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In this study, two dimensional unsteady flows of cylinder and cylinder 
with additional fairing close to a free surface were numerically investigat-
ed. The governing momentum equations were solved by using the Semi 
Implicit Method for Pressure Linked Equations(SIMPLE). The Volume of 
Fluid(VOF) method applied to simulate a free surface. Non- uniform grid 
structures were used in the simulation with denser grids near the cylinder. 
Under the conditions of Reynolds number 150624, 271123, 210874 and 
331373, the cylinders were simulated with different depths of invasion. It 
was shown that the flow characteristics were influenced by submergence 
depth and Reynolds numbers. When the cylinder close to the free surface, 
the drag coefficient, lift coefficient and Strouhal numbers will increase 
due to the effect of free liquid surface on vortex shedding. With additional 
fairing, can effectively reduce the influence of the free surface on the drag 
coefficient. Fairing will reduce lift coefficient at high Reynolds numbers, 
but increase lift coefficient when Reynolds numbers are small. Fairing 
can effectively reduce Strouhal numbers, thus can well suppress the vor-
tex induced vibration.
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1. Introduction

In many ocean engineering, shipbuilding engineering, 
etc., the phenomenon of fluid pressure and atmosphere 
communication is widespread. In actual engineering, 
deep-sea drilling, underwater oil and gas pipelines will 
all affect the surrounding flow field under the action of 
free liquid surface. Due to the effect of wind load in the 
entire field, the phenomenon of air inhalation and bubble 
collapse of the cylinder in the flow field, the study of the 
hydrodynamic characteristics of the free surface structure 
has become one of the research problems. Among them, 
the flow around a cylinder is one of the classic problems 

in hydrodynamics.
Researchers have achieved effective results on the 

problem of flow around a cylinder that ignores the phe-
nomenon of free surface motion under the condition of 
low Reynolds number, and the related problems of high 
Reynolds number are still being discussed and studied. In 
1961, A. Roshko [1] conducted a flow experiment around a 
cylinder under a high Reynolds number (106<Re<107) in 
a wind tunnel, and found that when Re>3.5×106, the drag 
coefficient tends to a constant 0.7 and St is stable at 0.27 
In 1964, Hseh obtained the relationship curve of the total 
resistance coefficient with the Fr number, that is, the resis-
tance value reached the maximum when Fr was approxi-
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mately equal to 1. In 1969, Bearman [2] conducted experi-
ments on the vortex shedding phenomenon with Reynolds 
number in the range of 2×105<Re<5.5×105 in the circu-
lating water tank, and measured the resistance, pulsating 
lift, St and other hydrodynamic parameters under different 
Reynolds numbers. In 1983, G. Schewe [3] conducted a 
wind tunnel experiment on the flow around a cylinder in 
the range of 2.3×104<Re<7.1×106 for the Reynolds num-
ber, and obtained a steep drop in the drag coefficient and 
an increase in the Steroha number and other changes.

In 2003, Chaplin and Teigen found that the local resis-
tance near the free surface is reduced. Yu [4], Suh [5], Graf 
[6], Kawamura [7] and others have carried out related nu-
merical simulation studies, and also proved that when the 
Re number is less than 1.4×105, the drag coefficient at the 
liquid surface is less than 1.2.

In 2004, Chui-Jie Wu [8] used the dynamic boundary 
control technology to study the flow around a cylinder 
and found that the moving wave wall can effectively 
suppress the separation of the flow vortex around the cyl-
inder and eliminate the oscillation wake. In 2005, Choi [9] 
found that the distribution of sinusoidal pressure with a 
specific phase angle in the span direction can significantly 
reduce the fluctuation of average drag and lift. In 2013, 
Wu Yucheng [10] studied the influence of the fairing on the 
flow field. Experimental results show that the fairing can 
improve the flow field and reduce the fluid resistance of 
the structure by more than 50%.

In the current research, most of the analysis of flow 
around a cylinder does not consider the influence of free 
liquid on its flow. In some pools, due to the small depth of 
the pool, the pipeline will be closer to the water surface. 
In this case, the influence of the free surface needs to be 
considered when analyzing the surrounding flow field. 
The main purpose of this article is to study the effect of 
free surface on vortex-Induced vibration and how to elim-
inate these effects.

2. Numerical Theory

2.1 Governing Equations

The basic governing equations of fluid dynamics in-
clude continuity equation, momentum equation and ener-
gy conservation equation. In this paper, considering water 
medium as an incompressible fluid, while air medium had 
less effect on the results, and it can also be simplified as 
an ideal gas. Continuity equation and momentum conser-
vation equation should be considered when setting param-
eters. Continuity equation and momentum conservation 
equation are given in Equation (1) and Equation (2).

0∇⋅ =u � (1)

( ) ( ) ( ) P g
t
ρ ρ µ ρ∂

+∇⋅ ⊗ = ∇⋅ ∇⊗ −∇ +
∂

u u u u

� (2)

u, ρ, P and g represent the velocity vector, fluid density, 
pressure and gravitational acceleration.

2.2 Turbulence Model
k-ε model with two equations is the most widely used 

model for viscous flow. This model is further divided 
into standard k-ε model, RNG k-ε model and Realizable 
k-εmodel.

Standard k-ε model assuming that the flow is complete-
ly turbulent, the influence of molecular viscosity can be 
ignored. The model has a wide range of applications and 
reasonable accuracy, and it is the main tool in engineer-
ing flow field calculations. It’s formed by new equation 
of turbulence dissipation rate on the basis of the original 
single equation model. This model requires the flow field 
is assumed to be complete turbulence field. In this study, 
standard k-ε model was chosen. Turbulent kinetic energy 
equation and turbulent dissipation equation are given in 
Equation (2) and Equation (3).

( ) ( )i t
k b M k

i j k j

k ku k G G Y S
t x x x
ρ ρ µµ ρε

σ
 ∂ ∂  ∂ ∂

+ = + + + − − +  ∂ ∂ ∂ ∂   
  

� (3)   

( ) ( ) ( )
2

1 3 2
i t

k b
i j j

u
C G C G C S

t x x x k kε ε ε ε
ε

ρε ρε µ ε ε εµ ρ
σ

 ∂ ∂  ∂ ∂
+ = + + + − +  ∂ ∂ ∂ ∂   

 

� (4)

kG , bG  represent turbulent kinetic energy due to 
mean velocity gradient, turbulent kinetic energy due to 
buoyancy. kσ  and εσ  represent the turbulence Prandtl 
number corresponding to k and ε, kS  and Sε  are defined 
by user, 1C ε , 2C ε  and 3C ε  are empirical constant.

2.3 Flow Parameters
Drag coefficient is a dimensionless number of the ef-

fect of momentum transfer to the ground. Lift coefficient 
is a dimensionless coefficient that relates the lift force 
generated by a lift to the density of the nearby fluid, the 
fluid velocity, and the associated reference area. Those are 
important parameters in fluid flow analysis. 

Calculations of the drag and lift coefficients on the cyl-
inder surfaces are given in Equation (5), (6). Drag and lift 
forces are calculated by the viscous and pressure forces 
on the surfaces of the cylinders. The formulas are given in 
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Equation (7), (8). The Strouhal number is given in Equa-
tion (9).

2

2 L
mean

FCL
U Dρ ∞

= � (5)

2

2 D
mean

FCD
U Dρ ∞

= � (6)

( ) ( )
0 0

( ) ( ) ( ) ( )
D D

D t b fF x x dx P y P y dyτ ττ τ= + + +∫ ∫     

� (7)

( ) ( )
0 0

( ) ( ) ( ) ( )
D D

L fr r t bF y y dy P x P x dxτ τ= + + +∫ ∫     

� (8)

fDSt
U∞

= � (9)

In Equation (7), (8), fr, r, t and b represent the front. 
back, upper and lower surfaces of cylinders respective-
ly, D represents characteristic length of the structure. In 
Equation (9), f represents the vortex shedding frequency.

2.4 Multiphase Flow Model
The multiphase flow model in fluent has three types: 

Volume of Fluid Model(VOF model), Mixture model and 
Euler model. Among them, the VOF model is suitable 
for dealing with multiphase flow problems that do not 
intersect each other, such as free surface flow problems. 
The Mixture model is suitable for the flow analysis of 
particles in fluids including low powder-carrying airflow 
and bubble-containing flow. Euler model is suitable for 
bubble column, casting riser, particle suspension and other 
problems. In this case, it is more appropriate to choose the 
VOF model due to the study of free surface flow.

2.4.1 Continuity Equation
Tracking the interface between the phases is accom-

plished by solving the continuous equation of the volume 
ratio of one or more phases. For the qth phase, there is:

∂α S
t ρ

q αq+ ⋅ =v α q
q

� (10)

Among them: Sαq is the mass source term. By default, 
the source term at the right end of Equation (10) is zero, 
but when you specify a constant or user-defined mass 

source for each phase, the right end is not zero. The cal-
culation of the volume fraction of the main phase is based 
on the following constraints:

1
1

n

q
q
α

=

=∑ � (11）

2.4.2 Attribute Calculation
The attributes that appear in the transport equation 

are determined by the phases that exist in each control 
volume. Assuming that in a two-phase flow system, the 
phases are represented by subscripts 1 and 2. If the vol-
ume fraction of the second phase is tracked, the density in 
each unit is as follows:

2 2 2 11-ρ α ρ α ρ= +（） � (12)

Generally, for an n-phase system, the volume ratio av-
erage density takes the following form:

q qρ α ρ=∑ � (13)

2.4.3 Momentum Equation
By solving a single momentum equation in the entire 

region, the velocity field obtained is shared by each phase. 
The momentum equation depends on the volume ratio of 
all phases passing through the properties ρ and μ, and the 
equation is as follows:

( )( ) ( ) Tv vv p v v pg F
t
ρ ρ µ∂  +∇ ⋅ = −∇ + ∇ +∇ + + ∂



    

                

� (14)

2.4.4 Energy Equation
The energy equation is also shared in each phase, ex-

pressed as follows:

[ ]( ) ( ) ( )eff hE v E p k T S
t
ρ ρ∂

+∇⋅ + = ∇ ⋅ ∇ +
∂



� (15)

In this equation, keff is effective thermal conductivity, Sh 
is source terms, including radiation and other volumetric 
heat sources, E is total energy.

2.5 Numerical Details
In order to compare the results with actual test results, 

the parameters we choose in this study all refer to the pa-
rameters used in the actual test.

The cylinder and the computational domain are shown 

DOI: https://doi.org/10.30564/jmer.v4i1.2643
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in Figure 1, and 2D model was used in this simulation. 
The diameter of the cylinder(D) was 0.3048m; the dis-
tance between free surface and the center of the cylin-
der(H) was 1D; 2D; 3D; 4D and 5.5D. Cylinder with ad-
ditional fairing and the computational domain are shown 
in Figure 2, expect for changing the structure. Other con-
ditions are all same as the cylinder model does. 

Figure 1. Computational domain for cylinder close to a 
free surface

Figure 2. Computational domain for cylinder with addi-
tional fairing close to a free surface

A non-uniform grid structure was used, grids around 
the cylinder and the fairing are presented in Figure 3 and 
Figure 4.

Figure 3. Grid around the cylinder

Figure 4. Grid around the cylinder with addition fairing

Simulations were performed at the Reynolds num-
bers(Re) 150624, 210874, 271123, 331373. Inlet was set 
as velocity inlet, out let was set as outflow, all boundaries 
about air were set as symmetry, the structure and the low-
er boundary were set as wall. Multiphase model chose 
VOF model and viscous model chose standard k-ε model. 
SIMPLE algorithm is adopted for pressure velocity cou-
pling, Least-Squares Cell Based interpolation algorithm 
was adopted, transient format was adopted Second order 
Implicit, pressure difference algorithm was adopted sec-
ond order format, and momentum difference algorithm 
was adopted Second order format. All residual accuracy 
controls were set as 10-4.

Choose the Cd value comparison under the Reynolds 
number 210874, H/D=5 to check the grid independence, 
and the results are as follows:

Figure 5(a). The grid dependency tests for cylinder

Figure 5(b). The grid dependency tests for fairing

According to the results of the grid independence 
check, 45,000 elements and 46,000 nodes are selected for 
simulation

DOI: https://doi.org/10.30564/jmer.v4i1.2643
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3. Results and Discussions

2.1 Results of Cylinder

3.1.1 Effect of Submergence Depth

Figure 6 presents the vorticity magnitude at various 
submergence depth for Re=331373, when H≥2D, the 
more cylinder close to the free surface, the more vortex 
shedding becomes intense. One the one hand, because of 
the influence of free surface, some vortices fall off before 
they develop into larger size vortices. When H=1D, free 
surface will affect the formation of vortices, as Figure 6(e) 
presenting, there are no vortices formed under this condi-
tion. On the other hand, it’s easy to generate waves when 
the cylinder close to the free surface and wave will affect 
vortex shedding.

Figure 6(a). Vorticity magnitude of the cylinder for H/
D=5

Figure 6(b). Vorticity magnitude of the cylinder for H/
D=4

Figure 6(c). Vorticity magnitude of the cylinder for H/
D=3

Figure 6(d). Vorticity magnitude of the cylinder for H/
D=2

Figure 6(e). Vorticity magnitude of the cylinder for H/
D=1

3.1.2 Effect of Reynolds Number
Figure 7 presents the vorticity magnitude at different 

Reynolds number for H=4D, to clarify the effect of Reyn-
olds number on the vorticity magnitude. As the value of 
Reynolds number increasing, the size of vortices become 
more big and the number of vortices increase.

Figure 7(a). Vorticity magnitude of the cylinder for 
Re=150624

Figure 7(b). Vorticity magnitude of the cylinder for Re= 
271123

DOI: https://doi.org/10.30564/jmer.v4i1.2643
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Figure 7(c). Vorticity magnitude of the cylinder for Re= 
210874

Figure 7(c). Vorticity magnitude of the cylinder for 
Re=331373

3.1.3 Results of Flow Parameters on the Cylinder
3.1.3.1 Drag Coefficients

The variation of the mean drag coefficient on the cyl-
inder with submergence depth is present in Figure 8 for 
different Reynolds number.

Figure 8. Variation of Cd of cylinder in different Reyn-
olds number

As the H/D increases, the mean drag coefficient on the 
cylinder becomes smaller at all the Reynolds number. The 
value of Cd decreases more intense with higher Reynolds 

number, especially when H/D<3. Because when the cyl-
inder close to the free surface, fluctuation and deforma-
tion of free surface will disturb the flow field around the 
cylinder, thus affect the drag force on the cylinder. When 
H/D≥3, as submergence depth increases, the influence of 
free surface becomes smaller.

The mean value of Cd increases as Reynolds number 
increases at all the submergence depth. Cd will increase 
sharply if the cylinder is very close to the free surface. As 
the H/D increase, the growth trend for Cd has slowed.
3.1.3.2 Lift Coefficients

The variation of the root square(RMS) value of lift co-
efficient on the cylinder with submergence depth is pres-
ent in Figure 9 for different Reynolds number.

Figure 9. Variation of Clrms of cylinder in different Reyn-
olds number

The RMS value of lift coefficient will decrease as H/
D increase at all the Reynolds number. When H/D<2, 
Clrms will decline acutely as H/D become bigger, when 
H/D≥2, the decline has moderated. Figure 10 clarify the 
dynamic pressure with different submergence depth for 
Re=331373. As figure.10(e) clarify, the free surface will 
have a remarkable influence on the formation of upper 
cylinder pressure field, thus affect the lift coefficient, even 
the position of the maximum pressure has changed due to 
the effect of free surface. Another reason why the free sur-
face will influence lift coefficient, lift force is caused by 
the pressure increases on the surface of the cylinder when 
the vortex shed from one side of the cylinder, resulting in 
the pressure difference in the transverse direction of the 
cylinder. So lift coefficient will affect by H/D because the 
free surface will influence vortex shedding.

As Reynolds number increases, the RMS value of Cl 
increases at all the submergence depth,. Clrms will increase 
sharply if the cylinder is very close to the free surface. As 
the H/D increase, the growth trend becomes slow.

DOI: https://doi.org/10.30564/jmer.v4i1.2643
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Figure 10(a). Pressure contour of the cylinder for H/D=5

Figure 10(b). Pressure contour of the cylinder for H/D=4

Figure 10(c). Pressure contour of the cylinder for H/D=3

Figure 10(d). Pressure contour of the cylinder for H/D=2

Figure 10(e). Pressure contour of the cylinder for H/D=1

3.1.3.3 Strouhal Number
The variation of St number on the cylinder with sub-

mergence depth is present in Figure 11 for different Reyn-
olds number. 

Figure 11. Variation of St of cylinder in different Reyn-
olds number

Strouhal number will not change with submergence 
depth at Re=150624 and Re=210874. With Re=271123 
and Re=331373, Strouhal number will increase first and 
flatten out when H/D≥2. Between H/D=1 and H/D=2, the 
higher Reynolds number is, the more drastic the change 
in Strouhal number. When H/D<2, as the submergence 
depth increase, the boundary layer thickness on the upper 
surface of the cylinder increases, the negative and positive 
vortices shedding become more smoothly. Due to this rea-
son, Strouhal number increases. As the submergence depth 
increases when H/D≥2, the thickness of the boundaries 
on the upper and down surface of the cylinder becomes 
approximately the same, so the Strouhal number will no 
longer affect by submergence depth. This effect is obvious 
when the Reynolds number is large.

3.2 Results of Cylinder with Addition Fairing

3.2.1 Effect of Submergence Depth

Figure 12 presents the vorticity magnitude at various 
submergence depth for Re=331373. With additional fair-
ing, there is no vortex shedding in the wake, so when H/
D≥2, the free surface will have little effect on wake. But 
wake will also damage by waves when the fairing is too 
close to the free surface.

Figure 12(a). Vorticity magnitude of the cylinder with 
additional fairing for H/D=5

DOI: https://doi.org/10.30564/jmer.v4i1.2643
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Figure 12(b). Vorticity magnitude of the cylinder with 
additional fairing for H/D=4

Figure 12(c). Vorticity magnitude of the cylinder with 
additional fairing for H/D=3

Figure 12(d). Vorticity magnitude of the cylinder with 
additional fairing for H/D=2

Figure 12(e). Vorticity magnitude of the cylinder with 
additional fairing for H/D=1

3.2.2 Effect of Reynolds Number
Figure 13 presents the vorticity magnitude at differ-

ent Reynolds number for H=4D, to clarify the effect of 
Reynolds number on the vorticity magnitude. When the 
Reynolds number is small, some small vortices can be 
observed in the wake. As the Reynolds number increases, 
the vortices gradually disappear.

Figure 13(a). Vorticity magnitude of the cylinder for 
Re=150624

Figure 13(b). Vorticity magnitude of the cylinder for 
Re=271123

Figure 13(c). Vorticity magnitude of the cylinder for 
Re=210874

Figure 13(d). Vorticity magnitude of the cylinder for 
Re=331373

DOI: https://doi.org/10.30564/jmer.v4i1.2643



9

Journal of Mechanical Engineering Research | Volume 04 | Issue 01 | March 2021

Distributed under creative commons license 4.0

3.2.3 Results of Flow Parameters on the Cylinder
3.2.3.1 Drag Coefficients

The variation of the mean drag coefficient on the cyl-
inder with additional fairing with submergence depth is 
present in Figure 14 for different Reynolds number.

Figure 14. Variation of Cd of cylinder with additional 
fairing in different Reynolds number

When H/D<2, as value of H/D increases, the Cd will 
decrease, when H/D≥2, Cd is hardly affected by the H/D 
value at all Reynolds number. Since there is no vortex shed-
ding in the wake, the effect of the free liquid surface on the 
Cd value is reduced. However, when the fairing is too close 
to the free surface, the free surface is severely deformed 
due to the existence of the fairing, which affects the wake, 
and has a serious impact on the Cd value. Similar to the sit-
uation in the cylinder, the Cd will increase with the increase 
of the Reynolds number, but compare with Figure 8, the 
growth trend is obviously slower. It can be seen that fairing 
can reduce the influence of the free surface to a certain ex-
tent, especially when the Reynolds number is low.
3.2.3.2 Lift Coefficients

The variation of the RMS value of lift coefficient on the 
cylinder with additional fairing with submergence depth is 
present in Figure 15 for different Reynolds number.

Figure 15. Variation of Clrms of cylinder in different Reyn-
olds number

When H/D<2, Clrms will decrease with H/D increases 
at all Reynolds number.When H/D≥2, Cl has a slight de-
crease when Re=150624 and Re=21087, remains stable at 
Re=271123 and Re=331373. At low Reynolds number, the 
free surface will promote the formation and shedding of 
vortices, so the Clrms will decline when submergence depth 
increase. With big Reynolds numbers, since there are no 
vortex shedding in the wake, the submergence depth will 
have limited effect on Clrms. As Figure 16 clarify, although 
there is no effect of vortex shedding, the free surface still 
has a great influence on the pressure field above the fair-
ing, which in turn affects the lift coefficient.

Figure 16(a). Pressure contour of the cylinder with addi-
tional fairing for H/D=5

Figure 16(b). Pressure contour of the cylinder with addi-
tional fairing for H/D=4

Figure 16(c). Pressure contour of the cylinder with addi-
tional fairing for H/D=3

Figure 16(d). Pressure contour of the cylinder with addi-
tional fairing for H/D=2
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Figure 16(e). Pressure contour of the cylinder with addi-
tional fairing for H/D=1

3.2.3.3 Strouhal Number
The variation of St number on the cylinder with addi-

tional fairing with submergence depth is present in Figure 
17 for different Reynolds number. 

Figure 17. Variation of St of cylinder in different Reyn-
olds number

When the fairing is close to the water surface, at low 
Reynolds number, the free surface will promote the for-
mation and shedding of vortices, making Stouhal numbers 
increase. Therefore, for the low Reynolds number, H/D 
has a greater impact on Strouhal numbers. When H/D<2, 
the Stouhal numbers will increase as H/D increase. When 
H/D≥2, as the submergence depth increases, the influence 
of the free surface decreases and the Strouhal numbers 
tend to stabilize. At a high Reynolds number, since there 
are no vortices, it has almost no effect on Strouhal num-
bers.

3.3 Comparison of the Results of the Two Struc-
tures

3.3.1 Drag Coefficient

The variation of the drag coefficient with submergence 
depth is present in Figure 18 for different structures.

Figure 18(a). Variation of Cd of two different structure in 
Re=150624

Figure 18(b). Variation of Cd of two different structure in 
Re=271123

Figure 18(c). Variation of Cd of two different structure in 
Re=210874
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Figure 18(d). Variation of Cd of two different structure in 
Re=331373

The use of fairing can effectively reduce Cd, and the 
larger the Reynolds number, the more obvious the effect.
The drag force is formed by the pressure difference be-
tween the front and back of the cylinder. The larger the 
Reynolds number, the greater the pressure difference and 
the greater the drag coefficient. The fairing can effectively 
reduce the pressure difference between the front and rear 
of the cylinder, thereby reducing the drag coefficient. But 
the structure has little effect on Cd when it’s too close to 
the free surface, which is caused by the destruction of the 
free surface.

3.3.2 Lift Coefficient
The variation of the RMS lift coefficient with submer-

gence depth is present in Figure 19 for different structures.

Figure 19(a). Variation of Clrms of two different structure 
in Re=150624

Figure 19(b). Variation of Clrms of two different structure 
in Re=271123

Figure 19(c). Variation of Clrms of two different structure 
in Re=210874

Figure 19(d). Variation of Clrms of two different structure 
in Re=331373
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At low Reynolds number, the Clrms of the cylinder is 
smaller than that of the fairing. When the Reynolds number 
is low, there is still vortex shedding in the wake of the fairing, 
and the vortices in the wake are more big and further away 
from the center line compare with those in cylinder’s wake, 
which cause bigger Clrms. As the Reynolds number increases, 
there is no vortex shedding in the wake of the fairing, Clrms 
will become smaller than the cylinder at all value of H/D.

3.3.3 Strouhal Number
The variation of the Strouhal number with submergence 

depth is present in Figure 20 for different structures.

Figure 20(a). Variation of St of two different structure in 
Re=150624

Figure 20(b). Variation of St of two different structure in 
Re=271123

Figure 20(c). Variation of St of two different structure in 
Re=210874

Figure 20(d). Variation of St of two different structure in 
Re=331373

When the Reynolds number is large, the St value is 
smaller for cylinder with additional fairing. It indicates 
that the frequency of vortex shedding is lower under this 
condition when the Reynolds number and characteristic 
length are the same. This is because the fairing suppresses 
the interaction of the shear layers on both sides to a certain 
extent, thereby suppressing the vortices that alternately 
shed off. It can be seen that the additional fairing can well 
suppress the vortex induced vibration. When the Reyn-
olds number is small, part of the vortex remains detached 
from the wake, and the fairing will increase the St value, 
indicating that the frequency of vortex shedding is higher 
under this condition. In general, the value of H/D has little 
influence on St values of both structures, especially when 
H/D≥2.

In summary, the existence of the fairing can effectively 
reduce the Cd value, and effectively reduce the Clrms value 
and St value under high Reynolds number, but in the case 
of low Reynolds number, it will increase the Clrms value 
and St value. Therefore, the use of the fairing in the case 
of high Reynolds number can effectively reduce the drag 
force and effectively suppress the vortex-Induced vibra-
tion.

3. Conclusions

In this study, the flow around cylinder and cylinder 
with additional fairing placed in a free surface channel 
was investigated numerically. When the cylinder close 
to the free surface, the drag coefficient will increase, and 
the larger the Reynolds number, the more obvious this 
trend. After attaching the fairing, when H/D≥2, the free 
surface has a relatively small effect on the drag coeffi-
cient, and when the Reynolds number is high, the fairing 
has a significant effect on reducing the drag coefficient 
of the cylinder. The lift coefficient will also increase as 
the cylinder close to the free surface. In the case of high 
Reynolds number, the additional fairing can reduce the 
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lift coefficient, but in the case of low Reynolds number, 
it will increase the lift coefficient conversely. When the 
Reynolds number is low, H/D has no obvious effect on the 
Strouhal number of the cylinder, but under high Reynolds 
number, when H/D<2, Strouhal number will increase as 
the increase of H/D, and the larger the Reynolds number , 
the increasing trend is more obvious. With the addition of 
the fairing, H/D has a small effect on Strouhal number un-
der high Reynolds number, and has a greater effect under 
low Reynolds number. The fairing can reduce Strouhal 
number at all Reynolds number, which can effectively 
suppress vortex induced vibration. The main reason for 
these phenomena is that free surface breaks the vortex 
shedding, with additional fairing, there’s less vortex shed-
ding in wake, so the free surface will have influence on 
drag coefficient and Strouhal number. At low Reynolds 
number, due to the vortex in the wake, the lift coefficient 
of the fairing is larger than that of the cylinder. As the 
Reynolds number increases, the vortex disappears, and the 
lift coefficient of the fairing is gradually smaller than that 
of the cylinder.

Data Availability
The data that support the findings of this study are 

available from the corresponding author upon reasonable 
request.
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1. Introduction

To start with, it is essential to understand the classi-
cal theories and definitions of “engineering design” and 
“engineering design process” before moving into the 
discussion of advanced topics of optimal design based on 
engineering sciences. According to ABET, engineering 
design is a process of developing a functional system, 
component or process to satisfy a series of desired needs 
and specifications within a defined set of constraints 
(ABET [1]). Furthermore, ABET states that engineering 
design “is an iterative, creative, decision-making process 
in which the basic sciences, mathematics, and engineering 
sciences are applied to convert resources into solutions. 
Engineering design involves identifying opportunities, de-
veloping requirements, performing analysis and synthesis, 

generating multiple solutions, evaluating solutions against 
requirements, considering risks, and making trade- offs, 
for the purpose of obtaining a high-quality solution under 
the given circumstances.”

Moving forward to the concept of engineering design 
process, the process itself is defined by series of process 
stages known as research, conceptualization, feasibility 
assessment, establishing design requirements, preliminary 
design, detailed design, production planning and tool 
design, and production Ertas, A., Jones, J. [2]. Thus, that 
herby the classical engineering design and engineering 
design process are defined and clearly made obvious to 
an engineer; it is necessary to also explore optimal design 
concept as a fundamental tool. The simplest definition of 
optimal design is the final set of all known iterative and 
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experimental designs that have reached a meaningful sta-
tistical definition of best choice that represents the specifi-
cations and satisfies the initial and final design constraints.

An optimal design (“Good Design”) by definition and 
by virtue of results is a design where technological fac-
tors, user factors and economic feasibility factors come 
together and produce a complete system or component.  
Altringer and Habbal [3] indicate that technological factors 
are based on the engineering, science and math foun-
dations with ergonomics and manufacturing being the 
common factor with user factors and economic factors, 
respectively. User factors are based on sociology, psychol-
ogy and anthropology criteria with marketing being the 
common factor with the economic factors. Economic fea-
sibility factors are based on the business, market and gov-
ernment criteria. These factors as a whole summarize the 
requirements for optimal design concepts at a high level 
that set a preliminary engineering mindset needed for car-
rying a design process. Refer to Figure 1 for an illustrative 
purpose of the optimal good design concept.

Other relevant factors that also contribute into a good 
design are implementation of design thinking with sys-
tems thinking for engineering design, Melissa T. Greene, 
Richard Gonzalez, Panos Y. Papalambros and Anna-Maria 
McGowan [4]. Melissa Greene [4] elaborate that until re-
cently design thinking and system thinking engineering 
design were not complimentary to each other. This work 
by Greene et al. indicated that, in the past, design thinking 
methods concentrated on industrial design and product 
development while system thinking engineering design 

methods was used in professional system engineering 
practice and large scale, complex designs. This literature [4] 
indicated that classical design thinking theory, originally 
introduced by Herbert Simon in 1969, consisted of seven 
stages for a product design; defining the problem, re-
searching, ideating, prototyping and choosing a solution, 
implementing the solution and learning. Further, it was in-
dicated by Greene et al., that system thinking engineering 
design has roots mainly in the operations research where 
as traditional systems engineering and management sci-
ence along with dynamic systems, Forrester [5] and Gener-
al Systems Theory, L. Von Bertalanffy [6] define the system 
engineering theory. The combination of these two schools 
of thinking is a modern-day concept for design process 
where design thinking is required for successful design of 
products and systems considering all three factors of “good 
design”; which are technological factors, user factors and 
economic feasibility factors.

Having established the high-level requirements, scientif-
ically these requirements can be translated into numerical 
methods established in engineering science theory and prac-
tice. Use of numerical methods guarantees the iterations 
necessary for optimal design approach. CAD and Simula-
tion Tool utilization makes the application of engineering 
sciences into the design process very lucrative. Good rep-
resentation of such optimization examples is the structural 
topology optimizations introduced into civil structural de-
sign processes, Georgios Kazakis, Ioannis Kanellopoulos, 
Stefanos Sotiropoulos and Nikos D. Largaros [7].

For an instance, Georgios Kazakis, Ioannis Kanello-

Figure 1. An Optimal Good Design Concept Factors
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poulos, Stefanos Sotiropoulos and Nikos D. Largaros 
[7], incorporate smart and automated structural computa-
tional tools that utilize computational techniques related 
to topology optimization in civil structural design very 
logically. The structural topology optimization problem 
is solved using material distribution methods, L. Spunt [8] 
for achieving the optimum design layout of a structural 
system made from linearly elastic isotropic material. For 
this purpose, a compliance criterion is minimized by ad-
justment of the material distribution volume into a design 
domain. The distribution of the material volume in do-
main is controlled by the density values distributed over 
the domain. More specifically, it is controlled by design 
parameters that are represented by the densities assigned 
to the FE (Finite Element Method) discretization of do-
main. The FE simulation tool, while under iterative mode, 
calculates the design variables as the material concentra-
tion density is changed. The design variables are limited 
to strength and displacement outputs that are generated 
under the applied fixed input loads set at the initiation of 
the optimization runs. The optimization iteration cycle 
for an optimally good design is shown in Figure 2 fol-
lowing. Geometry of a product or a system is simulated 
and material mechanical property definitions are set. 
Constraint sets are established to define the displacement 
and strength limits. Once the design analysis is initiated a 
limit comparison is made against the constraint sets. Ma-
terial concentration densities are adjusted and once again 
limit comparisons against the constraint sets are made. 
Determination of “good design” based on the criterion are 
made. Iteration process is started until an “optimal” good 
design is achieved.

Figure 2. Automatic Optimization Iterations for an Opti-
mal Good Design

The aforementioned research work was mentioned to 
explore the numerical method aspects of optimal design in 
a design process via engineering sciences. It is next nec-
essary to explore the user factors in optimal design. It was 
stated earlier that psychology and sociology are the user 
factor criterion for design. This is where ergonomics and 
marketability of the design have to be considered in an 

optimal design. A design “must” be ergonomically ideal 
for the user and the design engineer must give maximum 
considerations for user comfort and safety. The engineer-
ing mindset that considers the comfort and safety of the 
end user always has the best features embedded in the 
system design or in the component design by definition. 
Designing for safety by definition has the safety factors 
embedded in design and any malfunctions are minimized 
as the design safety is accomplished. In some instances, 
fail-safe conditions are also a component of the safe de-
sign, where as possible failure of the subcomponents of 
the system does not necessarily indicate a catastrophic 
failure but rather a controlled failure. These factors in 
combination with other factors are normally driven by the 
governmental factors/requirements. 

Leading to the final stages of the “good design”, eco-
nomic factors that are based on market, business and gov-
ernment criterion are the most important factors in a good 
optimal design. For instance, in the telecommunication 
industry an optimal design considers all applicable IEEE 
standards which constitute the business standards of the 
best design process practice. In civil structure designs, in 
mechanical and aerospace designs ASTM standards for 
material characterization are standards of the best design 
process practice for use of material properties. As another 
example, in automotive engineering SAE standards are 
criterion that are used for best business standards and 
practices. Government regulations as set by organizations 
such as National Highway Traffic Safety Administration 
(NHTSA), Federal Aviation Administration (FAA) and In-
dividual State and Municipality Building Code Adminis-
trations are some of the good examples for a good optimal 
design requirements. 

2. Benefits of Design Optimization for an Op-
timal Good Design

Historically, design variations done by engineers were 
limited to shape optimization as a whole with one or two 
cumbersome iterations only. Automatic design optimiza-
tions via computational simulation methods introduced 
topological optimizations that varied design topology and 
saved material costs and weight. The concept of vary-
ing material density concentration on a system or a part 
component design as a specific example was unknown 
and unfeasible in the past. For instance, an airplane part 
could only be designed with the outside dimensional 
boundaries varying in an iteration or two. The concept of 
material concentration density adjustment was unfeasible 
and far out to reach concept in early days. Computational 
tools such as FEA (Finite Element Analysis) provided the 
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means for such automatic optimization schemes because 
design variables now can be parametrized and change in 
them was feasible and not time consuming thus making 
such optimization efforts possible and reachable. The gen-
eral application of FEA for optimal design is illustrated in 
Figure 3 following.

Figure 3. FEA Application for Design Iterations

3. Mathematical Optimization Theory Behind 
(Numerical Methods)

The best means of defining optimization theory in 
design is by defining the mathematical concept of the 
optimization. Mathematical Optimization as defined by 
J. Snyman [9], is a formal process of formulation and the 
solution of a constrained problem of the general form.

Minimize f(x), x = [x1, x2,.., xn]
T ∈ Rn  � (1)

w.r.t: x
Subject to constraints:

gj(x) ≤ 0, j = 1, 2,  . . .  , m� (2)

hj(x) = 0, j = l, 2,  . . .  , r� (3)

Where f(x), gj(x) and hj(x) are scalar functions of the 
real column vector x. The continuous components xi of x = 
[x1, x2, ...  ,xn]

T are called the (design) variables, f(x) is the 
objective function, gj(x) denotes the respective inequality 
constraint functions and hj(x) the equality constraint func-
tions.

The optimum vector x that solves problems (1) and (2) 
is denoted by x* with corresponding optimum function 
value f(x*). Mathematically if no constraint sets are speci-
fied, the problem is called an unconstrained minimization 
problem.

The iterative means of reaching the solution by min-
imization optimum function are done by numerical and 
computational methods; as an example of such cycle was 
provided with Figure 2 illustrations before.

In general optimization can take effect by means 
of shape, size or topology, Il Yong Kim, Byung Man 
Kwak [16], Raino A.E. Makinen, Jacques Periaux and Jari 
Toivanen [17], C. Onwabiko [18]. There are two main meth-
ods for achieving an optimization. One method is the 
gradient-based method and the other method is Heuristic 
method. For gradient based method minimization is done 
based on a function that could hold constraints or be un-
constrained. The method tests for convergence of the solu-
tion function and if no optimal design is achieved a search 
in the domain space is done by updating the design vari-
ables until a desired optimal design solution is reached, C 
Onwabiko [18].

Heuristic methods are computational procedures that 
find an optimal solution by iterative means that improve 
on sample solution with respect to a given measure of 
quality. It is randomization of the solution with implemen-
tation of genetic algorithms, simulated annealing or tabu 
search method, Wang, F.S., Chen, L.H. [19].

4. Optimization Design Theory Applicability

The applicability of automatic optimization design 
theory here in this presentation is somewhat constrained 
to a specific example of structural optimization. How-
ever, the mathematical model can be applicable to any 
engineering design concept optimization. Likewise, the 
same theory can be applied to a heat exchanger design 
concept whereas optimal pipe sizing and pipe count are 
the objectives of a good design, Bahri Sahin, Yasin Ust, 
Ismail Teke and Hasan H. Erdem [10]. In this type of re-
search the objective function is defined as the actual heat 
transfer rate per unit total cost considering lost energy 
and investment costs. The optimal performance and de-
sign parameters which maximize the objective function 
are investigated with the effects of varying technical and 
economical parameters. Figure 4 following attempts to 
illustrate a quasi-realistic typical design optimization 
effort. As the number of iterations go up the cost has 
to come down and an optimal design has to be reached 
all at the same time. This representation is fictional for 
illustrative purposes and only represents a first pass iter-
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ation segment cut of the optimization theory objective. 
In reality, this iteration could be chaotic or non-chaotic 
depending on the sensitivity required for convergence.

Figure 4. Design Optimization Theory Objective

For illustration purposes let’s assume a simple part 
as shown by the Figure 5 following. This is a part mod-
el represented in a CAD model with the illustrated di-
mensions. One can discretize the model with finite ele-
ment representation of the model as shown by Figure 6 
following. An applied load of 100 pounds is applied to 
the tip of the part and the part is being held fixed on the 
other end as shown in Figure 6. The Figure 7 illustrates 
the first run FEM model with the highest stress level to 
be around 17ksi. There are many regions within the part 
design that have very small magnitude of stress con-
centration level. After the trim and geometric optimi-
zation of the external boundary of the part, the second 
run of FEM analysis is performed. At the second run 
after optimization based on the stress concentration lo-
cations shown the highest stress levels are around 64ksi 
with about 3% weight reduction. The third and final run 
the highest stress level is around 79ksi with about 30% 
weight reduction with the part structural region. The 
total processing time for this typical part optimization 
was about 60 minutes to perform a 30% weight reduc-
tion.

Figure 5. CAD Model of a Part

Figure 6. Discretized FEM Model of the Part with BC's

Figure 7. First run of the FEM with the 100 lbs load at the 
tip

Figure 8. First Run Optimization of the FEM Model (3% 
weight reduction)

Figure 9. Second Run Optimization of the FEM Model 
(30% weight reduction)
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In a manufacturing environment, technical and eco-
nomical parameters are also a design factor for an optimal 
good design; the same optimization theory is applicable as 
well too. In a study done by Cezarina, Afteni and Gabriel 
Frumuşanu [11], a systematic analysis of already published 
works on formulating and solving optimization problems 
concerning manufacturing process are presented. The re-
view work done by Cezarina, Afteni and Gabreil Frumuşa-
nu [11] indicate optimization was performed on two levels, 
namely: planning and scheduling of manufacturing pro-
cess. Mono-criterion or multi-criteria type of optimization 
with objective functions set as the energy consumption, 
the manufacturing costs, the productivity and the manu-
factured surface roughness were considered. Interestingly, 
Genetic Algorithms (GA), Particle Swarm Optimization 
(PSO) technique and Artificial Neural Networks (ANN) 
are among the methods reviewed for optimization (GA 
utilization is considered another advanced mathematical 
theory of optimization). 

Furthermore, an advanced improved optimization 
theory applicable to aircraft sizing problem has been 
examined by Li, Wei; Xiao, Mi and Gao, Liang [12]. An 
optimization method is introduced by the authors where 
three subsystems, aerodynamics, weight and perfor-
mance are considered. The objective of this optimiza-
tion is to minimize the total weight of aircraft subject 
to constraints on the aircraft range and stall speed of 
the aircraft. This work is indicative that the robustness 
of the objective and constraints functions simultaneous-
ly should be considered for construction of a robustness 
discrepancy that guides the optimization sampling prob-
lem. At first initial feasible solutions are used to build 
this robustness discrepancy. In detail a set of uncertain 
candidates that have smaller robustness discrepancy 
values are selected that meet the robustness require-
ments. Then a method known as MPS method is used 
as a global optimizer to achieve the optimal solution. 
Finally, a sampling method known as ICPM is utilized 
to address the optimization problem with uncertainties 
where it is carried out by 9 discrete mathematical steps 
that are explained in this research work by Li, Wei et 
al. These types of multidisciplinary robust design op-
timization methods gain more and more applications 
in research, Wang X, Wang R, Chen X and Geng X [13] 
and Zaman K, Mahadevan S [14], where complex design 
problems with large uncertainties exists.

5. Concepts of Optimal Good Design for the 
Future

With the new industrial revolution of digitization tak-

ing form recently, the good design theory is achieving new 
levels of complexity and outcome [22]. Not only a good 
design would be optimized locally at the engineer’s simu-
lation level but also it will be optimized and processed via 
multiple end users and functional inputs. A typical design 
can have inputs from manufacturing and fabrication facil-
ities, installation and modification sites, marketing inputs, 
industrial design branch and finally but not least the end 
user-customer [23]. 

Decentralizing the decision-making process and infor-
mation transparency are the main factors of digitization 
era in design concepts that drive the optimal design in the 
future. The power of advanced next generation data net-
works along side with digitization efforts and rendering 
provide these optimal designs in matter of hours if not 
minutes depending on the complexity of the problem at 
hand. Ease of access to design data and design data al-
ways being accessible is another advantage of digitization 
being incorporated into the design process. This concept 
minimizes the wait time to review and update any design 
as it allows simultaneous access of design by different 
people who are involved.

Knowing all that, to progress in this 4th industrial rev-
olution era, understanding classical design optimization 
theory and application of it, is a must to know venture. 
Design engineers should not neglect the need to fully 
understand the classical design optimization theories in 
order to move forward or at least prove not to be ineffi-
cient in the future as the digitization revolution sets in 
place.

Figure 10. Concepts of Optimal Design for the Future

6. Multidisciplinary Nature of Design

Unlike the early eras of technology development in 
the world whereas a design was only carried out by one 
“design engineer” who had basic knowledge of every re-
lated field for the design, in this age the designs are 99% 
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multidisciplinary efforts. In fact, if different subject matter 
expert engineers are not involved in the design process, 
the design is destined to be an average design if not a sub-
standard design for certain. The need for reduction of cost 
by utilization of advanced materials, materials processes 
and fabrication techniques requires multidisciplinary ex-
pertise for a “good design”. The technology has advanced 
so much and so rapidly that for sure one engineer is not 
capable of having the full knowledge to carry a “good de-
sign” solely by relying on himself or herself alone without 
other engineers in other disciplines.

7. Discussion

This paper tries to elaborate that most of the engineer-
ing and scientific design problems can be optimized for a 
good design based on many new optimization techniques 
discussed here. The work presented in this paper implies 
that there are many factors associated with a good design 
and further there are a vast variety of optimization tech-
niques that exist in achieving the good design. The user 
factors, technological and financial feasibility factors that 
are known, have to be considered in any design problem. 
Each factor has to be given a real value and each value 
has to be scaled in the order of the importance. Based on 
these factors, the parameters for the optimization have 
to be set and each of the factors has to be translated into 
design variables and state variables in a scientific manner. 
The survey of design optimization applications that are 
sampled in this paper are indicative that there are many 
numerical and scientific methods in achieving an optimal 
good design. Thus, depending on the complexity and the 
degree of uncertainties associated with the design, the op-
timization can be formulated literally in math models that 
materialize the robust optimization goals that take away 
the randomness. It needs to be added that a solid back-
ground in mathematical and numerical modeling is a must 
for achieving a good engineering design [20, 21].

8. Conclusions

The concepts of the good design and optimal good de-
sign theory were examined here in this paper. Factors asso-
ciated with a good design concept; Technological factors, 
user factors and economic factors were defined and estab-
lished as tools for a good design concept. Design thinking 
and system engineering design thinking were elaborated. 
Design optimization theory with several practical applica-
tions in civil structures design, heat exchanger design and 
manufacturing operation design was discussed in details. 
The general mathematical theory of optimization was intro-

duced and its application to any design process was empha-
sized. Future trends of design optimization for a good de-
sign in the new era of digitization revolution was discussed 
and the design engineer’s need to familiarize oneself with 
the classical design optimization theory was emphasized.
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The aim of this work is to establish the influence of the relative posi-
tion of the alloy charge C-Cr-Mn in the structure of the coating of rutile 
electrodes for hardfacing, on the operational behavior (arc stability). For 
this, three variants of electrodes with similar chemical composition are 
elaborated in the metallic core and the coating, differentiating only in the 
relative position that occupies the alloy charge (C-Cr-Mn) in the structure 
of the coating: internal, external and homogeneous. For the development 
of the research, a completely random design is used. The operative char-
acterization of the electrodes is performed in terms of the arc stability. 
In conclusion, it can be seen that the position of the alloy load influences 
the operation behavior (stability of the arc). The variant of internal alloy 
charge in the coating presents the better arc stability performance.
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1. Introduction

The evolution of the use of arc welding processes in 
recent years is well known [1]. In Latin American countries 
this trend has been less marked, being used for 40% of the 
metal deposited in countries such as Argentina. In China 
and India, accompanying the remarkable growth of steel 
production, there has been a marked increase in the use of 
coated electrodes. Everything seems to indicate that the 

use of coated electrodes will stabilize around 30% of the 
weld metal deposited worldwide [2].

Wear is part of the production process, since metals suffer 
the effects of abrasive particles that cause sensitive losses in 
them. The action of these particles in the wear mechanism 
depends on multiple factors, in addition to the characteristics 
of the worn material. Research on new materials for hard fac-
ing is one of the fields of greatest potential to face phenome-
na such as the wear of parts and components [3, 4].
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The proper study of the mechanisms of wear con-
tributes in great percentage to make the selection of the 
appropriate consumable. In some cases, the piece may 
be subject to several factors. There is no consumable that 
resists all the previous conditions, but, in practice, an ap-
propriate solution can always be found [5].

Among the factors to be considered in the material de-
posited to deal with abrasive wear is the hardness of the 
phases that compose it separately, although this is a much 
more complex problem. In fact, the hardness is not always 
the only parameter to take into account in the wear resis-
tance. For example, for the same hardness values of the 
metal, in martensite and other martensite and carbide com-
positions, the second will have more wear resistance [6].

The use of welding for hard facing offers unique ad-
vantages over other systems for these purposes; a metal-
lurgical union that is not susceptible to detachment and 
can be applied relatively easily [7, 8]. Deposits applied by 
welding can be used with a thickness greater than most 
other techniques, typically in the range of 3 to 10 mm.

Within the techniques of hard facing by welding, the 
manual hard facing by electric arc is very used and, often, 
the only possible solution in the restoration of pieces, even 
when it is recognized as an unproductive process. Gener-
ally, the configurations of the pieces or their dimensions 
do not allow to use another process, with some degree 
of automation. The need to perform short welds and use 
electrode oscillation techniques also influences. In addi-
tion, the simplicity of the equipment and the possibility of 
profitably manufacturing a specific consumable, in small 
batches, for a given application are valued, making it the 
most economical and versatile method [9, 10].

To achieve the functionality characteristics of the elec-
trodes, they must have a certain coating composition. The 
coating, in the case of the electrodes destined to the recov-
ery of pieces, must be composed of a matrix and an alloy 
charge. The coated electrodes are the consumables that 
allow reaching the highest transfer levels because of the 
potentialities of the coating in terms of alloy input [11, 12].

Some of these required characteristics of the electrodes 
may be incompatible and, therefore, compromises and 
balances between them must be observed when designing 
the coating.

The chemical composition of the alloy charge signifi-
cantly affects the chemical composition of the deposited 
metal and its mechanical properties. The loss of the al-
loying elements can be replaced by the addition of some 
ferroalloy. By doing so, the transfer of alloying elements 
could be greater, that is, the percentage of the element that 
is transferred from the electrode to the weld metal [13]. The 
introduction of metallic elements in an alloy based on iron 

and high carbon content will fulfill two functions [14]: On 
the one hand, the elements forming carbides participate in 
the formation of this phase; on the other side, the alloying 
elements influence the properties of the alloy matrix.

The solid electrodes destined to the recharge, whose 
nuclei are formed from steel with low carbon content and 
without alloys, have an alloy charge in the coating, whose 
function is to transform the core metal into a special alloy [15].

For this purpose, are added special substances and 
compounds to the coating, whose functions could com-
pete with others designed to guarantee adequate operat-
ing properties of the electrode [16]. The way to obtain the 
combination between these coating compounds is vital to 
achieve efficiency in the transfer process [17]. In conven-
tional electrodes for hard facing, it is not common to use 
high alloy cores. In these cases, the codes restrict the cur-
rent values to avoid the overheating of the core and reduce 
the values of the caloric contribution in the welding bath.

The homogeneous mixtures of the alloy charge and the 
electrode coating may not lead to solutions that favor the 
use of the entire alloy charge of the solid electrodes des-
tined for hard facing.

The homogeneous mixture of the alloy filler with an 
oxidizing silicone matrix and the use of binders in con-
ventional electrodes for the recharge presuppose a consid-
erable loss of the alloy charge during the transfer, from the 
coating of the electrodes, to the welding bath. The result 
of intensive oxidation processes of ferroalloys in the arc 
column, depending on the affinity of the metal element for 
the oxygen contained in the materials, which make up the 
coating, which decreases the percentage of alloy elements 
that reaches the deposit [18].

Hardfacing electrodes must fulfill their main function: 
to achieve the incorporation of elements of alloy, which 
allows reaching the special characteristics to face certain 
wear mechanism [19].

Established a classification of the electrodes in terms of 
the constructive structure of the electrode coverings. Thus, 
classified the electrodes in terms of the thickness of the coat-
ing and the structure of the coating. As for the thickness, the 
coatings are classified as fine, medium, thick and extra-thick 
[20]; as for the structure of the coatings, the electrodes can be 
single-coated and double-coated [21]. To this last aspect, given 
for several years more interest for potential to improve the 
technological properties of the process [20].

Currently, manufactured double-coated electrodes with 
great success in several developed countries [22]. It has achieved 
high stability of the arc and a metallic transfer of fine droplet, 
from locating the fluorite in the outer layer and the elements of 
low ionization potential (CaCO3) in the interior.

The use of electrodes with double coating also makes 
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it possible to increase the stability indicators of the arc, 
when welding with alternating current, using transformers 
with low vacuum voltages [23]. However, identified the po-
sition of the alloy charge to achieve adequate performance 
in the operational behavior of the electrodes and the trans-
fer of alloying elements to the deposits. Valuations on 
these aspects, in electrodes with a double coating structure 
applied in the hard facing, have not found explicitly in the 
consulted literature.

2. Materials and Methods

2.1 Materials

To obtain the coatings of a double layer electrode it 
was necessary to prepare two charges of raw materials, 
one for each layer. One layer, to guarantee the operating 
parameters of the electrode, constituted by 70% of the dry 
mass of the commercial composition, manufactured for 
the coating of a rutile electrode E6012.

Designed another layer (30% of the dry mass) to pro-
vide the alloy charge. The proportions of 70 and 30% are 
assumed, according to recommendations in the literature 
[22] and seeking to ensure that the stability of the process 
does not become an independent variable.

Manufactured three types of electrodes with the same 
chemical composition for the metallic core and the alloy 
charge (Table 1). Likewise, the same coating was used 
(Table 2), similar to that of an E6012 electrode [2]. Where: 
D1 is the first layer diameter, Dex is the external diameter 
and d is core diameter.

The coating of the alloy charge for each type of elec-
trode occupied the same cross-sectional area of the coat-
ing and therefore the same measurement in the total vol-
ume of the coating, in the same way that of E6012 is used. 
Where: A1 is alloy charge section area and A2 is electrode 
coating E6012 area. The binder used was also common 
for all electrodes: sodium silicate, with a density of 1.44 
to 1.48 g / cm3, occupying between 28% and 30% of the 
total mass of the coating.

Table 1. Chemical composition of the raw materials used 
in the preparation of the electrodes

Electrode compo-
nent
Mn

Percent, in mass, of the chemical element in each 
component of the electrode

Cr C Si Ti Fe
Wire 0.48 0.11 0.11 0.4 0.002 Balance

Alloy-
Charge

Ferro-
chrome 0.00 75.00 0.10 2.00 0.00 Balance

Ferro-
chrome- 

manganese
59.02 19.45 0.11 2.17 0.00 Balance

Graphite 0.00 0.00 99.50 0.00 0.00 Others

Table 2. Chemical composition of electrode coating 
E6012

Chem. composition 
en % SiO2 Al2O3 TiO2 NaO CaCO3 FeMn C6H10O5

E6012 16 6 52 2.5 2.5 14 7

For the research, established the formulation of three 
prototypes of electrodes as a comparative strategy, whose 
differences were not in their composition, but in the po-
sition occupied by the alloy charge and the matrix in the 
structure of the electrode coating (Figure 1).

Figure 1. Geometric diagrams of the conformation of the 
coatings on the electrodes

a) doubly coated (internal alloy charge) b) doubly coat-
ed (external alloy charge) c) simply coated(alloy charge 
homogeneously distributed)

The alloy coating and masses involved in each elec-
trode variant were guaranteed equal, from the consider-
ation of the mass product and the density of each compo-
nent.

As a result, obtained the dimensions of the different 
coatings for each developed electrode variant (Table 3).

Table 3. Electrodes dimensions

Electrode type
Diameter (mm)

Weight(*) 
(g)Core (d) Internal-

layer (D1)
External-
layer (Dex)

Internal alloy charge 3.0 4.5 6.5 22.764
External alloy charge 3.0 5.8 6.5 22.766

Simply coated 3.0 - 6.5 22.763

* Electrode length: 250 mm

2.2 Methods
Established the experimental planning was to satisfy 

the objective of the work in relation to the evaluation of 
the effect of the position that occupies the alloy charge(C-
Cr-Mn) in the structure of the coating of an electrode for 
the recharge. The position of the alloy charge in the lining 
structure was taken as an independent factor

Due to the characteristics of the experiment, it was 
convenient to use a completely randomized design (CRD) 
[24, 25].

The set of hypotheses to be tested when applying the 
ANOVA test to the data, according to the CRD, was [24]:

DOI: https://doi.org/10.30564/jmer.v4i1.2890
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Ho: The means of the treatments are the same (μ1 = μ2 
= μ3)

H1: Some pair of means of the treatments differ (μi ≠ 
μj for some i ≠ j; i = 1, 2, 3)

We used the Statgraphics Centurion XV software as a 
tool for the study [26].

Among the dependent factors, the stability of the arc 
was considered.

The acquisition of data on the electrical behavior al-
lows differentiating the operational electrical stability of 
homologous electrodes [16], then, it can be used to identify 
differences between the behaviors of electrodes manu-
factured with different position of the alloy charge in the 
structure of the coating during the recharge process.

The use of alternating current allows evaluating the be-
havior of the electrodes in both polarities. The evaluation 
of its use, presupposes to estimate with which of the two 
polarities would behave better, from the point of view of 
the stability of the arc, in the case that both half cycles of 
current and voltage are asymmetric.

The installation for the acquisition of the signals was 
composed by a welding station, which includes the alter-
nating current source, a signal conditioner, a shunt, a com-
puter and a digital oscilloscope Tektronix DPO 3014; the 
latter captured and saved the data obtained, which were 
processed with the MatLab software [26]. The alternating 
current source used was an Airco transformer, 200 A, AC / 
DC Heliwelder Model: 2A / DDR- AC, maximum vacuum 
voltage 80 V, 200 A with a duty cycle of 60%. The elec-
trodes used to obtain the deposits were dried before the 
test, between 90 and 120 ºC, for 2 hours, in a "Conterm" 
model stove. Carried out the maintenance of the elec-
trodes in a portable thermo (HydroGuard), from Lincoln 
Electric.

The data collected constituted samples of peak voltages 
of re-ignition of the arc, welding voltage and maximum 
current in each half-cycle, at a frequency of 12000 Hz, 
above 5000, recommended in the specialized literature [16], 
according to the theorem of Nyquist-Shannon sampling [27].

As a criterion to measure the stability of the arc (Equa-
tion 1), the average rate of increase in electrical conduc-
tivity in the arc column during the period of re-ignition in 
the positive half-cycle (B+) was taken [2]. Which is directly 
proportional to the average re-ignition peak current (Ir

+) 
and inversely proportional to the product of the average 
re-ignition voltage (Vr

+) with the average re-ignition peak 
time (tr

+), all measured in the positive half-cycle.

B+  =
V tr r

I
+ +

r
+

·
·1000 � (Equation 1)

3. Analysis and Discussion

From the census, conditioning, recording and digital 
processing of the current and voltage signals taken during 
the operational tests, are constructed the graphs (Figure 
2) to compare the performances of the electrodes eval-
uated. Considering a mean welding time of 40 seconds 
for each variant, a total of more than 106 samples were 
counted during the study of each electrode, which allowed 
obtaining the current and voltage oscillograms (Figure 2) 
and the subsequent analysis of the behavior of the main 
electrical parameters (voltage, current and re-ignition 
peak voltage). These readings were sufficient to make the 
statistical comparisons.

In accordance with the criteria published in the litera-
ture [16], robust comparison parameters in the current and 
voltage oscillograms of the welding arc are recognized at 
the re-ignition peak voltages, the welding voltages and the 
maximum current.

The values of the welding current (Table 4) oscillate by 
more than 1% in the case of the positive half cycle, while 
approximately 5% in the negative half cycle. This refers 
to more stability in one cycle than the other, with the neg-
ative half cycle being the most suitable for comparing the 
electrodes, since this is where the greatest differences in 
their behaviors can be observed.

Figure 2a. Fragments of current (I) and voltage (U) 
oscillograms, obtained during the operational test of the 

electrodes evaluated (sampling time 0.042 s) 
a) Electrode with internal alloy charge

Figure 2b. Fragments of current (I) and voltage (U) 
oscillograms, obtained during the operational test of the 

electrodes evaluated (sampling time 0.042 s)  
b) Electrode with external alloy charge

DOI: https://doi.org/10.30564/jmer.v4i1.2890
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Figure 2c. Fragments of current (I) and voltage (U) 
oscillograms, obtained during the operational test of the 

electrodes evaluated (sampling time 0.042 s)  
c) Electrode with homogeneous coating

The values of voltage registered for the performance of 
electrodes with internal alloy charge (32 V and -34 V) pres-
ent differences of about ten volts with respect to the values 
obtained for the electrodes with external alloy charge and 
alloy charge homogeneously distributed (43 V and -46 V). 
This agrees with the values obtained by Vornovitsky et al. 
for rutile coating electrodes and alloy core [28].

The voltage value is associated with the magnitude of 
the arc length: result of the sum of the anodic, cathodic 
and arc column lengths; the first two are practically con-
stant for the same coating compositions and the same met-
al core material [29].

Then, in this case, the length of the arc depends on the 
length of the column, which, in turn, the depth influenced 
the coating cup. French [30] supports the same criterion. 
Therefore, the arc length may be influencing the differenc-
es (Figure 2) of the voltage values between the electrodes 
with internal alloy charge (32 V and -34 V) and the elec-
trodes presented by the external alloy charge and homoge-
neously distributed alloy charge (43 V and -46 V).

Table 4. Electricalindicators. Averagevalues

Parameters 
 

Average maximum current
Units

Position of the alloy charge
inter-

nal external homogeneusus

Maximum average current 
(Imax+) Ampere 112.4 113.1 114.3

Maximum average current 
(Imax-) Ampere -138.3 -147.7 -150.5

Average current of re-igni-
tion peak (Ir+) Ampere 9.67 11.33 11.67

Average re-ignition voltage 
(Vr+) Volt 42.7 53.1 53.6

Average re-ignition voltage 
(Vr-) Volt -43.6 -52.5 -50.9

Average welding voltage 
(Vs+) Volt 32.7 43.9 43.1

Average welding voltage 
(Vs-) Volt -34.1 -46.3 -42.1

Average re-start peak time 
(tr+) Second-3 0.76 0.86 0.75

(+) in the positive half-cycle; (-) in the negative half cycle.

The thermo-physical properties in a zone of the coat-
ing, composed of silicates, are different to that composed 
of metallic components, due to the thermal conductivity of 
the materials that compose it. In electrodes with an inter-
nal alloy charge, which has greater thermal and electrical 
conductivity, than the rest of the coating, it will melt first 
(because of the aforementioned and because it is closer to 
the area of higher arc temperature). Then, practically in 
unison with the metallic core and the ordinary coating lay-
er, it will then melt. This process induces the participation 
of a greater number of conductive elements in the column, 
to the process of conduction in the arc and, therefore, 
to the reduction of its voltage, being able to generate a 
smaller coating cup. When the alloy layer is located at the 
periphery of the coating (externally), the ordinary coating 
layer functions as a physical barrier. This leads to the out-
er alloy layer being less exposed to high arc temperatures. 
Then, the position of the alloy charge in the electrode 
coating structure produces differences in arc conductivity 
and is exposed to the different melting temperatures.

All the previous analyzes have no meaning if they do 
not contribute to differentiating the stability of the welding 
process. Therefore, the stability of the arc is determined 
B+ (Equation1), from the voltage, current and re-ignition 
time values obtained, determining the value of B+ (Figure 
3) for each variant studied.

The values of B+ indicate satisfactory stability values 
for all variants, being slightly better for the variants with 
internal alloy charge (371.21 Ω-1 · s-1) and homogeneous 
(309.39 Ω-1 · s-1) ). The values of B+ obtained in the 
work are higher than those obtained by the aforemen-
tioned authors [31] and since the coatings used have SiO2, 
TiO2 and graphite in sufficient quantities (Table 1), they 
could be responsible for this behavior.
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Figure3. Arc stability indicator B+

The ionization potential and the inverted energy in the 
dissociation and ionization processes, which make up the 
column of the arc, determine the stable functioning of 
the arc [14]. It is argued by Pokhodnya [20] that TiO2 has an 
effect of stabilizing the arc, reaching values of 400 Ω-1 · 
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s-1 for 100% of rutile in the coating. In addition, the pres-
ence of elements with lower ionization potential (sodium 
present in the binder), considerably increases the stability 
of the arc [2]. Both aspects guarantee an electrical stability 
(B+) suitable for the realization of the process; however, 
it is more effective in the case of the electrode with the 
internal alloy charge, due to its more active participation 
within the arc column.

4. Conclusions

The tests for the determination of the electrical stability 
make it possible to establish criteria that allow differen-
tiating the operative behavior of the electrodes evaluated 
with different position of the alloy charge in the coating 
structure.

The relative high percentage of elements with low ion-
ization potential and metallic elements, which character-
izes the alloy charge, produces differences in the behavior 
of the average rate of increase in electrical conductivity in 
the arc column during the re-ignition period (B+), inverse-
ly proportional to the value of the average re-ignition volt-
age (Vr+). Therefore, the position of the alloy charge in 
the coating structure defines the behavior of the electrical 
stability of the process, resulting in the best performance 
(B+ = 371.21 Ω-1 · s-1) in the electrode with internal alloy 
charge.

The results of the experiments carried out establish that 
the relative position of the alloy charge C-Cr-Mn in the 
coating structure of rutile electrodes (E6012) significantly 
influences the operational behavior (stability of the arc) in 
the hardfacing process. 
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Today ultrasonic power technique is consider a mandatory technique 
which is always entered in many processes such as in metal and plastic 
welding to overcomes many issues, with aided of applying force (pressure) 
and supplied high frequency vibration, a solid-state weld can be gener-
ated by ultrasonic metal welding technique. That gives a technique the 
ability to join not only a small component, whereas also to join thicker 
specimens, which depends on a proper control of matching welding con-
ditions. Therefore a welding performance can be studied and compared 
after designed welding horn to resonance at frequencies of 20 kHz and 
40 kHz. The analyses of the designed horn are completed through use 
a vibration mathematical expressions, modal and harmonic analyses to 
ensure the weldability due to applying ultrasonic power to the working 
area and also to compare the performance of joint at using two resonance 
frequencies of 20 kHz and 40 kHz. The dimensions of the horns were de-
termined to match the selected resonance frequencies, which the lengths 
were calculated as 132 mm and 66 mm respectively. The analysis of the 
exciting model indicates that the axial vibration modes of 19,584 Hz and 
39,794 Hz are obtained in 10th mode, while the two frequency values are 
recorded 19,600 Hz and 39,800 Hz from the frequency response of the 
two horns. The weld strength between Al and Cu specimens with a thick-
ness 0.5 mm was evaluated using a tensile test, which the analyses were 
obtained under using different welding pressure and varied amplitudes. 
The results were recorded within exciting a horn with two different res-
onance frequencies, show the enhancement of weld strength and quality 
through control of stepping amplitude, the enhancement means obtain 
good strength of the weld, reduce sticking horn to specimen, and lower 
specimen marking.
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1. Introduction

Ultrasonic welding is a technique normally depends 
on a solid-state bonding process in which the materials 
are completely joint through applying high frequency 
in form of shear vibration to create scrubbing between 

intimate surfaces, and the bonding subjected to force or 
pressure to confirm bond. The high vibration generated 
will help to reform the intimate surfaces by vibration 
deforms and flatten surfaces, removing asperities, oxides 
and contaminants, and allow for increasing contact area 
of the weldment specimens [1],[2], this allow the technique 
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to be applicable on various thinner and thicker mate-
rials [3]. Ultrasonic welding technique strongly entered 
in industrial and manufacturing fields to join materials 
with good strong and high precision [2]. Furthermore, this 
technique does not require any adding of filler or solder, 
which put this type of welding technique to be more suit-
able for environment specially in reducing carbon emis-
sion and controlling of energy conservation environmen-
tally and economically [4]. The main components of an 
ultrasonic welding system are power supply to generate 
power, transducer or converter to provide vibration with 
specific amplitude, booster to raise displacement ampli-
tude and horn to maximize the amplitude and to work. 
Also, other components such as the anvil for clamp 
specimens during welding and fixtures, shown in Figure 
1. The horn vibrate with different vibration modes, but 
the tuning is focused on longitudinal mode to ensure that 
the horn excited at required dynamic characteristics and 
subsequently effect on strength and quality of weld. The 
mechanism of the technique is to convert 50 or 60 Hz al-
ternating current into dynamical energy of 20 kHz or 40 
kHz. An optional booster is used to raise the limited am-
plitude of transducer and also enclosed the welding sys-
tem at nodal zone and the horn transmits the high vibra-
tional motion through carrying ultrasonic energy to the 
weld materials. Sufficient amount of receiving ultrasonic 
energy by welded parts depend on high diffusion of ma-
terial molecular at intimate surfaces [1]. Although many 
studies have been conducted on ultrasonic welding, us-
ing different welding frequencies, various experiments 
and weldability, but most of these studies pay less at-
tention to examining welding performance between two 
different horns. In addition, the lack of using controls 
amplitude stepping for most of previous studies were 
issued. Therefore, it is required to examine the operating 
frequency of the horn to improve the performance of 
the weld and to enhance strength of the various bonding 
metals. The presented work shows a study of welding 
performance for join materials by ultrasonic welding 
technique through improve both weld strength and qual-
ity. A numerical design by finite element analysis with 
ANSYS code and subsequent completing experiments 
of an integrated welding system with exciting horn at 
20 kHz and 40 kHz help to investigate the performance 
of weld at contact surfaces, and then to allow for study 
the effect of main welding parameters on welds. The 
weld strength is characterised experimentally in terms 
of the results of repeated tensile shear tests. The ability 
to use amplitude stepping profile is to obtain good weld 
strength with reasonable quality. Also, to solve several 
issues such as sticking horn/specimen and part marking.

2. Numerical Design of the Exciting Ultrason-
ic Horns

A finite element method with code ANSYS is efficient-
ly performed help for design the main components of 
ultrasonic device (i.e. Horn) , which horn design must has 
compatibility to the requirement of high amplification and 
moderate clamping force in order to achieve good weld-
ing condition of specimens [5]. Vibrational characteristics 
such as, resonant frequency of excitation, separation of 
frequency, amplification of vibration displacement, unifor-
mity of amplitude at horn tip surface, and the distribution 
of stresses concentration, should be carefully examined 
during design horn. 

Figure 1. Main components of ultrasonic welding system

The steel is chosen as a selected material for the de-
signing horns, because it has good acoustic properties and 
suitable to resist against wear. Further with low cost, the 
steel has good machining material and easy formation 
to re-shape in different forms. The selection of material 
depends on the type of weld, properties of weldment such 
as strength and hardness. It is mentioned here, that the 
welding member should have material harder than the 
material of the horn, as this recommended in welding pro-
cess. Different horn profile can be designed for ultrasonic 
applications such as exponential, step, conical, catenoidal 
… etc, which the type of profile indicates the amount of 
amplification ratio for the horn design. High amplitude 
amplification is generally recommended with step profile 
of the horn; however unfavourable stresses should be 
avoided at working area as these stresses increases due to 
increase in amplification ratio relative to the radial change 
in horn diameter [8], but the stresses can be shifted back 
due to make some modification in the horn profile. In de-
signing a horn, the first step is to determine a length of the 
horn by using a mathematical expression. Then, the horn 
length was identified based on relationship between wave 
length and resonant length. The horn length was roughly 
determined, and sequentially determined the shape, cross 
section and dimensions according to the numerical values 
of mode shape and analyses of natural frequency. It was 
noted here, that some errors were recorded by theoretical 
analysis of the horn. After checking all requirements of 
the horn design, the information of the sketch horn with 
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its specification is entered as an input data to the CNC 
program to get the final shape of fabricated horn. The final 
shapes of the two dimensional sketches of two frequencies 
(20 kHz and 40 kHz) are shown as in Figure 2. Table 1 
shows the mechanical properties of the horn material (steel 
alloy) for the finite element analysis of both frequencies.

Table 1. Properties of the horns material

Horn frequency 
(kHz)

Poisson’s effect
( - )

Physical density
(kg/m3)

Young’s modulus
(GPa)

20 0.33 7810 210
40 0.33 7850 207

Figure 2(a). 20 kHz two dimensional sketch horn

Figure 2(b). 40 kHz two dimensional sketch horn

3. Data Extraction from the Vibration Analy-
sis of the Horns

Finite element analysis is automatically performed 
through setting the shape and a number of meshes for 
modelling and analyzing horns. The models were built 
through sketch the horn and define material properties 
then assignment the part and apply proper mesh before set 
boundary conditions, after that the horn restraint through 
connecting it with bolt, and specified the exciting move-
ment to allow for vibrating horn axially. A high precision 
CNC machine is performed to design and manufacturing 
horns. The machine program is set based on the charac-
teristics of the vibrational analysis of selected horn. The 
analyses of the vibration responses for the designed horns 
are shown in Figure 3, which the value of the natural 
frequency of 20 kHz horn is recorded to 19.895 Hz very 
close to 20 kHz. The frequency response of the horn was 
calculated at the 9th mode which picks up at the tip of 
the horn to ensure getting high amplitude. Whereas the 
vibrational response of 40 kHz horn is recorded 39.654 
Hz also close to 40 kHz, which the frequency response is 

obtained at the 9th mode and through getting high ampli-
tude at horn tip. The analyses of the vibration response for 
the exciting horn are carried out within frequency range 
varied from (10-30) kHz and the excitation is collected at 
the horn surface (horn tip). The results of analysis show 
an acceptable close to the numerical result of 19.980 Hz. 
In addition, the harmonic response was also determined 
at the 40 kHz horn tip, which the data were determined 
within the range of (30-50) kHz. Similar with the 20 kHz 
horn, the frequency response of 40 kHz is determined at 
the output of the horn, which has a value of 39.654 that 
is close to the result of predicted value. Figure 4 (a) and 
(b) plots the results of vibration response of the horn at 20 
kHz and 40 kHz respectively. The analysis of simulation 
models shows highest value of amplitude pointed at horn 
tip, which the horn has good gain in providing displace-
ment amplitude, and the longitudinal mode of vibration 
for the exciting horn seems to be very close to the result 
obtained from simulation models. The horn gain was also 
calculated by dividing the output amplitude / input ampli-
tude of the horn, which the vibration amplitude recorded 
(17.2 micron), with horn gain 5.5 for the 20 kHz horn, and 
(26.0 micron), with the horn gain 4.0 for the 40 kHz re-
spectively. However, gain may drop down due to increase 
coupling between vibration modes, motion distortion and 
loss in energy which affect on operational processes quan-
tity and quality [8].

Figure 3(a). Prediction the separation frequency modes at 
20 kHz
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Figure 3(b). Prediction the separation frequency modes at 
40 kHz

Figure 4(a). Vibration response analysis of the designed 
horns at 20 kHz

Figure 4(b). Vibration response analysis of the designed 
horns at 40 kHz

4. Welding System and Their Parameters

4.1 Set up of Welding Process

In order to joint specimens, welding system should 
be built, assembled and to work. The horn which is 
considered the main component of the welding system 
was designed precisely and accurately to produce weld 
according to the type and requirements of materials to 
be welded. First, the horn was directly connected to the 
transducer (sometimes adding booster between horn 
and transducer), which form welding stack. The trans-
ducer linked to the power supply (generator, type Son-
ic) to receive an alternative current from the electric 
main point. With 1 kW maximum capacity of ultrasonic 
generator the designed horns were excited at operating 
frequencies to provide sufficient mechanical vibration 
needed for welding. A tensile machine is performed to 
hold welding stack and to support welding specimens 
being sit on stationary anvil. Also, tensile machine 
has ability to control and measure the force applying 
over weldment during process, and to record the value 
of force by the 2.0 kN machine load cell. A computer 
program that equipped by tensile machine is saved the 
amount forces applied against the time. Horn tip is 
designed in the form of flatten with knurled surface to 
help for contact with upper specimen and avoid it from 
slippage during vibration, while the lower specimen 
is strongly held by anvil (shown in Figure 1). The alu-
minium and copper specimens were cut and prepared 
according to the ASTM and BSI Standard codes [6], [7]. 
Specimens dimension was set to be 50 x 10 mm for all 
sheets that having thickness 0.5 mm. 10 mm was set for 
overlap specimens to match with the dimension of horn 
tip, as shown in Figure 5. During the test of welded 
specimens’ strength, the bending effect on specimens 
was observed and that resulted from error in measuring 
strength. Therefore, to avoid bend a dummy plates were 
added. Several trials were carried out on different weld-
ing conditions, each trial was repeated five or six times 
prior to get results, then the results were averaged and 
the standard deviation was extracted for each trial. The 
trials were arranged in order of welding (Al-Al) speci-
mens and (Cu-Cu) specimens. A number of failed trials 
were excluded from results, because those specimens 
that are sticking with horn or either those trials that re-
quired more power or applied force to confirm joints. In 
experimental trials, input welding parameters were set 
to ensure good joint and to evaluate the weldability of 
the weld specimens, these parameters are process time, 
applying force and vibration amplitude. 
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Figure 5. Specimen layout and welded coupons with 
welding area

4.2 Stepped Amplitude
In ultrasonic processes, generally ultrasonic amplitude 

apply to the process has a constant value, which its value 
can be pre set to higher or lower value depends on the 
specification of the welding system. However, an alterna-
tive technique which is presented in this work is to apply 
amplitude stepping. The stepping here allows the weld to 
be done by controlling amplitude between two different 
values. The digital screen of ultrasonic generator with 
controlling knobs allow to trigger for the transitions of the 
setting amplitude values, which pre setting can be made 
by either time period of weld process or change the ener-
gy level or power [10]. The procedure for applying stepping 
amplitude begin with pre set high amplitude value as this 
value is required to provide sufficient joints for overlap-
ping specimens and to create a solid-state form of weld-
ing. Then, the amplitude is suddenly lowered to minimize 
the frictional heat between intimate surfaces and allow for 
high interlock atoms of materials diffusion. It was noted 
here, that stepping process made the samples soft, less 
damage and lower sticking to the horn tip. A series of ex-
periments have been conducted on 20 kHz and 40 kHz de-
sign horns using stepped amplitude to investigate welding 
performance and to ensure obtained good enhancement 
for the both strength and quality of joining parts.

4.3 The Influence of Joining Metals by Using 
Constant and Stepped Amplitude

The weldability of the 20 kHz and 40 kHz designed 
horns was successfully done to evaluate the weld pro-
cesses through which the strength between specimens 
were compared and analysed. Figure 6 (a) and (b) plots 
a relationship between the strength of the de-bonded 
specimens against the values of applying force, which 
the relations were carried out on using 0.5 mm specimens 
thickness that welded ultrasonically at 20 kHz and 40 
kHz respectively. The welding processes were carried out 
through applying different constant and stepped vibra-
tional amplitudes. For each input parameters, five tests 
were done, then the average values were determined with 
error bars, so the standard deviation indicates the variation 
of strength against applying force. It was noted that the 
welding strength is increased due to increases in clamping 

force and for the process time up to one second, but it was 
observed that excessive force may produce high friction, 
more heat and then suppress the relative motion between 
surfaces, which in turn lower weld strength [9]. Overall, 
the strength of weld is proportional to the time under the 
influence of applying clamping force, which lower values 
of strength were recorded with 40 kHz than 20 kHz under 
the common value of selecting amplitude. The reason for 
that either due to friction heat generated between joining 
specimens is concentrated at tip of the horn, also the dif-
fusion at intimate surfaces of selected materials which is 
facilitated at 20 kHz compared with 40 kHz. For the weld-
ing of Al-Al specimens, the maximum strength recorded 
is 880 N at 20 kHz under clamping force of 680 N and vi-
bration amplitude 17 µm, while at 40 kHz, the maximum 
strength was recorded 820 N under clamping force of 700 
N and vibration amplitude 17 µm. Figure 6 confirms that 
the weld strength increased with increasing of amplitude 
to 26 µm. The welding strength versus clamping force 
tests were determined with welding of Cu-Cu specimens, 
which the maximum strength of 20 kHz horn was record-
ed 790 N at clamping force 700 N and amplitude 17 µm, 
and the maximum strength of 40 kHz horn was recorded 
770 N at clamping force 750 N and amplitude 17 µm. 
Similar to the weld Al specimens, the weld strength of 
joining Cu-Cu specimens increased with increasing am-
plitude to 26 µm, but the overall that the strength of Cu 
stay below of Al specimens. No evidence indicates that 
the strength of weld increases due to increase the value of 
clamping force for welding material specimens. In case of 
setting amplitude 26 µm, despite resulting high strength, 
it also leads to increase in standard deviation beside leave 
a noticeable mark on joint specimens. During experiment, 
part of trials was failed due to sticking of horn tip/upper 
specimen. However, sticking parts become more prevalent 
on specimens when the welded specimens subjected to 
a value of clamping force above 600 N, but this result to 
lower in weld strength despite using constant and stepped 
amplitudes. Further, it was shown that the strength is 
significantly affected by the material properties such as 
hardness and roughness, as higher strength values were re-
corded with aluminium specimens than copper specimens.

In Figure 6, the influence of applying stepping am-
plitude technique is shown through indicate the weld 
strength values taken at different clamping forces. The ad-
vantages of changing the amplitude from higher value (26 
µm) to lower value (17 µm) were clearly seen in Figure 6, 
through reducing the size of error bars and lower in stan-
dard deviations, and in contrast increase in weld strength, 
but during examine the weld strength, aluminium spec-
imens show slightly higher values of strength compared 
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with copper specimens under using identical parameters. 
Finally, it was observed that applying the stepped am-
plitude will improve weld consistency and reduce other 
issues such as sticking, part marking, tool fracture and 
glowering. Further, the use of stepping amplitude may en-
hance the quality of welding and provide proper strength 
for joining materials. 
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Figure 6(a). Variations of weld strength vs. clamping 
force for joined specimens: Al-Al for process conditions 
and frequency of designed horns at 20 kHz and 40 kHz

0.5 Cu-0.5 Cu

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

0 100 200 300 400 500 600 700 800 900
Clamping force (N)

W
el

di
ng

 st
re

ng
th

 (N
)

20 kHz - 17 um
20 kHz - 26 um
20 kHz - 26-17 um
40 kHz - 17 um
40 kHz - 26 um
40 kHz - 26-17 um

Figure 6(b). Variations of weld strength vs. clamping 
force for joined specimens: Cu-Cu for process conditions 
and frequency of designed horns at 20 kHz and 40 kHz

5. Conclusions

This work presents a design, simulation and fabrica-
tion of an ultrasonic welding system in order to study 
and evaluate the weldability of joined specimens through 
using two different horns that are excited by 20 kHz and 
40 kHz. Finite element analysis is performed successfully 
to examine frequency response through analyses of both 
modal and harmonic response. The welding input param-
eters such as force, amplitude and specimens arrangement 
have a significant effect on the strength of weld, which 
higher strength observed for those specimens of weld 
aluminium to aluminium compared with slightly lower 
strength measured for welding copper to copper speci-

mens. For all trials the weld strength exhibits high values 
due to increase in clamping force, but excess in applying 
force above 600 N will result to deteriorate and drop in 
weld strength. An evaluation of weld strength is carried 
out through using three amplitude values, starting from 17 
micron to 26 micron for normal constant amplitude, then 
a comparison is done for apply stepping amplitude pro-
cess of previous two amplitude values (26-17), to improve 
weld strength, reduce error bars and lower standard devia-
tion. In addition, the stepping process allows for reducing 
specimen adhesion to the horn and lower specimen marks. 
According to the change in welding condition, the over-
all tendency of weld strength increases with the increase 
in clamping force during process time up to one second. 
The overall tendency of evaluating weldability shows 
that the weld strength significantly affected by welding 
parameters such as time and amplitude, and it have direct 
proportional with these two parameters, but the strength 
does increase due to increase in clamping force. The study 
confirmed that lower weld strength of joint specimens was 
determined by 40 kHz compared with 20 kHz, even when 
using the same vibration amplitude or applying stepping 
amplitude. The reason is related to the amount of friction 
heat concentration at joint, and another reason is the fa-
cility of diffusion at weld interface for the both selecting 
materials, means that aluminium exhibit more to diffuse 
than copper for the two design operating frequencies.
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