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blade loading at four MFT turbine operating conditions under steady state flow. Flow
behaviours are indicated by appearances of secondary flows and blade loading is ratio of
static pressure acting on turbine rotor blades over the total isentropic pressure at volute
inlet. Blade loading represents capability of turbine blades to generate torque. Three
validated simulations models using commercial software were developed, a non-coupled
model and coupled models which consists of one-way and two-way coupled model. Non-
coupled model assumes blades are rigid bodies and for coupled models, blades are
deformable and share interfaces for interactions. Results show that there are differences
in flow behaviours in non-coupled and coupled models that affect blade loading. Coupled
models produce torque with range 1.33% to 0.60% lower than non-coupled model at most

Keywords: operating conditions. At 50% turbine design speed, average efficiency differences for non-
Mixed-flow turbine; Fluid-Structure coupled and coupled models to experiment data are 1.38% and 1.28% respectively. There
Interactions; Computational Fluid is no significant difference in flow behaviours in one-way and two-way coupled models
Dynamics; blade loading; secondary due to the stiffness of material of turbine blades is high but show minor differences in
flow blade loading and torque.

1. Introduction

According to the United States Environmental Protection Agency (EPA), vehicle models produced
in 2021 recorded the lowest average estimated carbon dioxide (CO2) emission and the highest fuel
economy improvement since 1975 [1]. The encouraging trends are the results from various
technologies adoption by vehicle manufacturers. Even though electric vehicles market share is
growing, internal combustion engine (ICE) vehicles still dominate the market share. Besides
developing new technologies for electric vehicle itself, other facilities related to it for example energy
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storage capability, smart grid establishment, superconducting transmission line and effective policy
still require extensive studies [2]. Whereas, ICE technologies are more established and vast
enhancement opportunities can be explored. Report by EPA indicates that more than 30% of vehicle
manufacturers adopted turbocharger for their vehicles and 57% adopted gasoline direct injection
(GDI), which GDI comes with turbocharger [1]. In addition, study conducted by Sinigaglia et al., [3]
shows that supercharger and turbocharger have the highest number of patents among ICE
technologies since 2016. This trend demonstrates the high potential in turbocharger technologies to
make ICE more fuel economical and hence reduces CO, emission.

In automotive application, there are two types of turbocharger turbine, mixed flow turbine (MFT)
and radial turbine. Compared with radial turbine, MFT has peak efficiency at lower velocity ratio and
has lower inertia, thus better transient response. There are several research that made comparison
between MFT and radial turbine for example Ramesh et al., [4] reported that combined efficiency of
variable flow MFT was 25% higher than variable geometry radial turbine. Kannan et al., [5] confirmed
that MFT has more uniform flow than radial turbine.

Flow analysis inside MFT rotor is very essential to provide insights on pressure distribution,
velocity change, energy loss and many other parameters that lead to understanding the power
capability and efficiency of the turbocharger turbine.

Laser Doppler Velocimeter (LDV) is one the experimental approaches to analyze turbine inlet
velocities as conducted by Su [6] and Karamanis et al., [7]. However, experimental approach is
challenging for complex geometries due to laser-light shielding [8] and not capable of producing full
visualization of flow characteristics. Therefore, Computational Fluid Dynamics (CFD) is the preferred
approach. Kim et al., [9] identified secondary flow and tip leakage vortex as the loss mechanism inside
MFT rotor. This claim was also supported by Palfreyman et al., [10] and associated the loss with the
blade streamline curvature. Chen et al.,, [11] focused on identifying different vortexes formed inside
the rotor for example horseshoe vortex, passage vortex, and tip leakage vortex. Study done by
Padzillah et al., [12] identified that secondary flow inside rotor hindered the primary flow movement,
hence reduced the blade capability to produce desired torque. While most research made almost
similar remarks that tip leakage vortex is the main cause of loss inside rotor, Yang et al., [13]
discovered that when flow meridional velocity was at 70%, flow separation occurred at hub became
the paramount loss mechanism. In a study conducted by Yang et al., [14], rotor power output could
be altered by flow unsteadiness and inertia of the flow-field itself.

Studies on blade loading was done by Chen et al., [15] and found that flow separation and flow
loss increased resulted from higher loading due to strong flow diffusion. It was also concluded that
lower number of turbine blades causes higher blade loading. Kirtley et al., [16] dictated that strong
flow movement from pressure side to suction side engendered by high loading at blade leading-edge.
Observations made by Padzillah et al., [17] found that higher torque was produced during pulsating
flow at blade midspan than steady flow and flow separation at hub encumbered torque generation.
Izaiddin et al., [18] had made thorough investigation on torque generation on the rotor blade
surfaces. Observations that were made were at leading edge and trailing edge, the torque was
negative, and torque increased when the mass flow increased.

All research that utilized CFD to analyze the fluid behaviours and blade loading on MFT rotor
blades did not consider the deformation of the rotor blades. The blades deformation might alter the
fluid behaviours inside the rotor, hence affecting the blades capability in generating torque. Thus,
the objectives of this paper are to compare and analyze the influence of blade-flow interactions on
the flow behaviours and blade loading at different turbine operating conditions under steady state
flow. The outcome of this study is to dictate whether it is necessary to consider blade-flow
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interactions in future studies as performing coupled simulation is computationally expensive than
non-coupled simulation.

2. Mathematical Formulation

Since the simulation models involved exhaust air flow and rotor blade interactions, they required
a fluid domain Q/ which represents exhaust air flow, a structure domain Q° which represents turbine
rotor, and an interface between the two domains I'/$ as shown in Figure 1. In this figure, only one
fluid passage is shown for illustrative purpose.

of
L

Fig. 1. Fluid domain, solid domain, and
fluid-structure interface

2.1 Fluid Domain

The equation of motion for fluid domain is shown in Eq. (1) where subscript f denotes variables
related to fluid domain [19].

Dv/
pfﬁ—v-6f+ff=0inﬂf (1)

The total derivative term in Eq. (1) is presented as local derivative form as the first term and as
convective derivative form as the second term in Eq. (2).

pv/  ov/
A AR S, 8 (2)
Dt o TV W

The fluid is a Newtonian fluid and incompressible, thus the stress term in Eq. (1) is given by Eq.

(3).
6/ = —PI+2uS (3)

where P is the static pressure, u is dynamic viscosity, Iis the identity matrix and S is the strain-rate
tensor.

Since the simulations were conducted at rotating reference frame with constant angular velocity
w, the body force f/ Eq. (1) consists of centrifugal force as the first term and Coriolis force as the
second term in Eq. (4) where r is the radial distance to rotor rotation axis.
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1
ff = EV(wzrz) — 2w X v/ (4)

2.2 Structural Domain

In structural domain, the equation of motion is indicated by Eq. (5) where subscript s denotes
parameters related to structural field [19].

SDVS S S 3 S
pW—V-G +f5=0inQ (5)

The material of the rotor blades is assumed to be linear-elastic material, thus the stress term in
Eq. (5) follows Hooke’s law as shown in Eq. (6).

s E Ev
Cca i tarna-m

Tr(e)l (6)

where E is Young’s Modulus, v is Poisson’s ratio, € is Green-Lagrange strain tensor, Tr is the trace
operator.

The body force f° in Eq. (5) consists of two types of external forces as shown in Eq. (7). The first
term is the aerodynamic load f4 from the fluid acting on the blade surfaces and the second term f~
represents the centrifugal and Coriolis forces due to rotating frame.

fS =f4+ fR (7)
2.3 Coupling Method and Mapping Algorithm

In this study, partitioned method was used to couple the fluid solver to the structural solver and
managed the data transfer between the two solvers [20]. Partitioned method allows each domain
solver to perform implicit computation separately and sequentially. During coupling, fluid domain
mesh is allowed to deform. Hence, Eq. (2) is modified to be Eq. (8) where v, is fluid control volume
boundary velocity. The motion of fluid mesh is needed to accommodate the deformation that occur
in structural domain.

pvl  ov/f
v 20 f_ym).vvf (8)
D 3 + (v v'™)-Vv

The Dirichlet and Neumann conditions for kinematic and dynamic constraints must be imposed
to maintain no-slip boundary conditions on interface Ir; [19]. These constraints are shown in Eq. (9)
and (10) where n is the unit vector, perpendicular and pointing outward from I'/S.

v/ =vSonT/s (9)

o'n=0cnonl/s (10)
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In order to execute data transfer between the two solvers, mesh mapping procedure is required.
The mapping procedure is performed only at the start of simulation, thus mesh update is not needed.
Two types of algorithms used for the mapping are Smart Bucket Surface algorithm and General Grid
Interface (GGI) algorithm [21].

3. Methodology

This section explains the numerical simulation models setup and validation exercise. In this study,
12 simulation models were developed at four turbine operating conditions as listed in Table 1. Two
turbine speeds, 50% and 80% design speeds were analyzed. At 50% design speed, the highest turbine
efficiency was at pressure ratio (PR) 1.32, thus considered as desired or on-design operating
condition. The other two PR operating conditions were analyzed for comparison. At 80% turbine
speed, the highest efficiency occurred at PR 1.77 which was then compared with PR 1.32 at 50%
turbine speed. For each operating condition, three types of simulation models were developed which
were non-coupled model (NC), one-way coupled model (1WC) and two-way coupled model (2WC).
In this report, both 1IWC and 2WC models are also labelled as coupled models.

Table 1
Turbine operating conditions and simulation types
Rotor speed >0% 80%
(30,000 rpm) (48,000 rpm)
. 1.13 1.32 2.42 1.77
Pressure ratio (PR) (off-design) (on-design) (off-design) (on-design)
Non-coupled model (NC) ° ° ° °
One-way coupled model (1WC) e ° ° .
Two-way coupled model (2WC) e ° ° °

Static pressure acting on rotor blades in Qf was computed using Finite Volume Method (FVM)
and blades deformation in Q° was computed using Finite Element Method (FEM) via commercially
available software. In NC model, static pressure from Q/ was directly transferred to Q° as an input
to calculate rotor blades deformation. In this model, rotor blades were assumed as rigid bodies.

In 1WC and 2WC models, Q° was allowed to deform. Q/ and Qf were connected by a system
coupling that managed the data transfer explicitly. The fluid-structure computation occurred on an
arbitrary interface I'/S. In 1WC model, static pressure from O was converted to force and transferred
to O° via system coupling. In 2WC model, after QS received force from Q/ as input to compute blade
deformation, the deformation data was transferred to Q/. The computation iterations ended when
convergences were reached in O, Q%, and system coupling.

3.1 Geometry

Figure 2 shows the geometries assembly for 0/ which consists of an inlet duct, a volute, a vane,
and a turbine rotor. Volute design was based on Holset H3B that was modified by Rajoo [22] by adding
additional areas to allocate the vane. The vane profile was based on NACA 0015 profile and
underwent modification by Rajoo [22] to conform with MFT rotor leading edge. The vane consisted
of 15 blades and had 0.2 mm clearance at the shroud side due to manufacturing effect. The MFT
rotor was designed by Abidat [23] and has 12 blades, 40 mm axial cord length, 20° constant blade
angle and 40° cone angle. It also had a 3% tip gap height from the blade span.
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Figure 3 displays Q° which is a turbine rotor that consist of rotor blades and its hub. The blades
shown in red color indicate I'rg where fluid-structure interactions took place.

Fig. 2. Turbocharger geometries assembly Fig. 3. Blades and hub
geometry and boundary
conditions

3.2 Meshing

Since the simulation models used two different numerical approaches, both domains
discretization processes were conducted separately. For O, the finalized nodes were 5.33 million
after performing Grid Independent Test (GIT). The breakdown of the number of nodes according to
components are listed in Table 2. The mesh type for the inlet duct and volute was unstructured
hexahedral and for rotor and vane, the mesh was structured hexahedral.

Table 2

Number of nodes for each

geometry in fluid domain
Geometry Number of nodes
Inlet duct 465,192

Volute 1,604,736
Vane 995,460

Rotor 2,257,944
Total 5,332,332

For QF, the finalized number of nodes was 177,813 after performing GIT using multizone method
with hexahedral mesh type. In 1IWC and 2WC models, system coupling ensured that the nodes and
elements between both domains were 100% mapped.

3.3 Numerical Simulation Setup

Boundary conditions for O/ were set at the inlet duct and the outlet as shown in Figure 2. At the
inlet duct, static temperature was set to be 340 K and mass flow rate ranged from 0.1 kg/s to 1.0
kg/s. At the turbine outlet, the temperature was 298 K with atmospheric pressure. Turbulent
intensity was 5% and for turbulence model, two-equation k — & with scalable function was chosen.
Several researchers had employed similar turbulence model in their simulation [10, 24-25]. Warjito
et al., [26] did comparison study of several turbulence models for propeller turbine flow field
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prediction and recommended two-equation k — € model to be used for performance prediction. The
interface between rotor and vane was frozen rotor. The convergence residual was set to be 10~.

For Q%, the material was assigned as Aluminum 6082 which was same as the experimental work.
The blade surfaces were selected as the fluid-structure interface I'/S. The angular velocity was set
accordingly as turbine speed in Q7.

3.4 Validation

Validation is required to conform that the computed results from simulation models are feasible
and capable to follow the experimental data trends. The simulation results were validated with
experimental data from [27] which the experiment work was conducted at turbocharger facility at
Imperial College, London.

Since it was a cold flow test, similarity method was used to relate the test measured data to actual
value as indicated in Eq. (11) and (12) where m is the mass flow rate in kg/s, T, is the total
temperature at turbine inlet, P, is total isentropic pressure at turbine inlet and N is turbine speed in
rom.

a1, | [T, )

test actual

N N

v~ (12)
\/?0 test \/FO actual

Figure 4 illustrates four common parameters used to validate turbocharger simulations which are
the mass flow parameter (MFP) against pressure ratio (PR) as shown in Figure 4(a) and efficiency
percentage against velocity ratio (VR) in Figure 4(b). The validation plots are at 50% turbine speed.

6.5E-5 100

50% speed 904 50% speed
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2 = 5.0E-5 / —& 2WC = —/— Experiment
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(a) MFP vs. pressure ratio (PR) (b) Efficiency vs. velocity ratio (VR)

Fig. 4. Simulation models validation plots. The experimental data were taken from [27]

In Figure 4(a), all simulation models agree wells with the experiment trendline even though there
is minor underprediction between PR range of 1.2 — 1.7 and overprediction from PR 2.0 onwards.

The predicted efficiency percentage from all simulation models are harder to plot. They show
deviation and trendline inconsistency from experimental results. The main reason for the predicted
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efficiency plots to show more deviation than MFP plot is because the calculation to derive efficiency
involved multiple parameters for instance inlet temperature, inlet pressure, and outlet pressure.
Thus, the predicted efficiency percentage plot shown in Figure 4(b) is based on logscale so that the
trendlines are more linear. The trendlines for 1IWC and 2WC models overlap and closer to
experimental trendline from low range of VR until the peak efficiency, then they start to deviate from
experimental trendline afterwards. In contrast, NC trendline moves closer to experimental trendline
from peak efficiency to high VR range.

The maximum efficiency for experiment is at VR 0.620, while for all simulation models are at VR
0.586 which is equivalent to PR 1.32. Coupled models show closer peak efficiency point to experiment
than NC model. The difference of peak efficiency point to experiment for coupled model is 1.74 and
for NC model is 2.51. The overall average difference also indicates that coupled models are closer to
experiment by 1.28%, while NC model is 1.38%.

Since all simulations models show small deviation to experiment with conforming trends, they
are considered viable to be used for further analysis.

4. Results

Rotor blade torque is directly proportional to the actual power W of a turbine as given in Eq. (13)
where N is turbine speed in rpm and 7 is torque in Nm.

W: 27Nt
60

(13)

Fluid flow imposes load in form of pressure on blade surfaces. The torque is generated from the
pressure difference between the pressure side and suction sides of the blade as illustrated in Eq.(14)
where P, is static pressure in Pa, A is surface area in m?, and r is the distance to the axis of turbine
rotation in m.

((faran),..,.. Afraa) , ]r .

Thus, by studying the loading or pressure differences between the blade surfaces, it provides
insights on blade power generation capability.

In term of fluid behaviours, wall shear stress vector forms vector field when exerted on a surface.
The trajectories of this vector fields are called streamlines or skin friction lines. For a continuous
vector field, for one point, only one friction line should pass through. If a point does not follow this
rule, it is called a critical point [28]. At a critical point, the magnitude of the shear stress is zero. The
appearance of critical points provides indicator that flow separation might occur. Flow separation
creates blockage to the primary flow hence degrading blade power generation capability.

When flow imposes load on the blade surfaces, it causes the blade to deform and deflect. The
deformation may change the flow initial behaviours. Thus, it is essential to study and compare the
flow behaviours with and without blade-flow interactions and how the flow behaviours influence the
blade loading.

Figure 5 shows incidence angle i at rotor inlets along blade spanwise direction at four blade
circumference positions which are 0°, 90°, 180°, and 270°. The incidence angle i for all simulation
models are similar, thus only one graph is presented. The position of the blade at 0° which is at tongue
area and 180° are illustrated in Figure 6. As indicated by Japikse and Baines [29], the optimum range
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of incidence angle is between -30° to -20°. As shown in Figure 5, partial of blade spanwise at 180°

position is within this range while the rest of blade positions are out of the range (except at
normalized span close to 1). Thus, blade at 180° position was selected for the analysis.

I T ——
0 S . pRa. 50% speed, PR 1.32
* & -
91 L, - 0deg
i T + 80 deg
0.8 i N +— 180 deg
0.7 L 3y * 270deg
: SRS
08+ ey
- L] -
© % ' .
2% Ol E
E 04_ ‘I. l'u-:=
5 4 Y]
z Y I
0.3+ *a S ]
W | & o
s
0.2 ¥
-'. -: l:
D.i - . * - qu-
- A me
0.0 e T ——
80 -T0 <60 <50 -40 30 <20 10 O 10 20

Incidence angle : (deg)
Fig. 5. Absolute flow and incidence angles along

spanwise at four circumferential positions of rotor
inlet

Rotor inlet

Tongue @ 0°
Blade @180°

Fig. 6. Location of blade at 0° and 180° positions

Figure 7(a) shows the positions of spanwise lines for blade loading analysis. For flow behaviours

analysis, it was conducted on the blade surfaces approximately 1% above the pressure and suction
sides. Additionally, to further comprehend the flow behaviours, analysis was also conducted on 10%

and 50% streamwise planes as shown in Figure 7(b). Table 3 shows the analysis types and their
locations for all four turbine operating conditions.
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Shtt

90% spanwise

10% spanwise

10% streamwise

Trailling edge

&F 50% streamwise

(a) Spanwise lines along blade streamwise (b) Streamwise planes
Fig. 7. Locations of spanwise lines for blade loading analysis and streamwise
planes for flow behaviour analysis.

Table 3
Turbine operating conditions, analysis types and analysis locations
Blade loading Flow behaviour
Operating  Spanwise lines Blade surface Stream-wise plane
Speed conditions 10% 50% 90% Pressureside Suctionside 10% 50%
PR1.13 ° ° ° ° ° ° °
50% PR 1.32 ° ° ° ° ° ° °
PR 2.42 ° ° ° ° ° ° °
80% PR 1.77 ° ° ° ° ° ° °

4.1 50% Turbine Speed, PR 1.32

Figure 8 displays blade loading along normalized blade streamwise location at (a) 90%, (b) 50%
and (c) 10% spanwise lines at PR 1.32 which is the on-design condition for 50% turbine speed. The
blade pressure surface is labelled P and suction surface is labelled S. It is observed that 1IWC and 2WC
models shows similar trend, hence these two simulation models are also named as coupled models.

At 90% spanwise line in Figure 8(a), at suction surface, there are significant differences of pressure
loading between the simulation models. The coupled models show higher loading compared to NC
model from the leading edge to 0.6 streamwise location, then starts to switch to lower pressure
distribution toward the trailing edge. This indicate that NC model produces higher torque from
leading-edge to 0.6 streamwise, then coupled models produce higher torque afterwards. The detail
flow behaviours at region A is explained using Figure 9 in the following paragraphs.

At 50% and 10% spanwise lines shown in Figure 8(b) and (c) respectively, all simulation models
exhibit similar blade loading profiles at both surfaces except that coupled simulation models are
slightly shifted upward. Pressure difference is more uniform at 50% spanwise, while at 10% spanwise
at suction surface, pressure distribution diverges up to 0.3 streamwise location and shows significant
contraction at 0.7 streamwise location which is explained using Figure 9 in the following paragraphs.

140



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 105, Issue 1 (2023) 131-153

50% speed, PR = 1.32 @ 90% spanwise| A, 50% speed, PR = 1.32 @ 50% spanwise
NC

- - 1WC
.. -o2WC

S/PO
o
E

!

0.72 A
0.70 q 0.70 q
0.68 0.68

T T T T T T T T T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10

Streamwise normalized location Normalized streamwise location
(a) 90% spanwise line (b) 50% spanwise line
0.86
50% speed, PR = 1.32 @ 10% spanwise
0.84 -t NC

0.82

0.80

0.78

0.76 4 -

PPy

0.74 4]
0.72
0.70 4

0.68

0.66

0.0 0|1 OIZ OI3 Of4 0‘5 OIG 0|7 OIS 0,‘9 1.0
Normalized streamwise location
(c) 10% spanwise line
Fig. 8. Blade loading at PR 1.32, 50% turbine speed

Figure 9 shows flow behaviours approximately 1% above the suction and pressure blade surfaces
and at 10% and 50% streamwise planes. Since 1WC and 2WC exhibit resemblant flow behaviours,
their streamlines figures are shown as one and labelled as coupled models. The main critical points
observed in Figure 10 are focus point f and saddle point s. Focus point f is the end point for spiraling
flow and saddle point s is when the streamlines avoiding this point and forming hyperbolic curve [28].

At the leading-edge tip, separation flow in the form of a vortex occurs on blade pressure surface,
labelled as region B in Figure 9(a) and (b). In coupled models shown in Figure 9(b), complete focus
point fpis visible with larger vortex and it expands slightly downward in radial direction. This condition
explains higher loading that the coupled models possess at leading edge as shown in Figure 8(a) as
the larger vortex area creates lower velocity region.

On blade pressure surface, two attachment lines are formed in all simulation models. This
indicates the movement of boundary layer away from the rotor inlet toward the shroud, hub, and
trailing edge. Attachment line 1 divides the pressure surface into two regions. The first region causes
the flow to move toward suction surface while the second region, the flow moves toward the trailing
edge. Close to the hub, there is a second attachment line, attachment line 2 which possesses similar
momentum as the first one. The appearance of attachment line 2 is also reported by Yang et al.,[13]
and Chen et al.,[15]. These attachment lines are mainly due to blade curvature and centrifugal force.

Blade loading pattern indicated by region A in Figure 8(a) is caused by tip leakage vortex. The
effects of the tip leakage vortex on blade suction surface can be observed in Figure 9(c) and (d) also
labelled as region A, where NC model displays higher momentum region than coupled models. The
difference is due to different tip leakage vortex characteristics and quantity between the two
simulation models.

141



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 105, Issue 1 (2023) 131-153

The tip leakage vortex is more visible at 50% spanwise plane as shown in Figure 9(f) for NC model
and Figure 10(g) for coupled models. In NC model, one tip leakage vortex labelled as tip leakage
vortex 1 is visible with the presence of two critical points, a saddle point s, and a focus point f2. On
the other hand, for coupled models, two tip leakage vortexes labelled as tip leakage vortex 1 & 2
appear with the presence of their respective pair of critical points (s> & fand s3 & f3). The appearance
of a tip leakage vortex in MFT is common findings and were reported by multiple studies for instances
by Kim et al.,[9] and Chen et al.,[15]. However, for coupled models, two tip-leakage vortexes emerge.
As per author knowledge, this is the first time two tip leakage vortexes is reported for MFT.

In addition, even tip leakage vortex 1 in NC and coupled models are not similar. Tip leakage vortex
1 in NC model is located away from blade suction surface and toward the mid-passage. In contrast,
tip leakage vortex 1 in coupled models is attached to the blade suction surface and expand radially
inward. The flow velocity at the passage in NC model was recorded the highest, thus the high
momentum flow pushes the vortex away. The high momentum flow region is also shown in region A
in Figure 9(c). The high velocity region in NC model from leading edge to about 0.6 streamwise
location cause the blade loading to be lower than coupled models as shown in Figure 8(a). After 0.6
streamwise location to trailing edge, the blade loading in coupled models is lower due to the tip
leakage vortex 2. These different behaviours affect the blade loading at this location, indicated as
region A in Figure 8(a).

Separation line 1 is only visible in coupled models as shown in Figure 9(d) and (g). The boundary
layer material accumulation is denser at this area and velocity was recorded lowest at this area. It is
observed that separation line 1 in Figure 9(g) forms a tail for tip leakage vortex 2. Majority of the flow
is directed toward blade surface and decelerated from 50% spanwise and below. This causes very
low momentum region, hence produces higher pressure distribution. This pressure surge is visible at
10% spanwise line, 0.7 streamwise location shown in Figure 8(c). The appearance of separation line
foreshows that there is a potential of flow separation. However, since there is no appearance of
critical point, the separation line does not cause flow separation.

Figure 9(e) shows flow behaviour at 10% spanwise plane. Since NC and coupled models shows
similar flow behaviours, only one figure is shown. A tornado like vortex appears at this location with
a focus point fi1. A saddle point s; appears on this location that divides the incoming flow into two
regions. One region forming the vortex and the other region has the flow movement from pressure
to suction sides due to large pressure gradient between the two surfaces and relative motion of the
shroud [10]. These factors caused the vorticity inside the boundary layers at the leading-edge are not
able to sustain, thus flow is separated from the surface.

In this on-design turbine operating condition, between the three simulation models, NC model
has the highest overall computed torque whereby 1WC is 1.33% lower and 2WC is 1.29% lower. The
main factor that causes the torque at the coupled models to be lower is due to the appearances of
two tip-leakage vortices at suction surface.

142



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 105, Issue 1 (2023) 131-153

Attachment line 1 Attachment line 1

—

Attachment line 2 Attachment line 2

(a) NC model, pressure surface (b) Coupled model, pressure surface
A

= -
Separation line 1

(c) NC model, suction (d) Coupled models, suction surface

surface
@\
T S1

2 S

(e) NC & coupled models, 10%
streamwise plane

4 A £
\\ ‘/52 ; JA/sz
vd A \‘z ;\ Tip leakag/ew \53
Tip leakage vortex 1
vortex 1
/ \Tip leakaﬁ/v \ £
Separation line 1 vortex 2
(f) NC model, 50% streamwise plane (g) Coupled models, 50% streamwise plane

Velocity [ms™-1]

6.000e-01
3.780e+01
7.500e+01
1.122e+02 A
1.494e+02
1.866e+02
2.238e+02
2610e+02
2.982e+02 A
3.354e+02

Fig. 9. Flow behaviour at blade surfaces and streamwise planes at PR 1.32

4.2 50% Turbine Speed, PR 1.13

Figure 10 shows blade loading at off-design operating condition with low pressure ratio, PR 1.13.
Blade loading at on-design operating condition (PR 1.32) is included as comparison. Blade loading at
PR 1.13 shows unique characteristics where at all spanwise positions, the blade suffers negative
torque from leading edge to point C as indicated in the figure. The pressure difference or the torque
generation capability at this off-design operating condition is lower at all spanwise locations relative

to on-design operating condition.
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Fig. 10. Comparison of blade loading at PR 1.13 and PR 1.32

At 90% spanwise in Figure 10(a), after point C to 0.55 streamwise, coupled models pressure
distribution on both surfaces are slightly shifted upward as displayed. Then, coupled models pressure
distribution agrees well with NC model at pressure surface. At 50% and 10% spanwise, there is no
significant difference on the blade loading between NC and coupled models.

In Figure 11(a), at pressure surface for both simulation models, besides having two attachment
lines as on-design operating condition, there is one separation line, labelled as separation line 2
appears parallel to leading-edge. This separation line is a result from highly negative incidence angle.
The formation of separation line 2 cause low pressure region, hence producing negative torque from
leading edge to point C as indicated in Figure 10.

In contrary with on-design operating condition that has only separation line 1 on suction surface
(Figure 9(d)), this low PR off-design operating condition has flow separation in form of tornado like
vortex due to appearance of two critical points, a focus fs and a saddle point s; as shown in Figure
11(b) and (c). This vortex which labelled as region D blocks the flow passage that results in high
pressure region afterwards which translated to almost no pressure difference as illustrated in Figure
10(c) also labelled as region D.

Besides having the flow separation, attachment line 3 is formed in NC models but not visible in
coupled models. The high momentum flow of boundary layer material that causes the formation of
the attachment line in NC model is due to the tip leakage vortex 1 as shown in Figure 11(f). The high
velocity flow at this attachment line causes NC model blade loading to be lower than coupled models
after point C as indicated in Figure 10(a). Surprisingly, there is no tip leakage vortex in coupled models
as displayed in Figure 11(g).

At 10% streamwise plane shown in Figure 11(d) and (e), a large tornado-like vortex appears at
pressure side. Compared to on-design condition which the vortex only appear close to the shroud
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(Figure 11(e)), this vortex in off-design condition dominates the flow passage. In NC model, the
incoming flow either flow following the clockwise rotation of the vortex or flow radially inward along
the blade pressure surface. In coupled models, some of the incoming flow able to penetrate the tip

leakage and moves toward the suction side.
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Fig. 11. Flow behaviour at suction and pressure surface at 50% turbine speed, PR =1.13
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As reported by Yang et al., [13], Coriolis force acts in opposite direction of pressure gradient force
in tangential direction. This indicates that Coriolis force is higher in NC model than coupled models.
In sum, the flow separation on pressure side results in lower pressure distribution, thus causes the
pressure difference between the two blade surfaces smaller compared to on-design condition.

The torque in coupled models are 0.7% lower than NC model. The main pressure difference
between NC and coupled models occurs at 90% spanwise line due to difference vortex behaviours at
pressure side flow passage and the formation of tip-leakage vortex that only appear at NC model.

4.3 50% Turbine Speed, PR 2.42

Figure 12 shows blade loading at off-design operating condition at high pressure ratio, PR 2.42.
Blade loading for on-design operating condition (PR 1.32) is included for comparison. At 90% and 50%
spanwise, pressure distribution at both surfaces for coupled models agree well with NC model.

The pressure difference at this condition is also larger than on-design operating condition that
shows higher capability in generating power. However, at 10% spanwise line shown in Figure 12(c),
there are unique phenomena that create difference between the simulation models and at other
operating conditions which are labelled as region E and F.
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(c) 10% spanwise line
Fig. 12. Comparison of blade loading at PR 2.42 and PR 1.32

As shown in Figure 13(a), owing to highly positive incidence angle, attachment line 1 is located
close to the shroud, compresses the upper region flow on the pressure surface, forcing the flow to
be directed to suction surface at high momentum. Furthermore, as displayed in Figure 13(d), the
tangential force dominates at this operating condition, forcing the flow to suction side. Besides, the
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vortex shown at 10% streamwise plane on pressure side flow passage is the smallest among the
operating conditions, allowing more flow toward the suction side.

The highly density flow from pressure side, causes boundary layer accumulation, thus creating a
new separation line, separation line 3 that appears on suction surface along leading edge and a
separation node nz as shown in Figure 13(b) and (c). Separation line 3 is also visible at 10% streamwise
plane as shown in Figure 13(d).

At the end of separation line 3, different phenomena occur between NC and coupled models that
create different pressure distribution at this area. This area is labelled as region E in Figure 12(c),
Figure 13(b) and (c). It is observed region E in NC model is more concentrated, creating higher
pressure region while in coupled model, a vortex is formed and more diffusive. The appearance of
separation node n; causes extremely high pressure distribution on suction surface which explain
region F in Figure 12(c).

It is also observed that at 50% streamwise plane as shown in Figure 13(e), multiple flow

separation occurs at flow passage especially on pressure side, but there is no difference in simulation
models.
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Fig. 13. Flow behaviour at suction and pressure surface at 50% turbine speed, PR 2.42
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The torque difference between NC and the coupled models at this operating condition is
negligible. Highly positive incidence angles have large influence on the suction surface particularly
parallel to the leading-edge area and also creates a high pressure spot at the mid-hub which
eventually causing negative torque at this area.

4.4 80% Turbine Speed, PR 1.77

Figure 14 shows blade loading at on-design operating condition at 80% turbine speed which has
PR 1.77. The blade loading at on-design operating condition at 50% turbine speed (PR 1.32) is also
shown for comparison.

The blade loading trends at all spanwise locations are similar as 50% speed on-design condition
with higher pressure difference except at leading edge, the pressure difference is smaller particularly
at 90% spanwise.
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Fig. 14. Comparison of blade loading at 80% turbine speed, PR 1.77 and 50% design speed, PR
1.32

Figure 15 shows the flow behaviours at this turbine operating condition. At pressure surface,
similarly as 50% on-operating condition, flow separations occur at the tip of leading-edge. However,
the flow separations are more pronounced at this condition especially in coupled models where two
vortexes are formed as shown in Figure 15(b).

At suction surface, attachment line 3 is visible for both models as displayed in Figure 15(c) and
(d). However, in NC model, this attachment line is longer, whereas in coupled models, the attachment
line starts after 0.5 streamwise location. The reason of the differences is because of different flow
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separations as shown in Figure 15(f) and (g) where two tip leakage vortexes appear in coupled models
which influence blade loading distribution as shown in Figure 14(a), labelled as region G. Attachment
line 3 in NC module greatly influenced by high velocity tip leakage vortex that extends toward mid
passage. In coupled models, the attachment line is due to the second vortex and the flow at the area
has lower momentum than the first one. Separation line 1 is visible for both models on suction

surface as shown in Figure 15(c) and (d) but no flow separation occurs.

The coupled models have lower torque than NC models, which 1IWC model is 0.6% lower and
2WC model is 0.52% lower. This trend is consistent with the results from on-design operating

condition at 50% turbine speed.
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Fig. 15. Flow behaviour at suction and pressure surface at 80% turbine speed, PR 1.77
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4.5 Blade Deformation and Equivalent Stress

Figure 16 shows blade deformation and maximum equivalent stress at multiple PR for 50% and
80% turbine speeds. Both parameters show same trends at both speeds where the deformation for
coupled models are higher than NC model and the stress for coupled models are lower.
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Fig. 16. Blade deformation and maximum equivalent stress at 50% and 80% turbine speed

1WC and 2WC models have higher deformation value because of the deformable mesh of fluid-
structure interface I'/* with the imposed dynamics and kinematic constraints as listed in Eq. (9) and
(10) to conserve the energy balance at the interface. For maximum equivalent stress, similar trend
was reported by Ubulom [30] and Moffat and He [31] who studied comparison of FSI for coupled and
non-coupled cases for gas turbine. These studies were referred since there was no study found for
MFT. They concluded that stress responses in fully-coupled case was highly damped compared to
decoupled case and reduction of vibration amplitude in coupled model was due to added mass effect.
The added mass effect occurred when the inertial component of aerodynamic force becomes
additional damping factor, thus reduces blade response amplitude.

The tip of the trailing edge experiences the largest deformation. This is because of its thin
geometry thus having a lower stiffness. Similar finding was observed by Netzhammer et al.,[32]. The
stress pattern shown in Figure 16 is similar as reported by Shan et al.,[33] where the highest stress
occurs at the root of the blade and the stress is radially distributed. This shows that the dominant
force is centrifugal force with pulling effect toward center of rotation. The prominent effect of the
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centrifugal force is also visible when the maximum equivalent stress at 80% turbine speed is higher
than at 50% turbine speed as shown in Figure 16(b) and (d). on the other hand, the turbine speed has
minimal influence on blade deformation.

The average differences for deformation and stress between NC and coupled models are listed in

Table 4.

Table 4

Percentage difference of blade deformation and maximum
equivalent stress between NC and coupled models

Turbine Speed Deformation (%) Maximum equivalent stress (%)
50% 6.31 7.30

80% 12.32 8.52

5. Conclusion

Four turbine operating conditions were analyzed using three simulation models, NC model with
no blade-flow interaction and coupled models with blade-flow interactions. The coupled models
consist of two types, one-way interaction (1WC) and two-way interactions (2WC). The operating
conditions involved two different turbine speeds at steady state flow condition. At 50% design speed,
three operating conditions were selected, at the most efficient operating condition (on-design, PR
1.32) and at two low efficiency operating conditions (off-design), one at lower PR (PR 1.13) and one
at higher PR (PR 2.42). The fourth operating condition was at the most efficient operating condition
at 80% turbine speed (PR 1.77). The followings are the findings from this study

Vi.

Vii.

viii.

Based on validation results, coupled models are the closest to experiment data in term of
average efficiency and maximum efficiency point.

There are differences in flow behaviours between NC and coupled models that affect
blade loading distribution.

The most significant difference that greatly influence the blade loading is the appearance
of two tip-leakage vortexes in coupled models at on-design operating conditions for both
turbine speeds.

The other flow behaviours differences between NC model and coupled models are the
positions, size and shape of flow separation and also appearance of separation and
attachment lines at certain turbine operation conditions.

The most differences occur at on-design operating conditions and the least differences
occur at off-design operation with higher pressure ratio (PR 2.42).

Coupled models produces lower torque at all operating conditions ranging from 1.33% to
0.60% lower than NC model except at off-design condition with higher PR (PR 2.42) which
show no difference.

At on-design operating conditions, 1WC model produces lower torque compared to 2WC.
Nevertheless, there is no significant difference in term of flow behaviours between these
two simulation models at all operating conditions.

1WC and 2WC models produces higher blade deformation but lower maximum equivalent
stress due to added mass effect.

In summary, this study demonstrates that there are differences in flow behaviours between NC
and coupled models at certain blade locations and operating conditions in MFT turbine which affect
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the blade loading and subsequently the torque generation. The differences also vary with turbine
speeds and pressure ratio.
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