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Standard article

Experimental approach for the analysis of the
flow behaviour iIn the stator of a real
centripetal turbine.

J.Galindo, A.Tiseira, L.M. Garcia-Cuevas, N. Hervas
CMT-Motores Térmicos, Universitat Politécnica de Valéncia, Spain

Abstract

During normal operation, radial turbines may work in off-design conditions. Off-design
conditions may be characterised by very low expansion ratios, very high expansion ratios, very
low rotational speeds or very high rotational speeds. All of these cases are difficult to characterise
experimentally due to high experimental uncertainties or a lack of capabilities in the system
feeding pressurised air to the turbine. Also, CFD simulations of these operating points can be not
accurate enough in due to high turbulence effects, flow detachment and shock wave generation.
With a lack of high-quality data to fit the reduced order turbine models used in zero- and one-
dimensional engine simulations, there are big uncertainties associated to their results in off-
design conditions. This work develops an experimental facility able to characterise the internal
flow of radial turbine stators in terms of pressure and velocity fields at off-design and regular
working conditions. The facility consists of an upscaled model of a radial turbine volute and
stator fed with air in pressure- and temperature-controlled conditions, so different sensors can be
used inside it with the least amount of flow disturbance. The different restrictions considered in
the design of the upscaled model are presented, and their effects in the final experimental
apparatus capabilities are discussed. A preliminary comparison between CFD simulations and
experimental data shows encouraging results.
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Introduction

Nowadays, turbocharging is used regularly in different diesel and gasoline engines that are found
in the automotive market. It is also a key system in the development of new engines with smaller
or optimal sizes prepared for optimal consumption, low level of pollutants and even coupled to
other systems such as electric engines. This trend is known as downsizing and rightsizing [1], [2]
and an important part of the current research on internal combustion engines (ICE) in automotive
focuses on optimising the turbocharging system. Apart from improving the performance and the
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fuel economy of new ICEs, and due to society concerns and the current legal framework, the
focus is put in reducing their pollutant and greenhouse gases emissions [3], where better
turbocharging is of capital importance.

In order to perform the matching between the turbocharger and the engine, the former needs to
be characterised in terms of different performance parameters. This characterisation can be made
experimentally or computationally by means of computational fluid dynamics (CFD) codes, and
requires a lot of resources. The use of reduced order models able to interpolate and extrapolate
the turbocharger performance parameters can greatly reduce the characterisation effort, so it is
favoured by the industry.

Turbocharging models are increasingly useful and have been gradually improved thanks to the
provision of experimental information. One example is the development of the one-dimensional
turbine model developed by Payri et al. [4] in the CMT University Institute at the Universitat
Politécnica de Valencia for the main adiabatic performance phenomena of the turbine such as its
instantaneous efficiency or instantaneous mass flow. Other example could be the contribution
carried out by Macek et al [5] where developed a 1D model which intends to represent the turbine
behaviour under unsteady flow conditions.

Along with the one-dimensional simulations, other tools have been coupled such as conjugate
heat transfer models [6]-[9]. Finally, great advances have been made in obtaining values of
mechanical losses for different points of operation [10], [11]. Therefore, using a one-dimensional
model of supercharging, today dynamics of mass flow, heat transfer and mechanical losses can
be calculated with acceptable precision. However, greater demands on the accuracy of the
calculation cause the supercharging model to continue its development, due to the gradual
changes in geometry suffered by these systems as a result of the continuous evolution.

To improve these tools, nowadays, one of the most used ways is based on characterising and
analysing the flow behaviour at each stage of the turbine using CFD calculation models. Three-
dimensional and detailed-geometry effects are naturally taken into account, and the simulations
can be performed with both steady-state and pulsating boundary conditions [12]-[14].

Another application that is currently on the rise is the use of reversible pump turbines in pumped
hydro energy storage plant. The operation of these systems suffers from great instability
problems, pressure fluctuations and severe vibrations. One of the physical origins of the problems
described above is the rotating stall phenomenon generated at off-design conditions in generation
mode [15]. Although CFD simulations are a valuable tool for analysing the flow behaviour and
the turbine performance in a wide range of operating conditions, the accuracy of their results can
degrade in off-design conditions. Experimental data is needed in order to validate CFD
simulations in any case but, due to this loss of accuracy, it is extremely valuable in off-design
operation such as very low or very high-pressure ratios or very low or very high rotational speeds.
In these conditions, phenomena such as unsteady flow detachment and attachment, thick wakes
or even unsteady shock waves decrease the accuracy of typical Reynolds-averaged Navier-Stokes
equations (RANS) and unsteady RANS (URANS) simulations. Although it is possible to use
higher-fidelity simulations, such as detached eddy simulations (DES) or large eddy simulations
(LES) tend to be too computationally-expensive to be widely used in industrial applications.

Nevertheless, and usually, the internal flow cannot be compared with any experimental data. In
this context, it is only possible to compare, in general terms, the parameters measured
downstream and upstream of the turbine, which are summarised in the pressure, temperature and
flow rate [16]. Moreover, reduced order turbine models normally use an equivalent nozzle model
or assume same flow conditions at different turbine regions in order to simplify the problem [17].
In general, the research works with 3D models are interesting because they give a notion of the
internal behaviour of the flow and can be used to improve reduced order models, but the authors



of this manuscript, have not found any research work dedicated to the experimental internal flow
measurement in small centripetal turbines, as those commonly used in the turbocharging system
in ICE for ground transport. In order to fill this gap and to provide a useful tool for CFD and
reduced order models validation as well as new geometry designs, an experimental facility has
been developed in this work.

This article explains the development of an experimental facility with an upscaled turbine model
that allows the characterisation of the internal flow in steady state and unsteady conditions. The
general considerations needed to design the upscaled turbine model are presented first. Secondly,
details about the final experimental apparatus are presented. Then, a proof-of-concept
experimental campaign is shown, and CFD simulations of the same conditions are presented.
Finally, the results are compared and conclusions are drawn.

General considerations for upscaled model design

As it has been said before, the off-design operation is characterised by very low or very high-
pressure ratios. The upscaled model has not got rotor so the case at very low or very high
rotational speed are not taken in account. Each one of the off-design operation situations leads to
different problem conditions that must be explained:

Very low-pressure ratios

The situations at very low-pressure ratios are characterised by low mass flow and velocity hence,
the Mach and Reynolds numbers are low too. To have a small Reynolds number means that the
viscous forces are important. Using Schilichting’s approach [18] it is calculated that the
percentage of the channel between the blades occupied by the boundary layer is around 20%. In
this case, if we want the results of the upscaled model to be representative we must keep the
Reynolds number from the real turbine.

Very high-pressure ratios

This is the opposite situation, characterised by high mass flow and velocity therefore, the Mach
and Reynolds numbers are large. Facing the previous situation, in this case, if we want the results
of the upscaled model to be representative we must keep the Mach number constant which is
equivalent to maintaining the dimensionless flow from the real turbine.
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Figure 1. Generic turbine map with the situations explained before.

The ideal plan would be in which the Reynolds and Mach numbers could be controlled
simultaneously but, to achieve this, pressures and temperatures impossible to reach in a standard
test bench are needed. The characteristics of the test bench used are maximum mass flow of 1200
kg/h and maximum relative pressure around 400 mbar. These limits indicate that it is infeasible
to reach very high-pressure ratios thus, to keep constant Reynolds number is the choice selected.



At very off-design conditions and keeping the Reynolds number constant, the velocity is low.
This means that the Mach number must be low as well. In this case the Mach is going to be lower
than 0.3 so that no compressible effects appear. Next, we will study the scale needed in the model
so that the maximum local Mach between the stator blades is less than 0.3. Using the same
generic turbine map of Figure 1, the maximum Mach between the blades is the one represented
in the Figure 2.
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Figure 2. Maximum Mach number in a generic turbine.

It can be observed that the maximum Mach with 1:1 scale factor is clearly compressible. If the
scale factor increases, the maximum Mach number decreases following the relation:

Tref R 1
Mapge = - 7L |5 = (1)
max Pref \/; Drot "M hst

With all this information it is possible to find the minimum scale factor that satisfies the Mach
number condition. In the next figure it is clear that the suitable scale factor is 3:1.
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Figure 3. Maximum Mach number vs. model scale factor.

Having the scale factor and the study situation selected (keep Reynolds number constant for very
low-pressure ratios), it is time to know if the upscaled model works at regular turbine operation
range for, in the future, apply the very off-design conditions.

Three steps have defined the methodology presented in this work. The first introduce the
hypothesis of fluid mechanic and unidimensional parameters to find the correlation between
upscaled and real turbine. The other two, CFD calculation and experimental study, are presented
below. Continuing, the theoretical study determines the viability of the upscaled experimental
model. This process determines the operation range of the scaled turbine. Therefore, the
procedure consists in realize an approximation of flow behaviour considering the Reynolds



number (Re) and controlling the Mach number (Ma). These two parameters ensure the direct
relationship between the real turbine and the scaled turbine. The first one allows to assure the
same fluid behaviour in the scaled turbine and in the real turbine when the viscous forces are
important. The second value determines the limits of the air mass flow through the stator channels
in the scaled turbine.

As has been described, a theoretical study was carried out in order to know the mass flow
conversion from real turbine to the scaled one. The Reynolds number equation was used to
reproduce the fluid behaviour of a normal size turbine. This equation relates the inertial (or
convective) and viscous forces present in a fluid.

V(T) - o(T
Re(T) = & (#()T)” () @

The Reynolds number value depends on an important parameter, the temperature. For this reason,
the Re parametric study was performed based on this variable, as can be seen in equation 2.
The values required to calculate the Reynolds number of a real turbine were obtained from a CFD
study at 50% closure of VGT and half-load operating point. Commonly, the turbocharger turbine,
installed in a diesel or gasoline engine, is around this opening position.

Table 1. Geometric and air values to compute the Reynolds number.

Chord 0,0179 m
Velocity 127 m/s
Dynamic viscosity 3,2:10-5 kg/ms
Density 1,22 kg/m3
Mass flow 0,097 kg/s

As a result of the previous values, the Reynolds number that was set to simulate the fluid
characteristics in the scaled turbine, obtained from parameters shown in Table 1, has been Re =
86760,25. To begin with the extrapolation data, the Reynolds number obtained is maintained
and the blade chord is modified by that of the upscaled turbine. The pressure has not been taken
as parameter since the variation of this does not affect the mass flow as will be seen later. The
purpose has been determining the velocity, with it, the mass flow required to reproduce the
existing conditions inside a real turbocharger for a half-load operating point, and 50% closure of
turbine stator. Therefore, the following lines comment the procedure:

= Calculate the density through the ideal gas equation

T
p(T) =p(T) TR - p(T) _ 2D 3)
T R
» The dynamic viscosity was estimated with the Sutherland equation, where the
temperature, pressure and density were known.

3
2

= (29 ()

Where p, = 18.27 - 107 Nsm~2the reference dynamic viscosity and the reference
temperature is T, = 291.15 K.

= The velocity was calculated from the Reynolds number equation.



V(T) = ——+ (%)
= Finally, when all the other variables were already calculated, the mass flow was obtained.
m(T) = p(T)-A-V(T) (6)
The values from scaled turbine employed for the following studies are resumed in the Table 2:

Table 2. Scaled turbine values.

r2a 0,088 m

Lre 0,0276 m
Chord 0,0525 m
Channel area 5,14-10* m?
Reynolds number 86760,25

These values were obtained using the methodology exposed in [17] by Serrano et al. The
methodology has the capacity to estimate the geometrical throat section of the stator vanes based
on VGT position and geometrical turbine parameters. The required metal angle (02™%') was
calculated using a linear relation between stator vanes angle and VGT opening of three
turbochargers with similar characteristics to that of the model.

With the intention of clarifying the meaning of the parameters that are observed in the figure 1a
and following the criterion employed in [17], the station 2 is located at the stator outlet. The
parameter r is the distance between the rotor centre and the stator vanes axis of rotation (2a) or
the stator outlet (2). Likewise, Lte is the distance between the stator blades axis of rotation and
trailing edge.
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Figure 4. a) Geometrical relations of VGT stator vanes and b) linear relations between stator
vanes angle and VGT opening.

The mass flow results obtained at different temperatures were the exposed in the Table 3:
Table 3. Scaled mass flow for half-load operating point.

m (kg/s)
T [K] p=latm | p=15atm | p=2atm
313 0,1805 0,1805 0,1805
343 0,1936 0,1936 0,1936




It is observed in the results that the variation of the pressure does not affect the mass flow if it is
established that the Reynolds number must be constant

Flow Velocity Study

The mass flow obtained in the previous section corresponds to a specific turbine operating point.
However, the turbine is able to operate in a wide range condition.

The value of the mass flow obtained in the case of the real turbine is taken again and
superimposed on the map of a similar characteristics turbine Figure 5. It is appreciated that this
point is located, more or less, at the middle of the turbine operating range. The VGT position
with filled symbols corresponds to 50% closure of turbine stator.
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Figure 5. Scaled operating point in a real turbine map.

To have a first approximation of the range of mass flow with which the model should work, it
was decided to choose the lowest and highest real mass flow. Subsequently, with the new mass
flows, it was carried out the conversion to the scaled turbine maintaining the corresponding
Reynolds number. As in the previous case, this conversion was performed as a function of the
temperature but not of the pressure since, as has been shown, this does not affect the mass flow.
As the lower limit, the real mass flow of 0,06 kg/s was selected. Doing exactly the same steps
than the previous case, the results shown in Table 4 were obtained.

Table 4. Scaled mass flow for low-load operating point
T [K] p [kg/m3] | p[Ns/m?] V [m/s] m [kg/s]
313 1,117 0,00001918 18,014 0,114
343 1,029 0,00002052 20,978 0,122

As the upper limit, the real mass flow of 0,16 kg/s was selected. The results for this case were
the exposed in Table 5.

Table 5. Scaled mass flow for high-load operating point.
T [K] p [kg/m*]  p[Ns/m?] V [m/s] 1 [kg/s]
313 1,117 0,00001918 47,287 0,298
343 1,029 0,00002052 55,068 0,320




Based on all the results, it can be concluded that, for a VGT closed at 50%, the range of mass
flow with which the scaled model will be worked is between 0,114 kg/s and 0,320kg/s.

The Figure 6 summarize the process of extrapolate the real mass flow for the scaled turbine. The
Figure 6a) shows the Reynolds number for each real mass flow from Figure 5. Then, to ensure
the good extrapolation of the data to the scaled turbine, the Reynolds number is keeping constant
and the new mass flow for the scaled turbine is calculated with the parameters of the new turbine.
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Figure 6 a) Reynolds number calculated through the real mass flow and b) scaled mass flow
obtained keeping constant that Reynolds number

Experimental Setup

The theoretical study defines the minimum and maximum air mass flow value for different
openings of the turbine stator at an experimental 3:1 scale. Therefore, the study solves the
conversion of the real values of flow in the model of the turbine. This experimental work focuses
on the volute and stator set, because the behaviour that the flow acquires between these stages
will strongly affect the operation of the rotor. That is why the model to be used will represent the
actual geometry of the volute and stator of a latest generation radial turbine at the scale that has
been defined as acceptable for the measurement sensors employed to characterize the behaviour
of the fluid. The sensors have been located at the entrance and exit of the volute and at the
entrance and exit of the stator channel. An important requirement in the design of the scale
turbine is that the stator blades must have different positions simulating the movement of the
variable geometry turbine (VGT). Hence, the model has interchangeable discs with fixed
positions. Every one of the discs represent different opening angles of the VGT. However, only
the results corresponding to the 50% opening of the VGT will be shown in this paper. Each
element of the turbine model has been assembled by fixing screws and joint between pieces has
been designed to avoid any air leakage.

The objective of the work is focused on characterizing the flow inside a radial turbine in the
volute and stator set by printing the internal channel of the volute and the stator channels (VGT).
The complete set of the turbine model consists of the following bodies, once completed and
optimized its design: volute - blades plate - central cavity and outlet channel.

In Figure 7, the design of the centripetal turbine with volute and stator is shown. On the right of
the same figure it is possible to see the scaled turbine assembled. Five are the VGT openings
built (fully closed, 25%, 50%, 75% and 100% open). Each opening has been measured with a

displacement sensor placed in the real turbine attached to the displacement axis of the blades
crown.



Figure 7. Design and construction of the internal flow characterization system based from a
real turbine.

The experimental model turbine has been placed in a gas stand bench for its characterization.
The instrumentation has been placed in different stator channels for do not interfere the inlet pitot
tube (5-hole) in the measurement of the outlet pitot tube (5-hole). The placement has a position
determined by the radial axis of the stator (longitudinal axis of the channel). At the same time,
an internal mechanism for the relative position for each pitot has been devised. Outside the
turbine it knowing the relative angle between the pitot and the longitudinal axis of the channel
depending on the position of the blades of the VGT. In Figure 8 is shown the totally closed and
hermetic experimental model turbine, located in the test bench.

In addition, it has a pressure value that conforms to the theoretical curve calculated for the
experimental model turbine. The inlet and outlet ducts of the scale turbine are fully instrumented
with pressure and temperature sensors to determine the operating point of the turbine (volute -
stator).

Once the model and the test bench are discussed, the experimental testing campaign is explained
in the Table 6. As stated before, the control variables are the temperature and the mass flow. The
temperatures were selected considering the limitations of the measurement sensors. On the other
hand, the values of the mass flow were set according to the results obtained about a theoretical
study. Further, it has been used to test the entire VGT at 50% position.

Table 6. Experimental testing campaign
T [K] m [kg/s] Test number
0,111 1

313 0,194
0,305
0,111
343 0,194
0,305

U WN
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Figure 8. On the top Ieft, the two pitot tubes. On the bottom left, the pressure and temperature
sensors in the duct. On the right, the flow bench installation.

Computational Study

The computational study was performed using STAR CCM+. The Figure 9 shows a partial view
of the volute — stator set used in this work. The computational domain included two zones not
shown in the Figure 9: a straight duct, which are placed at the turbine outlet and a big volume,
connected to the turbine outlet duct. The straight duct separates the outlet boundary condition
from the turbine and the volume allows to represent the ambient conditions at the outlet.

Figure 9. Turbine geometry and 3D computational mesh.

The model has not rotor. The absence of rotor causes that the outlet flow be rotational and,
therefore, adhere to the walls of the outlet duct. For this reason, the output volume has been
introduced whose boundary condition is the ambient pressure and allows, in case of backflow,
that this returns to the system in the real conditions experimentally tested

Mesh Information

The 3D mesh used for the computations is shown in Figures 10 and 11. The main difficulty when
it comes to real geometries is to achieve an adequate mesh. For this paper a non-conformal mesh
made with polyhedral polygons was opted. In addition, the authors chosen the option of Prism
Layer Mesh with the intention of improving the mesh in the boundary layer of the blades and in
the gap between the blade and the volute, as can be seen in the Figures 10 and 11.
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Figure 10. Mesh along a blade using Prism Layer Mesh.
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Figure 11. Detail of the mesh in the gap between t"he‘ blade and the volute.

A numerical accuracy study was performed to evaluate the independence of the numerical results
with the mesh size. This analysis has been done considering the average cell size in VGT and
volute. Due the magnitude of the outlet volume, his average cell size is bigger than the rest of the
system. The different computations for the mesh independence analysis have been performed
keeping a constant mass flow rate (0,305 kg/s) and temperature (343 K). The results are presented
in Table 7.

Table 7. Mesh independence analysis.

Mesh number Cells in the mesh Av.erage cell Total pressure [Pa] Velocity [m/s]
size [mm] Inlet Outlet Inlet | Outlet

1 4423526 2,5 105276,2 | 104879,8 | 44,84 | 79,20
6911928 2,1 105495,8 | 105017,1 | 48,43 | 78,94

3 8795791 1,9 105671,2 105444 49,50 | 80,90

The difference found between the mesh 2 and 3 is about a 0.41% in the total pressure and less
than 2.5% in the velocity. In addition, the difference in the average cell size is only the 0,2 mm.
On the other hand, the mesh cannot be as thin as Mesh 3 due to the computational resources and
the long calculation time. For these reasons, the grid number 2 has been used.

Case Configuration

The segregated solver was used to perform a Reynolds-Averaged Navier-Stokes (RANS) with
an SST k — o turbulence model, following the criteria found in the literature [19]. The RANS
“main advantage is their good trade-off between computational cost and accuracy” [13]. The
biggest advantage of the SST model is that it combines the robust and precise formulation of the



K- model [20] in the region close to the wall with the free-stream independence of the k-¢ model
[21] in the far field. The SST turbulence model is commonly used in many of the turbomachinery
applications found in the literature as can be seen in [22]-[24]. These examples demonstrate the
model’s ability to reproduce the flow separation in a wide range operations condition.

In addition, manufacturers usually test the turbochargers following the standard procedure which
consists of performing the tests under steady-flow conditions. The entire computational study
was performed under steady-inflow conditions too. The boundary conditions applied were total
temperature and mass flow rate at the inlet and static pressure at the outlet, in this case the big
volume.

Results Comparison

As has been said before, numerical study was performed for different mass flow rate and
temperature at the inlet. The mass flow rate was modified with the purpose of simulate an entire
stator position of the turbine, specifically the 50% opening.

The parameters that the authors consider interesting to analysed in order to validate the new
experimental methodology with the numerical study are the velocity, static pressure and total
pressure as a function of the mass flow rate. These three parameters were measured at the inlet
and outlet of different stator channels. Every test was done in steady flow conditions so, the time
variation is not a relevant parameter.

The results shown below belong to the CFD modelling with 7 million cells for the 313 K and 343
K temperatures test. Table 8 presents the relative difference of the static and total pressure values
between the experimental model and the CFD model. The comparison is made using the equation
7 where ¢ is a generic parameter.

) _ ¢CFD - ¢exp .100

¢exp (7)

Table 8. Experimental and numerical relative difference.

€exp (%

T K] | 1 [kos] Total pressure relative difference [%] | Static pressure relative difference [%]
Inlet Outlet Inlet Outlet
0,111 -0,81 -0,71 -0,72 -0,52
313 0,194 -1,54 -1,31 -1,64 -2,53
0,305 -3,46 -3,10 -3,67 -3,54
0,111 -1,30 -0,91 -1,09 -0,59
343 0,194 -2,57 -2,17 -2,36 -1,59
0,305 -4,86 -4,24 -4,75 -3,74

As can be seen in Table 8, the relative difference between the experimental and computational
results do not exceed 5%. On the other hand, comparing the values of velocity, at the inlet and
outlet channel, among the experimental study and the CFD modelling, a similar tendency can
be observed.
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Figure 12. Channel inlet and outlet velocity magnitude vs. mass flow rate

Figurel2 present the inlet and outlet velocity magnitude as a function of the mass flow rate. If it
is compared the results considering the temperatures, the velocity increases as the temperature
grows, regardless of whether it is measured experimentally or computationally. Likewise, the
stator channel inlet and outlet velocities are increase with the mass flow rate. The trend is similar
in the experimental and CFD results. The slopes show good agreement between the experimental
and computational studies. Both studies reveal a small value deviation between them. The Table
9 show a summarize about the relative difference in terms of growing velocity rate due the
increment of air mass flow through the stator vanes channel.

Table 9. Velocity slope relative difference

Temperatur Velocity slope relative
€ p[T(]a ure difference [%]
Inlet Outlet
313 5,7 8,1
343 1,2 1,5

The greatest deviations occur at low temperature. This is because the kinetic energy is lower in
that case and the walls roughness of the turbine model affect more than at high temperature, with
bigger kinetic energy.

Summary/Conclusions

This article describes a new methodology for the characterization of the internal flow in radial
turbines under steady flow conditions for, in the future, to be able to do it in non-steady and off-
design conditions. The main objective has been to evaluate the fluid-dynamics at the inlet and
outlet of the stator channel. The pressures and velocities measurements inside the stator have
been carried out by using 5-hole pitot tubes. This experimental measurement methodology has
been possible thanks to the creation of a scaled turbine, for this it was started with a real turbine.
It has been demonstrated, by means of a theoretical study, the range of mass flow rate values
necessaries to reproduce a complete turbine stator position, specifically the 50% opening.

The design of the turbine has also been studied using CFD modelling. This computational study
has served as a basis for comparing the results obtained in the experimental part. Several tests
have been implemented with different values of temperature and mass flow rate at the entrance
of the volute. Comparing the results, similar values are obtained between both methods,
experimental and computational. The static and total pressure values have a difference lower than
5%. On the other hand, the velocity values are similar and have a similar trend with the increase
of the mass flow rate. Therefore, the study of velocities inside a radial turbine volute demonstrate



the capacity to measure experimentally the flow behaviour. Further, this work confirms a new
method through a new tool using the experimental methodology to validate of any type of study
related to the internal velocities in real turbines using CFD simulation.
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Appendix |

Notation

VGT  Variable Geometry Turbine

CFD Computational Fluid Dynamic

ICE Internal Combustion Engine

RANS  Reynolds-Averaged Navier-Stokes

A Area [m?]

c Blade chord [m]

c Constant of Shuterland: 120 [K]

D Diameter [m]

h Height [m]

m Mass flow [kg s

m* Corrected mass flow [kg s]

Ma Mach number [-]

P Pressure [Pa]

R Ideal gas constant: 286,9 [N m kg* K]

Re Reynolds number [-]

T Temperature [K]

|74 Velocity [m s7]

Greek symbols

Y

Heat capacity ratio [-]



€ Relative difference [%]
u Dynamic viscosity [N s m-2]
T Pressure ratio [-]

p Density [kg m-3]

o) Generic variable
Subscripts

0 Reference value

e Expansion

exp Experimental

ref Reference

rot Rotor

st Stator blades



