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Nomenclature

Cis—isentropic flow velocity; d> — rotor mean inlet diameter;
m — mass flow; N — speed of rotation; PR — pressure ratio;
W — work rate; MP — mass parameter; T— temperature;
n — efficiency; S.S — suction-side; P.S — pressure side;
Cp — pressure loading coefficient.

Subscripts—

0 — Stagnation conditions; 1 — Nozzle inlet station; 2 — Rotor
inlet station; 3 — Rotor exit station; eff — efficiency; Is — Is-
entropic process; O — Reference value; s — Static condition;
T — Total condition.

1. Introduction

Highly loaded turbocharger turbine blades are
damaged by alternating stresses resulting from the excita-
tion forces due to inlet charge stroke and unsteady effects of
the stator blade in vast operating points of different load and
speed [1]. Some recent researcher tried to increase the aero
structural performance by blade outlet angle and blade ma-
terial [2, 3]. FSI studies get the attention of the several re-
searchers in recent years. Shanechi et al. [4] optimized a 5.7
air pressure ratio single stage radial-inflow turbine applied
in the Sundstrand Power Systems T-100 Multipurpose
Small Power Unit (MPSPU) by using coupled CFD-FE
method. The meridional parameters, tip clearance, and blade
thickness distribution were systematically changed to obtain
the optimized geometry. Vanti et al. [5] perform an optimi-
zation for a three-dimensional blade geometry redesign, tak-
ing into account aeroelastic requirements. Their aim was to
consider both the aerodynamic and the aeromechanic goals
in a multi-objective optimization process to be used during
the design phase. Chaochen et al. [6] investigated the forced
response mechanisms based on a fluid structure interaction
(FSI) method. They found that the maximum dynamic
stresses induced by the first two harmonic pressures both are
located on the leading edges of the rotor blades. The dy-
namic stress induced by the first harmonic pressure is con-
sidered as the major alternating stress. Wang et al. [7] de-
veloped a model based on a one-way coupling of CFD and
FEA of a wind turbine. And studied the stresses and deflec-
tions. Dai et al. [8] presented a coupled CFD-CSD method
for aeroelastic analysis of HAWTS rotor blades and investi-
gated the effects of yaw angle on aerodynamic performance
of rotor blades and also the effects of FSI on aerodynamic
performance of rotor blades. They found that maximum de-
flection and stress of rotor blades in yaw conditions in-
creased. Rafiee et al [9] performed a Fluid—structure inter-
action analysis of a wind turbine blade and determined

Static and dynamic responses of the blade at the important
wind speeds. They investigated the effects of aeroelasticity
on output power generation. Carrion et al. [10] presented
static and dynamic aeroelastic analyses for wind turbines
and analyzed the effect of the torsional stiffness on the aer-
odynamics. The dynamic CFD-CSD method was applied
and substantial blade deformations were observed at high
wind speeds. Ok Yu et al. [11] presented A coupled CFD—
CSD method for aeroelastic analyses of HAWT rotor blades
and investigated the effects of blade deformation on the ro-
tor blade airfoils. Following related studies in the field
[1,12,13], blade deformations are negligible, and aerody-
namic forces can be computed with the assumption of a non-
vibrating solid structure. So one-way coupling on turbo-
charger turbine blade could be efficient. For investigating
the thickness effects of radial turbocharger turbine blades in
this work, a correlation proposed by Aungier was imple-
mented [14,15]. The main question of this essay is to illus-
trate the influence of the blade thickness and its distribution
from leading edge to trailing edge on the blade performance
and aerostatic behavior of a double entry turbocharger tur-
bine. This is done by a 3D computational model efficiently
coupled with FEM model which allows prediction of fluid-
structure interactions in turbocharger turbines with station-
ary turbine inlet conditions. The computational domain con-
sists of a whole turbine which is shown in Fig. 1. Table 1
records some geometry characteristics of the rotor and the
nozzle [15].

Fig. 1 Computational domain

Table 1
Optional turbine geometry parameters
Root Mean Radius at Trailing Edge, mm 52
Length of Axial Chord, mm 40
Number of Blades 12
Inlet cone angle 55.1°
Exit cone angle 7.2°
Number of nozzle blades 24
Nozzle vane angle 70
Total pressure ratio (Design point) 2.1
Design rotor speed, rpm 53344
Nozzle throat diameter 4.405



mailto:ab_khalkhali@iust.ac.ir
http://dx.doi.org/10.5755/j01.mech.25.2.20985
https://www.sciencedirect.com/science/article/pii/S0960148114001803#!

2. Computational analysis

The computational analysis was performed using
the ANSYS CFX V.17 CFD package. The boundary condi-
tions, Pressure (total at inlet and static at outlet) and temper-
ature were taken from measurements from experimental.
After validation of the model with profile a, it was applied
for the four other blades profile at the design point. Profile
“a” was related to a mixed turbine which was tested by
Copeland et al. [15]. Profiles e and d have the similar cam-
ber line with profile “a” but different thickness distribution.
Profile b and c thickness distribution were defined by the
direct method proposed by Aungier [14] and some other
limitations. In Fig. 2 thicknesses distribution parameters are
depicted. Where t,,,, is the maximum blade thickness, t,
is the leading edge blade thicknesses distribution, t, is the
trailing edge blade thicknesses distribution and c is the
chord length. Dividing all parameters by chord length leads
to generate airfoil thickness in dimensionless form.
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Fig. 2 Blade thickness characteristic [12]
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For airfoil cooling and blockage considerations,
stress and tolerance limitation, the trailing-edge thickness
should not be less than 0.375 mm which restricts rotor blade
count [16]. The trailing-edge blockage definition is the ratio
of the trailing-edge tangential thickness b to the blade or
vane spacing s which should be kept less than 0.1 for avoid-
ing performance drop [14]. Where Z is the blade number.

b _ty/cose, 6)

S 2znrlz

The blades thickness characteristics and shape of
profiles are depicted in Table 2. Fully turbulent flow was
assumed because of Reynolds number was calculated as
6x105 at the stator inlet. For turbulence modeling the K-¢
was used. A whole turbine steady state model which include
the double entry volute, stator, rotor and a diffuser was used
with a frozen rotor interface between rotational and non-ro-
tational domains [17]. The RMS residual convergence was
imposed to 1x10-5, this is a good convergence by CFX [17],
in some cases the convergence was set as low as 1x10-7. Y+
values were obtained lower than 6. Minimum cell angle of
all domains was 15 degrees. A structured mesh was gener-
ated for the rotor and stator using TurboGrid-11. In the tip
clearance gap at least ten nodes were assumed. Different cell
numbers were used to find the most proper mesh density;
specification of trials for rotor and stator are depicted in ta-
ble 3. Between the imposed grid resolutions, trials 4 and 5
show the least variation in efficiency and mass flow, alt-
hough, there is a significant difference in their CPU time.
So, as a compromise between the accuracy, grid independ-
ence and computational cost, mesh size in the fourth row of
Table 3 was selected.

Table 2

Profiles thickness characteristics

d, mm tmax, MM t2, mm t3, mm Blockage Trailing edge shape
Profile a-original 9.4 2.84 0.6 0.5 0.026 Cut off

Profile b 10 2.8 0.8 0.375 0.017 Partial cut off

Profile c 15 3.6 0.8 0.375 0.017 rounded

Profile d 9.4 2.75 0.6 0.4 0.021 Cut off

Profile e 9.4 3 0.65 0.5 0.026 Cut off

Table 3
Mesh intensity study
Trial Number of elements Stage total-to-static efficiency, % Mass flow rate, kg/s CPU time, hrs.
Nozzle Rotor

1 153,545 254,354 58.35 0.495 12
2 436,565 625,873 60.86 0.502 23
3 835,463 1,135,512 62.09 0.506 46
4 1,465,436 1,825,434 61.55 0.505 75
5 1,980,345 2,538,034 61.45 0.505 105




4. Comparison between experimental and numerical
results

The results were validated by the experimental
measurements of Copeland et al. for both mass flow param-
eter and efficiency in full admission case [15]. These char-
acteristics with their definition are introduced as:
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Fig. 3 Comparison of (a) computed and measured pressure
ratio against mass flowrate(b) computed and meas-
ured efficiency against velocity ratio
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Fig. 3 shows the comparison between relative mass
parameter versus total-to-static pressure ratio and total-to-
static relative efficiency against velocity ratio with experi-
mental data in full admission case. The pressure ratio varied
from 1.3 to 2.5 which was equal to velocity ratios ranged
from 1.12 to 0.6. Mass flow characteristic of the model co-
incides the experimental data well. Less than 8 percent dis-
crepancy can be seen at lowest pressure ratio while at higher
pressure ratio this is 1 percent. In the lower efficiencies, the
enormous uncertainty in the experimental results which can
be as high as 5%, leads to more discrepancy [15].

5. Results and discussion

The selected plane for showing the Mach number
is shown in Fig. 4, a with yellow color. This plane has con-
stant span in all the blades and is unwrapped in blade to
blade view (Fig. 5, I). In Fig. 4 section b the Mach distribu-
tion around the blade at equal admission in 53344 rpm and
pressure ratio of 2.2 shows a bow shock before the airfoil,
where the Mach number is dropped suddenly through it.
Also near the trailing edge there is a weak shock which
caused another drop in Mach number. Fig. 5 shows velocity
vectors at half span and Mach number distribution for the
five different blade profiles at pressure ratio of 2.2 and ve-
locity ratio of 0.75.

Mach Number
1.4082+000
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Fig. 4 Selected view plane (a); Mach distribution (b)
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On both pressure and suction surfaces shock cause
a drop in Mach number and after that on the pressure sur-
face, Mach number is increasing with decreasing the pas-
sage area and after reaching to sonic condition at throat, it
decreases. At the trailing edge a weak shock is happened
which cause another drop in Mach number of pressure sur-
face, also it reflects to the suction surface of the near blade
and caused the Mach reduction on suction surface too. On
the suction surface after subsonic diffusion in shock region
the boundary layer is separated and a separation bubble is
formed which is stretched to the throat region. After that the
flow accelerate continuously because the fluid velocity in-
creases by interaction with the surrounding high momentum
flow. At the trailing edge the Mach number is decreased be-
cause of the pre mentioned weak shock of the pressure sur-
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face of the next blade. In profiles b and c with thicker lead-
ing edge the drop in Mach through the bow shock is higher
also the separation bubble on the suction surface because of
higher d (the place of maximum thickness) is smaller. Also
there are several sharp drop in Mach number on the pressure
surface because of small discontinuities on the surface cur-
vature. In all profiles, Mach number in lower spans is
higher, and it decreases as moving to higher span layers. The
most uniform flow vectors are related to the profiles e and
d. Profile “a” and “d” have the highest Mach number among
the all. The meridional variations of loaded force on turbine
blade are shown in Fig. 6 for each point of the rotor blade.
With thickening the leading edge, the loaded force reduced
a little but thickening whole the blade significantly de-
creased the loaded force.
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Fig. 6 Meridional variations of loaded force on blade

5.1. CFD-FEM coupling

One-way FSI was used as the coupling strategy.
Aerodynamic loades was determined by solving Navier-
Stockes equation in the fluid and imposing the pressure dis-
tribution on to the structure. Centrifugal loads are taking to
account by applying the rotor speed to the blade. Gravity
loads were modeled by imposing a static load on the blade
structure. The turbine blade is made of Supper alloy with
young modulus of 2.15E11 Pa and Poisson ratio of 0.3 and
density of 7913 kg/mé. Von misses stresses of all cases are
shown in Fig. 7. Maximum stresses are found to exist near
the hub next to the trailing edge. Profile “b” due to the thin
trailing edge and thin max thickness had the highest stresses.

Results showed that thickening the trailing edge is more ef-
fective in decreasing the stresses in comparison with tma.
Variations of turbine mass flow, efficiency and maximum
stresses in different blade profiles are shown in Table 5.
Aerodynamic efficiency decreased with thickening the
blades. The place of tmax. is more effective than decreasing
thickness also leading edge thickness is the most important
parameter in defining efficiency.

Profile “c” has less efficient than all profiles be-
cause of the longest d and the thickest tmax. Profile “b” has
lower mass flow because of thicker leading edge. The best
efficiency is obtained by profile “d” with the thinner blade,
thin leading edge, and closer place of tnax. relative to leading
edge and also thin cut off trailing edge Stress is concentrated
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in the trailing edge region, so the profiles with thicker trail-
ing edge have lower stresses, although profile ¢ is thicker
than profile e but due to the thinner trailing edge illustrates

us

Profile a

higher maximum stresses. Profile “d” is thinner than profile
“b”, but because of thicker trailing edge has lower max
stresses.

Profile ¢
High

f

Low

s

Profile e

Fig. 7 Von Misses stress in all the blades

Table 5
Performance characteristic of all the profiles
Profile a Profile b Profile ¢ Profile d Profile e
Efficiency, % 61.55 59.71 52.16 63.34 54.08
Mass flow, kg/s 0.517 0.490 0.454 0.532 0.49
Maximum von Misses Stress, kPa 619.77 682.44 563.9 638.77 552.59
Max. displacement, mm 0.306 0.346 0.273 0.328 0.243

6. Conclusions

This research investigates the thickness effects on

the blade performance in double turbocharger turbine in full
admission condition by a FSI model. The most effective
change for rising the performance, was reducing the leading
edge thickness. The best efficiency is related to a profile
with thinner blade, thin leading edge, closer maximum
thickness location to the leading edge and thin cut-off trail-
ing edge. Thickening the trailing edge is more effective in
decreasing the stresses compared to the tmax. Also:

Thicker leading edge leads to more drop in Mach num-
ber through the bow shock.

Higher distance of maximum thickness location from
the leading edge caused the smaller separation bubble
on the suction surface.
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A. Sajedin, M. H. Shojaeifard, A. Khalkhali

AERO-STRUCTURAL STUDY ON THE BLADE
THICKNESS EFFECTS IN AN AUTOMOTIVE TURBO-
CHARGER TURBINE IN TRANSONIC CONDITIONS

Summary

The decreasing thickness and increasing blade
loading by higher twisting of turbine blades introduces con-
siderable aeroelastic effects, which are caused by FSI (fluid
structure interaction). In this study, an FSI model for a tur-
bocharger turbine blades at full scale is established. The aer-
odynamic loads are calculated using a CFD model, and the
blade structural responses are determined using a FEA
model. The interface of CFD and FEA is based on a one-
way coupling. Validation is performed by reference to ex-
perimental data carried out on this turbocharger turbine.
Maximum stresses and tip deflections for five different dis-
tribution case are found to be within material and structural
limits, according to relevant design standards under tran-
sonic conditions.

Keywords: fluid structure, blade thickness, turbocharger,
shock.
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