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Abstract

The current paper presents a flow behaviour analysis of twin-entry radial
turbines by means of experimental measurements and computational fluid
dynamics (CFD) simulations. The experimental data were measured at par-
tial, unequal and full admission conditions, and was used to globally vali-
date CFD simulations. The experimental results hinted towards considering
twin-entry turbines as two separated single-entry turbines working in paral-
lel when used in simplified physics-based models such as in one-dimensional
simulations. After analysing the CFD results, a simple flow capacity model
was developed, exploiting some of the observed characteristic phenomena to
reduce the number of fitting parameters to their minimum while keeping its
accuracy and extrapolation capabilities.
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1. Introduction

Radial turbines are used in different applications such as wave energy
converters [I], in organic Rankine cycles (ORC) [2], [3], in a distributed
generation as microturbines [4], [5] or in generator sets [6]. But the most
widely investigated use is in turbocharging reciprocating internal combustion
engines (ICE), including range extenders for electric vehicles [7] or aircraft
powerplants [§].

The emission of greenhouse gases such as CO,, the particulate matter
(PM) [9] and the emission of pollutant gases such as NO, or unburnt hy-
drocarbons (HC) in ICE is continuously becoming more restricted. This
can be clearly seen for passenger car vehicles with the new emissions stan-
dards, such as Euro 6 in the European Union [I0], Bharat Stage 6 in India
[11], China 5 and 6 in China [I2] or Tier 3 in the United States of America
[13]. Also, regulators and agencies worldwide are becoming more concerned
about emissions from aeroengines and are preparing new inventories, reg-
ulations and standards, as can be seen in categories 1.A.3.a and 1.A.5.b of
[14]. Meanwhile, the International Civil Aviation Organization (ICAO) is ac-
cepting new standards for regulating the emissions of CO, and non-volatile
particulate matter.

One efficient technique to reduce these emissions is turbocharging [15]. As
it increases the engine inlet pressure, the density of the intake air charge in-
creases with favorable effects in the injection and combustion processes of fuel
and in effective compression ratio of the assembly. In addition, for the same
effective power, the engine size can be reduced and optimised maintaining its
overall performance. This downsizing trend leads to less fuel consumption
and, therefore, fewer emissions. The matching between turbocharger and
ICE in design operational points has been well defined because of the relia-
bility of fast 1D and 0D models, as detailed in Payri et al. [16] and Baines
[17]. However, there are more difficulties to predict and to match the engine

operation at turbocharger off-design conditions.



With the exponentially increasing computational power in the last decades,
CFD simulations arise as an alternative solution to study turbochargers in
steady-state conditions, as in First et al. [I§], but also in pulsating flow
operation, as Palfreyman et al. [19], Ghenaiet et al. [20] and Galindo et
al. [2I, 22]. The pulsating flow simulations are becoming relevant because
it is the real turbocharger operation conditions and they help to understand
its performance. Other effects are even being simulated nowadays, such as
compressor surge as in Huang et al. [23, 24], complex fluid-structure interac-
tions that may lead to premature blade failure due to fatigue as in Zhao et
al. [25], the noise emissions in complex compressor geometries as in Sharma
et al. |26, 27] or the effect of an inlet bent torsional pipe on complex com-
pressors as in Zhang et al. [28]. However, the 3D CFD simulations need to
be validated with experimental data due to the simulations are not reliable
on their own. They might calculate invalid results if they are not properly
carried out. Once the simulations are validated with experimental data, their
results will be considered valid.

Many researchers have also focused on turbocharger off-design conditions,
where there are interesting different phenomena. Because of this fact, extrap-
olate these conditions from design operational points is difficult, but it can
be modelled as in Serrano et al. [29], Binder et al. [30], Zhang et al. [31]
and Walkingshaw et al. [32].

Traditionally, the most common configuration at the engine exhaust has
been a single volute centripetal turbine. Nevertheless, this configuration
presents some issues in multiple cylinder engines, as explained in Garret et
al. [33]. As the flow is pulsating, there is interference between cylinders of
adjacent firing order impeding the turbine to exploit all the available energy
from the engine. Moreover, it imposes limits to the opening and closing
angles of the exhaust valves and it reduces the volumetric efficiency.

These issues can be solved with twin-entry turbines, which are becom-

ing the standard configuration in multiple cylinders, spark-ignition engines.



This kind of turbines have two volutes and the cylinders of adjacent fir-
ing order are connected to a different volute. It allows isolating the pulses
and reducing their interference, but also some phenomena emerge in the
space after the union of both volutes that must be analysed. Some authors
have characterised these phenomena with different approaches, as Brinkert
et al. [34], Yokoyama et al. [35], Romagnoli et al. [36], Cerdoun et al.
[37, 38|, Hajilouy-Benisi et al. [39], Aghaali et al. [40] and Chiong et al. [41].
Also, some authors have shown very interesting results regarding the effect
of high-amplitude pulses inside the turbine in its efficiency, such as Xue et
al. [42]: these effects may be included in simplified models for simplified
one-dimensional simulations.

The current paper presents an experimental and CFD analysis of twin-
entry turbines in order to better understand the phenomena occurring into
their rotor and to extend to twin turbines the one-dimensional model pro-
posed in [29] and to improve the model proposed in [43] by reducing signifi-
cantly the number of fitting coefficients and increasing the physical meaning
and generality of the proposed ones. In the CFD simulations, the mass flow
passing through each volute has been followed within the geometry in order
to corroborate the hypothesis based on experimental observation presented
in Serrano et al. [44], which considers twin-entry turbines as two different
single-entry, variable geometry turbines (VGT) working in parallel. This hy-
pothesis will be considered valid if the degree of mixing of the mass flow from
each volute within the rotor is small. Then, this one-dimensional model may
be improved thanks to the flow behaviour observed in both experimental and
CFED results. The model can be also coupled with other submodels of the
turbocharger, taking into account the compressor quasi-steady map extrapo-
lation [45], the heat transfer [406], 47, 48], the mechanical losses in the bearings

[49] or the one-dimensional wave and mass accumulation effects [50].
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Figure 1: Gas Stand insulation.

2. Experimental Method

The first step to study twin volute turbines is to obtain reliable experi-
mental data. Then, these data can be used for validating the results obtained
in 3D CFD simulations. So, the turbine is measured in a gas stand.

The gas stand used for measuring the experimental data is specially de-
signed for twin and double volute turbines. It utilizes compressed air that is
split into two separated sets of pipe-work connected with each turbine volute,
as explained in Serrano et al. [44]. In order to control and adjust with pre-
cision the mass flow rate of each set of pipework, there are two independent
highly linear control valves. It allows assessing the impact of each entry on
the overall performance in steady state conditions.

The compressed air is supplied by a two-stage, oil-free, centrifugal com-
pressor. This compressor is powered by a 450 kW electric motor. The gas
stand also has independent lubricating and coolant systems with adjustable
mass flow. The turbocharger and all pipes are insulated in order to ensure
an almost adiabatic operation, as shown in Fig.

The main parameters such as pressure, temperature, turbocharger speed



Table 1: Gas stand measurement equipment and precision.

Expanded
Variable Sensor Type Range
uncertainty
V-cone,
Gas Mass Flow Thermal and 45-1230 kgh! i 2%
vortex
Gas Pressure Piezoresistive 0-500 kPa 12.5hPa
Gas/Metal K-type
273-1500 K 1.5K
Temperature thermocouple
Oil/coolant
Piezoresistive 0-500 kPa 12.5hPa
Pressure
Oil/coolant
RTD 173-723 K i 0.5K
Temperature
Oil/coolant Coriolis and
Few tens gs~! 2%
Mass Flow Magnetic
Turbocharger
Inductive Sensor i 300 krpm 500 rpm
Speed

and mass flow are measured with sensors located at essential sections, such
as turbine inlets and turbine outlet. These sensors are listed in Table[Il The
expanded uncertainty shown in the table uses a coverage factor of 3: assuming
normal probability density distributions for the output of the sensors, the
actual value of the measurements is expected to lie in an interval centred
in the measured values with an amplitude equal to two times the expanded
uncertainty with a confidence level of 99.7 %.

The admission conditions can be differentiated in 3 categories. Full ad-



mission conditions, when the mass flow rate is equal in both entries. Partial
admission conditions, when there is mass flow passing only through one en-
try. Unequal admission conditions, when there is mass flow passing through
both entries, but it has not got the same rate. In real operation, unequal
admission conditions are the most common conditions

In order to describe these different mass flow admission conditions, a
parameter that relates the mass flow passing through each volute should be
defined. For a better understanding, the volute nearer the turbine hub will
be named Hub Branch and the other volute Shroud Branch, as it is nearer
the turbine shroud. So, the Mass Flow Ratio parameter (MFR) is defined in
Eq. [1I] as the ratio between the mass flow passing through the Shroud Branch
and the total mass flow. Other authors prefer using the Reduced Mass Flow
Ratio parameter (MFR..q) [51], which is the same ratio shown in Eq. [1] but
using the reduced mass flow instead of the mass flow. Working with the
MFR eases the experimental data acquisition while representing the same
flow behaviour tendencies since the mass flow can be directly measured.

T

MFR = (1)

The MFR parameter will be 0 when there is only mass flow passing

me + My

through the Hub Branch, 1 when there is only mass flow passing through
the Shroud Branch, 0.5 when there are full admission conditions and the
other values between 0 and 1 when there are unequal admission conditions.
Then, the twin turbine experimental map can be represented with different
values of MFR, as it is done in variable geometry turbines (VGT) with dif-
ferent nozzle vanes position, as explained in Serrano et al. [44]. The map
represented in Fig. [2] shows the reduced mass flow versus the turbine ex-
pansion ratio for each branch with different MFR and reduced turbocharger

speed. The expanded uncertainty of the reduced mass flow is less than 2%.
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Figure 2: Experimental Map.
3. 1D Model

One-dimensional models are an interesting tool in order to simulate whole
engines. They are able to catch most of the effects that are affecting the
performance of the flow. Moreover, they have low computational cost, which
allows using them in engine design and optimisation phases. The turbine
behaviour in one-dimensional models is imposed using actuator disks for
introducing the enthalpy and momentum source terms. The strength of
these source terms are a function of the turbine operating point and the
behaviour of the maps is represented in terms of flow capacity and efficiency.
The manufacturer’s maps provide the information needed by the models so
they may be used directly as interpolation lookup tables. However, they
are usually too narrow and only provide a few design points. Hence, an
extrapolation model is needed in order to represent the whole turbine maps.
Moreover, as the flow passing through one volute affects the performance of
the flow passing through the other, the extrapolation model in the case of
twin turbines will be even more complicated.

The turbine main stages are defined in Fig. [3] The volute inlet is defined

as stage 0, the volute outlet/stator inlet is defined as stage 1, the stator
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Figure 3: Twin volute turbine stages.

outlet is defined as stage 2, the rotor inlet is defined as stage 3 and the rotor
outlet is defined as stage 4. As shown in Fig. [3], there is a vaneless stator.
The current paper is focused on the performance map represented in terms
of flow capacity. In the one-dimensional model used [29], the turbine flow
capacity performance is calculated as an equivalent nozzle which is character-
ized by an effective area, as shown in Eq. [2| where the numerical subscripts
are referred to the corresponding stage and the subscript Neq is referred to

the equivalent nozzle.

2 2 2
Uy us W3
1+ -
UNeq UNeq UNeq
ANeq = A4 D) 2 <2>
Ay Pa o
\ Az P3

Some of these variables are hard to measure properly even in the design
operational points. So, this effective area can be modelled using some sim-
plifications detailed in Serrano et al. [29], obtaining the Eq. |3| that depends
on geometrical parameters, the blade speed ratio (o), some pressures and 4

calibration coefficients.
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where a is the rotor discharge coefficient, b is the ratio of rotor inlet relative
kinetic energy and the nozzle isentropic kinetic energy, c¢ is the ratio of rotor
outlet and rotor inlet discharge coefficients and d is included through the
term my 4 = 1+d [mora — 1], being d = (p2 — pa)/(pot — pa). The value of these
four coefficients can be set with the measured operational points information.
Then, the effective area model will be adjusted.

These coefficients also depend on the working conditions of the turbine.
So, CFD simulations along with the experimental results may be used to
infer this dependency. Moreover, a simple model taking into account the

effect of the MFR on the overall performance could be proposed.

4. CFD simulations

3D CFD simulations can be reliable when the geometry simulated is ex-
actly the same than the measured. So, the twin turbine measured in the gas
stand described in chapter 2 has been digitised as a CAD (Computer-Aided
Design) model.

There are parts, as the rotor and the inlet and outlet ducts, easy to scan
with a conventional 3D scanner. However, the volutes and the plenum at
the rotor outlet are not as accessible as the other parts, so an inverse non-

destructive process is proposed for digitising them. These parts are filled
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Figure 4: Twin Turbine Geometry.

with liquid silicone. When the silicone is cured, it is extracted. Then, these
silicone moulds are the negative part of the volutes and the plenum at the
rotor outlet and they can be scanned easily.

This process is not perfect and there may be some imperfections due
to fissures or air bubbles in the moulds. Thus, these CAD parts should
be carefully pre-processed before using them. Once all parts are properly
prepared, they can be united in a unique CAD model, as shown in Fig. [

The mesh of this geometry should be fine enough in order to capture the
correct results independently of the cell size. The regions near the wall should
be meshed more accurately as well as the regions where more complicated
phenomena are supposed, as the rotor tips. The mesh independence study
carried out is shown in Table |2, controlling the pressure and temperature at
the rotor inlet section in a case with MFR 0.53 and reduced turbocharger
speed of 3700 rpm K%,

The simulation results are almost independent of the mesh size for more
than 5.5 million cells. So, the case with 5.5 million cells will be fine enough
and it is shown in Fig.

The simulations carried out are 3D unsteady Reynolds-Averaged Navier-
Stokes (URANS) using the k —w SST turbulence model. The equations are

11



Table 2: Mesh independence study. Pressure and temperature values at the rotor inlet

section.

Number of cells (-10%) Total pressure [kPa] Total temperature [K]

0.97 135.4 356.87
1.59 135.9 357.31
2.53 136.1 357.68
4.46 136.4 358.00
5.54 136.5 358.07
8.28 136.5 358.08

Figure 5: CAD model with final mesh.
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solved with a second order, upwind, coupled flow solver, using the Roe’s flux-
difference splitting scheme adapted for use with Weiss-Smith preconditioning
for all-speed flows. The air passing through each volute is differentiated using
the multi-component gas option and both gases are modelled as non-reactive,
ideal gases. This option allows following both gases separately within the
geometry.

The boundary conditions are steady. The inlets boundary conditions are
stagnation inlet, fixing the total pressure and temperature, the composition
and the turbulence description. The outlet boundary condition is pressure
outlet, giving the static pressure and temperature, the composition and the
turbulence description for backflow. The values of the boundary conditions
are extracted from the experimental data in order to compare properly both
results. Four different turbocharger speed and 7 different MFR are selected,
carrying out 28 simulations.

The simulations are started with a steady solver (RANS), using moving
reference frames for simulating the motion of the rotor. Once these sim-
ulations are converged, they are used as initial conditions for the implicit
unsteady solver (URANS), using rigid body motion to consider the motion
of the wheel. The implicit unsteady solver is second order and has a constant
time-step, which is defined in each case as the time spent in rotating one de-
gree, following the steps detailed in Galindo et al. [52]. For each time-step,
the simulations take 20 inner iterations in order to ensure the convergence of

the residuals in the different equations.

4.1. CFD simulations validation

Once the simulations are converged, they need to be validated against
experimental data since they are not reliable on their own. In order to
represent the validity of the simulation results, Fig. [0] shows the reduced
mass flow obtained in the simulations against the one from the experimental
data. Dotted lines represent £2 % discrepancy, the measurements expanded

uncertainty. The solid line represents perfect concordance.
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Figure 6: CFD and experimental map comparison.

There is good concordance between simulations and experimental data in
all cases, even with extreme values of MFR. The error is lower than 3% in
the worst cases and the R? value is high in both branches. This error is a
bit higher than the measurements expanded uncertainty, but only in a few
cases.

In order to also validate the simulated energy results, the outlet total
temperature can be compared between simulations and measurements, as
shown in Fig. [7]] Dotted lines represent a discrepancy of £1.5K. Despite
there can be radial temperature non-uniformity, as explained in [53], 4 differ-
ent thermocouples were used located at different insertion depths, producing
an average that is expected to be representative of the actual mean at the
measurement section. All simulated cases have less than 1.5 K of discrepancy,
lower than the expanded uncertainty of the measurements.

Fig. [l and Fig. [7] show that the error of the simulations is similar to or
lower than the measurements expanded uncertainty. Thus, the simulations

carried out could be considered reliable.
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Figure 7: CFD and experimental outlet temperature comparison.

5. Analysis of the results

The behaviour of the flow passing through each volute within the rotor
and all the turbine can be analysed qualitatively with the CFD simulations.
The mass flow passing through each branch can be followed within the ge-
ometry by plotting the mass fraction of the flow that enters by one of the
branches. As an example, Fig. shows the mass fraction of air passing
through the shroud branch in a section from the volutes until the rotor out-
let for a case of MFR 0.57 and rotational speed 3700 rpm K=%5. The flow
passing through each volute does not mix within the rotor significantly. The
air from the shroud branch is basically maintained near the rotor shroud
while the air from the hub branch is basically maintained near the rotor hub.
The main mix is produced downstream of the rotor and it occurs in all the
simulated cases. This behaviour is consistent with the hypothesis used in
the reduced-order engine model [43], which models twin-entry turbines as
two separated single volute VGT turbines working in parallel. This hypothe-
sis was funded by the analysis of the experimental data, processed using the

procedure described in [44]
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Figure 8: Local mass fraction of the gas from shroud branch.

5.1. Effect on the rotor inlet and outlet areas

Despite qualitatively all the cases show the same flow behaviour, the MFR
variations change the volume percentage of each flow inside the rotor and it
makes some differences between cases. This change can be represented by
means of the area occupied by each branch flow at rotor inlet and outlet
sections. Fig. [ shows these area variations against the MFR.

The rotational speed effect on the area variation is very low in both inlet
and outlet sections. However, the MFR effect on the area variation is very
important. Moreover, this effect seems to have nearly linear trends, having
a high R? value. So, an assumption of area linearity with the MFR can be
made in the one-dimensional model for both inlet and outlet areas.

When observing the rotor outlet flow, the product of the average axial
flow speed times the average density of the flow corresponding to one branch
divided by the same product corresponding to the other branch was relatively
close to 1, as observed in Fig. It is close enough to 1 for considering that
the trends of the effective outlet areas are almost linear with the MFR in
the effective area model. When observing the rotor inlet flow, taking into

account the average radial flow speed instead of the average axial flow speed,
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Figure 9: MFR and rotational speed influence on rotor inlet and outlet area occupied by

each branch flow.

as shown also in Fig. [I0] the behaviour of this ratio is similar. This flow
behaviour at rotor inlet and outlet sections corroborate the assumption of
area linearity with the MFR.

5.2. Rotor inlet and outlet areas effect on the flow capacity map

This flow behaviour may be important to introduce in the one-dimensional
twin-entry turbine model. In order to take it into account, some geometrical
parameters introduced into the code should be changed. The area at rotor
inlet and outlet sections, shown in Fig. [1I] follow the Eq. [4 and Eq.

2

~ut the nut radius at

respectively, being 72 the wheel radius at rotor outlet, r
rotor outlet, r3 the wheel radius at rotor inlet and hy.q0 the blade height at

rotor inlet.

A3 =2-7-73 - Rplade (4)
Ay=m- (Ti - Tiut) ()

The rotor inlet wheel radius is constant, so the blade height should be

changed linearly in Eq. [ in order to catch the flow behaviour against the
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Figure 10: Rotor inlet and outlet area linearity with the MFR assumption corroboration.

MFR. In the shroud branch case, it will be linear with the MFR. In the hub
branch case, it will be linear with parameter 1 — MFR.

In order to catch the flow behaviour against the MFR in the rotor outlet
area, an intermediate radius (r;) is defined as the frontier between both flows.
In the shroud branch case, the intermediate radius will act as the nut radius
at rotor outlet. In the hub branch case, the intermediate radius will act as

the rotor outlet wheel radius.

Ay =7 (ri— 1) (6)
Ay = (1] = 1) (7)

This intermediate radius will be defined in order to reach a linear be-

haviour in the rotor outlet area and it will follow the Eq[§|

ro= /(1 — MFR) -3 + MFR - 1%, (8)

These geometrical parameters changes are introduced into the effective

area equation (Eq. for both branches. Then, the calibration coefficients

18
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Figure 11: Area at rotor inlet and outlet sections.

are adjusted for each MFR, showing their dependence on the MFR in Fig.
[12]

The a, b and c calibration coefficients have a nearly constant trend against
the MFR for both branches. a is the rotor outlet discharge coefficient and
the variation produced by the MFR has been introduced in the rotor outlet
geometrical area with Eqgs. [6] and [7] So, this calibration coefficient does not
depend on the MFR. b is the relative kinetic energy ratio that depends on the
rotor inlet geometrical area. As the effect of the MFR is already introduced
in this area with Eq. [4] b does not depend on the MFR.

¢ is the ratio between rotor outlet and rotor inlet discharge coefficients.
The rotor outlet discharge coefficient is nearly constant with the MFR, but
the rotor inlet discharge coefficient depends on the MFR. However, the
effect of the rotor inlet angle can be separated from the rotor inlet discharge
coefficient and it depends directly on the MFR, as explained in [54]. If this
effect is separated, the rotor inlet discharge coefficient has nearly constant
trends against the MFR, but the direct dependence of the rotor inlet angle
has to be included in the effective area equation dividing by the cosine of the
rotor inlet angle, as shown in Eq[3| Then, the ¢ calibration coefficient will

have also a constant trend against the MFR.
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Figure 12: Calibration coeflicients adjusted for each MFR.

The d calibration coefficient, however, has not constant trends against
the MFR. It seems to have a nearly linear dependence, reducing its value
while the mass flow in the studied branch increases. As d represents the ratio
between the rotor static pressure drop and the whole turbine pressure drop,
it actually shows the trend to increase pressure ratio in the vaneless space
when the flow is increased in one branch vs the other. Fig. [12|shows how d
value trends to 0 for the shroud branch when MFR increases since the mass
flow of the shroud branch increases in comparison with the mass flow of the
hub branch and there is a higher pressure ratio in the vaneless space. Due to
the same reason, d value has the opposite trend for the hub branch, it trends
to 0 when the MFR goes down.

Considering all these dependencies on the MFR, the twin-entry turbine
one-dimensional model will only have 5 parameters per branch to adjust with
the experimental data: one for each a, b and ¢ calibration coefficients and
two for d.

Then, using some information from the experimental data, the flow ca-
pacity map can be extrapolated toward different MFR values with this new
approximation of the one-dimensional model. In Fig. and Fig. [14] the ex-
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Figure 14: Shroud Branch flow capacity extrapolation map.
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perimental data of MFR 0.33, 0.53 and 0.67 with reduced turbocharger speed
of 3700 rpm K% is used for fitting the calibration coefficients and the other
MFR measured values with the same reduced speed are compared with the
interpolation and extrapolation calculated with the one-dimensional model.

The interpolated MFR values (0.43 and 0.57) are almost coincident with
the experimental data for both branches. The extrapolated MFR values
(0 and 1) have small discrepancies with the experimental data, but they
show good agreement. For a better estimation of the error committed, Fig.
compares directly the concordance between the measured and modelled
reduced mass flow. The dotted lines represent +5 % discrepancy.

There is good concordance between modelled points and experimental
data. The R? value is high with relatively low root mean square error. The
points used for fitting the calibration coefficients and those interpolated have
very low error while the extrapolated points have an error lower than 5% in
almost all the cases. These extrapolated points worsen the overall root mean

square error, but it is still small.
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6. Conclusions

The current paper presents an improved methodology for generating twin-
entry turbine flow capacity extrapolation maps based on experimental and
CFD flow analysis. Both experimental and CFD results have been analysed
and compared in order to improve the one-dimensional twin-entry turbine
model.

The CFD simulations have been globally validated with the experimental
data. The discrepancies in terms of reduced mass flow are lower than 3 %,
which is an error similar to the experimental expanded uncertainty. The
discrepancies in terms of rotor outlet temperature are lower than 1.5 K, which
is an error lower than the experimental expanded uncertainty. Even in partial
admission conditions, when there is a sudden expansion at the volute outlet,
or at low expansion ratio, when there is some flow recirculation, the CFD
results show good agreement in spite of coming from URANS simulations.
These phenomena would be better captured with higher fidelity simulations
as DES simulations.

The CFD simulations also have corroborated the hypothesis of study
twin-entry turbines as two separated single volute VGT turbines in the one-
dimensional model made from the experimental results. The simulations
show that the flow passing through each branch does not fully mix with the
other within the rotor.

The rotor inlet and outlet areas in the one-dimensional model have been
modified in order to take into account the effect of the MFR. These ar-
eas have shown a nearly linear dependence on the MFR that is introduced
changing some geometrical parameters for each branch as the blade height
and the rotor outlet and rotor nut diameters. These changes make the one-
dimensional twin-entry turbine model more physic since the effect of the
MFR now is taken into account. Then, only five calibration parameters are
needed per branch and they are adjusted with the experimental data.

The interpolation in the flow capacity maps has proven to be great while
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the extrapolation is not perfect, but it shows good results with an error
lower than 5%. This extrapolation could be improved even more studying
the efficiency maps since both the flow capacity and the efficiency maps are

coupled. So, the next step is to study the twin-entry turbine efficiency maps.
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Nomenclature

Abbreviations
0D  Zero-dimensional
1D One-dimensional

3D Three-dimensional
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CAD Computational-aided design

CFD Computational fluid dynamics
DES Detached eddy simulations
HC Hydrocarbons

ICAO  International Civil Aviation Organization

ICE Internal combustion engine

ORC Organic Rankine cycle

PM Particulate matter
RANS Reynols-averaged Navier-Stokes
URANS Unsteady RANS

VGT Variable geometry turbine

Roman letters

A Area
a Rotor discharge coefficient
b Mass flow capacity fitting coefficient
c Mass flow capacity fitting coefficient
D Diameter
d Mass flow capacity fitting coefficient
h Height
m Mass flow rate

MFR Mass flow ratio
N Turbocharger speed
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P Pressure

r Radius

T Temperature

U Blade tip speed
v Absolute velocity
w Relative velocity

Greek letters

Q@ Absolute velocity angle

vy Specific heat capacities ratio
n Efficiency

s Expansion ratio

p Density
o Blade to jet speed ratio

Subscripts and superscripts

0 Volute inlet station
1 Volute outlet station
2 Stator outlet station
3 Rotor inlet station
4 Rotor outlet station
blade Blade
exp Experimental
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geom Geometrical

h Hub branch
7 Intermediate
N., Equivalent nozzle

nut Rotor outlet nut

red Reduced
S Shroud branch
t Total

t,s Total to static
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