of lamination, a great number of possible
functional dependences have been checked,
including the following:

� �!

���!

���!

�&�!

�'�!

���!

�F�!

�"��(

The most suitable model for the description
of the dependence of lamination strength on the
paper weight, temperature and speed was the
following expression:

�""�(

The results of lamination strength obtained
by this model provide the least values of root-mean-
square deviations among all the considered, which
makes 1.445.

The analysis of experimental data
characterising the curl of laminates has been carried
out under a similar scheme.

The following functional dependence
describes most precisely the dependence of
laminate curling on the weight of the paper and
regime factors:


�"��(

The root-mean-square deviation of the
values of deformation of laminates obtained by this

model was the least from all considered and was
equalled 0.979.

According to technological requirements,
the strength of lamination is considered sufficient
when it exceeds 20 kPa:

�" �(

The inequality leads to a conclusion that for
paper mass m  at working speed V , the
temperature of lamination should satisfy the
following inequality:

�"��(

As the admissible curling of paper at
lamination should not exceed 5 mm:

(15).

Hence, for paper mass  at working speed
the temperature of lamination should satisfy the
inequality:

�"&�(

So, according to conditions (14) and (16)
for maintenance of qualitative lamination, the
working temperature should satisfy the inequality:

�"'�!

where,
� � � �min , 27.66527 0.478927 23.35748 lnT m V m V� � � � � !

� �max , 41.19286 0.536403 3.314068T m V m V� � � � � (

According to this condition, to ensure
qualitative lamination, the area of admissible values
of temperatures depending on the weight of paper
and working speed is limited to surfaces � �min ,T m V
and � �max ,T m V  with (Fig. 6). The figure shows that
not at all speeds it is possible to reach qualitative
lamination for paper of a certain weight. The possible
admissible values of speeds are limited to a curve of
section of surfaces and defined by the inequality:

�"��(

So, using the mathematical models which
describe strength of lamination (11) and twisting
of a laminate (12), it is possible to define areas of
admissible working speeds and temperatures which
provide corresponding quality of laminate covers
at the maximum productivity of technological
process and the minimum power inputs.

( ) VdTcmbamVTQ ⋅+⋅+⋅+=,,1

( ) VdTcmbamVTQ ⋅+⋅+⋅+=,,2

( ) VdTcmbamVTQ ⋅+⋅+⋅+=,,3

( ) VdTcmbamVTQ ⋅+⋅+⋅+=,,4

( ) ( ) VdTcmbamVTQ ⋅+⋅+⋅+= ln,,5

( ) ( ) ( )VdTcmbamVTQ lnln,,6 ⋅+⋅+⋅+=

( ) ( )VdTcmbamVTQ ln,,7 ⋅+⋅+⋅+=

( ) ( ) ( )VdTcmbamVTQ lnln,,8 ⋅+⋅+⋅+=

� �

� �

Q T, V,m = 9.030779  -  0.172581 9 m +

+0.3603514 T  -  8.416 9 ln V

�

� �

� �C T, , -0.6026537-0.08597808 m

+ 0.1602864 T-0.5311999 V

V m � � �

� �

G


�7!3!
.�
H
��

� �
27,66527 0,4789266 m

23,35748 ln V
T � � � �

� �

$ (T,V, m) d �  5

41,1928596 0,536403 m 3,314068 VT � � � � �

� � � �min max, ,T m V T T m V� �

� � � �min max, ,T m V T m V�
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Thus, as a result of the analysis of
experimental data, models describing strength of
lamination and twisting of laminates with sufficient
accuracy, depending on the weight of paper and
regime parameters, have been obtained. The
obtained models have allowed us to establish
conditions at which optimum temperature and
speed of lamination for paper of a certain weight
are defined. Programs for definition of optimum
parameters of lamination are developed. The
obtained results give a possibility to automate the
process of adjustment of a laminator.

3 CONCLUSION
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