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ABSTRACT
The trade-off between the aerodynamic and structural behavior for different fillet radii in 
a shrouded centrifugal compressor impeller is often not known in the early design phase. 
Therefore, many iteration loops are needed in the later design phase and the develope-
ment time increases. Subject of the present work is to investigate the influence of the fillet 
radii on the flow and strength behavior of these impeller types. To determine the influence 
on the fluid mechanics in the turbomachine, full-stage CFD analyses are carried out for an 
impeller setup with five different fillet radii. Linear-elastic and elastic-plastic analyses as 
well as modal analyses are used to determine the relationship between fillet radii and 
structural mechanics. A quadrupling of the fillet radii leads to a reduction of the overall 
polytropic stage efficiency by 2.1 percentage points, while the von-Mises stress is reduced 
by around 38.3 to 40.2 percentage points. Based on the findings of this work, the relation-
ship between fillet radius and flow and strength behavior can be better estimated in order 
to find a compromise between aerodynamic losses and increased component strength.
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NOMENCLATURE
Latin Letters Subscript
b blade height 2 location at impeller outlet
n rotational speed design stage design conditions
p static pressure fillet,9.0-36.0 fillet radius to
y+ dimensionless wall distance axial outlet width ratio in percent

max maximum
Abbreviations min minimum
CFD Computational Fluid Dynamics out location at outlet of volute
FEA Finite Element Analysis p polytropic
FEM Finite Element Method
ISA International Standard Atmosphere
MVMS Maximum von-Mises-stress

Greek
g Lean angle
⌘ efficiency

OPEN ACCESS

Downloaded from www.euroturbo.eu

1 Copyright c� by the Authors

1



INTRODUCTION
In the turbomachinery design process, the circumferential velocity plays a decisive role.

Smaller machines in particular, as they are increasingly being used in the context of decentral-
ization due to the energy transition, achieve their required power density through high rotational
speeds and highest tip speed. The most critical stresses in a shrouded centrifugal compressor
impeller, resulting from the centrifugal forces, are mostly at the blade root of the impeller and
thus limiting the tip speed for the stage design. In order to reduce the stresses in the blade
root and therefore allow higher tip velocities, fillet radii between the blade root and hub at the
pressure and suction side are taken into account in the stage design.

Fillet radii have an impact on the aerodynamic performance and strength characteristics.
Many studies focused on one of those fillet radii aspects, either the effects of fillet radii on
the aerodynamic or the structural characteristics. Syka et al. (2015) investigated the influence
of impeller blade hub and shroud fillets in the shrouded radial compressor stage and reported
that the presence of fillets led to a decrease of approximately 5 % in isentropic efficiency and
pressure ratio. In the work of Fadilah and Erawan (2018), which assessed i. a. the effect of fillet
radius on the compressor performance, similar results were found. In their case the increase
of fillet radius also tended to reduce the compressor pressure ratio and the efficiency. Even
though many studies reported a reduction in efficiency with increasing fillet radius, Pieringer
and Sanz (2004) found out, that a increase in fillet radius to a certain extent led to increased
efficiency. Further increase of fillet radius resulted in flow blockage. Brockett and Kozak
(1982) concluded from their study, that a small fillet radius also led to increased efficiency
because of the fillet limiting corner flow seperation. Larger fillets caused additional profile drag
and therefore the efficiency decreased. Nandi and Ghosh (2012) studied the influence of blade
geometry modification on the structural performance of a small cryogenic turboexpander. It was
reported that maximum amount of stress was at the root of the suction side of the blade. The
stress initially decreased with increasing fillet radius and then attained an asymptotic stage. Liu
et al. (2018) studied the effects of different fillet geometries of a turbine blade not only on the
stress levels but also on the modal response. From their study was concluded, that larger fillets
led to smaller stresses and the variation in fillet radius had almost negligible effect on the natural
frequencies. Liu et al. (2015) analyzed the influence of fillets with different radii between the
blade and hub of a centrifugal compressor on the structural and aerodynamic performance by
CFD and FEA. For the impeller with fillet of equal radius the variation of the radius led to no
sizable differences in respect to the isentropic efficiency, but the maximum von-Mises stress
decreases with increasing fillet radius. This investigation was carried out for an unshrouded
impeller. A combined analysis to examine the aerodynamic and structural effects for shrouded
radial compressors has not yet been presented.

The objective of this paper is to study the influence of fillet radii on the flow and strength
behavior of a shrouded centrifugal compressor. Numerical CFD and FEA investigations were
performed for impellers with different fillet radii.

GEOMETRY AND NUMERICAL METHOD
Geometry of the Turbomachine
A numerical study to investigate the effects of fillet radii is conducted using a centrifugal

compressor1, which consists of a conical nozzle, a shrouded impeller with 16 blades and ra-
1Geometry from the project KompEx LTA-CAES modular R�
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dial outlet, a diffuser with 15 vanes and a volute. The impeller has an outlet diameter of 228
millimeter and a rotational speed at design criteria of 31426 RPM. For the analyses, impeller
fillets with radii of 9.0, 15.7, 22.5, 29.2 and 36.0 % of the blade exit width b2 are considered.
In figure 1, the leading edge of the impellers with rfillet, 9.0 and rfillet, 36.0 are depicted. Because of
the large fillet radius, the impeller with a fillet ratio of rfillet, 36.0 = 36 % (see figure 1(d)) show no
more lean angle at the trailing edge.

(a) Leading edge of impeller at hub
with rfillet, 9.0

(b) Leading edge of impeller at hub
with rfillet, 36.0

HUB

SHROUD

u

(c) Trailing Edge of Impeller with
rfillet, 9.0

HUB

SHROUD

u

(d) Trailing Edge of Impeller with
rfillet, 36.0

Figure 1: CAD model of the blade leading and trailing edge with comparison of the small-
est and largest investigated radius

CFD Method
The computational hexahedral meshes of the impeller and the diffuser for the CFD analysis

are generated with TurboGrid 19.1. For the conical nozzle ICEM CFD 19.1 is used to create the
hexahedral mesh. The volute mesh generation is carried out using ANSYS Meshing 19.1. The
simulated model consists of the inlet conical nozzle (360�-model), one section of the impeller
and diffuser and the outlet volute (360�-model). To specify the inlet boundary conditions ISA
conditions are used for total pressure and total temperature. Design mass flow conditions at the
outlet of the volute are defined. The SST turbulence model shows good agreement in a simillar
investigation, where CFD was compared to test data (Kienzle et al. (2019)). Therefore we used
a corresponding mesh setup where the average of normalized wall distance was close to one and
throughout the mesh smaller than y+=10. More details about the setup of the CFD model are
given in table 1. The heat transfer model Total Energy is used to include kinetic energy effects.
This model is recommended to be used for compressible flows with a Mach number greater
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than Ma=0.3. The walls of the domains are modeled as non-slip. Furthermore, the roughness
is neglected by the assumption of smooth walls. The simulations are carried out using CFX
19.1. Polytropic efficiency and inlet mass flow are monitored during the simulation. Between
the domains, stage (mixing plane) model with constant total pressure averaging has been used
(inlet cone to impeller, impeller to diffuser, diffuser to volute). Convergence is defined as no
more quantitative change over a period of at least 200 iterations with lower deviation than 0.3 %
is reached.

Table 1: Settings of the CFD model

Property Value
Analysis type Steady-state

Fluid Air Ideal Gas
Heat Transfer Total Energy

Turbulence Model Shear Stress Transport2

Advection Scheme High Resolution
Frame Change/Mixing Model Stage (Mixing Plane)

FEA Method
The FEA model of the impeller is generated using ANSYS Meshing. To perform the linear-

elastic, elastic-plastic and modal analysis, ANSYS Mechanical 19.1 is used. For each analy-
sis different rotational speeds are applied. For the linear-elastic analysis API Standard con-
ditions (120.75 %•ndesign) is set as a load, while for the modal analysis the design, minimum
(70 %•ndesign) and maximum speed (105 %•ndesign) is applied. The support is defined at the face
between the shaft and the impeller (Hirth coupling) with a displacement type and, fixed axial
and tangential components. The impeller is modelled with one section using rotational period-
icity at the intersecting faces. To investigate the effects of fillet radii on radial deformation and
plastic strain the rotational speed is varied between 95.5 and 190.9 % of the design speed in
the elastic-plastic analysis. The Titanium alloy Ti6Al4V is selected as material for the impeller.
The properties of the material are given in table 2.

Table 2: Material properties

Property Value
Young’s Modulus 110000 MPa at 20 �C

Density 4430 kg/m3

Poisson’s Ratio 0.34
Yield Strength > 830 MPa

Ultimate Strength > 900 MPa
Fracture > 10 %

Tangent Modulus 0 Pa

2Menter (1994)
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Mesh Independency Study
Mesh independency studies are carried out for CFD and FEM analyses to prove the inde-

pendence of the result from the quality of the mesh. For the CFD analyses the independence is
assessed by the total-to-static polytropic efficiency. The values are normalized by the polytropic
efficiency of the impeller with rfillet, 9.0. For each case three meshes of the fullstage-model with
different numbers of nodes are created. Figure 2(a) shows the result of the mesh independence
study. The bold marked symbols represent the meshes, which are used for the CFD analysis
in this study. The deviation of the polytropic efficiency for each case is below one percentage
point.

Figure 2(b) shows the mesh independency study for the FEM analyses. For each case four
meshes of the impeller with different numbers of elements are generated. The mesh indepen-
dence of the results were judged by the maximum von-Mises stress3 (MVMS) in the linear-
elastic analysis. The values are normalized by the MVMS of the impeller with rfillet, 9.0. The
bold evaluated symbols represent the meshes, which are used for the FEA analysis in this study.
Coarser meshes lead in most cases to a higher deviation of the MVMS. With finer meshes nearly
the same results are achieved.

(a) CFD (b) FEA

Figure 2: Mesh independency study

AERODYNAMIC AND STRUCTURAL ANALYSIS
Aerodynamic Analysis
To study the effects of fillet radii on the aerodynamic characteristics of the centrifugal com-

pressor, the total-to-static polytropic efficiency and the static pressure at the outlet of the volute
of different setups are compared in figure 3. Similar results of Pieringer and Sanz (2004) and
Brockett and Kozak (1982) are observed in this study. An initial increase in fillet radius from
rfillet, 9.0 to rfillet, 15.7 leads to a slight increase in efficiency, as figure 3(a) shows. Further increase
of fillet radius from this point on results in a decrease. The decrease in efficiency is caused by
the greater blade surface with increasing fillet radius, which leads to more friction and hence
to greater losses. The polytropic efficiency continuously falls to 97.75 % for rfillet, 36.0. In fig-

3Mises (1913)
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ure 3(b) the static pressure at the outlet of the volute are presented for different fillet radii. The
pressure increases to 100.71 % from rfillet, 9.0 to rfillet, 15.7. Further increase of fillet radius leads to
a decrease. The pressure at the outlet falls continuously to 97.44 % for rfillet, 36.0. In both cases a
relative high drop between rfillet, 29.2 and rfillet, 36.0 is observed. The higher we set the fillet radius,
the smaller the lean angle at the outlet of the impeller would get. At the point where we raise the
fillets from 29.2 to 36.0 % outlet width, the lean angle gfillet, 36.0 becomes zero. A negative lean
angle is required for counteracting blade secondary vortices and hence preventing additional
losses, as Braembussche (2020) stated. Therefore the increase from rfillet, 29.2 to rfillet, 36.0 not only
leads to a greater blade surface, but also to the loss of positive lean effect, which results to a
relative high drop in polytropic efficiency and outlet pressure.

With respect to the findings of Liu et al. (2015) and the results of Syka et al. (2015), we
suggest that the influence of fillet radii on the isentropic efficiency is higher in shrouded impeller
stages than in unshrouded ones.

(a) (b)

Figure 3: (a) Polytropic efficiency and (b) static pressure at outlet for different fillet radii

Structural and Modal Analysis
High stresses, resulting from the centrifugal load, are located at the blade root of the leading

edge and at the shroud at the blade outlet area, as shown in figure 4. The locations of the
highest stress does not change by varying the radius of the fillets. However, the quantity of
stress changed significantly. The maximum von-Mises stresses (MVMS) from the linear-elastic
analysis at both locations are shown in figure 5. The highest MVMS at the blade root and the
shroud result from the analysis with rfillet, 9.0. Increasing the fillet radius leads for both locations
to a continuous reduction. At the blade root, the MVMS decreases to 71.09 % from rfillet, 9.0

to rfillet, 15.7. Further increase of the fillet radius to rfillet, 36.0 leads to a reduction of MVMS to
59.08 %. This result corresponds to the findings of the study from Nandi and Ghosh (2012), in
which the stress initially decreased on increasing fillet radius and then attained an asymptotic
stage. At the shroud, the MVMS decreases to 82.23 % from rfillet, 9.0 to rfillet, 29.2. Futher increase
of fillet radius to rfillet, 36.0 leads to a strong reduction of MVMS to 61.15 %. The cause for this
lies in the lean angle, which does not exist only for rfillet, 36.0. In this case, the fillet radius at the
trailing edge is so high that the radii joined together to almost form a semicircle. As a result
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of that, no lean angle at the trailing edge is geometrically generated. In the cases with lean
angle this caused additional bending moment from the axial forces at the critical area at the
shroud and therefore results in a higher stress level. To explain this further, figure 6 shows the
axial deformation of the impeller with rfillet, 22.5, rfillet, 29.2 and rfillet, 36.0. The additional bending
moment, caused by the lean angle, leads in the cases of rfillet, 22.5 and rfillet, 29.2 to greater axial
deformation in the critical area compared to the case with rfillet, 36.0. With increasing fillet radius
to rfillet, 36.0 the negative effect of lean on the stress level disappears and hence the MVMS got
significantly reduced.

(a) Blade root (b) Shroud

Figure 4: Location of maximum stress of impeller with rfillet, 9.0

Figure 5: Maximum von-Mises-stress at blade root and shroud for different fillet radii for
linear-elastic analysis
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(a) rfillet, 22.5

(b) rfillet, 29.2

(c) rfillet, 36.0

Figure 6: Distribution of the axial elastic deformation at the shroud for impeller with dif-
ferent fillet radii. The plots have the same colour range, where darker colours correspond
to higher stresses.
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According to the results of the elastic-plastic analysis, which are shown in figure 7, increas-
ing the fillet radius lead to a decrease of the maximum radial deformation and the maximum
plastic strain. In all cases, the maximum radial deformation was at 190.9 % of the design speed.
It decreased for rfillet, 9.0 from 1.192 mm to 0.613 mm for rfillet, 36.0. For the impeller with rfillet, 9.0

the plastic strain of 1 % is reached at 140 % of the design rotational speed. With increasing fillet
radius, this point is reached at a higher speed. For the impeller with rfillet, 22.5 (rfillet, 36.0) plastic
strain of 1 % was reached at 165 % (175 %) of the design rotational speed.

(a) (b)

Figure 7: Influence of fillet radii on (a) maximum radial deformation and (b) maximum
plastic strain for elastic-plastic analysis

To study the effect of fillet radii on the vibration characteristics, the natural frequencies of
the impeller, which resulted from the modal analysis, are presented in SAFE diagrams, which
are shown in figure 8 for rfillet, 9.0 and figure 9 for rfillet, 36.0. In a SAFE diagram, the frequen-
cies of exciting harmonics and the natural frequencies of the impeller are compared to identify
resonance. Singh et al. (2003) provided a detailed description of resonance identification for
impellers and the SAFE diagram. For the impeller in this study zero to eight nodal diameters
are examined. The zigzag lines in figure 8 and figure 9 represent the minimum, design and
maximum rotational speed. The red circles mark the area of excitation, which must be avoided
to prevent resonance. Critical resonace possibly occurs, if the natural frequencies are within
this area. Nodal diameter one and two are considered to be critical applying the rule stated in
Kelly (2019). The variation of fillet radius leads to a slight change of natural frequencies. The
area of critical excitation was unaffected by this kind of variation. According to Singh et al.
(2003) the range of excitation only depends on the number of impeller blades, diffuser vanes
and the excitation frequency. The results show that the fillet radius has a negligible effect on the
vibration charateristics, which complied with the findings from Liu et al. (2018).
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Figure 8: SAFE-diagram of rfillet, 9.0

Figure 9: SAFE-diagram of rfillet, 36.0
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CONCLUSIONS
CFD and FEA analysis were used to investigate the influence of fillet radii in a shrouded

centrifugal compressor on the aerodynamic performance and the structural behavior.

• The results show that with increased fillet radius the aerodynamic losses generally in-
crease. A decrease of 2.14 % in polytropic stage efficiency between rfillet, 9.0 and rfillet, 36.0

was observed. Polytropic efficiency also shows an optimum and it is observed at rfillet, 15.7.

• At the same time the stress got reduced by a significant amount. In respect to the maxi-
mum von-Mises-stress a reduction of 40.2 % at the blade root and 38.35 % at the shroud
was observed.

• At the point, where the fillet radius was so high that the lean angle at the trailing edge
nullified, a stronger decrease in maximum von-Mises-stress and a stronger decline in
efficiency was noticed.

• Higher fillet radii also led to reduced radial deformation and plastic strain, while it had
negligible effect on the vibration characteristics.

Future work should investigate the effect for more and differently shaped impellers. Further-
more the coupling of fillet radii to other geometrical parameters in multicritical compressor
design optimization is promising as the impeller stresses are an important constraint. There-
fore, the fillet radii meshing can be integrated to a optimization workflow scheme.
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