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Abstract

Contra-rotating fan is comprised of two rotors which are rotating in the opposite direction. The fan stages are named
rotor-1 and rotor-2. Benefits from the use of contra rotation are in terms of better efficiency and improved thrust to weight
ratio. Failure of contra-rotating fan stage blade in-service results in safety risks, repair costs, and revenue losses. This
paper focuses on the vibration analysis and one way fluid-structure interaction of high aspect ratio, low speed contra-
rotating fan rotors. Modal analysis and modal pre-stress analysis of contra-rotating fan rotors were carried out to calculate
the natural frequencies, One way fluid-structure interaction (FSI) was carried out where the computational analysis of the
blades was performed using ANSYS CFX. The boundary conditions for CFD analysis were considered from the actual
experimental velocity flow field at the inlet and pressure outlet. Based on the results obtained from the CFD analysis, the
structural analysis such as deformation and Von-Misses stresses was carried out by using the finite element method (FEM)
with ANSYS. The results provide necessary guidelines for the safe running of the contra-rotating fan. The analysis also
will be helpful to understand the change of flow behavior due to a rotor deformation.
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1. Introduction
designed at a high aspect ratio which leads to smaller

chord length and smaller passage area for diffusion.
Contra rotating fan stage performance is significantly
affected by the speed ratio of two rotors, the axial gap
between them [31, and tip clearance [4].

The interaction between fluid and structure takes
place in various engineering fields. Fluid-structure
interaction (FSI) analysis is a multi physics problem,
which is distinguished, that the fluid flow around the
body has a strong impact on the structure, and vice
versa. A multi physics problem involves fluid and
structural dynamics, which are described by the
relations of continuum mechanics. FSI simulation has
been divided into monolithic and partitioned methods
[5]. This paper will focus only on the partitioned
methods. Information on monolithic and partitioned
methods is available in the literature [6]. In the
partitioned approach, the interaction between two
different physics phenomena has been performed in
separate analyses. From the perspective of the

Turbomachines like compressors, turbines, and fans
are the main components of gas turbine engines. The
development of modern aircraft fan/compressor
demands for reduction of specific fuel consumption,
efficiency, and improvement in performance which
demands an increase in bypass ratio. A high bypass
ratio leads to an increase in engine weight and
installation drag. The contra-rotating fan stage is
comprised of two rotors that are rotating in the
opposite direction. Benefits from the use of contra
rotation are in terms of better efficiency and improved
thrust to weight ratio, which is an important criterion
for both military and commercial aircraft. In
comparison with an ordinary axial flow fan, the
contra-rotating fan has characteristics like compact
structure, high pressure ratio, high flow rate, and high
efficiency [1-2], etc. Contra-rotating fan rotors are
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mechanical application, the FSI analysis consists of
performing structural analysis. The pressure load
achieved from a CFD analysis can be used to
investigate the structural response of rotors. The
interaction analysis between the fluid and the
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Figure 1 Velocity triangle

structure typically takes place at the boundaries that
the mechanical model shares with the fluids model.
These boundaries of interaction are called as
the fluid-structure interface. It is the interface where
the results of one analysis are passed to the other one
as the loads.

In this paper, one way FSI model of contra-rotating
fan stage has been developed with CFD for a fluid and
FEM for structural analysis in terms of Von Misses
stress and deformation. The finite element, the modal
analysis of fan rotors is also performed to determine
its natural frequencies. Determination of natural
frequencies, mode shapes, and location of nodes can
be visually examined for existing setup as well as
design improvements of the geometrically and
aerodynamically twisted blades. A commercially
available finite element analysis (FEA) tool ANSYS is
used to model and solve the response characteristics
of rotors. One way FSI has been carried out with the
which pressure load is imported from the CFD
simulation to the FEA simulation. Further using the
imported load the deformation and Von—Misses stress
distribution in the blade are studied.

2. Design of Contra Rotating Fan Blade

The contra-rotating rotor—-1 and rotor-2 were
designed based on a variable work loading at different
20 blade sections to get the desired pressure rise. It
was assumed that rotor—2 receives air at an absolute
velocity and discharges axially. The whirl component
from the rotor-1 transfers to the rotor—2 which is
rotating in opposite direction and forces the rotor—2
to work additionally, thereby resulting advantage in
terms of higher relative velocity at the rotor—-2 inlet
as shown in Figure-1. The axial velocity and
peripheral speed of the rotor—2 are the same as those
of the rotor=1[7]. The preliminary design parameters
such as flow angles, camber angles, stagger angles,
and degree of reaction are mention in Tables 1 and 2.
The detailed design process was discussed by Mistry
and Pradeep [7].

2.1 Blade Geometry and Material

The contra-rotating fan rotors for the study are highly
twisted and have a 3-dimensional shape for both
rotors. For the rotor with an aspect ratio of 3, the
blade height is higher compared to its chord. The
blades are made up of LM6 aluminum material. The
elastic modulus of 71 GPa, Poisson's ratio of 0.33, and
mass density of 2650 kg/m® were considered for the
structural analysis. The chord of bladel and blade?2 is
45mm. The height of the blade is 151 mm. Tip

clearance of bladel and blade2 are 4 mm and 3mm

respectively.

Table.1 Geometrical Parameters at Hub, Mean
and Tip Section for Rotor-1 [7]

Rotor-1

Station Hub Mean | Tip
B1 (in degree) 20.90 | 37.37 | 48.89
B2 (in degree) 19.66 | 1.5 23.35
DOR 0.032 | 0.517 | 0.688
Incidence angle (in degree) | 2 0 -2
Chamber angle (in degree) | 41.35 | 39.85 | 31.53
Deviation angle (in degree) | 17.85 | 24.46 | 21
Stagger angle (in degree) -1.7 17.43 | 35.11

Table.2 Geometrical Parameters at Hub, Mean
and Tip Section for Rotor-2 [7]

Rotor-2

Station Hub | Mean | Tip
B3 (in degree) 48.27 | 56.34 | 61.73
B4 (in degree) 20.57 | 39.82 | 50.65
DOR 0.02 0.56 0.72
Incidence angle (in degree) | 2 0 -2
Chamber angle (in degree) | 28.69 | 24.51 | 20.75
Deviation angle (in degree) | 3 7.5 7.67
Stagger angle (in degree) 30 44.08 | 53.36
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3. Analytical Approach

3.1 Bernoulli Euler Beam (Approximation of Rotor
Geometry as a Uniform Cantilever Beam)

For the Bernoulli-Euler method, the model must have
a constant thickness and width; it is considered as a
uniform beam. An accurate approximation of the rotor
blade geometry is one of the methods to obtain an
analytical solution. Generally, the
turbine/compressor/fan blades are not constant
thickness due to irregular surfaces. Therefore, the
thickness of the beam model is considered as an
average thickness of the contra-rotating fan rotor.
This average thickness of the rotors is determined by
averaging across the width of the rotor and, then
averaging this value at fixed bottom, mid-length, and
top across the length of the blade [8]. Figure—2 shows
the uniform cantilever beam. The calculation of
natural frequencies is shown as follows. Using the
measurement of the contra—rotating rotor,

L

Figure 2 Uniform Cantilever Beam

the average thickness at the fixed bottom of the rotor
is determined as;

_ btmax—pbttmin—b
tave-b = - 5 (1

similarly, the average thickness at the mid-length of
the rotor 1is;

_ tmax-m*tmin-m
tavg-m = - 5 @)

at the top ( tip) of the rotor, the average thickness is:

t —t+tmin—
tavg—t — max t2 min—t (3)
then, the average thickness of the rotor is determined
as:
t _p+t —_m+t, —

tavg — “avg b av;] mTlavg—-t (4)
These average thicknesses of the rotor serve as the
uniform thicknesses of the uniform cantilever beam
models. It is not necessary to determine the average
width (b) of the rotor, since it is nearly constant along
the entire rotor length. With these available
dimensions, the cross sectional area of the beam can
be obtained by A = tgy,gb and the moment inertia of the

. 1 .
beam is I = Ebtgvg for the rectangular cross section.

For a uniform cantilever beam subjected to free
vibration, the system is considered as a continuous
system in which the beam mass is considered as
distributed along with the stiffness of the shaft. Then
the equation of motion is;

d? d?2Y(x)
d—{ EIGO) 5 } = o’mX®)Y() (5)
Atx=0,Y(x) = 0, d‘gf:‘) =0,
oy diY  , diY(x)
At x=lL—"=0,—5-=0 (6)

For a uniform beam under free vibration from equation
(5), we obtain

d*y
LXO By = 0, ™)
4
Where p* =22

EI

The mode shapes for a continuous cantilever beam is
given as
fn(x) = A, {(sin B,,L — sinh B, L)(sin B,,x — sinh B,x)
+ (cos B, L — cosh B,L)(cos B,x
— cosh B,x)}
n=1,273,.....00and BnL =nn ()

Natural frequency w,s, from the above equation of
motion and boundary conditions can be written as,
EI
pAL*
where a, = 1.875,4.694, 7.885.[9]

€)

— a2
Opf = ap

Here ®pf , p and L represent nth natural frequency,
density of the material, and length of the beam.

Natural frequency for rotor-1 and rotor—2 obtained
from Bernoulli Euler Beam method is listed in Tables
3 and 4. Natural frequencies are obtained up to the
third mode for both the rotors. All the three modes of
the natural frequency for rotor-1 and rotor—2 are
flexural

Table.3 Natural Frequencies of Rotor-1 Obtained
from Analytical Solution

Rotor-1
Mode Frequency (Hz) Types of mode
1 181.39 1% Flexural
2 1136.02 2" Flexural
3 3182.59 3 Flexural

Table.4 Natural Frequencies of Rotor-2 Obtained
from Analytical Solution

Rotor-2
Mode Frequency (Hz) Type of mode
1 157.82 1% Flexural
2 987.42 2" Flexural
3 2764.85 3" Flexural
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4. Modal Analysis of Contra-Rotating
Fan Stage

Rotating flexible structures as the fan rotors are often
considered as a rotating cantilever beam. The
procedure followed by ANSYS to perform modal
analysis of non-rotating and rotating fan rotors was
discussed in the above sections. To perform the modal
analysis following steps were performed.
. Modeling of 3D blade geometry of contra-—
rotating fan rotor in solid works
. The 3D solid model generated above is used
to perform the FE analysis using ANSYS.
. Modal analysis and modal pre-stressed
analysis is performed using ANSYS to obtain
natural frequencies and mode shapes.

4.1 Meshing of fan rotor blades:

The solid 3D model of the fan rotor was generated
using SOLIDWORKS. The model was meshed for both
rotors using the ANSYS meshing tool called as Hex—
Dominant Mesher as shown in Figure-3. The
processing phase solves the equations for these nodes
and obtains the results. Meshing is the most important
part of structural analysis as an effect of analysis
which depends on meshing for this type of highly 3—
dimensional geometry. The element is known as
performing well when it comes to stress analysis in
structures and solid mechanics (ANSYS, 2015). For
the present analysis, the highly fine mesh was
selected. Rotor—1 and rotor—2 are comprised of 40540
and 42550 elements respectively.

The effect of mesh size was verified such that as the
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Fig. 3 Meshing of Contra-Rotating Fan Rotors

number of elements increases the natural frequencies
slightly increase.

4.2 Modal Analysis Considering Stationary
Rotor

The modal analysis was carried out to find out the
fundamental vibration modes of the rotor blades. This
result was used to check the possibility of resonance.
All the degrees of freedom presented at the root of
the rotor blades are constrained. The blade root is
considered as a fixed boundary condition. The FE
model was used to obtain the natural frequencies and
mode shapes for the contra-rotating fan rotors in a
stationary reference frame. The natural frequencies
of the rotor—-1 and the rotor—-2 obtained through
analysis are listed in Tables 5 and 6. The mode shapes
observed for stationary fan rotors are flexural,
torsional, and compound (combining of flexural and
torsional modes), respectively. Results are validated
with the semi—analytical results obtained by solving
equation (9) and they are compared to be matched
well. The vibration analysis permits us 1is to
understand not only flexural mode but also torsional
mode [10]. Mode shapes of rotor-1 have shown in
Figure—4.

Table.5 Modal Analysis of Rotor-1

Rotor-1
Mode Frequency(Hz) Types of mode
1 179.9 15t Flexural
2 793.01 Flexural +Torsion
3 1088 2"dF]exural
4 1938.8 15t Torsional
5 2575.8 2nd Torsional
6 3200.9 3t Flexural
Table.6 Modal Analysis of Rotor-2
Rotor-2
Mode Frequency(Hz) Types of mode
1 153.6 15t Flexural
2 803.88 Flexural +Torsion
3 955.88 2nd Flexural
4 1782.8 1% Torsional
5 2435.8 2" Torsional
6 2811.9 31 Flexural
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Figure 4 Mode Shapes of the Non-Rotating Fan Rotor-1

Table.7 Compression of Natural Frequencies for A
Non-Rotating rotor-1

Rotor-1
Mode Analytical ANSYS
15t Flexural 181.39 179.9
2"d Flexural 1136.02 1088
31 Flexural 3182.59 3200.9

Table.8 Compression of Natural Frequencies for A
Non-Rotating rotor-2

Rotor-2
Mode Analytical ANSYS
15t Flexural 157.82 153.6
27 Flexural 987.42 955.88
31 Flexural 2764.85 2811.9

The result of the natural frequencies obtained from
the analytical solution and FEM analyses for rotor 1
and rotor—2 are compared from Tables 7 and 8. It can
be found the results that all the flexural modes of the
1%t the 2" and the 3" modes are matched well
between the two results.

4.3 Modal Pre-Stressed Analysis Considering
Rotating Blades

For an air application in rotating blades, it 1is
necessary to consider the effect of rotation on blade
stress. Modal pre-stress analysis helps in
understanding the centrifugal load effect. It was found
from the experiments that by increasing the rotational
speed of rotor-2, the performance of the stage
improves [11]. This result demand for carrying out
the modal pre—stress analysis considering different
speeds. The design speeds of both rotors are 2400-
2400 rpm. Due to the rotational speed, the blade
centrifugal force acts radially outward. A rotating
blade has larger stiffness than a stationary blade
because a rotation leads to a stiffening effect due to
the centrifugal force, which depends on the rotational
speed of the fan blade. The centrifugal force, which
produces tensile stress on the rotor blade increases
stiffness. An increase in stiffness leads to an increase
in the natural frequency of the rotor blade. For the
modal pre-stress analysis, the static analysis was
performed before the modal analysis. Modal analysis
of rotating structures through FEA is performed
considering the rotor dynamic effect. In pre—stressed
modal analysis, the rotational speed is given as inertial
velocity (rad/s) for all elements in static analysis.
These results are then used in the modal analyses. FE
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model of a rotating beam is developed in ANSYS. The
analysis using ANSYS was performed at different
rotational speeds are listed in Tables 9 and 10. Mode
shapes of the rotorl blade obtained from the FEM
analysis for 2400 rpm are presented in Figure-5.
Mode shapes are also computed for different
rotational speeds at 2400rpm(40Hz), 3000 rpm (50
Hz), 3600 rpm (60 Hz), 4200 rpm (70 Hz), and 4800
rpm (80 Hz) respectively of the rotor-1 and rotor—2.
It is observed that the nature of these mode shapes is
marginally affected by the rotating speeds. The mode
shapes observed from the stationary fan rotors are
flexural, torsional, and compound (combining of
flexural and torsional) modes respectively. Mode
shapes of rotor—-1 are shown in Figure 5.

As compared with the non-rotating case, it can be
seen from Tables 9 and 10 that the natural frequency
increases with increasing rotational speed. Tables 9
and 10 show the natural frequencies at different
rotational speeds have been obtained and it is
observed that increase in natural frequencies.

5. Analysis of Contra-Rotating Fan
Rotors

The structural Analysis of contra-rotating fan rotor
blades was carried out using ANSYS 14.0. In the
analysis, the single blade of both rotors of the contra-—
rotating fan was considered along with the base.
Structural analysis was carried out to determine the
mechanical stress and deformation experienced by
the contra-rotating fan blades. To perform this
analysis, one way transfer FSI was used for which the
pressure load achieved by CFD analysis, was used to
accomplish FE analysis.

5.1.1 CFD Analysis of Contra-Rotating

Fan

CFD analysis of the contra-rotating fan stage is
performed by ANSYS CFX. The CFD analysis has done
for a single passage through the combinations of both
rotors and it was assumed to represent the flow
situation for the entire fan rotors combination.
Computational domain for CFD analysis consisted of

Table.9 Modal Pre-stress Analysis of Rotor-1 with Different Rotational Speed

Natural Frequencies (Hz)

Mode 0 rpm 2400 rpm 3000 rpm 3600 rpm 4200 rpm 4800 rpm
1F 179.9 183.51 188.14 193.7 197.22 201.19
2F 793.01 796.56 817.72 822.95 826.28 830.07
1T 1088 1091 1107.2 1110.6 1113.1 1115.9

1EB 1938.8 1941.6 1997.2 2000.6 2002.9 2005.4
2T 2575.8 2581.8 2624.8 2631.5 2635.8 2640.7
2EB 3200.9 3206.2 3248.5 3254.6 3258.6 3263.2

Table.10 Modal Pre-stress Analysis of Rotor-2 at the Different Rotational Speed

Natural Frequencies (Hz)

Mode 0 rpm 2400 rpm 3000 rpm 3600 rpm 4200 rpm | 4800 rpm
IF 153.6 160.99 164.89 169.52 174.82 180.72
2F 803.88 810.81 814.13 818.11 822.71 827.87
1T 955.88 959.74 961.93 964.64 967.89 971.87

1EB 1782.8 1787.40 1788.7 1790.4 17923 1794.5
2T 2435.8 2445.30 2449.6 2454.8 2460.8 2467.5
2EB 2811.9 2818.80 2821.7 2825.1 2829.3 2834
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Figure 5 Mode Shapes of Rotating Fan Rotor-1

the single blade flow passage of the contra—rotating
fan rotors is shown in Figure—-5. The computational
domain is split into two parts as, the rotating CFD
analysis of the contra-rotating fan stage is performed
by ANSYS CFX. The CFD analysis has done for a
single passage through the combinations of both
rotors and it was assumed to represent the flow
situation for the entire fan rotors combination. The
computational domain for CFD analysis consisted of
the single blade flow passage of the contra-rotating
fan rotors is shown in Figure-6. The computational
domain is split into two parts as, the rotating domain
for rotor—1 and the rotating domain for rotor-2. Both
domains are connected with the “frozen rotor” type of
interface model. The length of the contra-rotating
rotor—1 domain is assumed such that the rotating disk
on which the rotor is placed has a thickness of 10 mm
from the leading edge of a hub and the inlet of the
rotor—1 is placed at one chord upstream from this
distance. Based on the axial spacing between the two
rotors, the half region is covered in domain-1 to
obtain the rotor—1 exit parameter. Domain for rotor—
2 is generated by placing the inlet of domain—2 at the
exit of the rotor—-1 domain. The exit of domain—-2 is
placed as 10mm disk thickness plus 2 chords
downstream as reported in reference [12].

5.1.2 Grid Generation

The computational grid for CFD analysis is generated
using ANSYS Turbo.Grid. This inbuilt grid generator
has a provision to generate an automated grid for a.
specified geometry. For maintaining the tip gap, the
topology feature is available to maintain the specified
tip clearance as per the requirement of 3mm for rotor-

Rotor-2 Shf?"d -2

Rotor-1 //‘ g
Shroud-1
T

\

Outlet

Interface

Inlet

Figure 6 Computational flow domain

1 and 3.5 mm for rotor—-2. The topology feature is a
structure .of blocks that act as a framework for
positioning mesh elements, Hexahedral (Hex)
elements [8]. They are laid out adjacently.to each
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other, without overlaps or gaps at the corner between.
adjacent blocks with which, the entire domain is filled.

5.1.3 Boundary Conditions

The boundary conditions are considered as design
conditions such as an inlet velocity profile achieved
from the experiment and the static pressure outlet
condition. The boundary conditions are specified in an
absolute frame of the reference. The shear stress
transport (SST) model for turbulence is utilized for its
advantage in simulating the variations in Reynolds’s
stresses due to the Coriolis forces presented in
rotating frames of reference.
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Fig.7 CFD Validation of Total Pressure Coefficient for (a)
Rotor-1 (b) Rotor-2 [13]

Figure-7 shows the validation of total pressure rise
coefficient variation along the span at design mass
flow rate for design speed combinations. It can be

observed that the total pressure coefficient of the
contra-rotating rotor—1 matches well within 50 % of
its span and thereafter, it shows a lower magnitude of
about 2 to 4 % compared with the experimental results.
This is due to the higher negative incidence near that
region and subsequently, it is unable to capture the
flow field in that location. The rotor-2 shows a
variation of the total pressure coefficient along the
entire span. Specifically, near the tip, the region
shows a lower magnitude compared with the
experimental results [13]. The results are validated
by showing good agreements. Base on this validation
the computational results are used for further
structural analysis.

6. Structural Analysis

A one—way FSI analysis has been performed in this
paper. CFD analysis producing static pressure on both
suction and pressure surfaces has been considered as
loads on the contra-rotating fan stage at different
speeds and mass flow rates. Deformation and Von-
Misses stress are obtained from the structural
analysis at two mass flow rates (design and stall) and
for two different speed combinations (2400-2400 and
2400-2600 rpm). Pressure, deformation, and Von-—
Misses stress of the rotor—-1 and rotor-2 at 2400-
2400 rpm with mass flow rates of 6 kg/sec have been
imported for the analysis. These imported results are
shown in Fig. 8 and 9.

Figure-8(a) shows the contour of the pressure load
acting on rotor—1 imported from CFD analysis at mass
flow rate 6 kg/sec and speed combination of 2400-
2400 rpm. There are three components of the force
generated by the high speed air on the fan blade.
These components are tangential force (F;) and axial
force (F,) and centrifugal force (F.) . The axial,
tangential, and centrifugal components of forces
acting on the blade are considered as loads to
investigate the structural response of rotor—1. Sum of
the force components obtained from CFD analysis for
the one—way FSI are listed in Table 11 and 12.

Table.11 Force on Rotor-1 at Design Mass Flow Rate.

Rotor-1
Design mass 6 kg/sec 6 kg/sec

flow rate

Speed 2400-2400 2400-2600

combination rpm rpm
Axial force (F,) 443 N 3.56 N
Tangential forces (F;) | 6.06 N 6.37 N
Centrifugal Force (Fc) | 7.18 N 1543 N
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B Static Structursl
Imported Pressure
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Total Deformation
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Unit: mm

0.10097 Max
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0087089
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0066261
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(a) Imported Pressure

(b) Imported Pressure
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Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

16.974 Max
15.088

g 1806
1.1354e-15 Min

(c) Stress Distribution

Figure 8 Imported Pressure, Deformation and Stress Contour of Rotor-1

Table. 12 Forces on Rotor-1 at Stall Mass Flow Rate

Rotor-1
Stall mass flow rate 5.3 kg/sec 5.3 kg/sec
Speed combination 2400-2400 2400-2600
rpm rpm
Axial force(F,) 350N 334N
Tangential forces(F;) 6.50 N 6.39 N
Centrifugal Force(Fc) 1549 N 15.50 N

It may be observed from Table—12 that an increase of
speed of rotor—2, increases the centrifugal force from
7.18N to 15.43N. It is also observed that increment of
the speed ratio does not affect the axial and tangential
forces significantly. Similar improvement of pressure
rise in contra-rotating fan stage has been reported in
the literature [14].

Figure-8(b) presents the deformation contour of
contra-rotating fan rotor—-1. It is observed that the
maximum deformation is 0.297 mm, occurs at the tip
section near the leading edge of the contra-rotating
fan blade. Minimum deformation occurs at the root
section as rotor connected with a fixed support at the
root. This indicates the higher aerodynamic loading of
rotor—1 at the tip as per the design and experimental
results are shown in Figure—-7. Figure—8(c) shows the
stress distribution contour of rotor—1. It is observed
that the maximum stress of 16.97 MPa occurs at the
root section on the pressure side of the contra—
rotating fan blade while minimum stress occurs at the
tip section. An asymmetry of deformation and stress
patterns i1s observed due to the asymmetry of
pressure loading with respect to the elastic axis of the
rotor blades. At

speed combination 2400-2600 rpm, maximum
deformation is 0.312 mm and maximum von-misses
stress is 16.04 MPa. It is also observed that maximum
deformation is at the rotor tip and maximum stress is
near the root of the rotor. The result of the structural
analysis is listed in Table 13.

Table .13 FE Analysis of Rotor-1 at Design Mass Flow

Rate
Rotor 1
Speed combination 2400-2400 2400-2600
rpm rpm
Design mass 6 kg/sec 6 kg/sec
flow rate
Maximum 16.97 MPa 16.04 Mpa
Von-Misses stress
Maximum 0.297 mm 0.312 mm
Deformation

Table 14 shows the results of the structural analysis
of rotor-1 in terms of Von—-Misses stress and
deformation at stall mass flow rate of 5.3 kg/sec with
different speed combinations of 2400-2400 and
2400-2600 rpm. It is observed that at 2400 rpm
maximum stress 1s 17.89 MPa and maximum
deformation is 0.317 mm. At rotational speed 2600
rpm, maximum stress is 17.96 MPa and maximum
deformation is 0.301 at the tip of the blade near the
leading edge. This is because of the rapid change in
the pressure gradient at the tip of the blade due to
fluid pressure. The location of maximum deformation
is near the leading edge at the tip of the rotor, because
the leading edge is the region of high energy impact
which leads to maximum deformation.
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Table.14 FE analysis of Rotor-1 at Stall Mass Flow Rate

Rotor 1
Speed combination 2400-2400 2400-2600
rpm rpm
Stall mass 5.3 kg/sec 5.3 kg/sec
flow rate
Maximum 17.89 MPa 17.96 MPa
Von-Misses stress
Maximum Deformation 0.317 mm 0.301 mm

Similarly, the pressure load on rotor—2 is imported
from CFD analysis to FE analysis through one-way
FSI at a design mass flow rate of 6 kg/sec speed
combination of 2400-2400 rpm. Figure-9(a) shows
the imported pressure load on contra-rotating fan
rotor—2 from CFD analysis to obtain the deformation
and Von—Misses stress. There are three components
of the force generated by the high speed air on the fan
blade. These components are tangential force (F;) and
axial force (F,;) and centrifugal force (F.). The axial,
tangential, and centrifugal forces acting on the rotors
are considered to obtain the deformation and Von-
Misses stress. It may be noted here that, the already
pressurized air through rotor—1 gets transferred to
rotor—-2 through the suction effect of rotor—2. The
high pressure air supplied to rotor—2 results into
higher aerodynamic load on rotor—2. The forces
obtained from CFD analysis through one way FSI at
different speed combinations and mass flow rates are
tabulated in Tables 15 and 16.

Table.15 Forces on Rotor-2 at Design Mass Flow Rate

Rotor-2
Design mass flow rate | 6 Kg/sec 6 Kg/sec
Speed combination 2400-2400 2400-2600
rpm rpm
Axial force(F,) 613.62 N 6152 N
Tangential forces(F;) | 1001.8 N 1006 N
Centrifugal Force(Fc) | 208.48 N 209.35 N

Table.16 Forces on Rotor-2 at Stall Mass Flow Rate

tip section near the leading edge of the contra-
rotating fan blade and minimum deformation occurs at
the root section. The deformation patterns observed
in the rotor blades show combined bending and torsion
of the blades with a different ratio of resultant
longitudinal to torsional force. Figure-9(c) shows the
contour of stress distribution on the rotor blade due
to the application of loads. It is observed that the
maximum stress of 2100.9 MPa occurs at the root
section on the pressure side of the contra—rotating fan
blade, and minimum stress occurs at the tip section.
An asymmetry of stress patterns is also observed due
to the asymmetry of pressure loading. The maximum
deformation observed is 4.47 mm and the maximum
von—-misses stress is 2217.8 MPa at a speed
combination of 2400-2600 rpm. It was also observed
that maximum deformation is at the tip of the rotor and
maximum stress is near the root of the rotor. The
result of structural analysis has been tabulated in
Table 17.

Table.17 FE analysis of Rotor-2 at Design Mass

Flow Rate
Rotor 2
Speed combination 2400-2400 2400-2600
rpm rpm
Design mass flow rate | 6 kg/sec 6 kg/sec
Maximum 2100.9 MPa 2217.8 MPa

Von-Misses stress

Maximum 4.37 mm 4.47 mm
Deformation

The Finite Element analysis for rotor—2 at stall mass
flow rate of 5.3 kg/sec and speed combination of
2400-2400 rpm shows that the maximum deformation
1s 4.46 mm and maximum Von—-Misses stress is 2302
MPa at a speed combination of 2400-2600 rpm. The
maximum deformation is 4.45 mm and the maximum
Von-Misses stress is 2278.3 MPa at a speed
combination of 2400-2600 rpm. From the deformation
and von—-misses stress contour, it was also observed
that maximum deformation is at the tip of the blade
and maximum stress is near the root of the blade. The
result of structural analysis has been tabulated in
Table 18.

Table.18 FE analysis of Rotor-2 at Stall Mass

Rotor-2
Stall mass flow rate 5.3 Kg/sec 5.3 Kg/sec
Speed combination 2400-2400 2400-2600
rpm rpm
Axial force(F,) 615.75 N 616.66 N
Tangential forces(F;) | 1006.5 N 1008 N
Centrifugal Force(Fc) | 209.43 N 209.74 N

Figure-9(b)shows the deformation of aerodynamically
loaded contra-rotating fan rotor—2. It is observed that

the maximum deformation of 4.37 mm occurs at the

Flow Rate
Rotor 2
Speed combination 2400-2400 2400-2600
rpm rpm
Stall mass flow rate 5.3 kg/sec 5.3 kg/sec
Maximum 2302 MPa 2278.3 Mpa
Von-Misses stress
Maximum 4.46 mm 4.45 mm
Deformation
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B: Static Structural
Imported Pressure 2

Unit: MPa B: Static Structural

Total Deformation
Type: Total Deformation

Unit: mm
0.103787 Max

0.103219
0.102651
0.102082
0.101514
0.100346
0.100378
0093101
00932421
0.098674 Min

43701 Max
3.8845

(a) Imported Pressure (b) Deformation

B: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

2100.9 Max
16675

334
2512e-11 Min

(c¢) Stress Distribution

Figure 9 Imported Pressure, Deformation, and Stress Distribution of Rotor-2.

7. Conclusion

The present study discusses the vibration and
structure analyses of the contra-rotating fan stage.
One way fluid-structure interaction has been carried
out for the contra-rotating fan stage. The
computational analysis of the contra-rotating fan
stage has been performed using ANSYS CFX. Based
on the results obtained from the CFD analysis,
deformation and Von-Misses stress have been
obtained from the structural analysis at design and
stall mass flow rates for two different speed
combinations (2400-2400 and 2400-2600 rpm).
Modal analysis and modal pre-stress analysis (due to
rotation) have been carried out to obtain the natural
frequencies of the contra-rotating fan stage. Some of
the important conclusions derived based on the
present computational and analytical analysis are

e Bernoulli-Euler Beam method was used as an
analytical approach to finding the natural
frequencies of the blade. The frequency
analysis carried out using ANSYS FE Tool
shows a reasonably good match with
analytical calculation. For the first, second,
and third flexural modes of vibration, the
natural frequencies and the mode of vibration
slightly resembles the analytical solution.

e Centrifugal force due to rotation causes pre—
stressing in the blade which leads to an
increase in stiffness and natural frequency.

e The modal pre-stress analysis shows that
designed natural frequency (40Hz) doesn't

coincide with natural frequency for both the
rotors so it minimizes the chance of
resonance.

CFD pressure was imported to the FE
analysis through one way transfer FSI and
considered as a load to perform structural
analysis to obtain maximum deformation &
maximum Von-Misses stress.

The contours of stress distribution show the
location of the maximum stress is near the
root area of the blades and the location of
minimum stress is at the tip section close to
the leading edge.

Asymmetric distributions of deformation and
stress have been noticed resulting from the
asymmetric pressure loading with respect to
the elastic axis of the rotor blades.

Rotor-2 is aerodynamically highly loaded
which causes higher deformation near the
leading edge at the tip region and has high
Von-Misses stress near the root.

Nomenclature
[ - Relative flow angle a - Absolute flow angle
Station 1- Inlet of rotor-1  Station 2- Exit of rotor-1

Station 3- Inlet of rotor-2  Station 4- Exit of rotor-2
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