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Abstract: The flow through the stator vanes of a variable geometry turbocharger turbine can reach
supersonic conditions and generate a shock wave on the stator vanes, which has a potential impact
on the flow loss as well as on unsteady aerodynamic interaction. The shock wave causes a sudden
increase in pressure and can lead to boundary separation and a strong excitation force, besides
causing pressure fluctuation in the rotor blades. Thus, in this study, the flat surface of the vanes of
a commercial variable geometry turbocharger turbine has been modified to analyze the effects of
a two-grooved surface configuration using CFD simulations. The results reveal that the grooves
change the turbine efficiency, especially at higher speeds, where the increase in efficiency is between
2% and 6% points. Additionally, the load fluctuation around the rotor leading edge can be reduced
to minimize the factors that compromise the integrity of the turbine. Furthermore, the grooves
reduce the supersonic pocket developed on the suction side of the vane and diminish the shock wave
intensity. Evaluating the effectiveness of the available energy usage in the turbine, on the one hand,
shows that at lower speeds, the fraction of energy at the inlet destined to produce power does not
change significantly with a grooved surface on the stator vanes. On the other hand, at higher speeds
and a higher pressure ratio with five grooves occurs the most effective approach of the maximum
energy.

Keywords: choked flow; shock waves; sonic conditions; CFD; grooved survace; pressure profile

1. Introduction

Turbochargers are a key component for energy recovery in power systems, especially
in the transport sector. where the turbine can provide approximately one third of
the compressor power [1]. Furthermore, turbochargers can be found in the aviation
industry [2] in the auxiliary power units (APUs) , where the configuration depends on the
space within the fuselage of aircraft or large helicopters for electrical power generation.
Some works present different APUs configuration as an alternative to conventional systems
where some arrangements are based on a hybrid propulsion configuration, i.e., with a
more strongly electric concept, reducing the source of pollution [3,4]. Radial turbines can
be used in environmental control systems (ECS) or in high-altitude fuel cell [1,5] aircraft
operations due to the high pressure ratios involved [6,7].

Variable geometry turbine (VGT) turbochargers can vary the flow area by adjusting
the opening of the stator vanes, and thus the flow entering the rotor to optimize the energy
according to their operating point . Nevertheless, under certain operational conditions, the
area formed by the vanes is reduced to increase the velocity of the exhaust gases entering
the rotor [8] and resulting in high Mach numbers and the development of shock waves
in the stator [9]. This evidence has been portrayed in some papers where the behavior of
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the shock waves is studied, as in [10,11]. The location of the shock waves depends on the
blade geometry , appearing in the throat formed between the vanes or on the suction side
(SS) of the vanes.

According to the study of Zhao et al. [9] , in a turbine with the vanes in a closed
position and high inlet pressure, a shock wave appears near the throat of the nozzle,
followed by another shock wave on the SS.

The shock wave developed on the stator vane can extend to the rotor leading edge (LE),
cause high and unstable loading on the blades [12], and worsen with increasing pressure
ratio [13]. The interaction of the shock wave with the rotor blades generates flow in-
stability in the form of pressure fluctuations at the rotor trailing edge (TE) [14], besides
causing a decrease in efficiency [15,16] and increasing the possibility of high-cycle fatigue
fracture [17–20]. Rubechini et al. [21] found that the strength of the unsteady interaction is
related to the shock wave pattern in the region between the nozzle and the rotor. Such a
pattern depends on the nozzle geometry. These shock waves can be weakened by small
changes in the stator geometry, as was reported in the work of Sonoda et al. [22], by a
locally high concave curvature and a small groove on the pressure surface (PS) near the
TE, which lead to a double shock structure and reduce the TE loss and shock loss. Yang et
al. [23] analyzed the used “split sliding guide vane” (SSGV) used to weaken the leakage
flow and shock intensity of the traditional stator vanes. Thus, the global performance of
the turbine was improved, especially at small guide vane openings, with an increase of 12%
and a decrease of 57% of the vane clearance leakages flow. Therefore, the attenuation of
shock waves in stator and rotor channels is important, being more so in the stator due to
the interaction with the rotor itself. An attenuation approach is proposed by Chaudhuri et
al. [24] , employing simple staggered geometries within a channel simulating the stator
itself. Following a similar working pattern, exposed cylinders are presented one by one,
generating a curve similar to the curve described by a 2D airfoil, which also generates
attenuation by splitting the wave into several oblique waves [25]. Lei et al. [26] studied,
using an experimental methodology and numerical modeling in CFD, the behavior of the
shock wave in a linear turbine nozzle with a and without a grooved surface . Comparing
the smooth and the grooved surfaces, the authors found that by applying interstitials,
the normal shock wave changes to an oblique shock wave followed by a low intensity
normal shock wave . The first shock wave decreases the upstream flow velocity and
pressure distortion downstream of the vane. In addition, at high PR, the shock wave can be
effectively mitigated.

Zhao et al. [27] analyzed, by means of CFD and experimental tests, the alterations of
the shock wave structure by using different grooves configuration in a turbine nozzle,
where the depth, width and number of the grooves vary. The results show that the single
strong shock was converted into a multiple shock wave structure with a weaker intensity,
decreasing the shock wave loss and reducing the aerodynamic excitation [28]. Varying the
grooves width and depth causes minor changes in shock wave intensity and wake loss.

As mentioned above, many studies use CFD as a valuable and reliable tool to char-
acterize the internal turbine aerodynamics [29,30], even at off-design operational points.
Such points can encompass extremely low mass flow rates with the turbine operating at
negative efficiency [31] or high pressure ratios reaching the choked flow [32].

In order to investigate the flow behaviour of a radial turbine with and without grooved
vanes , at off-design conditions with high pressure ratios (PRs) reaching choked flow, CFD
simulations are performed in this work. The first section of this work describes the selected
geometries. Furthermore, a mesh independence analysis is presented. In addition, the
performance parameters of the original geometry and of the grooved surface are compared.
Finally, the analysis of the flow field in the stator including pressure profiles, and a study
of the exergy in each region of the computational domain are presented .
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2. Geometry Description

The turbine with variable geometry of a turbocharger used in automotive diesel
engine of 2 L has been selected for this study. The original geometry of the stator vanes was
modified to generate two different groove configurations. The groove width, depth, and
height are 0.7 mm, 0.15 mm, and 1.9 mm, respectively, which were kept constant for the two
configurations, changing only the number of grooves as depicted in Figure 1. It is important
to remark that the height of the grooves does not cover the hole vane height and that they are
centered at 50% of the stator span. Furthermore, the location of the grooves along the chord
covers the region where the supersonic pocket and the shock wave are developed, as was
previously studied by Tiseira et al. [32,33]. Comparing both configurations, the vanes with
11 grooves contain the locations of the same grooves as the configuration with 5 grooves
plus one groove downstream and five grooves upstream. The CFD domain is built of the
following regions, the inlet and outlet ducts, the volute, stator, and rotor, as illustrated in
Figure 2 , indicating also the location of the inlet and outlet prove sections used to evaluate
the performance parameters. The inlet duct length is equal to six duct diameters, resulting
in a length of 200 mm, while the outlet duct length corresponds to nine duct diameters,
which is equal to 400 mm being long enough to set the experimental measurement section
in the computational domain. The probe sections are placed at the same location as the
experimental measurement probes [34], which are located according to the turbocharger
gas stand test code [35]. The most important geometrical parameters of the stator and rotor
are presented in Table 1.

(a) (b)

Figure 1. Stator geometry with different grooved surfaces. (a) Geometry with 5 grooves. (b) Geometry
with 11 grooves.
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Figure 2. CFD domain regions.

Table 1. Geometrical characteristics of the turbine.

Stator

Stator vane number 11
Tip clearance 0.2 mm
Nozzle vane height 8 mm
Chord length 18.95 mm

Vane angle α 78.34 ◦

(VGT opening) (10%)

Vane throat area 11.88 mm2

Vless space throat area 60.48 mm2

Rotor

Inlet diameter 41 mm
Outlet diameter 38 mm
Blade number 9
Outlet blade angle 59◦

Tip clearance 0.36 mm to 0.4 mm

3. Numerical Method

The steady Reynolds-averaged Navier-Stokes (RANS) and unsteady Reynolds-averaged
Navier-Stokes (URANS) solvers from the commercial CFD software Star-CCM+ 2021.1.1
(Build 16.02.009-R8) has been used to model the internal flow behavior. The simulations
were run on the cluster of the Universitat Politècnica de València, which consists of 99
nodes. The total computing power of the cluster is 50 TFLOPS. The fluid passing through
the turbine has been considered air and assumed to be an ideal and compressible gas. To
calculate the subsonic and supersonic conditions reached according to the operational point,
the density-based solver is selected [36,37]. Furthermore, the Weiss-Smith preconditioned
Roe’s Flux Difference Splitting (ROE FDS) scheme is chosen for evaluating inviscid fluxes
in the coupled flow model. The CFD domain is solved in two steps; the RANS model,
which considers a frozen rotor, mixing plane interfaces, and a moving reference frame for
simulating motion of the rotor, is first used as a precursor, and then the URANS model,
which uses rigid body motion to consider the motion of the wheel. This procedure reduces

MDPI
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the computational cost. In order to determine the turbulent eddy viscosity, the turbulence
model k-ω SST model [38] is chosen with compressibility correction and Durbin scale
limiter for realizability. The k-ω SST model is widely recommended and well-validated for
radial turbomachinery in the literature [39–43] under subsonic, transonic, and supersonic
conditions [19,44,45]. For the URANS simulations, the time step size has been selected as
the time that it takes the turbine wheel to rotate 2◦ depending on the rotational speed [31,46].
Some authors, such as Galindo et al. [47], use 1◦ to define the time step, but as the differences
are less than 1%, as shown in Table 2, and to reduce the computational cost, 2◦ rotation was
selected to define the time step. This size corresponds to 180 time steps per rotor revolution.
To bring each time step to convergence, 20 inner iterations steps were necessary, along
with a low CFL number. The residuals of inner iterations, the mass flow, and efficiency
were evaluated to look at the convergence. For lower speed cases, the convergence has
been attained after about three rotor revolutions, while for higher speed cases, it has been
attained after about eight revolutions. The numerical simulations are carried out with 10%
VGT opening and two reduced speeds, 3882 rpm/

√
K and 8421 rpm/

√
K, which will be

designated hereinafter as the lower and the higher speeds, respectively. These rotational
speeds are selected based on two aspects. First, the study of Tiseira et al. [32] used these
speeds to analyze the development of sonic conditions at the stator. Second, automotive
turbocharger turbines can reach these speeds under specific engine operating conditions
known as tip-in and full-load working points [48]. Regarding the boundary conditions,
the pressure at the inlet duct has been set as a constant and is non-reflecting total inlet
pressure with a value of 3.0 bar and 5.5 bar, whose corresponding PR will be labeled as the
lower and higher PR, respectively. The outlet pressure at the outlet duct is set as a constant
static pressure with radial equilibrium and non-reflecting with a value of 1 bar. The total
inlet temperature set as a boundary condition is relatively low, 340.55 K, and the walls are
considered adiabatic in accordance with previous numerical and experimental tests [32,49].

The planes at the inlet and outlet probe sections depicted in Figure 2 are used to
evaluate the performance parameters. Furthermore, the planes shown in Figure 3 are
selected to determine the stator efficiency and to carry out an energy analysis presented in
the following sections. It is essential to highlight that the region between the stator outlet’s
and rotor inlet’s boundaries corresponds to the denoted vaneless space in this work.

Table 2. Differences in the performance parameters of the case at higher PR when using 1◦ and 2◦ to
define the time step.

Grooves Nred. Dev. ṁ Dev. πtrub. ∆ηtot,stat
[-] [

rpm√
K
] [%] [%] [% points]

0
3882

−0.05 0.006 −0.13
5 0.48 0.06 5.34
11 0.49 −0.13 1.90

0
8421

−0.56 0.35 1.17
5 0.66 0.61 1.13
11 −0.41 0.55 2.80
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Figure 3. Selected planes to specify the inlet and outlet of the stator and rotor.

4. Mesh Analysis

A mesh independence study has been carried out to ensure valid results for the turbine
performance and the flow profile on the stator vanes. The different configurations have been
discretized by means of an unstructured polyhedral mesh [50]. The case of lower speed
and higher PR with 11 grooves in the stator surface is selected for this mesh independence
study. The inlet and outlet ducts are meshed using an extruded mesh and kept for the
different mesh densities, changing only the density of the regions of the stator and rotor,
which will be denoted as the core, and the number of prism layers for the boundary layer.

The Mach number at two points in the vaneless space, one at the middle of the vaneless
space, Point A, and the other close to the expected shock wave at a radial position of R
= 26.08 mm, Point B, based in previous studies by Tiseira et al. [32,33] as depicted in
Figure 4 is considered to compare the different mesh densities.

Point A

Point B

Figure 4. Selected points to evaluate the Mach number. Point A (at the middle of the stator vaneless
space) and Point B (at a radial distance of R = 26.08 mm).

The mass flow rate and the turbine power have been evaluated, as well as the static
pressure on the grooves and the density gradient, used to visualize the shock wave, as
shown in Figures 5 and 6. The initial mesh parameters correspond to the mesh used for
the case without grooves and will be referred to as the mesh with the coarser core and 15
layers in the boundary layer. Thus, the core is refined from this case, and the number of
layers in the boundary layer is changed.
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Ẇ
f
in

e
s
t

) [%
]

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

·107

0.0

2.0

4.0

0.0

cells number [ - ]

( ∇
ρ
−
∇
ρ
f
in

e
s
t

∇
ρ
f
in

e
s
t

) [%
]

a
t
S
S

Figure 5. Mesh analysis Part A. The red dot corresponds to the mesh parameters used with the case
without grooves.
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Figure 6. Mesh analysis Part B. The red dot corresponds to the mesh parameters used with the case
without grooves.

In order to reach a compromise between result precision and computational cost,
according to the results presented in Figures 5 and 6, the best option is the medium core
mesh with 15 or 20 cells in the boundary layer, since the results obtained are very close to
the case with the finer mesh and are less computationally expensive. To select between
the medium core mesh with 15 and 20 cells in the boundary layer, the grid convergence
index (GCI) [51] is calculated with respect to the finer mesh as shown in Table 3. The final
chosen mesh corresponds to the medium mesh with 10 million cells and 20 cells in the
boundary layer, and depicted in Figure 7. It presents a lower GCI, implying a lower error
in all variables, especially in the mass flow rate and turbine power. In order to adequately
capture the behavior of the viscous sublayer, the selected mesh has a non-dimensional
distance to the centroid of the first layer of cells close to the walls (y+) lower than 1. Other
aspects of the mesh quality are presented in Table 4, where a skewness angle of 0◦ indicates
a perfectly orthogonal mesh and cells with a skewness angle greater than 85◦ are considered
bad cells, the volume change in the regions of the computational domain is greater than
0.01 (lower values are considered bad cells), and the cell quality is close to 1.0, which is the
value of a perfect cell [36].
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Table 3. Mesh independence study.

Core Mesh Bounday
Layer

Cells
Number ṁ Ẇ MapointA MapointB psur f . grooves ∇ρat SS

[·106] [kg/s] [kW] [-] [-] [bar] [kg/m3]

medium 15 8.65 0.17693 1.5001 1.0243 0.9952 2.41912 240.3590
medium 20 10.07 0.17641 1.4909 1.0173 1.0077 2.42284 240.1054

finer 20 12.89 0.17648 1.4917 1.0081 0.9862 2.41902 239.5689

GCI (for medium 15 boundary layer)[%] 0.62 1.39 3.97 2.23 0.01 0.81
GCI (for medium 20 boundary layer)[%] 0.10 0.13 2.25 5.38 0.39 0.55

(a)

(b)
Figure 7. View of the selected mesh to evaluate the effects of a grooved surface in the stator vanes. (a)
Top view. (b) 3D view.

Table 4. Average values of different mesh quality parameters.

Region Cell Skewness
Angle [◦] Volume Change [-] Cell Quality [-]

Inlet 5.03 0.66 0.91
Volute and stator 22.35 0.60 0.58

Rotor 16.89 0.60 0.57
Outlet 12.78 0.64 0.67

5. Performance Characteristics

As was mentioned in a previous section, to evaluate the performance of the turbine
with grooved surface in the stator vanes, two rotational speed, 3882 rpm/

√
K (lower speed)

and 8421 rpm/
√

K (higher speed) and two PR, lower and higher has been selected besides
of set the vanes at a closed position (10% VGT). Figure 8 shows the reduced mass flow
and the total-to-static efficiency of the different operational points for the three stator
configurations, which were calculated using Equations (1)–(3).

Nred. =
N√

Ttot,in
(1)
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ṁred.,in =
ṁ ·√Ttot,in

ptot,in
(2)

ηtot,stat =
Ttot,in − Ttot,out

Ttot,in ·
[

1−
(

1
πturb.

) γ−1
γ

] (3)

The results correspond to the unsteady and steady simulations. The steady simulations
correspond only to the case of the stator without grooves and are shown only to mark
the trend of the turbine map. Figure 8a shows that there is not a significant change in the
reduced mass flow due to the presence of the grooved surface in the stator vanes and only a
slight difference at higher speed and lower PR but less than 2%. Nevertheless, the grooved
surface has an impact on the turbine efficiency at higher speeds rather than at lower speeds,
as depicted in Figure 8b,c. Table 5 is presented to better understand the changes. An
improvement in the efficiency can be achieved with the configuration of 11 grooves, and an
even better one with 5 grooves at higher speed and both PR. The major difference occurs
at higher speeds and lower PR, with an increase of 3.0% points in the case of 11 grooves
and 5.0% points in the case of 5 grooves. At the same speed but at higher PR the rise in
the efficiency is 2.0% points and 3.0% points for 11 grooves and 5 grooves, respectively.
Table 5 also reveals that the presence of the grooves has a slight impact on the total to total
pressure ratio of the stator, as the velocity of the flow at the stator outlet decreases with
the presence of the grooves, taking into account that the function of the vanes is to direct
the flow toward the rotor, where the major expansion takes place to produce shaft work.
Furthermore, the stator efficiency calculated using Equations (4) and (5) slightly decreases
with the increase of grooves. At higher speeds and lower PR, the efficiency decreases by 6%
points and 8% points with 5 grooves and 11 grooves, respectively. While at higher speeds
and higher PR, the drop is just 1% points and 3% points with 5 grooves and 11 grooves,
respectively. Nevertheless, this penalty in the stator efficiency is compensated with the
improvement in the turbine total-to-static efficiency due to the effects of the grooves on the
shock waves that will be analyzed in the following sections, together with other aspects
of the stator flow profile. Furthermore, the regions where the efficiency is evaluated and
that are depicted in Figure 3 present flow conditions that are quite complex and even more
downstream of the stator, affecting the report of the losses.

ηstator =

(
ustator out

ustator isen,out

)2
(4)

ustator isen,out =





If 1
πstator tot,stat

>
(

2
γ+1

) γ
γ−1

√√√√2 · cp · Tstator tot,in ·
[

1−
(

1
πstator tot,stat

) γ−1
γ

]

If 1
πstator tot,stat

≤
(

2
γ+1

) γ
γ−1

√
2 · cp · Tstator tot,in ·

(
γ−1
γ+1

)

(5)
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Figure 8. Turbine map based on steady results of the original stator geometry (0 grooves) and
unsteady results with and without grooved surface; Steady: Dashed lines; Unsteady: Markers. (a)
Reduced mass flow map. (b) Efficiency vs. expansion ratio map. (c) Efficiency vs. blade-speed-ratio
(BSR) map.
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Table 5. Pressure ratio and performance of the turbine and stator for the evaluated cases with and
without grooved surface; URANS simulations.

Turbine Stator
Grooves Nred. πturb. ηtot,stat ustator out πstator tot,tot ηstator

[-] [
rpm√

K
] [-] [-] [m

s ] [-] [-]

0
3882 lower 2.95 0.43 278.82 1.21 0.69

higher 5.16 0.41 307.88 1.34 0.83

8421 lower 2.64 0.27 238.00 1.12 0.73
higher 4.48 0.51 285.09 1.22 0.71

5
3882 lower 2.95 0.44 272.22 1.23 0.67

higher 5.19 0.41 308.98 1.37 0.84

8421 lower 2.70 0.32 231.37 1.16 0.67
higher 4.52 0.54 282.57 1.26 0.70

11
3882 lower 2.95 0.44 269.90 1.25 0.65

higher 5.18 0.41 306.83 1.39 0.83

8421 lower 2.66 0.30 225.56 1.17 0.65
higher 4.48 0.53 277.98 1.28 0.68

6. Analysis of the Stator Flow features

In the following part, the Mach number, pressure profile, and numerical Schlieren are
evaluated to gain insight into the relationship between the shock wave structure and the
groove surface geometry and the impact on the turbine performance.

6.1. Influence of Grooved Vanes on the Flow Profile

The Mach number profile has been evaluated at 50% stator span together with the
stator vane pressure profile for the cases reaching choking conditions, corresponding to
the points of higher PR at higher and lower speed. Figure 9 depicts how the supersonic
region connecting the stator vane and the rotor entry shrink as the grooves number increase,
resulting in the detachment of the supersonic pocket of the stator and the rotor for the
case of 11 grooves. Nevertheless, the supersonic region closer to the vane SS extends more
upstream and downstream than the original configuration for the cases at higher speed
and remains without significant variation at lower speed. Furthermore, the wake at the
vane TE increases as the number of grooves increases, generating a lower velocity region
that contributes to the reduction or detachment of the aforementioned supersonic pocket
connecting the stator and rotor of the neighboring vane. Thus, the unsteady behavior of the
wake has a beneficial effect on the flow profile and, with it, on the efficiency [52,53]. The
pressure disturbances can be clearly seen in Figure 9 , which represents the static pressure
distribution on the vane surface [27]. In Figure 9a, the pressure drop on the SS of the vane
starting at the LE is due to the acceleration of the flow; at 0.44 relative chord length, the
flow reaches sonic conditions (Ma = 1) and continues accelerating until 0.6 relative chord
length, where the pressure suddenly rises due to the presence of the shock wave, as will be
shown further, and the flow decelerates, going back to Ma = 1 at 0.68 relative chord length
and then to subsonic conditions. Due to the presence of grooves, Figure 9b depicts that the
pressure on the SS with 5 grooves drops 4% compared with the original configuration at
0.07 relative chord length. From the LE, the pressure profile follows the same trend as the
case without grooves until 0.48 relative chord length where the pressure sinks. A pressure
peak takes place at 0.52 relative chord length, followed by four other peaks that match the
number of grooves and the presence of small shock waves. At 0.6 relative chord length,
where the case without grooves presents a lower pressure on the SS, the pressure increases
by 15%. The pressure profile of the vanes with 11 grooves presents a signification variation,
as shown in Figure 9c, where the pressure disturbances extend from 0.3 to 0.78 relative
chord length, while the supersonic pocket only covers the region between 0.4 and 0.66
relative chord length. At 0.07 relative chord length, the pressure drops 4% compared with
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the original configuration. Furthermore, from 0.07 until the first groove at 0.3 relative chord
length, the flow starts to accelerate less than the original configuration, as depicted in the
lower slope of the pressure profile. Furthermore, at 0.6 relative chord length, where the
point of lower pressure is located in the original configuration and just before the shock
wave, the pressure increases by 26% and is marked in the Mach number contour with less
intensity for the case of 11 grooves. From another perspective, the vane load decreases by
around 0.6 relative chord length with a grooved surface. Furthermore, the pressure jump
caused by the shock wave in the smooth vanes decreases and changes to several peaks
with the grooved vanes, as was mentioned above. Comparing the pressure jump of the
original geometry with the most significant jump in the 5 and 11 grooves configuration is
possible to observe a decrease of 45% and 67%, respectively. Another aspect to highlight is
that in the region before the shock wave, the Mach number in the case without grooves is
higher than in the grooved vanes cases. Thus, the shock waves on the grooved vanes are
less intense and generate less entropy, improving the turbine efficiency.

Analyzing the case of lower speed and higher PR as depicted in Figure 10 , it is possible
to observe how the presence of a grooved surface modified the Mach number contour,
presenting a reduction around the middle of the supersonic region at the throat formed
by the relative position of the rotor blade and the stator vane. Furthermore, this reduction
is also caused by the effects of the wake of the adjacent stator vane TE [54,55], as the flow
reduce the velocity after passing by the grooves. Close to the SS, the supersonic region of
the case without grooves extends from 0.3 to 0.73 relative chord length. In contrast, in the 5
and 11 groove cases, the starting position does not change significantly but expands until
0.84 and 0.87 relative chord length, respectively, representing an increase of 30% for the
5 grooves and 32% for the case of 11 grooves. For the configuration of 5 and 11 grooves,
before of the acceleration of the flow on the SS, the flow accelerates when passing close to
the geometry throat formed by the convergent passage between the vanes [28] reaching
Ma = 1, as depict Figure 10b,c. Nevertheless, this acceleration is particular to the time
step depicted in these figures. Furthermore, in Figure 10c, the whole passage presents
an instantaneous choked flow. The presence of sonic conditions in this region is due to
the wake at the TE that slows down and compresses the surrounding of the entering
flow. Pressure profiles show the effect of the grooved surface compared with the original
configuration, presenting similar behavior as in the case of higher speed and higher PR.
Figure 10a depicts the pressure fall for the original configuration until 0.62 relative chord
length, followed by a sudden rise. Comparing the original geometry with the case of 5
and 11 grooves at the same chord position, the static pressure decreases 18% and 24%,
respectively, as shown in the pressure profiles in Figure 10b,c. Upstream at 0.15 relative
chord length, the pressure on the SS of the smooth vanes drops 8% when using grooved
vanes. Furthermore, the highest pressure pick occurs after passing the first groove, followed
by a sudden fall in the pressure. The pressure disturbances match the number of grooves
affecting the velocity profile. Comparing the pressure jump of the original geometry with
the most significant jump in the 5 and 11 groove configurations, it is possible to observe a
decrease of 39% and 56%, respectively.

According to Tiseira et al. [33], the low rotational speed can cause the development of
a supersonic region close to the turbine wheel inlet, analyzing the system in the relative
reference frame for rotation. Nevertheless, due to the presence of grooves, the size of the
region decreases for cases with 5 grooves and disappears for the case with 11 grooves,
representing just a small increase in the efficiency of 0.4% and 0.5% points. At higher
speeds, the flow remains subsonic in all cases.



Aerospace 2023, 1, 0 14 of 25

0.0 0.2 0.4 0.6 0.8 1.0
1

2

3

4

5

0.0
Rel. chord length [-]

p
s
u
r
f
.

[b
a
r

]

PS

SS

(a)

0.0 0.2 0.4 0.6 0.8 1.0
1

2

3

4

5

0.0
Rel. chord length [-]

p
s
u
r
f
.
[
b
a
r
]

PS

SS

(b)

0.0 0.2 0.4 0.6 0.8 1.0
1

2

3

4

5

0.0
Rel. chord length [-]

p
s
u
r
f
.
[
b
a
r
]

PS

SS

(c)
Figure 9. Mach number and stator vane pressure profile snapshots of URANS simulations at 50%
span of the stator passage with closed VGT position at higher speed and higher PR; red line: Ma = 1.
(a) Geometry with 0 grooves (original configuration). (b) Geometry with 5 grooves on the stator
vanes. (c) Geometry with 11 grooves on the stator vanes.
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Figure 10. Mach number and stator vane pressure profile snapshots of URANS simulations at 50%
span of the stator passage with closed VGT position at lower speed and higher PR; red line: Ma = 1.
(a) Geometry with 0 grooves (original configuration). (b) Geometry with 5 grooves in the stator vanes.
(c) Geometry with 11 grooves in the stator vanes.

6.2. Shock Wave Structure in Grooved Surface Vanes

For a deeper analysis of the effects of the grooved surface on the vaneless space flow
profile, numerical Schlieren has been carried out for one blade passing for the two analyzed
reduced speeds at higher PR. At higher speed and higher PR, the Schlieren images in
Figure 11 show that the normal shock wave pattern changes to a less intense wave when
increasing the number of grooves, and a multiple shock structure is generated. The main
shock remains practically in the same position as in the original configuration, near 0.6 rela-
tive chord length. For the case of 5 grooves, two front leg shock waves are developed before
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the main shock. A third and fourth small shock waves are presented downstream; the last
shock wave is not possible to distinguish in the Schlieren image due to its low intensity
but is visible in the pressure profile depicted in Figure 9, thus the number of shock waves
matches the number of grooves [26]. The configuration of 11 grooves also presents multiple
shock waves. First, around the middle of the vane, five shock waves of weak intensity stay
close to the stator SS without extending to the rotor. Then an orthogonal shock wave where
the main shock is expected in the original configuration is presented, followed by other
five shock waves of low intensity. Furthermore, the rotor still contributes to the formation
of a throat when goes by the stator vane shock, but with a weaker intensity for the case
of 5 grooves and disappears for the case of the 11 grooves due to the sudden disturbance
generated by the the change of flow area.
At lower speed, the shock wave is leaned backward, slightly varying its angle depending
on the rotor blade position, and presents an increase in intensity compared with the case at
higher speed [33]. This shock wave appears at 0.62 relative chord length, and even with
5 or 11 grooves on the stator vanes, the shock wave has a longer extension toward the
rotor compared with the cases of higher speed, as depicted in Figure 12. The intensity
of the shock wave is depressed when increasing the grooves number. Furthermore, a
multiple-shock structure consisting of a series of small waves are generated from each
groove. The presence of these waves can be seen more clearly in the pressure profiles in
Figure 10 than in the Schlieren image due to the intensity and the limitation of a highly
detailed flow structure that can provide the URANS simulation, especially in the boundary
layer [56,57]. Furthermore, the moving rotor blade encounters locally supersonic speed,
resulting in the formation of shock waves in the relative frame.

The Schlieren images also support the results presented in Table 5 regarding the
diminishing of the stator efficiency as the shock waves in cases of grooved surfaces are
confined in the region delimiting the outlet of the stator. In contrast, the shock wave in the
case without grooves interacts with the rotor, as was mentioned before, downstream of the
limiting stator outlet plane.

The weakening of the intensity of the standing shock wave at both speeds can con-
tribute to diminishing losses close to the rotor. Furthermore, at higher speeds, the presence
of load fluctuation around the rotor LE, as reported by Tiseira et al. [33], can be reduced,
minimizing the factors that compromise the integrity of the turbine [58,59].

For the cases with a grooved surface, it is possible to observe the presence of a shock
wave at the convergent section between the vanes only between a time of 50% and 75%
blade passing. The shock wave has a higher intensity in the case of 11 grooves than in the
case of 5 grooves, as shown in Figure 12 and in the Mach number contours of Figure 10.

(a) t = 25% rotor blade passing.

Figure 11. Cont.
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(b) t = 50% rotor blade passing.

(c) t = 75% rotor blade passing.

(d) t = 100% rotor blade passing.

Figure 11. Transient numerical schlieren for closed VGT opening at 50% span of the stator passage
with higher simulated PR and higher speed; left side: Original geometry; middle: Geometry with
5 grooves in the stator; right side: Geometry with 11 grooves in the stator.

(a)

(b)

Figure 12. Cont.
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(b)

(c)

Figure 12. Transient numerical schlieren for 10% VGT opening at 50% span of the stator passage with
higher simulated PR and lower speed; left side: Original geometry; middle: Geometry with 5 grooves
in the stator; right side: Geometry with 11 grooves in the stator. (a) t = 25% rotor blade passing. (b)
t = 50% rotor blade passing. (c) t = 75% rotor blade passing. (d) t = 100% rotor blade passing.

6.3. Effects on the Rotor Blade

After analyzing the impact of the grooves on the stator and vaneless space in reducing
the supersonic pocket and the intensity of the shock waves, this section focuses on the
effects on the rotor by evaluating the blade loading. The blade loading provides the work
on the turbine shaft and is determined based on the pressure difference between the PS and
SS. Thus, Figure 13 presents the blade loading at lower and higher speeds, both at a higher
PR. At lower speed, the blade loading of the three stator vane geometries presents the same
trend in the first middle part of the vane, as shown in Figure 13a. Furthermore, the spike in
the blade loading is due to the stator SS shock wave striking the blade LE [20,28], besides
the formation of shock waves in the relative frame. In the region between 0.7 and 0.9 relative
chord length, the load improves more in the case of 5 grooves than in the case of 11 grooves.
In contrast, the differences are insignificant at the rest of the chord length, explaining
the slight variation in the turbine efficiency presented in Figure 8b. At higher speed,
Figure 13b depicts how the use of grooves on stator vanes increases the blade loading and
can avoid the blade loading oscillates between negative and positive values every time a
stator vane is passed as was reported in the study of Tiseira et al. [33], especially in the case
of 5 grooves, which presents a rise in the turbine efficiency of 3% points, followed by the
case of 11 grooves with an increase of 2% compared with the original configuration.
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Figure 13. Rotor blade loading at 50% span with closed VGT position. (a) Lower speed and higher
PR. (b) Higher speed and higher PR.
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6.4. Exergy Analysis

For the cases of lower and higher PR and both at lower and higher speeds, with and
without grooved surfaces, the exergy in each region of the computational domains has been
evaluated. The planes that limits the regions in the stator and rotor are depicted in Figure 3,
similar to the study carry out by Tiseira et al. [32]. The specific exergy flow of a perfect gas
is defined by Equation (6),

e f = ht(Tt)− ho − To[s(Tt, pt)− so] (6)

Ψ =

‹
S∗(t)

[
ρe f (~u ·~n)

]
dS (7)

where h is the specific enthalpy (subscript t denotes the total quantity), s is the specific
entropy, and To is the dead state temperature, Here, the ambient conditions are used as
dead state with To = 298.15 K and po = 101,325 Pa. In order to obtain the net exergy
passing through a control surface S∗(t) the Equation (7) has been used, where ρ is the
density of the fluid, ~u is the velocity vector of the fluid and~n is the unit normal vector of
S∗(t).

The normalized exergy change through the inlet duct and volute is negligible for all
the cases, as depicted in Figure 14a. Comparing the cases with the grooved surfaces against
those without grooves under the same operational conditions, one has the following results.
At lower speeds and lower PR, the normalized exergy change in the stator increases by 8.2%
and 15.4% for the case of 5 grooves and 11 grooves, respectively. Nevertheless, the gain
in the stator due to the presence of grooves is penalized in the vaneless space as the flow
decelerates. Thus, the exergy decreases by 2.8% and 13.5% for the cases of 5 and 11 grooves,
respectively. When the flow goes through the rotor, the changes in the exergy compared
with the case without grooves are neglected. In the cases of higher speeds and lower PR,
where the flow does not reach sonic conditions in the stator vane, the exergy increase in the
stator is higher than in the cases of lower speeds and lower PR. The configurations of 5 and
11 grooves present a rise of 38.2% and 27.5%, respectively. Nevertheless, exergy variation in
the vaneless space shows a drop of 38.6% and 53.4% for the 5 and 11 grooves, respectively,
while the fraction corresponding to the rotor can increase by 25.4% and 22.8%.

Focusing on the cases at higher PR and the two selected rotational speeds, whose
Mach numbers and density gradient profiles were analyzed in the previous section, the
exergy fraction in each region of the computation domain with grooved surface on the
stator vanes presents the following variation concerning the original geometry. At lower
speed, the energy usefulness in the stator increases 4.6% and 7.6% for the configuration of 5
and 11 grooves, respectively. In the vaneless space, the geometry with 5 grooves presents a
particularity compared with the rest of the cases. The normalized exergy change increases
by 8.7%, which is reflected in the stator efficiency shown in Table 5. While in the 11 grooves
configuration, the rate drops by 2.2%. In the rotor, despite the reduction in the shock wave
intensity on the stator vane that influences the rotor performance, the changes represent
less than 0.5% compared with the original geometry. At higher speed and higher PR, the
5 and 11 grooves cases present in the stator an increase of the energy quality of 8.2% and
15.9%, respectively. Furthermore, the exergy variation in the vaneless space presents a
degradation of 23.0% and 40.2% for 5 and 11 grooves, respectively, as a consequence of the
flow distortion produced by the grooves and the wake increase at the TE. Furthermore, as a
consequence of the reduction of the supersonic conditions in the vaneless space that affect
the rotor, the normalized amount of work obtainable in this region can increase by 8.7%
and 7.7%.

The fluid leaving the rotor contains a considerable portion of flow exergy, especially
at higher speeds. Increasing the PR at a lower speed increases the exergy in the outlet
region, while at a higher speed it decreases. Furthermore, the exergy budget grows with
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the grooves up to 16.7%; except for the case of higher speed and higher PR, where the
exergy change decreases by 22.4% and 13.5% using 5 and 11 grooves, respectively.

Figure 14b presents the ratio of the turbine power over the exergy flow at the inlet
probe section, which represents the effectiveness of available energy usage in the system.
At lower speeds, the fraction of energy at the inlet destinated to produce power does not
change significantly with a grooved surface on the stator vanes, which is also reflected in
the small change in the efficiency depicted in Figure 8b and Table 5. The maximum change
relating to the original configuration occurs with the 5 grooves geometry at higher speed
and lower PR, presenting an increase of 27.3%, followed by the case of 11 grooves with a rise
of 13.3% at the same operational conditions. Furthermore, the most significant approach of
the maximum energy corresponds to the configuration of 5 grooves at higher speed and
higher PR.

The exergy analysis reveals that turbine efficiency does not reflect effective energy
usage in the system. Furthermore, this analysis shows excellent potential to improve
the available energy usage in the turbine system. From Figure 14b, we observe that the
effectiveness of available energy usage at higher speeds and lower PR passed from 0.18 to
0.23 using 5 grooves on the stator vanes, which has a turbine efficiency of 32% against the
27% of the original configuration.

One can highlight that the use of grooves to take advantage of available energy at the
turbine inlet, reducing the impact of the irreversibility generated by the shock waves, has a
more significant effect at higher speeds than at lower speeds.
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Figure 14. Exergy analysis for the evaluated operational points; lower: 3882 rpm/

√
K; higher:

7456 rpm/
√

K. (a) Distribution of the normalized overall exergy in the turbine domain. (b) Compari-
son of the turbine power with respect to the exergy at the inlet probe plane.

7. Conclusions and Findings

The stator vanes of the variable geometry turbine have been modified, changing
the flat surface of the stator SS to a grooved surface with 5 and 11 grooves. Analyzing
the turbine performance, the change in the reduced mass flow generated by the grooved
surface is insignificant. Nevertheless, the grooves’ presence impacts the turbine efficiency,
especially at higher speed, rising to 5.8% points. On the one hand, the total static efficiency
of the turbine increases, but on the other hand, the stator efficiency slightly decreases with
the rise of grooves.

At higher PR, the increasing number of the grooves, the supersonic region connecting
the stator vane, and the rotor entry becomes smaller. Furthermore, the wake at the vane
TE increases, affecting the supersonic region of the neighboring vane along with the shock
wave contributing to the rise in the efficiency presented in the turbine map but decreasing
the stator efficiency. The presence of grooves generates pressure peaks on the vane SS,
which are related to small shock waves. The number of pressure peaks matches the number
of grooves. Additionally, the pressure jump of the original geometry can be decreased up
to 67%.

The numerical Schlieren images reveal that the shock wave pattern on the grooved
vanes at higher speeds is less intense, generating a multiple shock structure. The main shock
normal to the SS remains practically in the same position as in the original configuration.
At higher and lower speeds, the intensity of the shock wave decreases with increasing
the number of grooves. The weakening of the intensity of the standing shock wave at
both speeds can contribute to diminishing losses close to the rotor. Furthermore, at higher
speeds, the load fluctuation around the rotor LE can be reduced, minimizing the factors
that compromise the integrity of the turbine.

The blade loading has been evaluated to analyze the impact of the flow profile on
the rotor blade when using a grooved surface in the stator at high PR. At lower speeds,
the blade loading of the two grooved vanes geometries improves after the middle part of
the vane, especially in the case of 5 grooves. This result justifies the slight variation in the
turbine efficiency. At higher speeds, the blade loading rises, and the oscillation between
negative and positive values is prevented due to the use of grooves, justifying the increase
in the turbine efficiency up to 3%.

An exergy analysis was carried out to quantify the potential for achieving the maxi-
mum possible work of the turbine. The exergy change is more significant when using 11
than 5 grooves at a lower speed and lower PR, especially in the stator with an increase of
15.4% On the contrary, in the cases of higher speed and lower PR, where the flow does not
reach sonic conditions in the stator vane, the exergy increase in the stator is higher than



Aerospace 2023, 1, 0 22 of 25

in the cases of lower speed and lower PR rising to 38.2%. Considering the cases at higher
PR, first at lower speed, stand out the configuration with 11 grooves with an increase in
the energy potential of 7.6%, a decrease of 2.2%, and a slight rise of 0.5% in the stator,
vaneless space, and rotor, respectively. At higher speeds, the 5 grooves geometry represents
a better choice than the 11 grooves. Thus, the exergy change in the regions mentioned
above increases by 8.2%, a reduction of 23.0%, and a rise of 8.7%.

Evaluating the effectiveness of the available energy usage in the turbine at lower
speeds, the fraction of energy at the inlet destined to produce power does not change
significantly with a grooved surface on the stator vanes, which is reflected in an insignificant
change in the efficiency. On the contrary, the most significant approach of the maximum
energy occurs at higher speeds and a higher PR with 5 grooves. Thus, using grooves to
take advantage of available energy at the turbine inlet while reducing the impact of the
irreversibility generated by the shock waves has a more significant effect at higher speeds
than at lower speeds.
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Abbreviations
The following abbreviations are used in this manuscript:

Notations
D Rotor diameter
Ma Mach Number
ṁ Mass Flow
ṁred. Reduced Mass Flow
N Rotational speed
p Pressure or order of accuracy
r radial coordinate or refinement factor ratio
ṡgen Entropy generation rate per unit volume
T Temperature
t Time
y+ Non-dimensional wall distance
Ẇ Power
Abbreviations
BSR Blade speed ratio
CFD Computational Fluid Dynamics
GCI Global Convergence Index
LE Leading Edge
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PR Pressure Ratio
PS Pressure Side
RANS Reynolds Average Navier Stokes
SS Suction Side
TE Trailing Edge
URANS Unsteady Reynolds Average Navier Stokes
VGT Variable Geometry Turbine
Greek symbols
α Stator Blade Angle
∆ Difference
ε Relative error
η Efficiency
π Corresponding Pressure Ratio
ρ Density
Subscripts
in Turbine Inlet Section
red. Reduced Numbers
rel. Relative Value
sur f . Stator or Rotor Blade Surface
tot Total or Stagnation Conditions
tot, stat Total-To-Static Value
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