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Abstract: The widespread trend of pursuing higher efficiencies in radial turbochargers led to the
prompting of this work. A 3D-printed model of the static parts of a radial variable geometry turbine,
the vaned nozzle, and the volute, was developed. This model was up-scaled from the actual reference
turbine to place sensors and characterize the flow around the nozzle vanes, including the tip gap. In
this study, a computational model of the scaled-up turbine was carried out to verify the results in
two ways. For this model, firstly compared with an already validated CFD turbine model of the real
device (which includes a rotor), its operating range was extended to different nozzle positions, and
we checked the issues with rotor–stator interactions as well as the influence of elements such as the
screws of the turbine stator. After showing results for different nozzle openings, another purpose of
the study was to check the effect of varying the clearance over the tip of the stator vanes on the tip
leakage flow since the 3D-printed model has variable gap height configurations.

Keywords: turbocharger; radial turbine; CFD analysis; nozzle vane; variable geometry turbine

1. Introduction

Reciprocating engines applied to means of transport represent about 23% of the CO2
generated by means of transport worldwide [1]. Over the last decades, the European
Standard on pollution emissions has been significantly toughened [2,3]. Today’s engines
are not in the list of engines to be admitted in the near future. Therefore, to comply with
the exhaust emissions limits defined by the European Union (EU), engine manufacturers
have approached the situation in two different ways: treating the pollution emission
generated during combustion [4–8], which can have some problems, such as urea injection
failures which is treated in [9], and trying to reduce these emissions via hybridization and
increasing the combustion thermal efficiency. Increased thermal efficiency can be achieved
by supercharging [10–13]. The aim of supercharging is to increase intake air pressure which
means rising volumetric efficiency and allow downsizing engines [14].

Several researchers have proven that the use of turbochargers improves the engine
power and combustion efficiency, meanwhile reducing pollutant emissions regardless of
the fuel used [15]. Hence, current research lines look for cleaner fuels without pollutant
emissions. The new so-called “pollution-free” engines will run on a hydrogen-based fuel
and will continue to require turbochargers to achieve the power and torque performance of
their polluting predecessors due to the low density of hydrogen (indirect injection) [16] or
to reduce NOx emissions (direct injection) [17].

In any case, engines will be smaller, combined or not with new alternatives such
as the use of non-polluting synthetic fuels, electric motors, or fuel cells. Regardless of
new environmentally friendly propulsion systems introduced in either land, water, or air
conveyance, turbocharging is still part of the new alternatives [18], except for purely electric
ones, which cannot cope with many applications and transport demands, according to
some experts [19].
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Commonly, the expansion stage in small-size turbochargers is composed of a radial
turbine which counts a volute, a stator, and a rotor. The function of the first two elements is
to condition the flow at the rotor inlet efficiently so that it transforms kinetic energy into
mechanical energy to move the centrifugal compressor at the engine intake. The volute
and stator geometry design can compromise the fluid behavior, and this is key for the rotor
to achieve better efficiencies, something which authors such as [20] have researched. For
this reason, the stator can have, in some turbines, movable vanes that control and adapt
the flow depending on the operating conditions. These variable geometry nozzles in the
stator help to extend the operating range of the turbine; meanwhile, the matching with the
compressor side can be achieved by the use of a ported shroud [21]. Uniform distribution
over the 360 degrees of the radial stator is important to then adapt the flow at the rotor
inlet, a matter of interest in [22], where they tested flow behavior for twin-entry turbines
as two separated single VGT volutes. Therefore, while some authors focus on a volute
casing optimization, as in [23], the stator and its vanes must be designed according to an
aerodynamic geometry that has the least possible amount of energy losses [24–26].

Conventional design criteria for each turbine part (volute, stator, and rotor) focus
primarily on ideal gas, but new systems under development such as hydrogen or industrial
gases, such as S-CO2, require further research on radial turbines [27]. The use of new
propulsion systems, alternative to diesel and gasoline engines, need to have a turbocharging
system suitable for their needs; therefore, work on these geometries is still in progress
in multiple areas. There are many challenges to overcome with these kind of turbines,
especially when they are attached to a compressor and the variable operating conditions
could lead to undesirable consequences, as it could be the mistuned bladed disc effect,
treated by several authors [28,29]. Internal flow is a high-interest research area which is
producing multiple articles in different fields of study: in the case of [30], the phenomena
of compressibility is analyzed, alongside the areas where there is greater incidence of
shock waves with different nozzle openings. Authors from [31] have developed high-order
models for radial turbines. On the other hand, in [32], an up-scaled experimental turbine
model was presented. This model allows the study and characterization of the internal flow
through the nozzle channels thanks to its size, which enables the use of instrumentation
that normally does not fit in real-sized turbomachinery, limiting the possibilities to set
few probes, as in [33], or as in [34], although they place the probes in the rotor clearance.
The use of this experimental tool will provide useful information for the evolution and
adaptation of the turbines to the new propulsion systems. However, the validation of this
tool was performed just for a VGT opening, a gap height of the vane, and flow conditions.
Due to the large operating range that currently represents turbochargers, this validation
may have limited results.

Therefore, this work focuses on validating, through numerical simulations, a vaned
stator scale mock-up for a set of stator geometries and flow conditions that comprehensively
demonstrate their utility throughout the turbine operating range. The intention is then to
check if studying the stator in a rotor-less turbine is analogue to doing so in a conventional
one, foreseeing the future experimental studies on the printed model. Consequently, this
article first describes geometries and operating conditions under study. Next, it shows
the mesh analysis carried out for the set of studied geometries and compares it with a
reference one, which is already validated. Following this, an analysis on the flow applied
to the different cases in the study is presented. Likewise, the validation was extended
with numerous results. Finally, the limitations for the validity of the up-scaled model are
listed. With those results, the convenience of performing experimental tests on the printed
mock-up as representative of the behavior in a conventional radial turbine is set.

2. Materials and Methods

To extend the validation of the scaled model for the whole operating range of the
turbine, different vane openings are simulated. The validation of these simulations on
the scaled turbine (ST) comes from [35], where a CFD code of the real-sized turbine (RT)
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was compared to experimental results. Flow behavior through the volute and the stator is
compared between ST and RT. After comparing the two models, a variation in gap height
for ST is also simulated. The printed model that motivated this research was designed with
a modular structure, consisting of vanes with different heights and openings, as shown
in Figure 1. The geometry model developed is scaled in a 3:1 proportion, looking for a
trade-off between having as much space as possible for measuring instrumentation and
fitting the experimental test rig and its experimental conditions. Geometry specifications of
both the scaled and real turbine stator can be seen in Table 1. The scaled model has two
different clearance heights over the stator tip. The 0.5 mm height is used to validate the
ST model since its tip-to-blade height ratio is equal to the RT one. Meanwhile, the 1.5 mm
height is an additional study on how the tip leakage works with different gaps.

Figure 1. Printed nozzles with different vanes position.

Table 1. Geometry specifications.

Scaled Turbine Real Turbine
(ST) (RT)

Blade number 11 11
Chord length 52.5 mm 17.5 mm
Vane height 24 mm 8 mm
Tip height 1.5 and 0.5 mm 0.2 mm

Tip-to-vane ratio 0.063 and 0.021 0.025
Blade angle-α 51◦ 65◦ 73◦ 53◦ 63◦ 73◦

VGT opening 80% 60% 30% 60% 30%

Thus, the geometry used for CFD simulations comes directly from the CAD of the
printed model, where two vane openings are studied (VGT30 and VGT60). A feature
of interest is the fact that in the printed model, it was decided to remove three screws
that existed in RT to study an ideal situation for every channel between vanes. Hence,
information regarding the losses due to those screws is depicted for different vane openings.

2.1. CFD Setup

The configuration of the CFD model, using STAR-CCM+ 14.02.010, starts by setting
fluid properties, selecting air that is modeled as an ideal gas. This assumption is valid
due to the low variation of static temperature in the studied cases through the rotor-less
turbine. The simulation is set as a steady-state case, and the turbulence is modeled with
an RANS k-ω SST model. This model has been extensively used in turbomachinery by
authors such as Smirnov et al. or Galindo et al., due to its behavior when adverse pressure
gradients and flow separation are present. Additionally, the inlet turbulence intensity was
set with a value of 4%. A coupled implicit solver was set with a controlled CFL number to
ensure stability. Furthermore, as the CFD case used for the validation is adiabatic, every
wall in the domain possesses adiabatic conditions. In every wall, the option of non-slip
boundary condition is enabled to consider wall friction. Besides the boundary condition of
each solid wall, at the inlet region, where the duct begins, mass flow inlet condition was
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set, adding a total inlet temperature that fits with the test bench capacities. On the other
hand, at the outlet section, static pressure was imposed with atmospheric conditions since
the experimental setup was designed that way.

For turbomachinery applications, it is crucial to obtain information on how the fluid
behaves within the so-called nozzle vanes or blades when referring to the impeller. The
regions composing the inner volume of the turbine, that is, volute, stator, and the place
where the rotor would have been normally placed (but avoided in this design), are meshed
with a unstructured polyhedral one, as shown in Figure 2a. Apart from that, inlet and outlet
regions, built by extruding the corresponding sections at the intake and the outlet of the
turbine, include an extruded mesh. The growth of notorious gradients in the boundary layer
or separation bubbles on the stator vanes involve using a prism layer meshing strategy in
the near-wall region (as shown in the vane-surrounding region in Figure 2b). A logarithmic
function is implemented with the effect of having a higher cell density near the walls. A
constant growth rate is applied in the normal direction to the wall until the chosen base
cell size is reached in the free stream region. The size of the first cell at the wall must be
selected according to the required level of accuracy for viscous effects, being thinner than
the viscous sublayer, according to Dufour et al. [36]. Another value to be considered is the
dimensionless wall distance y+ that, when using the k-ω SST model, is recommended to
have values y+ < 2, according to Menter et al. [37]. However, this value can be enlarged if
the complexity of the flow requires it.

Appl. Sci. 2022, 1, 0 4 of 18

each solid wall, at the inlet region, where the duct begins, mass flow inlet condition was
set, adding a total inlet temperature that fits with the test bench capacities. On the other
hand, at the outlet section, static pressure was imposed with atmospheric conditions since
the experimental setup was designed that way.

For turbomachinery applications, it is crucial to obtain information on how the fluid
behaves within the so-called nozzle vanes or blades when referring to the impeller. The
regions composing the inner volume of the turbine, that is, volute, stator, and the place
where the rotor would have been normally placed (but avoided in this design), are meshed
with a unstructured polyhedral one, as shown in Figure 2a. Apart from that, inlet and outlet
regions, built by extruding the corresponding sections at the intake and the outlet of the
turbine, include an extruded mesh. The growth of notorious gradients in the boundary layer
or separation bubbles on the stator vanes involve using a prism layer meshing strategy in
the near-wall region (as shown in the vane-surrounding region in Figure 2b). A logarithmic
function is implemented with the effect of having a higher cell density near the walls. A
constant growth rate is applied in the normal direction to the wall until the chosen base
cell size is reached in the free stream region. The size of the first cell at the wall must be
selected according to the required level of accuracy for viscous effects, being thinner than
the viscous sublayer, according to Dufour et al. [36]. Another value to be considered is the
dimensionless wall distance y+ that, when using the k-ω SST model, is recommended to
have values y+ < 2, according to Menter et al. [37]. However, this value can be enlarged if
the complexity of the flow requires it.

(a) (b)

Figure 2. Polyhedral unstructured mesh with refinements near walls. (a) Mesh upper view. (b) Prism
layer meshing surrounding vanes.

A mesh convergence analysis was carried out to obtain the most appropriate cell
number, the least without interacting with the solution. A variation in the base size and the
total number of cells in the prism layer meshing was performed. As previously stated, we
were looking for a low Reynolds mesh.

2.2. 1D Model

Analogies were used to ensure similarity between RT and ST when validating ST
using the 0.5 mm gap height because of the 3:1 proportion scale on these models. Two
different similarities were used; on the one hand, Mach, and on the other hand, Reynolds
similarity were set. When searching for a lookalike Mach distribution in the stator, a similar
blade loading was expected to appear. When chasing the same Reynolds number, the same
patterns of flow near walls are expected to be found. This is detachment and separation in
the boundary layer. Thus, Reynolds similarity would be more appropriate to study the tip
leakage flow through the gap since it is a region highly affected by wall effects.

Since the operating points in the real turbine have to fulfill the requirements to meet
the aforementioned similarities, the scaled model defines the reference operating point. A
point with the highest pressure and mass flow that the experimental test bench can supply
was chosen since that would be the one tested by the 3D model scaled turbine when the
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layer meshing surrounding vanes.

A mesh convergence analysis was carried out to obtain the most appropriate cell
number, the least without interacting with the solution. A variation in the base size and the
total number of cells in the prism layer meshing was performed. As previously stated, we
were looking for a low Reynolds mesh.

2.2. 1D Model

Analogies were used to ensure similarity between RT and ST when validating ST
using the 0.5 mm gap height because of the 3:1 proportion scale on these models. Two
different similarities were used; on the one hand, Mach, and on the other hand, Reynolds
similarity were set. When searching for a lookalike Mach distribution in the stator, a similar
blade loading was expected to appear. When chasing the same Reynolds number, the same
patterns of flow near walls are expected to be found. This is detachment and separation in
the boundary layer. Thus, Reynolds similarity would be more appropriate to study the tip
leakage flow through the gap since it is a region highly affected by wall effects.

Since the operating points in the real turbine have to fulfill the requirements to meet
the aforementioned similarities, the scaled model defines the reference operating point. A
point with the highest pressure and mass flow that the experimental test bench can supply
was chosen since that would be the one tested by the 3D model scaled turbine when the
experimental campaign would take place. The decision to apply the maximum of these
parameters (pressure and mass flow) is based on the fact that the viscous effects and flow
separation are more notorious at this point.
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Due to the Mach similarity, both static and absolute values can be compared indis-
tinctly. The increase of density derived from the highest pressure resulted in reducing
mass flow. Regarding the temperature imposed for the simulations, quasi-adiabatic mea-
surements are widely used in research, having relatively low temperatures at the inlet. In
addition, some authors, such as Baar et al. [38] and Zimmermann et al. [39], demonstrated
that the reduced mass flow map of the turbine offered the same efficiency for hot and
cold temperatures through adiabatic measurements. The materials of the printed model
and the instrumentation that would be employed when the experimental campaign is
performed are not designed to endure such high temperatures. For that reason, the inlet
temperature of the turbine is set in the model at 343.15 K. This boundary condition is
ubiquitous independently of the VGT opening or the similarity studied. This temperature
was similar to the obtained values in the experiments performed over the real turbine by
Serrano et al. [40] in the quasi-adiabatic experiments and simulations.

Two studies were performed for the ST, one with the maximum MFR that the experi-
mental test bench can provide to study Mach similarity, and another with the maximum
scaled MFR that the RT can manage that permits to simulate Reynolds similarity. Boundary
conditions for the VGT60 case can be seen in Table 2, where STMax study was linked to
the RTMa one, showing that RT had about one-ninth of the MFR that ST presented. The
imposed inlet temperature for each studied case was the same, assuming an adiabatic
behavior on the turbine. Figure 3 shows that for both RT simulated cases, a good agreement
with the experimental results was found, being within their confidence interval.
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Figure 3. Real turbine map at 3890 rpm/K0.5. (a) VGT60. (b) VGT30.

Table 2. Boundary conditions: VGT60.

STExp STMax RTMa RTRe

m [kg · s−1] 0.183 0.320 0.0365 0.062
mred [kg · K · s−1 · bar−1] 3.160 5.198 0.577 0.736

ptot,inlet [bar] 1.073 1.141 1.175 1.560
pstat,outlet [bar] 1 1 1 1

Ttot,inlet [K] 343.15 343.15 343.15 343.15
µ [N · s · m−2] 1.855 × 10−5 1.855 × 10−5 1.855 × 10−5 1.855 × 10−5

Re [−] 1.269 × 105 2.219 × 105 0.759 × 105 1.289 × 105

I [−] 0.1 0.1 0.04 0.04
l [m] 0.01 0.01 0.003 0.003
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For the case of the VGT30, a lower mass flow rate was obtained for the scaled turbine
than that obtained for a wider vane opening. The method of conducting simulations was
the same as in VGT60, but obtaining higher pressure values at the inlet of the turbine for
the Mach similarity than in the other opening, which can be observed in Figure 3b looking
at the PR of the turbine. The whole data used for these simulations is shown in Table 3.

Table 3. Boundary conditions: VGT30.

STExp STMax RTMa RTRe

m [kg · s−1] 0.141 0.320 0.0385 0.0484
mred [kg · K · s−1 · bar−1] 2.396 4.738 0.526 0.575

ptot,inlet [bar] 1.086 1.252 1.357 1.560
pstat,outlet [bar] 1 1 1 1

Ttot,inlet [K] 343.15 343.15 343.15 343.15
µ [N · s · m−2] 1.855 × 10−5 1.855 × 10−5 1.855 × 10−5 1.855 × 10−5

Re [−] 0.978 × 105 2.219 × 105 0.801 × 105 1.007 × 105

I [−] 0.1 0.1 0.04 0.04
l [m] 0.01 0.01 0.003 0.003

3. Results

Once the boundary conditions and solver configuration were defined, a functional
mesh was developed, and its independence was checked, then the CFD model of the scaled
turbine was ready to be simulated for validation. A 3D study focusing on the flow patterns
in the volute and stator of the turbine was then performed in the previously referred
commercial code from STAR-CCM+ . This study searched for validation of the models for
the two studied vane openings, checking the limitations due to the lack of rotor in the ST.

In Figure 4, there can be seen a view at the midspan of the height of the vanes for
both ST and RT. Velocity contours are shown through the inlet scroll and the stator with its
vanes. Additionally, the space where the rotor would be placed is represented, although it
consists of a sink in the ST model. A detailed view of the vanes V7 and V8 is shown and
analyzed since those are the ones that are less distorted by any element such as the volute
tongue or the screws. However, to check the validity not only for the not distorted vanes
but also for those affected by the screws that are not replicated in ST, an analysis of pressure
coefficient is performed over V5 and V6, since those two vanes have a screw downstream
and upstream, respectively.
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3.1. Validation

The flow suffers from more significant acceleration with a narrow passage between
vanes, justifying the implementation of the stator despite the losses attached to its usage.
Mach number in the passages is, according to Figure 5, about 0.3 on the SS of the vanes
at the same time that, on the PS, a detachment bubble can be seen in both ST and RT. On
the SS, the blockage effect induced by the impeller is similar to the one that appears in the
rotor-less turbine, meaning that the effect of the rotor over the stator reduces its importance
when the stator has a broader opening. The lack of rotor favored the appearance of a higher
velocity region when compared to the case equipped with the rotor, since the mere presence
of the blades provoked losses that reduced velocity after the vane TE.

Appl. Sci. 2022, 1, 0 8 of 18
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For the closest vane, the channel position studied appears to have the highest accel-
eration. With this opening, the throat of the channel linked the TE on the PS of one vane
with the LE on the SS of the next one. Thus, the acceleration happens toward the throat,
consequently at the end of the PS having no detachment at first sight. However, taking a
detailed view, as in Figure 6, different phenomena can be seen: a stagnation point perfectly
aligned with the vane chord at its LE. In addition, when the flow approached the throat, it
gradually accelerated in a smooth way until reaching the throat. Then, the flow suffered
a substantial increase in Mach number over the SS of each vane, up to a maximum of
about 0.45 Mach for the cases with equal Mach and 0.6 in the RTRe case. The flow slowed
down from half-chord to the TE, which constitutes a throat with the subsequent vane. The
contours of the three compared cases are very similar indistinctly from their numerical val-
ues, increasing the trend whereby the closer the position, the more independent the stator
performance becomes from the rotor. The interaction between rotor and stator decreases,
and the ST simulation is more accurate the closer the vane opening is.
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(a) RTMa (b) RTRe with extended color scale

(c) ST

Figure 6. Mach number distribution at stator midspan. ST & RT. VGT30. 0.5 mm tip height.

After observing contours of flow patterns for each vane opening, which allows to get
an idea of how valid information from CFD simulations can be, data can be extracted for its
processing. Pressure coefficient from different vanes is analyzed and compared, applying
Equation 1 to vanes both free of distortion elements in their surroundings (V7 and V8) and
vanes that in RT were supposed to be affected by the screws with their analogs in the ST
(V5 and V6).

Cp =
p− p∞

1
2 ⋅ ρ∞ ⋅V2

∞
(1)

Data from VGT60, which can be seen in Figure 7 shows, in general, a good agreement
for the entire chord in both PS and SS. On the one hand, for V8, where there were no
screws are interfering with the vane, Cp distribution on the SS represents the blockage
effect, showing a region of higher speed between 60% and 80% of the chord. Mach contours
plotted at Figure 5 show the same region. Data between cases collide in the suction peak
region in a single line. On the other hand, V5 has its PS affected by a screw, and this side of
the vane does not match with that of the ST; however, the whole SS and suction peak are
well represented. Right after the screw, the flow is slowed down by the screw (placed at
approximately 30% of the chord). When passing next to it, there is a tendency to accelerate
the flow due to a nozzle effect between the screw and the vane itself. Finally, in V6 which is
affected on its SS by the screw, the distortion generated in the flow travels downstream the
scroll, having an impact on its PS too. However, the primary effect appears only on the first
quarter of the vane (on both sides), and after that, the coincidence between RT and ST is
nearly perfect. With this data, it can be assured that the studied vane for the ST represented

Figure 6. Mach number distribution at stator midspan. ST and RT; VGT30; 0.5 mm tip height.

After observing contours of flow patterns for each vane opening, which allows us to
obtain an idea of how valid information from CFD simulations can be, data can be extracted
for its processing. Pressure coefficients from different vanes were analyzed and compared,
applying Equation (1) to vanes both free of distortion elements in their surroundings (V7
and V8) and vanes that in RT were supposed to be affected by the screws with their analogs
in the ST (V5 and V6).

Cp =
p − p∞

1
2 · ρ∞ · V2

∞
(1)

Data from VGT60, which can be seen in Figure 7 show, in general, a good agreement
for the entire chord in both PS and SS. On the one hand, for V8, where there were no screws
interfering with the vane, Cp distribution on the SS represents the blockage effect, showing
a region of higher speed between 60% and 80% of the chord. Mach contours plotted at
Figure 5 show the same region. Data between cases collide in the suction peak region in a
single line. On the other hand, V5 has its PS affected by a screw, and this side of the vane
does not match that of the ST; however, the whole SS and suction peak are well represented.
Right after the screw, the flow is slowed down by the screw (placed at approximately 30%
of the chord). When passing next to it, there is a tendency to accelerate the flow due to a
nozzle effect between the screw and the vane itself. Finally, in V6, which is affected on its
SS by the screw, the distortion generated in the flow travels downstream from the scroll,
having an impact on its PS, too. However, the primary effect appears only on the first
quarter of the vane (on both sides), and after that, the coincidence between RT and ST is
nearly perfect. With this data, it can be assured that the studied vane for the ST represented
the same effects as the already validated turbine. Hence, the model is valid for studying
effects that would take place on the experimental rig when tested.
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VGT30 case is analyzed too for vanes which are both affected and not by elements
on the volute. Figure 8 shows how V8 had a Cp near 0 for most of the PS after the initial
distortion due to the stagnation point previously observed in Figure 6. In the ST model,
this is underestimated, and the value is slightly lower, hence having a compression on that
side which can be attributed to the acceleration of the flow. On the SS, the blockage effect
at half chord is represented with exactitude. V5 shows a Cp distribution similar behaved
as V8 did, but PS shows a more accentuated deceleration for the first 20% of the chord
because of the presence of the screw. The vane affected by the screw on its SS, V6, shows
such a good agreement between models, especially on SS all along the chord. Meanwhile,
on PS near LE, the effect of the screw creates a brief area of detachment, reattached after
the 10% of the chord and colliding results between models. Besides, it is noticeable how Cp
profiles from different VGT openings are different between them. Still, the variation of flow
conditions did not affect these pressure coefficients much for a single position.

Figure 7. Cp for each studied vane. ST and RT; VGT60; 0.5 mm tip height. In the figure, legend colors
stand for each case, while shapes in gray determine each of the vane faces.

The VGT30 case was also analyzed for vanes which are both affected and not by
elements on the volute. Figure 8 shows how V8 had a Cp near 0 for most of the PS after
the initial distortion due to the stagnation point previously observed in Figure 6. In the ST
model, this is underestimated, and the value is slightly lower, hence having a compression
on that side which can be attributed to the acceleration of the flow. On the SS, the blockage
effect at half chord is represented with exactitude. V5 shows a Cp distribution that behaved
similar to V8, but PS shows a more accentuated deceleration for the first 20% of the chord
because of the presence of the screw. The vane affected by the screw on its SS, V6, shows
such a good agreement between models, especially on SS all along the chord. Meanwhile,
on PS near LE, the effect of the screw creates a brief area of detachment, reattached after
the 10% of the chord and colliding results between models. In addition, it is noticeable how
Cp profiles from different VGT openings are different. Still, the variation of flow conditions
did not affect these pressure coefficients much for a single position.

The study that deals with Reynolds through the clearance is remarkable from the
perspective of obtaining information on how flow behaves over the tip of the vane. Different
methodologies were performed to check how flow behaves between ST and RT to validate
if there exists a resemblance to that behavior.

Firstly, a macroscopic behavior of the flow is depicted in Figure 9 for VGT60 and in
Figure 10 for VGT30. Uniform-sized vectors are drawn at a plane that crosses the tip gap at
its mid-height. RT can be noticed by the presence of the screw in the form of a blank circle in
which the flow stagnates. For VGT60, there is a resemblance between how the flow crosses
the vane over the gap from the pressure to suction side from mid-chord to TE. However,
in the RT, the tendency of the flow to cross over the gap is higher because of the influence
of the rotor. For its part, VGT30 has similar behavior, but as the trend of this whole study
indicates, the resemblance between RT and ST is higher, and the impeller is less affected
than for wider openings, where the stator vanes TE are closer to the rotor wheel.
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The study that deals with Reynolds through the clearance is remarkable from the
perspective of obtaining information on how flow behaves over the tip of the vane. Different
methodologies are performed to check how flow behaves between ST and RT to validate if
there exists a resemblance to that behavior.
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Figure 9. Flow direction over the tip. ST & RT. VGT60. 0.5 mm tip height.

Firstly, a macroscopic behavior of the flow can be depicted on Figure 9 for VGT60 and
Figure 10 for VGT30. Uniform-sized vectors are drawn at a plane that crosses the tip gap
at its mid-height. RT can be noticed by the presence of the screw in the form of a blank
circle in which the flow stagnates. For VGT60, there is a resemblance between how the
flow crosses the vane over the gap from the pressure to suction side from mid chord to
TE. However, in the RT, the tendency of the flow to cross over the gap is higher because
of the influence of the rotor. By its part, VGT30 has similar behavior, but as the trend of
this whole study indicates, the resemblance between RT and ST is higher, and the impeller
affects less than for wider openings, where the stator vanes TE are closer to the rotor wheel.

Figure 8. Cp for each studied vane. ST and RT; VGT30; 0.5 mm tip height. In the figure, legend colors
stand for each case, while shapes in gray determine each of the vane faces.

(a) RT (b) ST

Figure 9. Flow direction over the tip. ST and RT; VGT60; 0.5 mm tip height.

(a) RT (b) ST

Figure 10. Flow direction over the tip. ST and RT; VGT30; 0.5 mm tip height.

The distortion in the flow direction on the clearance between ST and RT can be
quantified by defining a flow angle direction, φ. This angle is measured at the mean chord
line of the vane, as shown in Figure 11a. It was measured as the direction of a particle placed
in the mean chord line for every 5% of chord distance for both ST and RT. As depicted from
the scheme of the vane, φ is non-dependent on the vane position. It is defined within its
chord line, no matter which α has the referred vane. With this definition, the outlet flow
angle with which the flow leaves the vane can be better understood, and the influence of
not having a rotor in ST is quantified.
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(a) (b)

Figure 11. Flow angle direction definition and comparison between different models and VGT
positions. (a) Definition of φ as flow angle direction on the tip vane side. (b) φ in the mean chord line
for V7. ST and RT; VGT30 and VGT60; 0.5 mm tip height. In the figure, legend colors stand for each
case, while shapes in gray determine each of the vane angular positions.

In Figure 11b, the flow direction angle, φ for V7 at two different vane positions, VGT30
and VGT60, can be seen. For the VGT30 case, a variation from the chord beginning exists
that causes the flow in ST to be underestimated in its turning direction. However, this
difference is lower than 10◦, and it diminishes with chord position until reaching the same
outlet flow direction as RT has. Meanwhile, the VGT60 case shows that the behavior of the
flow direction for the ST case is pretty similar to the RT one. It is noticed that between 40%
and 80% of the chord, there is a slight overturning in the ST simulation concerning the RT
one, but, as happened in the VGT30 case, this difference is below 10◦. Finally, the outlet
flow angle is the same in both cases. Upon these results, it can be said that the absence of
the rotor does not severely affect the flow angle over the tip, and future experiments on the
ST printed model could be considered applicable to a standard turbine with a rotor.

Then, a more precise analysis can be performed studying local Reynolds numbers
at different chord percentages vertically from the tip of the vane to the wall of the stator,
these lines being placed along the chord line. In the generated plots (where h is the tip
height and z is the height at which data are taken in the tip gap), the vertical axis represents
the clearance, dimensionless with the total height of the gap to compare the original size
from RT with the scaled one. In contrast, the horizontal axis evaluates local Reynolds
number instead of just velocity due to the viscous nature of the flow in the clearance.
Visual representation of the local Reynolds (Equation (2)) in the tip can be seen in Figure 12
for VGT60. In the first quarter of the chord, the agreement between the scaled turbine
and the Reynolds similarity model was high, and even the shape of the profile was the
same, with a parabolic distribution. In subsequent chord percentages, there are some
discrepancies between models, although Re values do fit between ST and RTRe. For each
plotted case, Mach similarity obtained lower Re values, as is expected to happen, discarding
this similarity to be the optimum for near-wall analysis.

Relocal =
ρz · uz · h

µz
(2)

Tip Reynolds performance in VGT30, shown in Figure 13, reveals some particularities.
The LE closest area (10% chord) has higher Re for RTRe because of the stagnation point
and how its turbulent effect distorts the flow. ST shows good agreement with Re similarity
cases, having similar profile shapes for the ongoing points of the chord length. However,
Mach similarity shows an underestimation of local Reynolds, as happened for a broader
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vane position in VGT60; this causes Mach similarity to be disregarded for subsequent tip
clearance flow analysis.
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3.2. Gap Height Variation

Having shown that ST resembles flow behavior appropriately through the gap (when
the tip-to-blade height ratio is similar), and taking into account that the modular printed
model had two different gap heights, we can study how it affects the variation of the gap
on the tip leakage and flow behavior. This comparison is performed with the Reynolds
similarity case, since it is the one that showed better agreement with the RT case when
compared in previous analysis.

The leakage vortex varies with both VGT position and gap height, as shown in
Figure 14. For the closest position, VGT30, it can be seen how different the vortex is for
the 0.5 mm gap in the upper image from the 1.5 mm gap. On SS, there are two generated
vortexes, one at mid-chord and the second at the TE; especially for the 1.5 mm gap case, this
second vortex is of greater magnitude, affecting the flow that is delivered to the impeller
and creating more significant losses. At VGT60, the situation described by Spence et al. [41]
happened, where a first vortex is created on the PS and then the flow is sucked back
through the gap to the SS, creating a vortex of greater magnitude in the greater clearance
case. However, for the widest opening nozzle position, VGT80, it was found that a greater
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gap diminished the suction effect generated by the PS detachment bubble, observed in [32],
thus having lower tip leakage and losses in the vane faces. If volumetric mass flow is
calculated through the clearance and normalized with the volume between vane and stator
wall, the mass flow ratio through the 0.5 mm gap is higher than the one passing over the
1.5 mm gap. For VGT30, the ratio between these values for different gaps is just 1.05 times
greater with the smaller gap, but for greater openings, this ratio rises up to 1.45 for VGT80,
meaning that proportionally there are higher tip leakages through smaller gaps, especially
for highly opened nozzle positions. This way, it can be said that for extreme closed positions,
the importance of reducing the clearance height is more important, since it would reduce
the TE vortex and subsequent losses.
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Another way of looking at this tip leakage interaction is by studying different planes
through the vane, as in Figure 15. This study was performed on the vanes of the ST
for the two different gap heights designed. In this case, velocity convoluted vectors are
displayed to make it possible to check vortexes formation and tip leakages all along the
vane. However, a detailed view shows that the most significant area of the vane is the TE.
For that reason, studied planes are those placed at the 60% and 80% of the chord.

For the narrowest vane nozzle position, in Figure 15a, it can be seen how the higher
clearance mainly affects the TE vortex, with higher tip leakages from PS to SS enlarging the
vortex and blocking part of the vane, thus increasing losses.

Other phenomena can be observed with a broader position, such as VGT60, repre-
sented in Figure 15b. As the blade loading for this opening is lower than in the VGT30 case,
there is a more negligible suction effect through the gap. For the 1.5 mm gap, the TE vortex
tends to be of lower magnitude and more stuck to the vane wall than what happens in the
0.5 mm gap. This result reinforces the crucial importance of reducing the clearance height
if the turbine is expected to work at narrow openings, as depicted in Figure 14.
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(a) VGT30 (b) VGT60

Figure 15. Velocity convoluted vectors for different chord lengths. ST; VGT30 and VGT60; 0.5 and
1.5 mm tip height.

4. Conclusions

The analysis and validation of a tool capable of linking an enlarged scaled model
of a turbine without rotor and a conventional radial turbine is the main objective of
this study. The aim is to check the flow behavior in the volute and stator of the scaled
model and compare it with what is predicted in a real turbine model. The model of
the real turbine was validated with general outputs, those that can be measured in a
conventional turbocharger test bench. The computational model of the scaled, rotor-less
turbine matches the performance of the real-sized turbine model. This study set the basis
of a work methodology that would allow studying flow patterns. Experimental testing of
the scaled model would conclude the accuracy of the predictions in the inner channels of
the stator and tip gap for different configurations, since it was concluded that the lack of
rotor has little impact in flow patterns in the stator vanes. The current turbine measuring
methodology mainly involves measuring inlet and outlet conditions, while the scaled
printed model alongside the presented computational modeling would allow much better
experimental results.

By analyzing the results, the interaction between rotor and stator was quantified, that
is, the flow at the stator that became affected by the presence of the rotor is higher as the
channel between vanes is broader. However, it was shown how, for a wide variation of VGT
positions, the lack of rotor does affect the analysis on flow behavior through the stator. This
has implications in future studies focusing on the stator of a turbine, since discarding the
rotor in numerical simulations saves a huge amount of computational cost. The complexity
and cost that entail the implementation of a rotor in the 3D printed model make it necessary
to check the interaction between the stator and the rotor. For the two vane openings shown
in this study, VGT30 and VGT60, the consistency between the scaled and the real models is
high in the stator region. Under these results, further analysis can be performed on how
other characteristics of the real turbine affected the performance of the stator, for example,
the screws that cross the stator in the spanwise direction. Another point of interest could
be how the pressure coefficient had significant discrepancies between different nozzle
openings, but not so much between different flow conditions, as the different similarities
simulated showed.

Regarding the study of the clearance left between the vane tip and the upper stator
wall, it was justified that keeping the Reynolds number is a valuable way to represent the
phenomena, as the CFD model of the real turbine does. Thus, it was shown how outlet flow
angle through the tip had little variation whether there is a rotor or not downstream from
the stator vanes. Some discrepancies appeared when studying local Reynolds number in
the tip, but taking into account the viscous nature of the flow over it and how much could it
be affected by slight differences, such as the tip vane shape itself, the results showed good
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agreement having similar Reynolds number at the same chord percentages and similar
distribution shapes through the length of the gap.

Moreover, two different clearances heights were simulated and compared for the
scaled model, showing that this gap should be minimized to decrease tip leakage losses.
This action gains interest if the desire is to work under small nozzle openings, and its
influence is shown to be lower for broader positions.
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Abbreviations
The following abbreviations are used in this manuscript:

CFD Computational Fluid Dynamics
EU European Union
MFR Mass Flow Rate
SS Suction Side
PS Pressure Side
RT Real Turbine
ST Scaled Turbine
LE Leading Edge
TE Trailing Edge
PR Pressure Ratio
RANS Reynolds Average Navier–Stokes
VGT Variable Geometry Turbine
Roman Letters
Ma Mach Number
Re Reynolds Number
ṁ Mass Flow
ṁred. Reduced Mass Flow
p Pressure
I Turbulence Intensity
l Turbulence Length Scale
h Tip Gap Height
Greek Letters
α Stator Blade Angle
η Efficiency
µ Dynamic Viscosity
π Corresponding Pressure Ratio
φ Flow Angle
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Subscripts and Superscripts
in Turbine Inlet Section
Ma Mach Similarity
red. Reduced Numbers
Re Reynolds Similarity
rel. Relative Value
s Static Conditions
sur f . Stator Vane or Rotor Blade Surface
tot Total or Stagnation Conditions
t, s Total-To-Static Value
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