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In the quest for achieving high performance, gas
turbine engines demand efficient design of various engine
components, mainly the compressor stages. The compressor
stages consume most of the energy produced by the engine to
provide the required pressure ratio. CSIR-NAL is involved in the
development of a small gas turbine engine for UAV applications.
In this regard, a high transonic single stage axial flow
compressor is designed with a mass flow of 4.6 kg/s and pressure
ratio of 1.6, for technology demonstration. In this paper, the
aerodynamic and structural design of a high transonic axial
compressor stage is discussed along with its performance
characteristics. Preliminary mean-line design of the compressor
stage is carried out, followed by detailed 3D blade design.
Aerodynamic performance of the compressor stage is
investigated numerically. Grid independency study is carried
out, and the flow un-altering grid is used for steady simulations.
Steady 3D RANS CFD simulations with SST turbulence model
are carried out for estimating the compressor stage
performance. At the design speed, the compressor is able to
produce the desired pressure ratio and efficiency. Detailed flow
investigations across the compressor stage are studied from
choke to near stall flow conditions for different speeds. The
compressor rotor blisk made of titanium alloy (Ti6AL4V) is
subjected to stress analysis. The von-Mises stress and radial
deformation are observed to be well within the safe limits of the
chosen material. Modal analysis is carried out to study the
structural dynamics of the rotor.

1. INTRODUCTION
UAV and missile applications demand compact engines that
have sufficient range and endurance to meet the desired
objectives. Such demands ask for having efficient designs of the
engine components. The compressor stages of the gas turbine are
the major consumer of energy produced by the engine that is
needed to deliver the necessary pressure ratio.
Small axial compressor stages have potential use in the
military and civil application for power generating units. Its
small size makes it more suitable for small gas turbine engines
being used in missile and UAV, turboshaft engines, turbochargers
for military tanks, auxiliary power unit for large engines and
many more industrial applications. For many decades there have
been consistent efforts to make compressors more efficient and
advanced in terms of design and performance [1]. However,
inherently complex flow physics of the compressor makes the
design more challenging. Compressor operation is largely
influenced by aerodynamic instabilities and mechanical
integrity, which is extensively being explored by many
researchers such as Day [2] who analyzed the formation of
rotating stall and modal perturbation. Xiaofeng [3] and Peng [4]
analyzed the stall phenomenon and developed a model to predict
the rotating stall inception. Early studies by Gaetano [5] and
Cyrus [6,7] focused on secondary losses in axial compressors.
Storer and Suder [8,9] analyzed the tip leakage phenomenon in
compressor rotor. Lakshminarayana [10] predicted the structure
of the tip clearance flow. Mechanical aspects of gas turbine

Keywords: UAV, transonic axial compressor, compressor design,
modal analysis
NOMENCLATURE
m
ρ
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hub radius
tip radius
rotor tip speed
rotational speed
double circular arc
diffusion factor
relative flow angle at rotor inlet
solidity of the rotor blade
rotor tip axial chord

air mass flow
static density
axial velocity
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components were investigated by many researchers such as
Dragana, Hong, and Owczarek [11,12,13] who investigated
vibrational and structural issues in the axial compressors.
Aerodynamic and mechanical aspects are significant concerns
those need to go in parallel during the design procedure. There
are many design philosophies generated over the years. Some of
the early design works include the study on the validity of
simplified radial equilibrium equation in the design of axial
turbomachines by James [14]. It was reported that the
assumption of zero entropy gradient in the radial equilibrium
equation leads to incorrect velocity distribution. Davis [15]
carried out design and performance analysis of an axial
compressor that had to be fitted for a small gas turbine engine
having a centrifugal compressor. A supersonic compressor with
backswept stator blades on hub and tip was designed by
Wennerstrom [16] to explore the feasibility of designing
supersonic compressor and optimizing its performance. Holman
[17] carried out the aerodynamic design of highly loaded
transonic compressor to study the effect of compromises due to
the scaling of the compressor stage and casing treatment on the
overall performance. Reynolds [18] designed a three-stage small
compressor with innovative aerodynamic and mechanical
features such as customizing airfoil shape to reduce shock losses,
optimizing blade loading, variable geometry design and flow
path sealing for low leakage flow resulting in the high efficiency
and wide operating range.

the engine to be within 320 mm. The learnings from an earlier
small gas turbine engine development program with centrifugal
compressor for lower thrust application helped in the new engine
development program. The new engine configuration consists of
a single stage axial compressor coupled to a single stage
centrifugal compressor followed by straight annular combustor
and an axial turbine. A propelling nozzle is located at the exit.
In the preceding literature, various turbomachinery design
theory evolution and commercial tools for small gas turbine
engine were briefly highlighted. In the present design activity,
the axial compressor stage is designed based on one such
commercial tool from M/s Concepts NREC for the meanline and
3D blade designs. Mean-line design of the compressor stage is
carried out using the AXIAL software [26]. The 3D blade design,
flow path, flow angle, chord, and airfoils geometry corrections
are carried out using AxCent software [27] from M/s Concepts
NREC. Aerodynamic performance of the compressor stage is
investigated using ANSYS CFX [28].
Table 1 shows the engine performance parameters which are
targeted to achieve. The compressor parameters are inclusive of
axial and centrifugal stages. The requirements for the axial
compressor stage arrived based on the engine cycle are - pressure
ratio of 1.6 with an efficiency of 82% at a speed of 41,200 rpm
and a mass flow of 4.6 kg/s with a tight constraint on diameter
(<230 mm).

There are several efforts to ease the complicated design
procedure and performance prediction using 1-D, 2-D, 3-D
techniques, and through flow analysis. Mark [19] developed a 1D stage by stage constant radius compressor performance model
which could produce design and off design compressor
performance for commercially available compressors as well as
new design with minimum inputs required. Magdy [20]
presented another simplified row by row 1-D method for
predicting compressor performance under off-design condition
using a modified diffusion factor. Sayari [21] proposed a new
through flow method primarily for the transonic compressor that
was based on averaging procedure working normal to the
cascade centerline. An improved streamline curvature method
for the modern compressor was developed by Hu [22] that
showed some contradiction with experimental data at some spanwise location but gave a reasonably good prediction of overall
performance.

Performance Parameter
Thrust
Weight
Engine speed
Compressor Exit Pressure
Pressure Ratio
Mass Flow Rate
Thrust Specific Fuel Consumption
Thrust/Weight Ratio
Compressor Polytropic Efficiency

Values
2.69 kN
<50 Kg
41,200 rpm
544.7 kPa
3.5
4.6 kg/s
32.2 g/kN-s
>5
82%

Table 1: SMALL GAS TURBINE ENGINE REQUIREMENTS
2. AXIAL COMPRESSOR DESIGN
The preliminary sizing of the compressor annulus is carried
out using isentropic relations. The necessary inputs for the sizing
are obtained from the cycle analysis. The objective from the
calculation is to obtain the preliminary compressor annulus size
such as annulus hub and tip diameters at inlet and exit of the
rotor.

With the recent advances in the design methodology, there
are many commercially available platforms for compressor
mean-line design and flow path sizing with parametric control
during the conceptual design phase (Veres and Moroz [23, 24]).
Kiren [25] developed a general capability parametric tool for 3D design of turbomachinery blade wherein the geometric and
aerodynamic data is provided as input for airfoil creation that can
be stacked to generate 3D blade with minimum CAD interaction.

The rotor tip radius at the inlet is defined by,

In the present study, the mission demands the engine to
produce a thrust of 2.69 kN at ISA-SLS. Maximum diameter of
2
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provided. Diffusion factor, Df of each bladed passage of
compressor defined by equation 4 is assumed to be 0.5, which is
a fairly good assumption for high stall flow applications.

(1)

cos 𝛽

𝐷𝑓 ~1 − cos 𝛽1 +

Where,

2

m  Air mass flow
ρ1  Static density at Inlet

  Hub  Tip radius ratio


(2)

2 *  * rt1 * N
60
Where,

(4)

Once the required details are set, the meanline design
calculations are computed. Key results for stage and components
are tabulated, as shown in Table 2. Figure 1 shows the velocity
triangles for the rotor obtained from AXIAL software. It can be
seen that the tip section is loaded heavily and the tip relative
Mach number, Mrel is about 1.35, which is in the highly transonic
region. The compressor rotor tip velocity is about 415 m/s. The
rate of reaction computed from total conditions at the inlet (static
enthalpy change across rotor/enthalpy change across the stage,
inlet total to exit static) is 0.84. The rotor diffusion factor
obtained at the mean radius is 0.51, and for the stator, it is 0.32.

The rotor tip speed is computed as,
U 1t 

(tan 𝛽1 − tan 𝛽2 )

One of the primary considerations in the design of any
turbomachinery component is the selection of suitable loss
models depending on the flow upstream and downstream of the
component and the presence of critical flow limitations. Here,
Koch & Smith loss model modified by CETI is used for the
prediction of performance and stalling conditions of the rotor.
Similarly, suitable models are chosen for all the loss components.

Here, it is assumed that the axial velocity at the inlet is 165
m/s, and the hub-tip ratio is 0.506. The hub radius at inlet rh1 is
computed using the hub-tip ratio and the inlet tip radius.

r 
rh1   h  * rt1
 rt 

2σ

Where,
β1 = relative flow angle at rotor inlet
β2 = relative flow angle at rotor exit
σ = Solidity of the rotor blade

Ca 1  axial velocity at inlet to compressor
 rh

 rt

cos 𝛽1

(3)

N  Rotational speed

In this design, the compressor design is evolved by
maintaining constant tip radius, and variable hub radius for the
ease of casing fabrication. The hub flare is provided at the exit
of the rotor blade to balance the mass flow rate and axial velocity
density ratio. Similarly, temperature rise per stage can be
computed using the pressure-temperature relations with the
pressure rise per stage known. These initial numbers will serve
as an input for the AXIAL tool [26] for the meanline design of
compressor stage.

After the meanline design is completed, the next objective
is to fine tune the flow path geometry and blade sections. Flow
path, flow angle, chord, and airfoils geometry corrections are
done using the AxCent software [27].
Parameter
Power input (without losses), KW
Stage exit Mach number (mean)
T0 (stage exit), K
Stage exit Absolute Flow angle, °
Rotor-Stator blade axial gap, mm

The preliminary flow path is established using inlet total
pressure, inlet temperature, entry flow angle, total-to-static
pressure ratio, mass flow, and reference radius computed earlier
from equation (1). Here, the design is based on the number of
stages needed and average flow coefficient of the compressor.
Here, a single stage and average flow coefficient of the
compressor defined for the meridional velocity at the upstream
of the rotor is assumed to be 0.5. Flow path limits/constraints are
set based on the minimum hub radius to cater to the space needed
for the shaft and alternator mounting.

Tip radius at Inlet, rt1, mm
Hub radius at Inlet, rh1, mm
Hub to tip ratio at Inlet, rh1/ rt1
Tip radius at Outlet, rt2, mm
Hub radius at Outlet, rh2, mm
Number of Blades
Solidity at mean section
Chord length at mean section, mm

Double Circular Arc (DCA) profiles are used for both the
rotor and stator. Different input conditions are provided, such as
designing the blades with variable angles from hub to tip.
Average flow angle at the inlet is assumed to be zero as there are
no inlet guide vanes. The design targets of average flow angle at
the exit of the stage are defined as 0°, desired total-to-total
pressure ratio and efficiency of 1.6 and 82% respectively are also

Stage Values
272.5
0.54
343.5
0.3
8.7
ROTOR STATOR
96.38
96.38
34.15
57.7
0.35
0.6
96.38
96.38
54.26
62.14
17
37
1.233
1.872
35.64
25.79

TABLE 2: COMPRESSOR MEANLINE STAGE DESIGN
RESULTS FROM AXIAL

3
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Hub

Figure 2: COMPRESSOR STAGE FLOW PATH FROM
STREAMLINE METHOD USING AXCENT

Mean

Stator

Rotor

Tip

FIGURE 3: 3D MODEL OF AXIAL COMPRESSOR STAGE (17
ROTOR BLADES & 37 STATOR VANES) GENERATED USING
AXCENT

Figure 2 shows the compressor stage flow path geometry
obtained from the computations. The hub flare at the rotor blade
from inlet to outlet to cater to the mass flow balance can be
visualized. 3D CAD model of the compressor stage is generated,
as shown in figure 3. The compressor stage consists of 17 rotor
blades and 37 stator blades. The radial stacking of rotor and
stator sections are seen in figure 4. The rotor blade is highly
twisted to cater for demands of high swirl angles and to generate
high-pressure ratio.
The stator profiles have minimum twist sufficient for
achieving the desired objectives. The Rotor Tip Axial Chord
(RTAC) length is about 20.62 mm.

Figure 1: COMPRESSOR ROTOR VELOCITY
TRIANGLES FROM MEANLINE ANALYSIS

4
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Outlet

Rotor
Stator
Inlet

(a)

(b)
FIGURE 5: COMPRESSOR STAGE: (a) CFD NUMERICAL
MODEL WITH BOUNDARY CONDITIONS. (b) MESHED
MODEL

The performance maps for the compressor stage is generated
by performing steady, 3D, viscous, compressor Reynolds
Averaged Navier Stokes (RANS) computations. Single passage
for the rotor and stator is chosen for the simulations. Figure 5(a)
shows the compressor stage numerical model with boundary
conditions and various domain extents. The rotor inlet domain
extends 1.5 times RTAC upstream of the rotor leading edge and
the stator exit domain is two times RTAC from stator trailing
edge. The gap between the rotor to the stator is about 42% of
RTAC. The hot rotor running clearance is chosen to be 2.4% of
RTAC and zero clearance for the stator blades.
ANSYS Turbogrid tool is used for meshing the domains
with structured hexahedral elements. Meshed model of the
compressor stage is shown in figure 5(b). The walls in the
domain are meshed with fine elements with Automatic Topology
Meshing (ATM) algorithm to have y+ values of less than 7 and
to resolve the boundary layer better.

FIGURE 4: RADIAL STACKING OF ROTOR AND
STATOR BLADES

The boundary conditions for the compressor stage are- total
pressure at ISA-SLS is provided at the inlet. Static pressure is
defined at the outlet to provide the back pressure for the
compressor and varied from choke to near stall to generate the
compressor map. Periodic boundary condition is defined as only
a single passage for the rotor, and stator domains are chosen. The
data transfer from the rotor to the stator is made through a mixing

3. NUMERICAL SIMULATION OF TRANSONIC AXIAL
COMPRESSOR STAGE
The designed 3D compressor stage is evaluated numerically
using commercial software ANSYS for the performance at
design and off-design conditions.
5
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plane defined at the interface. The turbulence model chosen for
this study is the Shear Stress Transport (SST) turbulence model
with automatic wall treatment. ANSYS CFX is used for
preprocessing and solving the compressor stage.

number is high and is shown in figure 9a, and upon diffusion, the
Mach number reduces at the stator exit, as shown in figure 9b.
The highest diffusion occurs when the compressor is throttled to
near stall condition. Figure 9 also shows the increase in boundary
layer thickness from RI to SE near the walls with an increase in
pressure.

It is a good practice to carry out a grid independency study
for any CFD program as such a study alleviates the influence of
the grid on the final results. Such an investigation is carried out
here with three different grid sizes – a coarse mesh with 1,97,623
elements, a medium-mesh with 6,50,965 elements and a fine
mesh with 7,92,568 elements. The optimum grid is one that has
good accuracy and less computationally expensive. The
optimum grid is chosen by plotting the compressor
characteristics at the design speed. Figure 6 shows the grid
independency results for the three meshes studied. The coarse
grid slightly overpredicts the peak pressure ratio by about 0.5%
and underpredicts the efficiency by 0.66% compared to the fine
mesh. The medium mesh is less than 0.1% of the fine mesh
results. Hence, for further studies at off-design conditions and
detailed flow behavior is carried out using the medium mesh.

The pressure build-up across the rotor chord with an
increase in compressor throttle can be visualized in the blade
loading chart shown in figure 10a for the mean section of the
blade and at design speed. Highest pressure rise or work done is
achieved at the near stall condition followed by peak efficiency
and choke conditions, respectively. The location of the shock
structure in the suction surface can be seen as the sudden

4. COMPRESSOR STAGE PERFORMANCE
EVALUATION
The compressor performance characteristics at various
operating speeds varying from 50% to 100% of design speed are
evaluated. Performance maps (pressure ratio and efficiency) of
the compressor stage are generated by increasing the compressor
exit back pressure. At the stall condition, the steady simulations
fail to converge, and the last converged point is the stall point/
line. Figure 7 shows the performance characteristics generated
for the new compressor stage design at various speeds from
choke to stall flow point. The stall line connecting all the stall
points for different speeds is highlighted in the figure 7a for
pressure ratio characteristics beyond which numerical
divergence occurs. Figure 7b shows the isentropic efficiency
characteristics for various speeds investigated.

(a)

One of the essential criteria in gas turbine engine design is
that the designed component has to perform as required and also
facilitate the downstream component with desired conditions. In
the current engine design, downstream of the axial compressor
stage is the centrifugal compressor stage that requires flow
entering at low incidences. Figure 8a shows the flow angle
behavior at rotor exit (RE) for three different flow conditions –
Choke, Peak efficiency and Near stall condition, and at the
design speed. The boundary layer effects are captured with an
increase in flow angle near the walls. Increase in flow angle with
an increase in back pressure can be seen. Figure 8b shows the
flow angle distribution along with the blade height at the stator
exit (SE). The desired incidence angle for the centrifugal
compressor is <5°, which the existing design can satisfy.

(b)

Detailed flow investigations are carried out to study the
compressor behavior using various charts which are discussed
here. Figure 9 shows the Mach number distribution along the
compressor blade height at RI and SE. The inlet relative Mach

FIGURE 6: NUMERICAL GRID INDEPENDENCY STUDY
OF COMPRESSOR STAGE AT DESIGN SPEED: (a) TOTAL-TOTOTAL PRESSURE RATIO. (b) ISENTROPIC EFFICIENCY

6
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zones can be seen increasing from near trailing edge to almost
mid-chord of the rotor.
Figure 12 shows the velocity contour slices made along the
rotor chord at different chord locations and flow conditions at the
design speed. The 3D shock structure can be visualized clearly.
The starting location of the flow separation region along with its
spread in the radial direction can also be seen.

Stall line

5. COMPRESSOR ROTOR STRUCTURAL
EVALUATION
The axial flow compressor rotor of the small turbojet engine
is designed to operate at the speed of 45000rpm. The rotational
velocity generates high centrifugal loads, which, along with the
thermal and aerodynamic loads, make the compressor rotor
structurally more complicated. The detailed Finite Element
Analysis of the compressor rotor is essential to evaluate its
stresses and deformations.

(a)

(a)

(b)

FIGURE

7:
OVERALL
COMPRESSOR
STAGE
PERFORMANCE
CHARACTERISTICS AT DIFFERENT
SPEEDS: (a) TOTAL-TO-TOTAL PRESSURE RATIO. (b)
ISENTROPIC EFFICIENCY
depression occurring at around 58% of chord length at the choke
condition. The shock moves forward with an increase in back
pressure to about 40% of rotor chord at near stall condition. The
contribution to pressure rise along the blade height at peak
efficiency condition is seen in figure 10b. The pressure rise
generation is highest at the tip section of the blade, followed by
mean and hub sections, respectively.
Figure 11 shows Mach number contours across the
compressor stage for three different flow conditions investigated
at the design speed. The flow separation region, its location and
structure of the shock can be visualized. The motion of the shock,
as discussed in figure 10a, can be seen here. The forward motion
of shock is also clearly seen with the increase in compressor back
pressure. Due to the increase in back pressure, the flow
separation increases and tries to move forward and block the
entire flow passage. The spread of the low momentum blockage

(b)
FIGURE 8: FLOW ANGLE DISTRIBUTION ALONG
BLADE HEIGHT AT 100% SPEED AND AT DIFFERENT
FLOW CONDITIONS: (a) ROTOR EXIT (RE). (b) STATOR
EXIT (SE)

7
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(a)

(a)

(b)
(b)

FIGURE 9: MACH NUMBER DISTRIBUTIONS ALONG
ROTOR BLADE HEIGHT AT DIFFERENT FLOW CONDITIONS
AND 100% DESIGN SPEED: (a) ROTOR INLET (RI). (b) STATOR
EXIT (SE)

FIGURE

10:
(a)
ROTOR
BLADE
PRESSURE
CHARACTERISTICS AT DIFFERENT FLOW CONDITIONS AT
DESIGN SPEED. (b) BLADE LOADING DISTRIBUTION AT
ROTOR HUB, MEAN AND TIP SECTIONS FOR PEAK
EFFICIENCY CONDITION AND AT 100% DESIGN SPEED

The compressor rotor blisk with the finalized blade
geometry meeting the aerodynamic requirements is optimized
for weight. The rotor blisk is made of Titanium alloy (Ti6Al4V).
The excess material from the disk side faces is scooped out, as
shown in figure 13 to reduce the weight to 0.8 kg. A 1/17th sector
of the optimized geometry is used for the finite element analysis.

Figure 13 also shows the meshed model with around 82000
elements. Temperature-dependent material properties of
Titanium (Ti6Al4V) was assigned to the geometry. Structural
analysis is carried out to estimate the stresses and deformations
of the compressor rotor blisk. Centrifugal load due to the
8
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CHOKE

CHOKE

PEAK EFFICIENCY

PEAK EFFICIENCY
NEAR-STALL
FIGURE 11: MACH NUMBER CONTOURS AT THE TIP
SECTION OF THE ROTOR BLADE AT DIFFERENT FLOW
CONDITIONS AND AT DESIGN SPEED

rotation, temperature load, and pressure load from CFD is
mapped to the rotor blisk. Initially, the body temperature
distribution is obtained using the temperature data from the CFD
simulations.
Later, rotational and pressure loads on the blade and hub
surfaces are imposed to estimate the stress and deformations.
The compressor rotor blisk is axially constrained at the end face
of the bore and cylindrically at the bore. The rotational speed of
45000 rpm is imposed on the compressor rotor. The von-Mises,
Radial, and tangential stresses are 457 MPa, 424 MPa, and 301
MPa respectively. The maximum stress is observed at the blade
root region but well within the acceptable limits. The von-Mises
stress and radial deformation plots are shown in figure 14 and

NEAR-STALL
FIGURE 12: VELOCITY CONTOURS ALONG ROTOR CHORD
AT DIFFERENT FLOW CONDITIONS AND AT DESIGN SPEED

9
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figure 15, respectively. The radial deformation at the design
speed is observed to be 0.31mm or 1.5% of RTAC.

0.32. Maximum von-Mises stress is 457 MPa is observed near
the blade root, and the maximum radial deformation is found to
be 1.5% of RTAC.

Pre-stressed cyclic symmetric modal analysis is carried out
for estimating the modal parameters of the axial compressor
blisk at the design speed. The rotational loads coupled with
temperature and pressure loads from CFD are used for the
simulations. Figure 15 shows the first three mode shapes
prevalent at the design speed. Mode-1 is a pure bending mode
occurring at 1595.8 Hz. There is a combined bending and torsion
mode occurring at 3260.3 Hz and followed by a pure torsion
mode at 4238.8 Hz. During operation, the compressor should not
be allowed to vibrate at its resonant frequencies.

The present axial compressor design can satisfy the
aerodynamic requirements of pressure ratio, mass flow, and
efficiency. The structural characteristics of von-Mises stress are
within allowable limits, and the blade growth is within the
designed casing diameter.

(a)

FIGURE 13: 1/17TH SECTOR MODEL OF OPTIMIZED
COMPRESSOR ROTOR ALONG WITH MESHED MODEL FOR
STRUCTURAL ANALYSIS

6. CONCLUSIONS
A comprehensive study is carried out on the design of an
axial compressor stage for a small gas turbine engine. Meanline
design followed by 3D blade design is carried out to satisfy the
compressor requirements. Detailed steady CFD simulations are
carried out for a single stage axial compressor. Performance
maps for the compressor stage are generated for different speeds.
Detailed flow investigations at different flow conditions are
carried out. Structural analysis is performed to ascertain the
structural stability, and also the modal characteristics are
generated.
Some of the key design parameters results are highlighted
here. The hub-to-tip ratio at the inlet is 0.354, and at outlet it is
0.563. The temperature rise across the stage is 58° C. The stage
exit absolute flow angle at the mean section is 0.27° and the stage
exit absolute Mach number at mean section is 0.54. The rate of
reaction computed from total conditions at the inlet (static
enthalpy change across rotor/enthalpy change across stage, inlet
total to exit static) is 0.84. The tip relative Mach number at the
inlet to the rotor is 1.35 and at exit to rotor it is 0.83. The rotor
diffusion factor at the mean radius is 0.51 and for the stator, it is

(b)

FIGURE 14: (a) VON-MISES STRESS PLOT OF AXIAL
COMPRESSOR ROTOR.
COMPRESSOR ROTOR
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(b)
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[9]

(a) Mode-1

[10]

(b) Mode-2

[11]

[12]

[13]

[14]

(c) Mode-3
[15]

FIGURE 15: AXIAL COMPRESSOR ROTOR BLISK MODE
SHAPES AT DESIGN SPEED: (a) MODE-1 – PURE BENDING
- 1595.8 HZ. (b) MODE-2 – COMBINED BENDING AND
TORSION – 3260.3 HZ. (c) MODE-3 – PURE TORSION 4238.8 HZ.
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