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Abstract
In the evolution of the turbine engine, a few structural problems 
occur in today’s advanced gas turbine engines. One such important 
problem is the structural integrity of turbo machinery blades and 
disks. The centrifugal force acting on the compressor disc and then 
on the engine components also vary. This leads more chances of 
the fatigue failure of the attachment. In order to understand the 
failure mechanism invoalved it is necessary to know the amount 
of stresses developed during the operation in the attachment and 
challenge is to balance the needs for a high-pressure ratio fan 
that satisfied requirements for bird ingestion, aero-dynamics and 
distortion handling, with aeromechanical and mechanical design 
requirements. Among a variety of phenomena that cause concern 
in regard to fan blade failures, perhaps the most serious is dovetail 
joint failure. So the contact analysis of the dovetail attachment with 
and without friction is discussed. Finite element grid is checked 
for the spatial convergence. 
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I. Introduction
Aero gas engines rotating at very high speeds ranging between 
10,000 to 17,000rpm are subjected to very severe mechanical 
stresses due to centrifugal loads. One of the weakest parts of the gas 
turbine engine is the joint between rotor disc and the compressor 
blade. In aero gas engine the radial centrifugal force pulling the 
compressor blade away from joint with rotor disc is the primary 
load. The secondary load comprises of vertical force, vibratory 
bending moments and gas bending loads and untwisting torque 
of blades. A typical compressor blade (rotor) is subjected to the 
following forces,

Radial or centrifugal force, F• c pulling the blade away from 
the joint.
Bending force, F• b on the blade as a cantilever and untwisting 
torque.
Thermal forces, F• t.
Body force of the compressor disc, F• w.

Contact mechanics is basically solid mechanics and it studies on 
loaded contacts. Some of the contact studies are in rolling and 
sliding mechanisms such as bearing. Gears, cams, tyres, in fretting 
assemblies such as blade roots, in metal forming operations such as 
rolling, extrusion, stamping and so on [1].  Expectations of contact 
mechanics are to ensure safe operation under known condition 
and for a given life and to predict performance of components 
which withstand the strenuous conditions imposed by the loads and 
temperatures met in practice and operate under these conditions 
for a minimum number of cycles without crippling wear. So it is 
necessary to predict areas of contact, pressure and temperature 
distribution, strain hardening, toughness changes, flow stress 
modifications, crack formation and particle detachment. The 
theory of contact stresses and deformations is one of the more 
difficult topics in the theory of elasticity. The usual approach is to 

start with forces applied to the plane boundaries of semi-infinite 
bodies i.e. bodies which extend indefinitely in all directions on 
one side of the plane. Theoretically this means that the stresses 
which validate away from the applied forces and die out rapidly 
are unaffected by any stresses from reaction forces or moments 
elsewhere on the body. The intensity of load can be determined 
from equations which are functions of geometry of the surfaces 
essentially the radii of curvatures and the elastic constant of the 
materials. Large radii and smaller modulus of elasticity give larger 
contact areas and lower pressures.
In contact problem modeling first it is necessary to identify the 
parts to be analyzed for their possible interaction. In general high 
stress concentrations are developed in the contact areas. This fact 
& the presence of friction and wear often cause crack initiation 
& fretting fatigue. When two or more bodies, not mechanically 
joined touch each other without becoming rigidly attached, it is 
said that they are in contact [2]. They can come into contact either 
at a point, along a line, even a surface or a combination of these 
during a contact region. The contact region transmits the forces 
from one body to another by means of normal compressive stresses 
and tangential or shear stresses if friction is present while the 
initial state of contact is determined by geometric features of the 
bodies, the extent of the contact generally change when the bodies 
are deformed by the applied loads. Contact problems are special 
types of elastic problems because certain boundary conditions are 
presented over some region which is not explicitly specified but the 
extent of which has to be determined as part of the solution of the 
problem by utilizing conditions such as the finiteness of stress at 
the boundary of that region. This makes the solution of a contact 
problem an iterative procedure and since the contact area is a priori 
unknown an incremental method has to be employed to find the 
load step for every increase or decrease in the area of contact of 
contact, until the total external load or the final area of contact is 
matched. The contact elements are constrained against penetrating 
the target surface. However, target elements can penetrate through 
the contact surface. It is necessary to check the node numbering of 
the target surface because it defines the contact direction. For 2-D 
contact, the deformable contact elements must lie to the right of the 
target surface when moving from the first node to the second node 
along the target surface line. For 3-D contact, the target element 
numbering should be such that the rigid surface’s outward normal 
points toward the contact surface. The contact surface elements 
have to be of the same order as the underlying elements (lower 
or higher order) [3].
The problem of conformal contact i.e. contact in which one of the 
principal relative curvature between two contacting surfaces is 
zero or close to zero [4]. The accurate determination of the contact 
load distribution on the region of contact and the deformation 
caused by these loads is especially important. Because one of 
the principal relative curvatures is close to zero, the contact load 
distribution is very sensitive to the accuracy of the geometric 
representative of the surfaces in contact. The error in the geometric 
representation of the contacting surfaces has to be much smaller 
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than the deformations. The conformal nature of contact requires 
a very large number of degrees of freedom of deformation along 
the surface in the region of contact for accurately determining 
the contact load distribution. A sub region within the original 
global configuration considered and is centers on the stress 
concentrator of interest is analysed with a consequent reduction 
in computational time. The appropriate boundary conditions are 
applied to the sub region and these conditions are drawn from a 
global analysis of original configuration. This method is applied 
to the   analysis of dovetail blade attachment in the first stage fan 
of a gas turbine engine. The peak stresses occurs at the edge of 
contact and accordingly the neighboring region is sub modeled 
[5]. Standard shape function routines are used for the detection of 
contact between previously separate meshes and for the application 
of displacement constraints where contact has been identified. The 
contact constraints are imposed by using either penalty functions 
or Lagrange multipliers [6].

II. Theoretical Formulation
There are numerous methods to solve contact problems. Some 
of the different methods of contact stress evolution are analytical 
closed form solution, numerical solutions and experimental 
methods [7]. It is highly desirable to obtain complete closed-
form analytical solutions to problems in contact mechanics. An 
analytic result means that the full internal stress-displacement 
field for the given situation is expressed in a closed form in terms 
of known elementary and special functions. A simple mechanics 
principle is used to find the contact stresses and frictional stress 
in the contact region. Since there is no friction in the interface no 
friction stress is developed.

     (1)

     (2)
The coefficient of friction of 0.4 is used for the analysis and which 
is the maximum limiting value for the dovetail attachment. When 
there is a finite friction between the contact region the contact 
normal and frictional stress are given by

   (3)
Φ = 42.98o        

     (4)

III. Finite Element Formulation
The two dimensional surface-to-surface contact algorithms are 
used to analyze the dovetail attachment. The blade is taken as 
the contact surface because it has fine mesh than disc and also it 
is coming in contact with the disk contact portion and the disk is 
assumed as the target surface. Two contact pairs with the same 
real constant values are created for the left and right contact 
portion of the dovetail attachment. Since the cyclic symmetry 
model is not symmetric about the centre line of the attachment, 
it is expected that the contact stresses and the other stress values 
are not symmetric about the centre line of the attachment. The 
contact analysis is done for the two cases considering friction in 
the contact region and without considering friction in the contact 
area. For the spatial convergence checks models has been created 
for the analysis as a course, medium, and fine mesh size. Coupling 
point boundary condition is given on the symmetry faces of the 

disc since one sector of the assembly is taken for the analysis. The 
lower disc portion is constrained in the tangential direction. The 
whole model is oriented in the cylindrical coordinate system.
Considering the case of two bodies or meshes in contact and one 
body noted as contactor whilst the second is the target. Target 
nodes are allowed to overlap into the contactor mesh but the 
penetration of the contactor nodes into the target is prevented. The 
contact modeling routines are required to detect the penetration of 
new contactor nodes into target mesh, to remove such overlaps, 
and to provide a logical process whereby the correct state of 
contact can be identified. The equilibrium equation and constraint 
equation governing sticking and sliding contact are imposed at 
mesh contact boundaries and incorporated in the displacement 
solution routine.

Fig. 1: Dovetail Attachment FE Model

The finite element model is created in Hypermesh Software and 
is imported in the ANSYS for analysis. The model is meshed by 
taking care that the fine mesh is necessary in the contact region to 
take care of singularity at the ends. Two contact pairs are created 
using the node components. One is on the left and the other on 
the right. The contact parameters are determined by iterative 
procedure. To check for the convergence the following criteria is 
used for coarse, medium and fine mesh.

  (5)

    (6)
If this equation is not satisfied it is preceded with further refined 
grid to check for the converging stresses. The level of accuracy 
of peak contact stress accessed by an error estimate given in 
equation (6).
The material used for the analysis is IMI-685 which is having 
Young’s Modulus of 1.24e5 MPa, Density 4.45e-9 tonne/mm3, 
Poisson’s ratio 0.3, 0.2% Proof strength 850 MPa and Ultimate 
Tensile Strength 990 MPa. Both the disc and the blade are made 
of same material. The loading for the dovetail attachment comes 
from the centrifugal load since the design speed for the compressor 
is 16028 rpm. Blade mass is of 4.74e-3 tonne and Blade radius 
corresponding to centre of gravity is 192.639 mm.
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IV. Results and Discussions

A. Without Friction Effect 
Figure 2 shows the distribution of contact stresses without any 
frictional effect, where the contact stress increases at the end of 
the contact region. 

Fig. 2: Contact Stress Distribution without Friction

Fig. 3: Radial Stress Distribution

Since there is no friction in the contact there won’t be frictional 
stress only normal contact stress will be developed. The special 
convergence check for this stress is achieved by taking three 
different mesh models. The finite element results for the contact 
stress are compared with the theoretical results. These results are 
agrees well with the error of 0.75%. 

Fig. 4: Tangential Stress Distribution

Fig. 5: Vonmises Stress Distribution

Fig. 6: Variation of Contact Stress Along Contact Length Without 
Friction

Fig. 3, 4, 5 shows the distribution of radial stress, tangential stress 
and Vonmises stress respectively and Variation of Contact Stress 
along contact length without any friction as shown in fig. 6.

Fig. 7: Convergence of Contact Stress Without Friction

The fig. 7 shows the convergence of the three different models. 
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It is noted that there is no much stress difference in the interior 
of the contact region expect the end of the contact area where 
high stress gradient is presented.  Applying the equation of error 
estimate for σc it is found that the special convergence is achieved 
with 0.181 percentages.

B. With Friction Effect 
The Finite Element Analysis is one by considering the friction 
in the contact area of dovetail attachment. Contact pressure and 
frictional contact stress is found to be 5.9% of error as in fig. 8. 

Fig. 8: Contact Stress Distribution With Friction

Fig. 9 shows the variation of the normal contact stress along 
the contact length considering friction. Actually the friction is 
the resistance to the motion. When the friction is considered the 
contact normal stress is got reduced. The analysis is done for the 
three different mesh models.

Fig. 9: Variation of Contact Stress Along Contact Length With 
Friction

Fig. 10: Convergence of Normal Contact Stress With Friction

The convergence of the stress is plotted in the fig. 10 by 13 iterations. 
This plot shows that the stress values for the course, medium and 
fine models. The convergence is checked by the equation (5) and 
6. The equation is satisfied for the analysis. The Figure 11 shows 
the frictional contact stress variation along the contact length. This 
friction reduces the normal stress. Its convergence check is given 
in fig. 12. The fig. 13 shows the comparison of the normal contact 
stress with and without friction. The fig. 14 shows the comparison 
of the frictional contact stress with and without friction. 

Fig. 11: Variation of Frictional Contact Stress Along Contact 
Length With Friction

Fig. 12: Convergence of Frictional Contact Stress With Friction
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Fig. 13: Comparison of Normal Contact Stress With and Without 
Friction

In all these plots it is noted that the stress values are very high 
near the contact edges where the stress singularity occurs. Also 
the plots are not symmetry as in the case of the normal indentation 
of the flat punch because the contact area is inclined at an angle. 
Because of the inclined contact area the distance of the contact 
points along the contact edge varies from the centre line of the 
dovetail model. Hence the bending stress also contributes to the 
actual stress. Here the lower contact point subjected to the more 
bending stress so the stresses are more compared to the other 
contact point.

Fig. 14: Comparison of Frictional Contact Stress With and Without 
Friction

V. Conclusion
For the dovetail attachment, when there is a friction between the 
contact regions the normal contact becomes less and resistance 
to the motion along the contact region increases considerably. 
The frictional contact stress and normal contact stress all are 
converged. The contact stress is maximum in the lower edge of 
the contact region due to the contribution of the bending stress. 
Hence the dovetail attachment is weak in the edges of the contact 
region.  
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