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Abstract
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Supersonic axial turbine stages typically exhibit lower efficiencies than subsonic
axial turbine stages. One reason for the lower efficiency is the occurrence of shock
waves. With higher pressure ratios the flow inside the turbine becomes relatively
easily supersonic if there is only one turbine stage. Supersonic axial turbines can
be designed in smaller physical size compared to subsonic axial turbines of same
power. This makes them good candidates for turbochargers in large diesel engines,
where space can be a limiting factor. Also the production costs are lower for a su-
personic axial turbine stage than for two subsonic stages. Since supersonic axial
turbines are typically low reaction turbines, they also create lower axial forces to
be compensated with bearings compared to high reaction turbines.

The effect of changing the stator-rotor axial gap in a small high (rotational) speed
supersonic axial flow turbine is studied in design and off-design conditions. Also
the effect of using pulsatile mass flow at the supersonic stator inlet is studied.
Five axial gaps (axial space between stator and rotor) are modelled using three-
dimensional computational fluid dynamics at the design and three axial gaps at
the off-design conditions. Numerical reliability is studied in three independent
studies. An additional measurement is made with the design turbine geometry
at intermediate off-design conditions and is used to increase the reliability of the
modelling. All numerical modelling is made with the Navier-Stokes solver Finflo
employing Chien’s k£ — € turbulence model.

The modelling of the turbine at the design and off-design conditions shows that the
total-to-static efficiency of the turbine decreases when the axial gap is increased
in both design and off-design conditions. The efficiency drops almost linearily at
the off-design conditions, whereas the efficiency drop accelerates with increasing
axial gap at the design conditions.

The modelling of the turbine stator with pulsatile inlet flow reveals that the mass
flow pulsation amplitude is decreased at the stator throat. The stator efficiency
and pressure ratio have sinusoidal shapes as a function of time. A hysteresis-like



behaviour is detected for stator efficiency and pressure ratio as a function of inlet
mass flow, over one pulse period. This behaviour arises from the pulsatile inlet
flow.

It is important to have the smallest possible axial gap in the studied turbine type
in order to maximize the efficiency. The results for the whole turbine can also be
applied to some extent in similar turbines operating for example in space rocket
engines. The use of a supersonic stator in a pulsatile inlet flow is shown to be
possible.

Keywords: axial turbine, supersonic flow, CFD, turbocharging
UDC 621.438 : 533.6.011.5: 51.001.57
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Nomenclature

Latin alphabet

A pulsation amplitude

b blade or vane height m

c chord, absolute velocity m, m/s

C)  coefficient in the k — ¢ turbulence model ms*/kg

Cy coefficient in the &£ — € turbulence model mst/kg

(),  turbulent viscosity coefficient

Cp specific heat capacity in constant pressure J/(kgK)

e static pressure rise coefficient

E total internal energy J/m3

e specific internal energy J/kg

F inviscid flux vector in x-direction

f frequency 1/s

G inviscid flux vector in y-direction

Gax axial distance between stator and rotor at the hub m

H inviscid flux vector in z-direction

I number of time steps

k turbulent kinetic energy Jkg

lax axial distance between stator leading edge and rotor leading edge at the
hub m

lrp  distance from trailing edge m

n unit normal vector

P pressure Pa

source term vector
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q; heat flux in the i-direction

Gm mass flow

R right hand eigenvector matrix in Roe’s method
r right hand eigenvector

R; vector in van Albadas limiter

S area of cell face

T rotation matrix

T temperature

t time

U vector of conservative variables

u velocity, peripheral velocity

u, v, w velocity in x-, y-, and z-direction

Ur friction velocity

V volume

w relative velocity

x distance to axial direction

yt non-dimensional wall distance

Yn normal distance to the wall

Greek alphabet

« absolute flow angle from axial direction

o characteristic variable in the Cartesian flux equation
6] compression wave angle

0ij Kronecker delta function

€ dissipation of turbulent kinetic energy

n efficiency

kg/s
kg/s

W/kg
%
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~y ratio of specific heats

K1, ke constants in MUSCL-type formula
A diagonal eigenvalue matrix

A eigenvalue in the Cartesian flux equation
! molecular viscosity

Lbe diffusion coefficient of €

Lbk diffusion coefficient of k

w total pressure loss

T pressure ratio

p density

O, coefficient in £ — € turbulence model
o coefficient in £ — ¢ turbulence model
T shear stress

0 wake angle

Subscripts

ax axial

s isentropic

t —s total to static

t total state

v viscous

w wall

X,y,% X-,y-, z-direction

T turbulent

1 turbine inlet, stator inlet

2 rotor inlet, stator outlet

kg/(ms)
kg/(ms)
kg/(ms)

kg/m?

N/m?
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3 rotor outlet, second stage stator inlet

4 diffuser outlet, second stage stator outlet or rotor inlet
5 second stage rotor outlet

des  design value

is isentropic

t tangential

X axial

Superscripts

* throat

- fluctuating component

— averaged quantity

) convective value

- vector

k index in the Cartesian form of the flux equation
l left side

r right side

Dimensionless numbers

M Mach number

Pr  Prandtl number

Ret  turbulent Reynolds number
Abbreviations

ASME American Society of Mechanical Engineers

AVDR Axial Velocity Density Ratio

CFD Computational Fluid Dynamics

CO

Coupled approximation
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DDADI Diagonally Dominant Alternating Direction Implicit
DLR German Aerospace Center

EGV Exit Guide Vane

FEM Finite Element Method

LES Large Eddy Simulation

LUT Lappeenranta University of Technology

MUSCL Monotonic Upwind Schemes for Conservation Laws
ORC Organic Rankine Cycle

RNG Reynolds Renormalization Group

TA  Turbine Alone approximation

TKK Helsinki University of Technology

UN  Uncoupled approximation
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1 Introduction

The laboratory of Fluid Dynamics at Lappeenranta University of Technology has
nearly thirty years of experience in high speed electric motor and turbomachine
technology. During the years, several turbines and compressors with high rotating
speeds have been designed and studied in detail. Several dissertations in the field
of high speed technology have been published, many of them comprising both
numerical and experimental studies. The work presented in this thesis is a contin-
uation of this tradition and expertise.

The drive towards lower emissions in the field of larger diesel engines promotes
more efficient turbocharger designs. There is a trend of increasing the turbocharger
pressure ratio. Limited space can be one design constraint and with high pressure
ratios the flow becomes relatively easily supersonic if only one turbine stage is
used. One answer to these requirements is the use of a supersonic axial turbine.
This turbine type can be designed in smaller size compared to subsonic design of
the same power. Costs of producing only one turbine stage are also lower than
the costs of producing two turbine stages. Usually supersonic turbines have low
degree of reaction which leads to lower axial forces to be compensated with bear-
ings compared to high reaction turbines.

Supersonic axial turbines are used in space rocket turbo pumps to rotate the pump
feeding fuel or oxygen to the combustion chamber. Another place where super-
sonic turbines are used is the Curtis stage of an industrial turbine. These turbines
are usually impulse type turbines, where the pressure drop happens in the stator
and the flow velocity at the stator outlet is very high. In the rotor, the torque comes
from changes in the direction of the velocity vector without any pressure drop.

Usually supersonic turbine stages work with lower efficiencies than subsonic tur-
bine stages. In this study, a new idea of employing a supersonic turbine with 15
per cent of reaction to a turbocharger application is modelled with computational
fluid dynamics (CFD). The effect of changing the distance between the turbine
stator trailing edge and rotor leading edge is studied in both design and off-design
conditions using the quasi-steady modelling approach. Additionally, the turbine
stator is studied with pulsatile inlet flow, which is typical for a pulse-charged en-
gine, by time-accurate CFD.

A literature review for the current state of research is presented in chapter 2. This
is followed by describing the studied turbine geometry and measurement setup for
the turbine and introducing the numerical methods used in this study in chapters
3 and 4, respectively. In chapter 5 the numerical accuracy is discussed. Later in
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the chapter, the code performance is validated against measured transonic cascade
results. Also the analytical and numerical results of the stator trailing edge shock
wave angle are compared. In chapter 6, the results of turbine modelling under
design and off-design conditions are presented with conclusions and discussion.
Five different axial distances are modelled at the design conditions and three at
off-design conditions. Measured efficiency is compared with calculated efficiency
to increase the reliability of the modelling. This is followed by the modelling of
the turbine stator with pulsatile inlet conditions. Chapter 7 contains a summary of
the study, recommendations, and suggestions for further research.

The objectives of the study can be divided in three parts:

e To study the effect of stator-rotor axial distance on the studied supersonic
turbine type and to improve the efficiency of the turbine in the design con-
ditions.

e To study the effect of stator-rotor axial distance on the studied supersonic
turbine type and to improve the efficiency in the off-design conditions.

e To study the effect of pulsating inlet flow into the flow field and the perfor-
mance of a supersonic axial turbine stator.

The literature review has been done solely by the author. All numerical mod-
elling presented in this study has been performed by the author, including pre-
processing, numerical modelling and post processing. Part of the post processing
has been performed with an in-house developed program that has been modified
for the current study by the author. The results of Jeong et al. (2006) in figure 6.2
have not been modelled by the author. The measurements presented in the study
have not been made by the author. The measurements for the studied turbocharger
turbine have been re-designed by the author.

The scientific contribution of this work can be divided in two parts; the use of
a low reaction supersonic axial turbine in a turbocharger and its modelling in
design and off-design conditions with variating stator-rotor axial distances, and
time-accurate modelling of a supersonic stator with pulsatile inlet flow.
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2 Literature review

2.1 Supersonic turbines

The stators of supersonic turbines have subsonic inlet conditions and supersonic
outlet conditions. The flow is considered to be supersonic when the free-stream
Mach number is greater than 1.3. Supersonic turbines differ from subsonic and
transonic turbines particularly in the stator profile. A Laval nozzle, originally in-
vented by Carl G. P. de Laval, is designed between two stator blades and it can be
handled in three parts, as shown in figure 2.1. These parts are: 1) a subsonic con-
verging inlet section, *) a sonic throat and 2) a symmetrical supersonic diverging
outlet section. Most attention has to be paid to the design of the diverging section.
Figure 2.1 also shows the throat flow angle a*, which is defined to start from the
axial direction in this study. After the diverging section, the blade suction surface
profile can be straight or slightly curved.

Flow
direction

|

Figure 2.1: An example of a supersonic stator design with the Laval nozzle between two
vanes. Shown in figure are 1) a subsonic converging section,* a sonic throat, o* throat
flow angle, and 2) a supersonic diverging section.

Supersonic turbines can produce high specific powers because of high pressure ra-
tios and they can therefore be smaller than subsonic turbines producing the same
amount of power. The efficiencies are typically relatively low, even less than 50%
as shown in Dorney et al. (2000b) and Dorney et al. (2002a). One reason for the
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lower efficiency is the occurrence of shock waves. More generally shock waves
can e.g. cause flow separation in the blade passages when they interact with the
blade surfaces. Since supersonic axial turbines typically work with low degree
of reaction the axial force that is compensated by the bearings is lower than with
high reaction turbines.

Supersonic stator nozzles are used also in radial turbines. Supersonic radial inflow
turbines have been used in Organic Rankine Cycle (ORC) power plants and sev-
eral studies concerning this turbine type have been made, see e.g. Hoffren et al.
(2002), Turunen-Saaresti et al. (2006) and Harinck et al. (2010). A study that
partly considers the design of a supersonic radial turbine nozzle has been made by
Reichert and Simon (1997).

Supersonic axial turbine-stages are typically used in industrial steam turbines for
controlling purposes, and are then called Curtis-stages. An example of the ve-
locity triangles of a Curtis-stage is shown in figure 2.2. Another application is
a turbo pump turbine, where a supersonic turbine is used to rotate a pump that
pumps oxygen or fuel to the combustion chamber of a space rocket engine.

Figure 2.2: An example of the velocity triangles of a Curtis turbine stage (Traupel (1977)).

Andersson et al. (1998) have made experiments on an axial two-stage supersonic/
transonic turbo pump turbine. They found good agreement between CFD and
measurements in predicting the performance and pressure distribution. The cal-
culated flow angle at the second rotor outlet differed from the measured one, es-
pecially for the areas close to the shroud. In a recent paper by Groth et al. (2010),
flutter limits of a supersonic 1.5 stage axial space turbine has been studied both
experimentally and numerically. Motion of the in-passage normal shock is seen
to be the driving mechanism for the flutter type in their study.

Andersson (2007) has studied the impact of tolerances on supersonic axial turbine
performance by testing several variables and their effect to the efficiency and fluid
turning. Blade stagger was identified as the most significant driver of efficiency,
but also large leading and trailing edge radii caused clear deterioration in perfor-
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mance. Improvements in the fluid turning due to a larger blade, were concluded
to be caused by the larger area for the work extraction.

Dorney et al. (2000b) have studied the effects of tip clearance in an one stage su-
personic axial turbine numerically. The turbine rotated 31300 rpm, and the ratio
of rotor exit static pressure to stator inlet total pressure was 0.1875. The operating
gas was air with the specific heat ratio of v = 0.13537. They did two simulations,
the first with the tip clearance of 2.5 per cent of span and the second without tip
clearance. The rotor blades in the second simulation were extended 2.5 per cent
to the spanwise direction, compared to the case with tip clearance. The total-to-
static efficiency was slightly higher (0.479) when tip clearance was included than
without tip clearance (0.470). Significant unsteadiness was observed in the rotor
pressure surface close to leading edge at 60 per cent span in both simulations at
blade passing and twice the blade passing frequencies. Dorney et al. (2000b) con-
clude that the improved efficiency was due to 1) unloading of the rotor tip region,
which reduced secondary losses, 2) weakened shock system in the stator and rotor,
and 3) the losses generated by the tip clearance were smaller than the additional
losses generated by the stronger expansion wave/shock system in the second case.

Dorney et al. (2000a) have studied the effect of different simulation approxima-
tions for a supersonic axial turbine. The nozzle exit Mach number was 2.13, and
rotational speed 20000 rpm. Rocket fuel RP1 was considered as the working fluid.
The modelling was done with three different approximations. Two of the approxi-
mations were uncoupled (TA and UN) and the third was a coupled approximation
(CO). Dorney et al. (2000a) found out that when the nozzle, the rotor and the exit
guide vane were modelled coupled and simultaneously, the turbine power (869
kW) was closest to the experiments (895 kW). With the other two modelling ap-
proximations TA (733 kW) and UN (796 kW) power was significantly underpre-
dicted. Interaction between the nozzle and the turbine was underpredicted when
the simulation was uncoupled (UN). The efficiency of the coupled simulation was
slightly lower (61.2%) than in the uncoupled simulations (62.5 and 62.8%), owing
to the interaction between the nozzle and the turbine created losses. They conclude
that the flow fields of the nozzle and rotor should be solved simultaneously and
coupled in order to predict the unsteadiness generated by the nozzle/rotor interac-
tion accurately.

In the paper by Dorney et al. (2002b), the effects of the first stage supersonic tur-
bine stator endwall geometry and stacking in a two-stage supersonic turbine have
been studied numerically. A flow separation region was found in the hub between
the first stage stator and the rotor. Dorney et al. (2002b) managed to decrease
the separated region by re-stacking the first stage stator along the radial line con-
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necting the trailing edge instead of the stacking stator vanes along the center of
gravity. This led to significantly improved performance. Different stator endwall
geometries had only a small effect on the flow separation or on the turbine effi-
ciency.

In Dorney et al. (2002a) the effect of variable specific heat on the flow in a super-
sonic turbine has been studied numerically. The rotational speed was 31300 rpm,
and the stator outlet Mach number varied between 1.41 and 1.52. Time-averaged
Navier-Stokes simulations showed small decrease in the total-to-total (60.8 and
60.2%) and total-to-static efficiencies (44.9 and 44.7%) when variable specific
heat was used. When Fourier decompositions of unsteady pressure traces in the
rotor (10% span, near the leading edge) were examined, it was seen that the great-
est difference between variable and constant specific heat in unsteadiness was at
the vane passing frequency. Also the highest unsteadiness was at that frequency.
Dorney et al. (2002a) conclude that the variable specific heat should be included
in CFD calculations.

Dorney et al. (2004) have studied the effect of full and partial admission for su-
personic turbines. They made unsteady time-accurate calculations for two geome-
tries. The nozzle exit Mach number was 1.06 in full and 1.39 in partial admission.
The calculated total-to-total efficiencies for full and partial admissions were 63.3
and 50.4 per cent, respectively. According to the full admission calculations, the
unsteadiness on the rotor suction surface was greatest at the nozzle-passing fre-
quency. Also significant unsteadiness was observed at the pressure surface and
at the trailing edge when the frequency was twice or once the nozzle-passing fre-
quency. In partial admission, the dominant unsteadiness when the rotor was in the
nozzle jet was at the nozzle-passing frequency, and moderate unsteadiness was
observed at twice the rotor-passing frequency. Subsonic areas in the nozzle exit
generated force peaks for the rotor in full admission.

Rashid et al. (2006) have studied the effect of nozzle-rotor interaction in a Curtis
turbine stage. The actual flow path in the rotor was shown to be smaller than the
designed geometry. The transition into a smaller (narrower) flow path was seen
to begin in the last covered portion of the nozzle. Also time-accurate CFD cal-
culations were run, and they showed similar flow separation on the rotor suction
surface as seen by the authors in the dirt pattern during a field inspection. Similar
impingement of separated flow into the adjacent blade pressure surface was seen
in the simulations as observed in the dirt and wear patterns.
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2.2 Effect of axial spacing on axial flow turbines

A moderate amount of studies have been made to understand the effect of axial
spacing of subsonic and supersonic turbines. There seems to be no clear agree-
ment of the shape of the efficiency curve as a function of axial spacing. Relatively
often the trend is that the efficiency drops when the axial gap increases, but this
is not the case every time. Also, the current data only covers subsonic turbines
and impulse-type supersonic turbines. The schematic figure 2.3 shows the idea of
changing the axial spacing (gap) in an axial flow turbine. In figure 2.3 (a), a con-
figuration with a nominal gap is shown, and in figure 2.3 (b), an increased axial
gap is seen between the stator and the rotor. The increasing of the axial gap has
been made by changing the position of the rotor downstream from the stator.

Stator } Rotor Stator | | Rotor
|

Flow
direction \/ Ao

(a) (b)

Figure 2.3: Schematic figure of two different axial gaps in an axial flow turbine: a nominal
axial gap (a) and an increased axial gap (b). Axial gap is shown as broken ellipse between
stator and rotor.

There also seems to be a lack of studies about the effect of axial gap variation in
off-design conditions. Yamada et al. (2009) have studied the effect of axial gap
on secondary flows and aerodynamic performance in both design and off-design
conditions. They made time-accurate numerical and experimental studies with
a one-stage axial flow turbine having the rotating speed of 1650 rpm at design
and 1300 rpm at off-design conditions. At the off-design conditions, a relatively
linear efficiency decrement was seen when the axial gap increased, but at design
conditions the results showed increment in the efficiency when the axial gap was
changed from the smallest to the second smallest. Yamada et al. (2009) conclude
that the higher off-design stage performance was achieved because large passage
vortices were generated in the rotor to be suppressed by the stator wake interac-
tion. The non-linear efficiency behaviour at design conditions was seen to be due
to less beneficial wake interaction near the tip, which reduced the positive inter-
action near the hub.
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Funazaki et al. (2007) have studied the effect of an axial gap between the stator
and rotor on the performance of a subsonic axial turbine numerically and exper-
imentally. Three different axial gap configurations, normalized with the stator
axial chord length (0.255, 0.383 and 0.510), were used. A decrease of the axial
gap increased the turbine efficiency. The stator exit flow angle (rotor incidence)
increased when the axial gap was increased. This increase of rotor incidence in-
creased the rotor wake width. A longer axial gap increased the wall (hub and
shroud) boundary layer thickness before the rotor blade, and this was considered
to be the source of high entropy areas at the hub and shroud at the rotor outlet.

Changing the axial gap has an effect on the blade excitation, but the effect is not
always the same. Jocker (2002) has studied the effect of axial gap into blade vi-
bration excitation of different axial turbines numerically. A decrease of the axial
gap decreased the aerodynamic excitation, but it was concluded that the behaviour
is not necessarily always similar.

Usually supersonic turbines are impulse stages where the expansion takes place
in the stator. Jeong et al. (2006) have studied the effect of stator-rotor axial clear-
ances, and their numerical and experimental studies confirm that the efficiency of
a supersonic impulse turbine increases by decreasing the clearance. They con-
clude that the decrease in efficiency is caused by the increase in total pressure loss
in the region between the stator and rotor.

Griffin and Dorney (2000) have made time-accurate CFD simulations on a one-
stage supersonic axial turbine with exit guide vanes (EGV). The pressure unsteadi-
ness was found to be relatively high at the blade passing frequency and at its
second harmonic. The unsteadiness was highest on the leading edge, but was
decreased with a larger axial gap between the stator and rotor. The power was
predicted to be greater when the axial gap was smaller. When the axial gap was
larger, additional losses were caused by nozzle jet interaction between successive
nozzles. The nozzle wake was shown to cause both earlier separation on the blade
suction surface and separation on the EGV pressure surface. Also the effect of
calculating the stator separately and giving the results for the inlet state for the
rotor was studied. The simulation showed that the results were not similar, simu-
lation of the stator separately underpredicted flow separation and losses. Also the
mixing between the stator and rotor was not properly modelled.

Sadovnichiy et al. (2009) have studied the effect of the axial gap on the perfor-
mance of an impulse turbine. They found that, for the leaned-twisted stage, the
efficiency was decreased when the axial gap was increased, but for the radial-
twisted stage there was no decrease in efficiency. Increasing the axial gap reduced
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the downward curvature of the streamlines, and this way the aerodynamic resis-
tance was decreased and the amount of leakage over the sealing was increased.
This phenomenon was only seen in the leaned-twisted stage.

Denos et al. (2001) have made numerical and experimental studies for a transonic
axial turbine stage having a fluctuating relative rotor inlet total pressure. Largest
pressure fluctuations at the rotor blade surface were detected at the leading edge
region. Denos et al. (2001) report that a noticeable decrease in fluctuation am-
plitudes was observed in the rotor leading edge region when the axial gap was
increased from 0.35 to 0.5 of the stator axial chord. This was probably due to a
strong shock intensity decrease with the increasing axial gap.

In the first part of their two-part study Gaetani et al. (2006a) made time-averaged
measurements with a high pressure axial turbine stage. Two axial gaps were mea-
sured, and detailed flow fields were presented. The overall mass averaged effi-
ciency of the turbine decreased from 0.83 to 0.79 when the axial gap was increased
from the nominal value of 0.35 stator axial chord to 1.0 stator axial chord. For the
larger axial gap, the traces of the stator vortex structures vanished downstream of
the rotor.

In the second part of their study, Gaetani et al. (2006b) made time-accurate mea-
surements with a high pressure axial turbine stage. Two axial gaps, similar to the
first part, were used. In the tip region, where the stator-rotor interaction was low,
increasing the axial gap induced higher losses, but at the hub region the behaviour
was opposite. When the maximum axial gap was used, the flow field downstream
of the rotor was seen to be mainly dominated by the rotor effects.

Venable et al. (1999) have made time-averaged numerical and experimental stud-
ies for the effect of stator-rotor spacing on the performance and aerodynamics of
a transonic axial turbine stage. They found that axial spacing had a negligible ef-
fect on the time-averaged surface pressures, whereas the decrease of the axial gap
increased the unsteadiness of surface pressures. They also found that when the
axial gap decreased, the stage adiabatic total pressure drop increased. A tendency
of slight adiabatic efficiency increase was reported when the axial gap increased.

Busby et al. (1999) have made time-resolved analysis for the influence of stator-
rotor spacing on transonic turbine stage aerodynamics, presented in Part II of a
paper by Venable et al. (1999). A detailed description of stator-rotor interaction
during one stator-passing period is given. According to the authors the decreased
stator losses when the axial gap was decreased were due to a stronger stator-rotor
interaction and wake mixing loss reduction. The increase in rotor blade relative
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total pressure loss, when the axial gap decreased, was seen to be mainly due to
increased stator wake/rotor blade interaction.

2.3 Turbine in a turbocharger

Small turbocharger turbine designs are usually based on radial or mixed-flow type
when they are connected to small engines, such as car or truck engines. In large
marine diesel engines, axial turbines are mostly used. Most of the studies con-
cerning turbocharger turbines have been made of radial or mixed flow turbines.

Several studies of one-dimensional turbocharger turbine modelling have been made.
Costall et al. (2006) have studied the importance of unsteady effects by compar-
ing calculated one-dimensional results with experimental results for a mixed flow
turbine. Another one-dimensional study has been made by Ghasemi et al. (2002),
who have modelled a twin-entry turbine in partial admission and steady state con-
ditions.

The inlet flow in a turbocharger turbine is unsteady by nature, and the flow quan-
tities such as mass flow, pressure and temperature fluctuate highly as a function of
time. An example of mass flow fluctuation is shown in figure 2.4.

When using pulse charging, a hysteresis behaviour can be seen when the mass
flow and the expansion ratio (turbine inlet stagnation pressure divided by turbine
exit static pressure) are plotted. This behaviour arises from the fluctuating inlet
conditions. When comparing the steady state conditions to the unsteady pulsating
conditions, the actual performance can differ in some areas quite a lot from the
steady state. A schematic presentation of this behaviour is given in figure 2.5.
The real turbine performance and flow characteristics differ from the steady state,
as mentioned by Karamanis and Martinez-Botas (2002). Although an increase in
the pulsating frequency seems to move the hysteresis shape of the curve closer
to the steady state curve, as shown by Karamanis and Martinez-Botas (2002) and
Hakeem et al. (2007).

In an early study of Daneshyar et al. (1969), three axial flow turbines were tested
under steady and pulsatile flow conditions. The tested turbines were one-stage
turbines with different degrees of reaction. They found that the turbine having the
highest degree of reaction had the best efficiency under both steady and pulsatile
conditions.

In a paper of Filsinger et al. (2001), a pulse-charged turbocharger axial turbine is
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Figure 2.4: Mass flow fluctuation as a function of time at the turbocharger turbine inlet
according to real engine simulation by Matlab/GT-Power, Honkatukia (2006 ).

modelled using CFD. The flow over the rotor is very different from the designed
one when the rotor is under pulsating conditions. In another CFD study Schifer
(2002), two axial turbocharger turbines are modelled. The amplitude of static
pressure pulsation decrease from 4 bar at the inlet to 0.5 bar at the gas exhaust
casing inlet. Filsinger et al. (2002) have made coupled CFD-FEM studies for an
axial turbocharger turbine with pulsating inlet total pressure and temperature.

Rajoo and Martinez-Botas (2007) have studied the effect of pulsating flow for a
vaned mixed flow turbocharger turbine experimentally. The rotating speed of the
turbine was 48000 rpm and it was tested in 40 Hz and 60 Hz pulsating inlet flow
frequencies, and also unsteady behaviour for nozzle angles between 40° and 70°
were tested. The highest steady state efficiency (80%) was reached at vane angles
between 60° and 65°. Rajoo and Martinez-Botas (2007) found that the nozzle
damped the upstream flow fluctuation. Instantaneous efficiency proved to be in-
accurate as point-by-point calculation. Comparing the cycle averaged power, to
deduce the cycle averaged efficiency was proposed to be one solution for the effi-
ciency calculation problem. This produced satisfactory results in some cases, but
there were also major differences between the cycle-averaged and quasi-steady
efficiencies, such as 82.2 and 58.5% at the 60 Hz condition, respectively.
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Figure 2.5: Schematic comparison of the mixed flow turbine expansion ratio as a function
of mass flow on the steady state (Steady state) and pulsating inlet conditions (Pulsating).
Turbine performance under pulsating inlet conditions makes a hysteresis-like loop around
the steady state curve. The figure follows the shape presented in Hakeem et al. (2007).
Gray arrows indicate the direction of the hysteresis cycle.

Lam et al. (2002) have made time-accurate CFD modelling for a vaned turbocharger
turbine with pulsating inlet conditions. The turbine was first modelled with con-
stant flow conditions, and it was found to be quite close to the experimental re-
sults. There was approximately 11% difference in the average mass flow between
the steady and unsteady calculations due to poor convergence. Pulse smoothing
was seen in the volute, which should be taken into consideration when the un-
steady response of a turbine is modelled. The lowest rotor efficiency was seen
when the available power was greatest. The rotor peak-to-peak efficiency differed
5% from the mean average value. There were indications that flow unsteadiness
does not affect the rotor efficiency significantly.

Hellstrom and Fuchs (2008) have conducted unsteady modelling for a radial tur-
bine with pulsating inlet flow. They modelled the turbine with pulsatile and non-
pulsatile condition. Turbulence was modelled using Large eddy simulation (LES)
in pulsatile conditions. They found that the turbine can not be treated as quasi-
stationary if the flow is pulsatile. This is due to the inertia of the system and
the flow detachment from the rotor suction surface during the acceleration phase.
Also a non-constant phase shift during the pulse was seen between the pressure,
mass flow and shaft power. A hysteresis type behaviour was seen when the shaft
power was plotted as a function of inlet mass flow.

Ijichi et al. (1998) have conducted experimental studies of two high expansion
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ratio single stage axial turbines, designed for a marine turbocharger. The original
turbine was designed with a constant nozzle exit angle and the improved turbine
with a controlled vortex design. The designed total-to-static pressure ratio was
3.35, and the rotational speed was 17700 rpm. In the rig tests, turbine peak effi-
ciency of around 87 per cent was obtained. The partial load performance improved
when the controlled vortex design method was applied instead of the original con-
stant nozzle exit angle design. The full scale turbocharger tests showed almost
similar characteristics as the rig tests.

Hakeem et al. (2007) have studied the effects of pulsating inflow and volute geom-
etry for mixed flow turbines experimentally. They found that the volute geometry
possibly plays a critical role in the overall mixed-flow turbine performance. When
the pulsating instantaneous inlet static pressure was studied, they found that there
were several peaks in the pressure pulse with 60 Hz pulse frequency compared
to one peak with 40 Hz pulse frequency. This was due to back-and-forth reflec-
tions of the pressure waves from the turbine. The pressure difference during one
pulse decreased when the pulse frequency was increased from 40 Hz to 60 Hz.
Similar behaviour was also noticed with the instantaneous mass flow rate, rota-
tional speed and turbine fluctuating torque. When the mass flow parameter was
plotted against the expansion ratio, the "hysteresis like” loop shrank towards the
steady state curve with the higher 60 Hz pulse frequency. Hakeem et al. (2007)
conclude that the cycle-mean efficiency is always higher than the corresponding
steady-state efficiency and it is pronounced at a lower pulse frequency. The cycle-
mean value of instantaneous inlet static pressure was higher than the steady state
pressure value with both 50 and 70 per cent equivalent design speeds.

Karamanis and Martinez-Botas (2002) have made experimental studies of a sin-
gle inlet mixed flow turbine. A mixed flow turbine had peak efficiency at a lower
velocity ratio than a radial turbine, which confirmed that a mixed flow turbine
can utilize a higher pressure ratio better than a radial turbine. Also the efficiency
curves were seen to be flatter than with radial turbines. It was shown that ignoring
the pulsating exit pressure can have a significant effect on the estimation of expan-
sion ratios. It was also shown that pulsation from the engine propagates close to
the speed of sound, and that the area enclosed by the hysteresis loop was reduced
when the air pulse frequency increased, which indicated that the flow conditions
in the turbine became closer to the steady state.

Palfreyman and Martinez-Botas (2005) have made computational studies of a
vaneless single inlet mixed flow turbine and compared the flow field and perfor-
mance values with measured ones. An RNG k — e turbulence model and standard
wall functions were used. They were able to model the hysteresis in the flow dur-
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ing a pulse period and conclude that the numerical results agree reasonably with
the experiment. The pressure ratio differed from measured values due to the use
of time constant pressure in the exit boundary and having the trailing edge close to
the boundary, which caused exit pressure dampening. Pressure fluctuation traces
in the leading edge and inducer were observed to follow the inlet pressure, al-
though at a lower pressure level. Small perturbations caused by the blade passing
the monitoring location, were seen in the leading edge. Also additional perturba-
tions were observed in the inducer region, caused by the blade passing the volute
tongue. In the exducer, the pressure trace was seen to be relatively flat during one
pulse period, being influenced by the exit pressure damping. The computational
results also revealed that in the low pressure region during one pulse, the blade
loading was lost across the blade surface. Poor flow guidance was indicated in the
turbine inlet and exit. The flow velocity in the turbine exit was also observed to
be influenced by the pulsation.
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3 Studied turbine geometry

The turbine geometry has been designed for a turbocharger application, and it has
been constructed and run in real engine tests. The original design process of the
turbine has been performed by Gronman (2006). The real turbine stator and rotor
are shown in figure 3.1 and a 3-D model in figure 3.2.

Figure 3.1: Top view of the modelled turbine stator and rotor. Photo taken by Teemu
Turunen-Saaresti.

The specifications and design operating conditions of the studied turbine are shown
in table 3.1. The presented design conditions are from the one-dimensional design
of the turbine. The turbine has a constant stator outlet flow angle and supersonic
outlet Mach number. The relative velocity entering the rotor is designed to be
subsonic, and the rotor inlet flow angle is constant. The rotor outlet flow is de-
signed to be axial. The measurement planes and geometry definitions are shown
in figures 3.3 (a) and (b). Measurement plane 4 at the diffuser outlet is not shown
in the figures.

3.1 Experimental setup

The studied turbine is run with flue gas by a four-stroke diesel engine with six
cylinders. During the test run, the turbocharger is accelerated electrically in sev-
eral steps to desired rotating speed and measurements are taken. The turbine has
two connection pipes to the engine (one for three cylinders), and the temperature
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Figure 3.2: The modelled turbine stator and rotor, Larjola et al. (2009).

Table 3.1: Specifications of the studied turbine.

Number of stator blades 20
Number of rotor blades 35
Designed meanline degree of reaction 0.15
Pressure ratio 5.6
Design rotating speed [rpm] 31500

Design stator outlet absolute Mach number  1.41
Design stator outlet absolute flow angle [°] 78

Design rotor outlet absolute flow angle [°] 0

Stator axial chord at the hub [mm] 37.40
Rotor axial chord at the hub [mm] 32.74
Stator blade height [mm)] 22.87

Average rotor blade height, b, [mm] 26.77

before the turbine is measured with two Pt100 sensors (one for each pipe). The
temperature measurement setup (T) at the turbine inlet is shown in figure 3.4 (a).
The temperature between the turbine stator and rotor is measured with one Pt100
sensor. Also four Pt100 sensors are used to measure the temperature after the
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Figure 3.3: Definitions of the studied turbine geometry and measurement planes, (a) side
view and (b) top view (hub).

turbine. The positions of the temperature measurements (T) after the turbine are
shown in figure 3.4 (b).

Static pressure before the turbine is measured from the connection pipes between
the engine and the turbine (two pipes and one measurement for each pipe). These
measurements (p) are shown in figure 3.4 (a). Also the static pressure between the
stator and rotor is measured. The pressure measurements are made by pressure
taps. The pressure after the turbine is measured manually with a manometer. The
position of this measurement (p) is shown in figure 3.4 (b).
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(a)

Figure 3.4: Experimental setup of the turbocharger tests with a diesel engine. Measure-
ment setup (a) at the turbine inlet and (b) at the turbine outlet, Larjola et al. (2009).
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4 Numerical procedure

A CFD-code called Finflo is used in this study. This code has been successfully
used in both time-accurate and quasi-steady modelling of radial flow turboma-
chinery. Several doctoral dissertations have been made by using Finflo. Turunen-
Saaresti (2004) has made quasi-steady and time-accurate calculations on a high-
speed centrifugal compressor. Quasi-steady modelling of a high speed centrifugal
compressor has recently been made by Jaatinen (2009) and earlier by Tang (2006)
and Reunanen (2001). Supersonic real gas flow on a ORC-turbine nozzle has been
modelled in several papers including, for example Hoffren et al. (2002), Turunen-
Saaresti et al. (2006), Tang (2006), and Harinck et al. (2010).

4.1 Numerical code

Finflo is a multi-grid Navier-Stokes solver that employs the finite-volume method
for spatial discretization. In this study the code uses constant specific heat capacity
at constant pressure. The code was originally developed at Helsinki University of
Technology (TKK). The development was started in 1987, and some development
work has been made later in the Laboratory of Fluid Dynamics at Lappeenranta
University of Technology. Finflo is written in the FORTRAN programming lan-
guage. In this study the fluid is modelled as ideal gas, but the code is also capable
of modelling real gas flows (Tang (2006)).

Finflo can calculate at an unlimited number of grid levels, which means that when
using the second grid level, every second node is removed from the original cal-
culation domain. When calculating at the first grid level, all nodes of the grid are
included. In this study, all the numerical results presented in chapter 6 have been
calculated at first grid level after being initialized from second grid level results
(which were not fully converged). In chapter 5, two grid dependency tests have
been calculated at the second grid level until convergence whereas other cases are
calculated in the first grid level after being initialized from the second grid level
results.

4.1.1 Governing equations

The Reynolds averaged Navier-Stokes (RANS) and the equations describing the
turbulent kinetic energy k£ and the dissipation of turbulent kinetic energy € can be
written in conservative form as
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where U = (p, pu, pv, pw, E, pk, pe)T and the inviscid fluxes F', G and H are
defined as
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where p is density, u, v, w are the velocities in the x—, y— and z—directions, p is
the pressure, () is the source term and F is the total internal energy and is defined
as

u? + v? + w?

E=pe+p 5

+ pk 4.3)

where e is the specific internal energy. The equation of state for a perfect gas is
used to calculate the pressure

p=pe(y —1) (4.4)

where 7 is the ratio of specific heats. The viscous fluxes F,,, G, and H, are defined
as
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where ¢; is the heat flux in the x-, y- and z-direction, y is the diffusion coefficient
of k, and 1. is the diffusion coefficient of €. The viscous stress tenson 7;; is defined
as

2 ok) (4.6)
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where p is the molecular viscosity. The modelling of Reynolds stresses pu;uj is
described in the next chapter as part of the turbulence modelling. The Kronecker
delta function ¢;; is defined as

The heat flux in equation 4.5 containing laminar and turbulent part is defined as

Gg=—(k+kp)VT = — (,u— + 'LLTPT > vT (4.8)

P
where p7 is the turbulent viscosity and Pr is the Prandtl number. The diffusion
coefficients of the turbulence quantaties and the scalar quantity are approximated
in equation 4.5 as
4.9)

pe = p+ 5 pe=p+EE
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where o, and o, are coefficients in the & — e turbulence model. The flow equation
4.1 is written in integral form for the finite-volume method

4 UdV+/ﬁ(U)~d§:/QdV (4.10)
dt Jy s v

where F (U) is the flux vector. By integrating equation 4.10 over the control vol-
ume and surface for a computational cell ¢, the following discrete form is achieved

dU; .
—L =" —SF+ViQ 4.11
%dt P SF+ViQ; (4.11)

where the sum is taken over the faces of the computational cell 7. The flux F for
the face is defined as

F=n,F +n,G+n,H (4.12)
where n,, n, and n, are the unit normal vectors in the z-, y- and z-directions,
respectively. Fluxes F', G and H are defined by equations 4.2 and 4.5. The inviscid
fluxes are evaluated by Roe’s flux splitting method (Roe (1981))

F=T'F(TU) (4.13)

where T is a rotation matrix which transforms the variables to a local coordinate
system that is normal to the cell surface. The Cartesian form F' of the flux is
calculated as

K
> rAEQ®) (4.14)
k=1

F(U,U) = S[F(UY) + FU7)] -

N | —

where U' and U™ are the solution vectors on the left and right sides of the cell
surface, r(*) is the right hand side eigenvector A = OF/0U = RAR™, A is
the corresponding eigenvalue, and a*) is the corresponding characteristic vari-
able calculated from R~'AU, where AU = U" — U,

A MUSCL-type approach is used to evaluate U' and U"

P(R:)
Uiryp = Ui+ 1

[Hl(UZ‘ - Ui—l) + HQ(UZ‘_H - Uz)] (415)

iv1e = Ui = [k2(Uita = Ui) + 1 (Uisz — Uisa)] (4.16)

¢(Ri+1)
4

The limiter presented by van Albada et al. (1982) is used in equations 4.15 and
4.16 and is defined as
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DDADI-factorization presented by Lombard et al. (1983) is used to integrate dis-
cretized equations in time. The method is based on approximate factorization and
on the splitting of the Jacobians of the flux terms. The viscous fluxes are evaluated
by thin-layer approximation. More detailed information about the code and used
methods can be found in the User’s guide by Siikonen et al. (2004).

4.2 Turbulence modelling

The k — e turbulence model presented by Chien (1982) is used in this study. The
model is a low Reynolds number model, which means that the non-dimensional
wall distance y* should be close to unity in order to model the boundary layer
correctly. The non-dimensional wall distance is defined as

PuUr V pTW
P o
where ¥, is the normal distance from the wall, . is the friction velocity, i, is the

molecular viscosity on the wall and 7, is shear stress on the wall.

The Boussinesq approximation is made for the Reynolds stresses and is defined
as

2
L = 4.20
(9xi+8xj 3 0z, J} RO ( )

_IO'U,;"U; = Wr 3

The source term for the turbulence model is defined as
P — pe — 2u%
Q= 9 Yn _yt “4.21)
CizP — 02% — QMéeT

The production of turbulent kinetic energy P is modelled by Boussinesq approxi-
mation from equation 4.20
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The turbulent viscosity pp is calculated as

C,.pk?
pr = = (423)
The empirical coefficients used in equations 4.21 and 4.23 are shown in table 4.1.
The employed turbulence model differs from the one presented by Chien (1982).
Coefficients C'; and C5 are 1.35 and 1.8 in the original paper, but in Finflo the
coefficients are 1.44 and 1.92, respectively. The new coefficients are based on the

most commonly used values.

Table 4.1: Empirical coefficients in Chien’s k — € turbulence model as used by Finflo.

Ci=144 0,=10
Cy=192 o0.=13
C, =0.09

4.3 Boundary conditions

At the outlet of calculation domain, constant static pressure is used as the bound-
ary condition in all cases. This is also the case in modelling with pulsatile in-
let flow, although it has been reported to influence upstream to pulsatile flow by
Palfreyman and Martinez-Botas (2005). This approach has been also used by
Lam et al. (2002). Momentum and total enthalpy distributions are defined as inlet
boundary conditions in every calculation.

4.3.1 Pulsatile inlet model

A simple sinusoidal pulsatile inlet model is used in this study to model the pul-
satile inlet mass flow typical for a turbocharger turbine in a process using pulse
charging. This is not similar to real engine pulsation, but is assumed to give a good
view to the effects of pulsation inside a turbine stator. The pulsation function for
mass flow q,, is defined as

Um = Qm.des + Asin(2m ft) (4.24)
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where A is the pulsation amplitude and f is the pulse frequency.

Mass flow pulsation as a function of time is plotted in figure 4.1. At the inlet of the
computational domain total enthalpy is kept constant and momentum distribution
changes as the mass flow changes. The total enthalpy is the same as the one used
in the quasi-steady or time-accurate modelling of the stator. Average mass flow
over one pulse is the same as the designed steady state value.

0 0.01 0.02 0.03 0.04 0.05 0.06
Time [s]

Figure 4.1: Mass flow pulsation as a function of time at the turbine inlet scaled with the
design mass flow.

4.4 Modelling procedure with pulsatile inlet conditions

The modelling with pulsatile inlet conditions is done in three stages. The follow-
ing procedure is used:

1. A quasi-steady modelling for the whole computational system is performed
with time-averaged boundary conditions until convergence.

2. Pulsatile inlet calculation is started from the quasi-steady results using new
inlet boundary conditions, which are based on the pulsatile inlet conditions.

3. In the beginning of every following time-step, new inlet boundary condi-
tions are given to the program, based on the pulsatile inlet conditions.
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The total number of 1200 time steps are used to model 0.06 seconds of stator oper-
ation. This makes the time step to be 5 ps. The number of inner iterations during
each time step is determined on the basis of previous studies and following the
convergence during inner iterations. In this study the number of inner iterations
is 30. The same number of inner iterations is also used in the time-accurate mod-
elling of the supersonic stator geometry in chapter 6.3. A lower number of 25 in-
ner iterations was used by Turunen-Saaresti (2004). All time-accurate modelling
(also with a pulsatile inlet) is based on a second order implicit time-integration
method described by Hoffren (1992). The time-accurate simulation procedure
without pulsating inlet conditions is also started from quasi-steady results, but the
same inlet boundary conditions as in quasi-steady modelling are used during the
whole modelling.

4.5 Convergence criteria

In this study, two of the most important convergence criteria are the mass flow
difference between the inlet and outlet boundaries and the L.2-norm of the density
residual. In addition to these, the L2-norms of momentum in Xx-, y- and z-direction
and energy residuals are also important. Also the effect of additional iterations is
tested in some cases by checking the efficiency changes after different numbers of
iteration cycles in order to be certain about convergence. An example of conver-
gence monitoring is shown in figures 4.2 (a) and (b) for the inlet and outlet mass
flow difference and L,-norm of density residual, respectively.

4.6 Computational resources

All modelling in this study was run in two separate computers employing the
LINUX operating system. Only one processor was used for each calculation. An
average calculation time for the modelling of a turbine in design and off-design
conditions and quasi-steady stator-only modelling are shown in table 4.2. The
CPU-time for one cycle needed in time-accurate and pulsatile-inlet modelling of
the stator was close to the value of quasi-steady stator modelling. Convergence
was achieved before the end of calculations, but the modelling was continued to
be certain about it.
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Figure 4.2: Convergence history of grid 4 in the grid dependency test, the difference
between inlet and outlet mass flows (a) and Lo-norm of density residual (b) as a function
of iteration cycles.

Table 4.2: Average computational time needed for whole turbine modelling in design and
off-design conditions. The computational time for quasi-steady stator-only modelling is
presented as well.

CPU-time / cycle Cycles
Design 35.06 74000
Off-design 38.71 70000
Stator 5.24 50000
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S5 Numerical reliability

In this chapter, the reliability of the numerical modelling is evaluated, first by
presenting the grid dependency study, where both effects of grid density and non-
dimensional wall distance are studied in detail. This is followed by the validation
study with transonic linear cascade measurements in order to have understanding
of code performance when shock waves appear in the flow field. In addition to
these, the capability of the code to model supersonic flow is studied by comparing
the numerical and analytical results of shock wave formation at the supersonic
stator trailing edge.

5.1 Grid dependency

The effect of grid density for the studied geometry is tested with five different
grids. Also the effect of increasing non-dimensional wall distance is studied with
one grid. The studied grid densities are shown in table 5.1. Grids 1 and 4 are
basically the same grid, but every second node of grid 4 has been removed in grid
1 (grid levels one and two). Grids 2 and 5 are also the same grids from grid levels
two and one, respectively. Also shown in table 5.1 is grid 6 which is used to study
the effect of the non-dimensional wall distance. It has the same number of cells as
grid 4, but the non-dimensional wall distance is increased from the nominal value
of grid 4.

Table 5.1: Number of cells for five grids used in the grid dependency tests. Also shown is
grid 6, which is used in studying the effect of non-dimensional wall distance.

Gridl Grid2  Grid 3 Grid 4 Grid 5 Grid 6
Stator 127680 159600 860160 1021440 1276800 1021440
Rotor 121408 149408 633472 971264 1195264 971264
Diffusor 56000 70000 358400 448000 560000 448000
Total 305088 379008 1852032 2440704 3032064 2440704

Four stator vanes and seven rotor blades and a diffuser are modelled in all six
grids. The grid covers one fifth of the whole turbine geometry. Part of the surface
grid of grid 3 is presented in figure 5.1, every second grid line is visible for clarity.
The calculation domain consists of 39 blocks with one block for each stator chan-
nel and one for each rotor channel. Tip clearance (1.9% of b,.4:,) is also modelled.
The distance of the inlet boundary face from the stator vane is 27% of the stator
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Figure 5.1: Surface grid of one stator channel and two rotor channels followed by a
diffuser, every second grid line is visible for clarity. The shroud wall is not shown in the

figure.

The performance parameter used in the grid dependency study is the total-to-static
isentropic efficiency of the turbine, which is defined as

Ty — Ty

Stes = 5.1
(A ol

where Ti; is the total inlet temperature, 7 is the static outlet temperature, and 7
is the static isentropic outlet temperature. All thermodynamic and flow properties

are mass flow averaged.

The turbine total-to-static efficiency is plotted as a function of cell number in fig-
ure 5.2. The efficiency decreases from grid 1 to grid 3 but increases suddenly in
grid 4, decreasing again from grid 4 to grid 5. According to the results, the grid
density has an effect on the efficiency, and grid independency is not achieved from

the efficiency point of view.

The non-dimensional wall distance 3" of grid 1 at the rotor blade surfaces has a
maximum value of 41.5, but is under 14 at a major part of the rotor suction sur-
faces and under 8 at a major part of the pressure surfaces. For grid 2, the maximum
of y™ at the rotor surface is 79.9, and a major part of the values are under 15 at
the suction surface and under 8 at the pressure surface. For grid 3, the maximum
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Figure 5.2: Effect of grid density on the total-to-static efficiency of the turbine.

of y™ is 6.3, and a majority of the values are under three at the pressure surface
and under four at the suction surface of the rotor. The maximum y* for grid 4 is
7.2, but most of the values are less than three, being overall slightly lower at the
pressure surface. Grid 5 has a maximum y™ of 7.4, but most of the values are less
than three, and slightly lower values are detected at the pressure surface.

Radially averaged absolute rotor inlet and outlet flow angle distributions are plot-
ted with a varying cell number in figures 5.3 (a) and (b), respectively. The vari-
ation of the flow angle at the rotor inlet is reasonably similar with all grids. The
rotor outlet flow angle has more variation. Closer to the hub, all grids produce
relatively similar flow angle distributions. The two densest grids produce most
of the time the lowest flow angles, especially at the midspan and at the shroud.
The effect of tip clearance is seen at the shroud as a higher flow angle in every
case. With the two largest grids, the flow angles are reasonably similar from the
midspan to shroud, the second largest being lower after the hub until the midspan.

When considering the absolute Mach number distribution at the rotor inlet and
outlet (figures 5.3 (c) and (d)), the effect of grid density is opposite to the flow
angle behaviour. The Mach number variates more at the rotor outlet than at the
inlet. The distributions in grids 1 and 2 are relatively similar. The distributions
in grids 4 and 5 are also quite similar, the values of the largest grid being a little
higher most of the time. The Mach number distribution at the rotor outlet in figure
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5.3 (d) shows that the distribution in the two smallest grids is relatively similar,
and the three largest grids produce almost similar distributions.
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Figure 5.3: Effect of cell number in (a) absolute rotor inlet flow angle, (b) absolute rotor
outlet flow angle, (c) absolute rotor inlet Mach number and (d) absolute rotor outlet Mach
number variation, for grids in table 5.1.

5.1.1 Effect of non-dimensional wall distance

The effect of non-dimensional wall distance is studied by increasing the maximum
yT of grid 4 from 6.7 to 33.9 of grid 6. The results are plotted in figures 5.4 (a)
and (b). The value of grid 6 is subtracted from the corresponding value of grid 4
at each spanwise position. The absolute flow angles in figure 5.4 (a) are relatively
similar at the rotor inlet, although the flow angle is slightly underestimated before
the midspan and slightly overestimated especially at the shroud. The flow angle at
the stator throat is predicted to increase if the ™ is increased. Variations between
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two cases are largest at the rotor outlet. The flow angle is underestimated with
higher y* from the hub until approximately 1/3 of the span and overestimated
at the shroud. It is also slightly overestimated around the midspan and slightly
underestimated before the shroud.

The Mach number distribution at the throat and rotor inlet and outlet is quite stable
in figure 5.4 (b) when compared with the flow angle variation in figure 5.4 (a). At
the rotor inlet, the Mach number of grid 6 deviates from grid 4 from the hub side,
being slightly higher overall. The Mach number is slightly underestimated at the
throat and for the last third of the span close to the shroud at the rotor outlet. The
efficiency of grid 6 is 77.2% which is high compared to the 76.3 % of grid 4.
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Figure 5.4: Effect of grid density in the spanwise distribution of (a) absolute stator throat,
rotor inlet and outlet flow angles, (b) stator throat, absolute rotor inlet and outlet Mach
numbers as a function of non-dimensional wall distance.

5.2 Validation of numerical results

The performance of the solver Finflo in axial turbomachinery flows is validated
against the baseline geometry presented by Sonoda et al. (2006). The modelled
geometry is a 2-D transonic turbine profile. The measurements were done in the
straight cascade windtunnel at DLR Goettingen. The tunnel is a blow-down type
windtunnel having an atmospheric inlet.

Validation is made on a transonic profile in order to have understanding about the
code performance when shock waves appear in the flow field. The surface grid
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of the studied geometry is shown in figure 5.5, every second grid line is visible
for clarity. The grid has two calculation blocks, and one block covers one flow
channel having 1507328 cells. The maximum of non-dimensional wall distance
yT is 6.8, overall the majority of the values are under 4 at the suction surface and
under 3 at the pressure surface, which is close to the ™ used in the largest grids
of the grid dependency test.

Three measurement planes are defined and described here, more information is
available in Sonoda et al. (2006). Measurement planes SS-37 and SS-02 are per-
pendicular to the suction surface, starting from suction surface positions z/c,, =
0.759 and 0.993, respectively. Measurement plane 2 after the cascade is located at
x/cqr = 1.325. Pressure along the blade surface and the total pressure variation
at measurement planes SS-37 and SS-02 are taken from the midspan. All other
values are mass flow averaged.

The axial chord of the blade is ¢,, = 55.687 mm, and the blade inlet flow angle
a1 18 65°. The isentropic Mach number is 1.2 at plane 2.

Figure 5.5: Surface grid of the studied transonic linear cascade by Sonoda et al. (2006),
every second grid line is visible for clarity. The shroud wall is not shown in the figure.

The contours of density and the Schlieren image from Sonoda et al. (2006) are
plotted in figure 5.6. Shock waves starting from the trailing edge of the blade
look similar to the Schlieren image of the actual measurements. Reflections and
compression waves from the suction surface of the blade are not fully reproduced.
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Only darker shade areas are seen in the areas where the reflection from the suction
surface coincides with the wake from the trailing edge. The angles of the trailing
edge shock waves are compared in table 5.2. Shock waves are named upper (U)
and lower (L) in figure 5.6 (a). Shock wave angles are measured relative to the ax-
ial flow direction. Both shock waves are measured lower than they are modelled.
The angle of the lower shock wave is closer to the measurement than the upper
one.

(a) (b)

Figure 5.6: Contours of density for the validation case with Finflo (a) and (b) measured
cascade Schlieren image from Sonoda et al. (2006). Copyright (©) 2006 by ASME.

Table 5.2: Comparison between measured and modelled trailing edge shock wave angles.
Values are from the blades that are fully shown in figure 5.6. Shock wave angles are
measured relative to the axial flow direction.

CFD Measurement
Upper (U) [°]  20.5 9.7
Lower (L) [°] 109.3 103.6

The calculated isentropic Mach number along the airfoil profile is compared with
the measurements of Sonoda et al. (2006) in figure 5.7. The figure shows that
on the pressure surface the Mach number follows the measured values quite accu-
rately. On the suction surface the Mach number is underpredicted from the leading
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edge until z/c,, = 0.767, except at x/c,, = 0.381 the values coincide. Sonoda
et al. (2006) also found that the calculated Mach number at the front part of the
blade surface (until z/c,, = 0.381) was lower than the measured value. This was
reported to be due to a lower axial velocity density ratio (AVDR = paus/pruy)
compared to the measurements. In the subsonic two-dimensional cascade calcula-
tions of Pan (1993), employing Finflo with the Baldwin-Lomax turbulence model,
the blade pressure distribution was underestimated for most of the blade surface.

The peak value at x/c,,, = 0.836 is higher than the measured one, with little tran-
sition to the downstream direction. The reflected shocks and compression waves
at the suction surface are not seen clearly in CFD, which makes the curve flat
compared to the drop in the measured value x/c,, = 0.933. This is also seen in
figure 5.6.

pressure surface "
1.5 = = =suction surface OI‘
¢ measured ;0
1 -
0
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0.5¢
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x/c
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Figure 5.7: Comparison of calculated airfoil isentropic Mach number with the measure-
ments of Sonoda et al. (2006).

The total pressure loss w is calculated by equation

w=1-2t (5.2)

Pu
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where p; is the total pressure at the measurement plane, and py; is the total pres-
sure at the inlet of the calculation domain.

The total pressure losses at planes SS-37 and SS-02 are plotted in figures 5.8 (a)
and (b) respectively. The total pressure loss at plane SS-37 shows that the wake
is wider with CFD than the measurements indicate. Also the losses are underes-
timated outside the wake area, except for most of the area between the suction
surface and the wake. Figure 5.8 (b) shows also a wider than measured wake pro-
file at plane SS-02. The total pressure losses are higher than the measured ones in
the areas close to the suction surface followed by a relatively long underestimated
area. The higher pressure losses close to the suction surface are caused by shock
waves starting from that area. The losses are underestimated in the area between
the suction surface shock waves and the wake. The wake-generated losses have a
higher peak value than in the measurements, which could be due to weaker shocks
and reflections from the suction surface.
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Figure 5.8: Comparison of calculated total pressure loss coefficients at planes SS-37 (a)
and SS-02 (b) with the measurements of Sonoda et al. (2006).

5.3 Comparison of analytical and numerical shock wave angles

A simple calculation is made with the quasi-steady supersonic stator results pre-
sented in chapter 6.3. Analytical calculations are made using the theory presented
by Anderson (1991). The calculations follow the path presented by Harinck et al.
(2007), which is based on oblique shock formation at the trailing edge. The
method is described here briefly. First the wake angle 6 is determined from the
CFD results. Next by knowing the Mach number, static pressure, static tempera-
ture and the speed of sound upstream of the shock wave, the analytical compres-
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sion wave angle (3 is solved iteratively. The comparison between analytical and
numerical shock wave angles is shown in figure 5.9. It should be noted that the
wake angle determination causes some uncertainties to the analytical calculation.
The figure shows that the numerical and analytical shock wave solutions are rel-
atively similar in the beginning, but after that the numerical results deviate from
the analytical ones.

Figure 5.9: Contours of the Mach number from quasi-steady-stator-only modelling pre-
sented in chapter 6.3, and a comparison of analytical and numerical shock wave angles.
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5.4 Conclusions and discussion

The grid dependency tests showed that the turbine efficiency depend on the num-
ber of cells in the calculation domain. According to the results, the density of
the grid used in the modelling is not dense enough to produce grid-independent
results. The spanwise variation of the absolute flow angle at the rotor inlet is grid-
independent, but at the rotor outlet there is more variation. At the rotor outlet, the
increase of cell number from the second largest to the largest grid does not have
a great effect on the absolute flow angle from the midspan to the shroud. The
absolute Mach number distribution at the rotor inlet depends on the grid density.
The Mach number increases slightly from the second largest to the largest grid,
but the shape of the distribution is affected only slightly. At the rotor outlet, the
Mach number distribution is affected only slightly by the grid density in the three
largest grids.

The absolute Mach number at the rotor outlet and stator throat is not drastically af-
fected by the increase of the non-dimensional wall distance y*, whereas a clearer
increment in the Mach number can be seen at the hub side at the rotor inlet. The
absolute outlet flow angle of the rotor at the hub is underestimated until 1/3 of the
span, and overestimated at the shroud. At the rotor inlet, the effect of increasing
yT is similar to the rotor outlet, but less drastic. The results show that increasing
yT increases the efficiency. This could be due to underestimation of viscous losses
in the boundary layer.

The flow field at the validation study showed that Finflo is capable to predict the
shock waves starting from the trailing edge. The angle of the trailing edge shock
wave is modelled higher than the measurements show (relative to the axial flow
direction). The shape of the shock wave at the suction surface differs from the
measured one, starting earlier from the upstream direction. This may be caused
by some small differences between the measured and modelled blade profiles.
Also the over-unity non-dimensional wall distance can cause an error in the mod-
elling. The wake profile is also wider when compared to the measurements.

The shock wave reflections and compressions from the suction surface were not
fully modelled. This caused differences in the airfoil isentropic Mach number
distribution. It also might have caused some differences with the measured total
pressure losses.

The airfoil isentropic Mach number distribution is well modelled at the pressure
surface, but the suction surface distribution is underestimated along the blade sur-
face until z/c,, = 0.381, and after that again until z/c,, = 0.767. The pressure
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along most of the blade surface has been reported to be underestimated also in an
earlier study with Finflo employing the Baldwin-Lomax turbulence model. The
peak value of isentropic Mach number is higher than the measured at the suction
surface.

Overall Finflo, is capable of modelling shock waves with certain limitations on
reflections and compressions from surfaces. It should be noted, however, that it
could be possible to produce better modelling of reflections and compressions by
decreasing the non-dimensional wall distance. This could also lead to better pre-
diction of the total pressure losses.

In the case of the supersonic stator, the trailing edge shock wave is modelled well
in the beginning of the wave, when numerical and analytical results are compared.
Later on in the flow channel, the results deviate from each other when the angle
of the numerical results decreases.
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6 Numerical results

In the beginning of the chapter, the effect of changing the axial distance between
the stator and rotor is studied under the design conditions. This is followed by
an off-design performance study of the turbine in the case of a variating axial gap
between the stator and rotor. In the third part, a pulsating inlet flow model is
introduced to Finflo, and the effects of mass flow pulsation to the flow field and
performance are studied with a supersonic axial turbine stator.

6.1 Quasi-steady modelling of the effects of stator-rotor axial
distance at the design conditions

In order to improve the understanding of the effect of variation of stator-rotor ax-
ial distance on the performance of supersonic turbines having small reaction, five
axial gaps are studied under the design operating conditions presented in table 3.1.
The studied cases are shown in table 6.1. The axial gap is measured from the hub,
as shown in figures 3.3 (a) and (b), and is scaled with the average rotor height
(brotor = (b + b3)/2). Case 2 is the original design of the turbine.

In all the cases, four stator and seven rotor channels are modelled with a diffuser
following every rotor. Also the tip clearance (1.9% of b,.t.,) is modelled. The
grid of case 2 is similar to grid 4 in the grid dependency tests, the only difference
is that the inlet part of the computational domain is 10 times longer than in the
grid dependency tests. This has been done to make certain that the computational
inlet boundary is not affected by the stator.

The number of cells varies between each calculated case, due to a different num-
ber of nodes inserted in the axial gap between the stator and the rotor. The number
of cells in the inlet part, stator flow channel, rotor flow channel and diffusor are
kept constant between the cases. The total number of cells for each case, and the
maximum non-dimensional wall distance y* at the rotor blade surface are shown
in table 6.1. A relatively high y™ compared to case 2 was used in the other four
cases, due to problems with calculation stability when having smaller wall dis-
tances. The effects of the higher y* were studied in chapter 5.1.1 and are also
discussed in this chapter. The side profiles of the modelled axial gaps are shown
in figure 6.1. It should be noted that increasing the axial gap slightly changes the
shape of the shroud wall between the stator and the rotor.

The isentropic total-to-static efficiency of the turbine is calculated by equation
5.1. The performance of the diffuser is evaluated by the diffuser static pressure
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Table 6.1: Calculated cases with relative axial gaps, cell numbers and maximum y™* at
the rotor blade surface.

Gax/brotor  Number of cells Maximum y™*

Case 1 0.112 2530304 18.3
Case2  0.149 2601984 7.2
Case3  0.299 2763264 38.5
Case4  0.448 2781184 18.3
Case5  0.598 2852864 17.5

rise coefficient, which is defined as

_ Pa —P3

Cpr
P Pt3 — P3

6.1)

where ps is the static pressure at the diffuser inlet, p, is the static outlet pressure,
and p3 1s the total pressure at the diffuser inlet. All the temperatures and pressures
used in calculating the performance parameters are mass flow averaged. Also the
flow angle, Mach number and velocity distributions are made with mass flow av-
eraged values.

The calculated total-to-static efficiency of the turbine is plotted in figure 6.2.
The calculated efficiencies are divided with the total-to-static efficiency of case 2
(0.721) in order to be comparable with the comparison case of Jeong et al. (2006).
The efficiency decreases when the axial distance increases. The decrement in the
turbine efficiency accelerates when the axial gap increases. Especially starting in
Cax/brotor = 0.448, the penalty from the increased axial gap grows rapidly. Agree-
ment with the results of Jeong et al. (2006) is reasonably good, although their
studies concern supersonic impulse turbines. The new results also cover higher
relative axial gaps. It should be noted, however, that the efficiency for two of the
smallest measured axial gaps is clearly higher than the CFD predicts. This could
be e.g. due to overprediction of the stator-rotor interaction with smaller relative
axial gaps.

The rest of the performance parameters are shown in table 6.2. The actual total-to-
static efficiency variation is 1.9 per cent between the peak and bottom values. The
differences between the cases in Cy,, are relatively small, and dramatic drops are
not seen. The difference between the peak value of case 2 and the bottom value
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Figure 6.1: Different modelled axial gaps.

of case 1 1s 0.019.

In figures 6.3 (a) and (b), the total pressure loss as a function of the axial gap is
plotted. The loss is calculated by equation 5.2. In figure 6.3 (a), the increase is
small between cases 1 and 2, but a steeper increase is seen in cases 3,4 and 5. An
increase of total pressure loss due to the increase of the axial gap is also reported
by Jeong et al. (2006). In figure 6.3 (b), spanwise total pressure loss is plotted. At
the midspan the losses are almost equal between the cases, but when the axial gap
increases, the losses increase at the hub and shroud rapidly from case 2 to case 3.
An increase in total pressure loss at the hub and shroud is also seen with larger
axial gaps in cases 4 and 5.

The flow development from the stator leading edge to the rotor leading edge (mea-
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Figure 6.2: Variation of total-to-static efficiency as a function of axial distance between
the stator and rotor. The results (CFD) are compared with the results of Jeong et al.
(2006).

Table 6.2: Performance of the turbine with variating axial distance between the stator
and rotor.

Casel Case2 Case3 Case4 Case5s
Nst—s [J0]  76.3 76.2 76.0 75.5 74.4
Cpr [-] 0.547 0.566 0.564 0.550 0.561

surement plane 2) is plotted in figures 6.4 (a) and (b) as mass flow averaged values
along the axial length [,. The flow accelerates smoothly into sonic speed and con-
tinues to rise steeply until the acceleration becomes slower before the trailing edge
of the stator. After this small step, the flow continues to accelerate steeper, and
this is common for all cases. The peak value is detected in all geometries just
before the trailing edge. It is common for all the cases that the Mach number
decrement is fastest closer to the peak value. The Mach number becomes con-
stantly lower when the distance from the peak value increases in cases 1 and 2,
until there is a small increase in the Mach number just before the rotor leading
edge. This increase is in practice negligible. Also in case 3 the Mach number de-
creases smoothly and a small increment appears just before the rotor leading edge,
and a similar increment is also seen in cases 4 and 5. In case 4, the Mach number
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Figure 6.3: Total pressure loss from turbine inlet to measurement plane 2 at the rotor
inlet, (a) mass flow averaged values and (b) spanwise mass flow averaged distribution
with variating axial gap. The calculated cases I to 5 are presented in table 6.1 and figure
6.1.

decreases until a minimum value is found at approximately 16% of the axial gap
length g.x and is followed by a rise and a second local minimum approximately
at 0.75¢.x. The Mach number behaviour in case 5 is similar to case 4, the first
minimum is found at 0.1g,, and the second minimum at 0.45g.,.

6.1.1 Stator throat flow field

In figures 6.5 (a) and (b), the spanwise flow field at the stator throat is plotted.
The stator throat absolute flow angle in figure 6.5 (a) is relatively similar in other
cases than in case 2. The flow angle is lower than the design value of 78° at ar-
eas near the hub or shroud. Approximately at 20% to 80% of the flow channel
length in case 2, the flow angle is close to the designed value, whereas the val-
ues in other cases are higher than the designed ones. This is in accordance with
the results presented in chapter 5.1.1, which predict an increased throat flow angle
when y* is increased. It also explains the highest flow angle distribution of case 3.

The Mach number in figure 6.5 (b) is highest at the hub and decreases towards the
shroud. The Mach number of case 2 is higher than in the other cases. This is in
accordance with the results presented in chapter 5.1.1, which predict a decreased
throat absolute Mach number when ™ is increased. It also explains the lowest
Mach number distribution of case 3. The Mach number distribution is higher than
the designed value of unity at the throat, which is common for all the cases.
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Figure 6.4: Flow development from stator leading edge into rotor leading edge at mea-
surement plane 2 (a) and (b) magnification of the areas with Mach number greater than
unity. The calculated cases of 1 to 5 are presented in table 6.1 and figure 6.1. The rotor
leading edge is situated in ©[l,x = 1.

6.1.2 Rotor inlet flow field

The measurement plane at the rotor inlet was situated approximately at the rotor
leading edge. The radially averaged rotor inlet flow angle at the rotor inlet is plot-
ted in figure 6.6 (a). The flow angle decreases from the hub to the shroud. In the
areas close to the hub, the flow angle increases when the axial distance between
the stator and rotor increases. At the shroud side of the spanwise distribution, the
increase of the axial gap decreases the flow angle. These changes lead to less vari-
ating rotor incidence with the smaller axial gap. This is slightly different from the
results of Funazaki et al. (2007), who found that the increase of axial gap increases
the rotor incidence angle. When the potential effect of higher y* is considered, it
could move the distribution of case 3 closer to cases 4 and 5.

In figure 6.6 (b), the spanwise absolute Mach number at the rotor inlet is plot-
ted. The differences at spanwise distributions are more pronounced at the hub and
shroud than they are at the midspan. The Mach number is highest at the areas
close to the hub and it decreases towards the shroud. The maximum value of the
distribution moves towards the shroud when the axial gap increases. At the hub
and shroud, increasing of the axial gap decreases the Mach number, except for
cases 1 and 2, which have almost identical distributions at the shroud. The distri-
bution in cases 3 to 5 has a greater drop before the shroud wall than cases 1 and 2.
When the potential effect of a higher y* is considered, it moves the distribution
of case 3 closer to cases 4 and 5. When the axial gap is increased, the boundary
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Figure 6.5: Spanwise averaged stator throat (a) absolute flow angle and (b) Mach number
with variating stator-rotor axial distance. The calculated cases of 1 to 5 are presented in
table 6.1 and figure 6.1.

layer thickness at the hub increases. At the shroud, the boundary layer thickness
increases with an increasing axial gap in other cases than between the two small-
est axial gaps. In the paper Funazaki et al. (2007), boundary layer thickness is
also reported to grow at the rotor inlet when the axial gap increases.

In figure 6.6 (c), the spanwise axial velocity distribution is plotted. The axial ve-
locity increases from the hub to the shroud. At the hub the axial velocity decreases
when the axial gap increases. The differences between all cases are greater at the
hub than at the shroud.

Spanwise tangential velocity is plotted in figure 6.6 (d). It follows the Mach num-
ber distribution quite well. Tangential velocity decreases from the hub to the
shroud, and the differences between the cases are less pronounced at the midspan.
Tangential velocity increases when the axial gap decreases at the hub and shroud,
except for cases 1 and 2, where the distributions are almost similar at the shroud.

6.1.3 Pressure at the rotor surface

The static pressure variations at the rotor hub, midspan and shroud are plotted in
figures 6.7 (a), (b) and (c), respectively. The pressure variation over the blade is
smaller at the hub than at the midspan. The highest pressure variation is seen at the
shroud. A pressure peak is seen at the leading edge. A low pressure area is seen at
the suction surface after the leading edge. This low pressure area moves towards
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Figure 6.6: Spanwise averaged rotor inlet (a) absolute flow angle, (b) absolute Mach
number, (c) axial velocity, and (d) tangential velocity with variating stator rotor axial
distance. The calculated cases of 1 to 5 are presented in table 6.1 and figure 6.1.

the trailing edge when the observed area changes from the hub to the midspan and
further to the shroud. An area of low pressure is also seen at the trailing edge at
the midspan and the shroud. The differences in the calculated pressures between
the different cases at the hub and midspan are higher in the suction surface than in
the pressure surface.

In case 5, a relatively high pressure is seen at the suction surface at the hub, start-
ing from the leading edge. Also in case 4, the pressure is almost as high as in case
5 and is higher than in the three smallest axial gaps, approximately from 15% of
axial chord length until 0.35¢,,.. At the shroud the pressure at the suction surface
in case 5 is the highest and in case 4 the second highest after the leading edge,
until approximately 0.23¢,, in case 4 and 0.43c,, in case 5. At the shroud, the
pressure difference over the rotor blade is best in case 2, especially the pressure at
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the pressure surface is higher for most of the blade surface.
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Figure 6.7: Pressure at the rotor surface at the hub (a), at the midspan (b) and at the
shroud (c). Calculated cases from 1 to 5 are described in table 6.1 and figure 6.1.

6.1.4 Rotor outlet flow field

The absolute flow angle at the rotor outlet is plotted in figure 6.8 (a). The flow
angle is higher at the hub than at the shroud. There is also a steep increase in the
flow angle close to the shroud due to tip clearance flow and a small drop before the
casing in all geometries. A second smaller increase is seen in cases 1 and 2 a little
after the midspan, but these kinds of steps are not seen in the other cases. When
the potential effect of a higher y* is considered, it moves the distribution of case
3 closer to cases 4 and 5 at the midspan. It should be noted that the rotor outlet
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flow angle has been designed to be zero degrees, which is not achieved according
to these results.

In figure 6.8 (b), the spanwise absolute Mach number distribution is plotted. The
Mach number rises from the hub to the shroud and more “linear” curves are seen
in cases 1 and 2 than in the rest of the cases. Similar behaviour is also seen in the
axial velocity distribution in figure 6.8 (c). When the potential effect of a higher
yT is considered, it moves the Mach number distribution of case 3 closer to cases
1 and 2. Figure 6.8 (d) shows that the tangential velocity decreases at the hub, and
after that it starts to increase towards the shroud. A rise in tangential velocity due
to tip clearance flow is seen just before the shroud, followed by a drop before the
casing. This behaviour is also common for the Mach number and axial velocity.
Tangential velocity has more drastic changes in cases 1 and 2 than in the other
cases.

The isentropic total-to-static efficiency from the turbine inlet to the rotor outlet is
calculated as

Ty — 13

g = —————— 6.2
st Tiy — T ©2)

where T3 is the static rotor outlet temperature and 75 is the static isentropic rotor
outlet temperature. All thermodynamic and flow properties are mass flow aver-
aged.

In figure 6.9, the turbine efficiency at the rotor outlet is plotted from hub to shroud
for all five different axial gaps. An increase of the axial gap decreases the effi-
ciency at the hub area. The most drastic drops are seen from case 2 to 3 and from
case 4 to 5. At the shroud all the cases have more similar performance.

6.1.5 Conclusions and discussion

The study shows that with smaller axial gaps, the turbine performance is not as
highly affected by the axial gap variation as with larger axial gaps. With larger
relative axial gaps of gu./Protor = 0.448 and guy. /hrotor = 0.598, the performance
penalty due to the increasing axial gap grows rapidly. With this studied turbine
type the results show that the increase of the axial gap has an accelerating effect
on efficiency decrement, although it should be noted that a varying y* could have
an effect on the efficiency. Especially in the intermediate axial gap the efficiency
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Figure 6.8: Spanwise averaged rotor outlet (a) absolute flow angle, (b) Mach number,(c)
axial velocity and (d) tangential velocity with variating stator rotor axial distance. The
calculated cases of 1 to 5 are presented in table 6.1 and figure 6.1.

can be lower than predicted. Overall, the efficiency of the turbine in the design
operating conditions is higher than is usually presented in the literature for super-
sonic axial turbines. The efficiency is still, however, lower than it is typically with
high reaction subsonic axial turbines.

The diffuser performance is only slightly affected by changes in the axial gap. The
total pressure loss from the stator inlet into the rotor inlet increases when the axial
gap increases, which is in accordance with the literature. The increase is seen
both at the hub and the shroud, but at the midspan the losses are relatively similar
in all cases. The results show that there is a connection with the whole turbine
performance and the total pressure losses due to an increased axial gap. The im-
portance of total pressure losses in the whole turbine performance is evident, but
with the two largest axial gaps the losses do not increase as much as they should if



6.1 Quasi-steady modelling of the effects of stator-rotor axial distance at the
design conditions 65

09 T T T T T T T T T

Ng s 7]

0.7

— Case 1

— Case 2

Case 3

x Case4

¢ Caseb

0.6 ‘ ‘ : : : : : : :
0O 01 02 03 04 05 06 07 08 09 1
b/b
shroud

Figure 6.9: Spanwise distribution of isentropic total-to-static efficiency calculated from
the turbine inlet to the rotor outlet by equation 6.2. The calculated cases of 1 to 5 are
presented in table 6.1 and figure 6.1.

there were a linear correlation between the efficiency and the total pressure losses.

In all of calculated cases, the Mach number from the stator inlet rises smoothly
into sonic speed, and a small step in acceleration appears before the stator trailing
edge. After this, the flow accelerates into maximum speed, which is seen just be-
fore the trailing edge. The Mach number decreases relatively smoothly from the
maximum in cases 1 to 3, whereas in cases 4 and 5 there is one additional accel-
eration followed by a deceleration in the space between the stator and the rotor.

The stator throat flow field is in practise not effected by the axial gap variation.
The Mach number distribution is greater than unity in every case, which indicates
that the actual throat has moved back to the upstream direction.

At the rotor inlet, the flow angle at the hub increases when the axial gap increases,
whereas the flow angle at the shroud decreases when the axial gap increases. This
leads to a less variating rotor incidence with a smaller axial gap. Overall, the flow
angle decreases from the hub to the shroud. This more curved rotor inlet flow
angle distribution profile can be worse for the rotor, and that way it can decrease
the efficiency. Because the flow angle is more tangential at the hub, the flow at
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the hub has to travel longer until it reaches the rotor blades, compared to the flow
at the shroud. This longer flow path can increase the losses and explain the lower
hub side efficiency.

The absolute Mach number at the rotor inlet is higher at the hub and decreases
towards the shroud. When the axial gap increases, the maximum of the spanwise
Mach number moves towards the shroud. In general, an increase of the axial gap
decreases the absolute Mach number at the hub and the shroud. Also the bound-
ary layer thickness has a tendency to increase at the hub and the shroud when the
axial gap increases, which is in accordance with the literature. The behaviour of
tangential velocity is similar to the absolute Mach number. Opposite to tangential
velocity, axial velocity increases from the hub to the shroud. At the hub, axial
velocity decreases with the increasing axial gap.

The pressure variation over the rotor blade is smallest at the hub and increases
towards the shroud. At the hub and the midspan, the pressure variations between
the calculated cases are higher at the suction surface than at the pressure surface.
There is no clear connection between the blade loading and variation of axial dis-
tance between the stator and the rotor. Areas of higher pressure at the suction
surface are seen in cases 4 and 5 at the hub and the shroud.

The increase of the axial distance between the stator and the rotor decreases the
fluctuation of the rotor outlet absolute flow angle when gu;/b.otor > 0.149. An
increase in the flow angle, Mach number, axial velocity and tangential velocity
is seen at the shroud because of the tip clearance flow. The Mach number does
not have any clear trend, even though with the two smallest axial gaps, the distri-
bution is more linear than in the other cases, which is also common for the axial
velocity distribution. When the potential effect of y* is considered, it makes the
Mach number distribution of the third largest axial gap more linear, which indi-
cates a connection between the more linear rotor outlet Mach number and better
turbine performance. The fluctuation of tangential velocity is stronger with the
two smallest axial gaps than with the rest of the cases. The increase of the axial
gap decreases the spanwise turbine performance at the hub when the turbine effi-
ciency at the rotor outlet is examined.

Based on the discussed results, the differences in the performance between differ-
ent axial gaps are mainly caused by the total pressure losses between the stator and
the rotor, but also some increasing additional losses may happen due to a higher
hub side rotor incidence and lower axial velocity. It can be concluded that the
objective of studying the effect of stator-rotor axial distance on the studied turbine
type and improvement of the efficiency in the design conditions is reached.
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6.2 Quasi-steady modelling of the effects of stator-rotor axial
distance at off-design conditions

The studied turbine is also modelled in low pressure ratio and low rotating speed
operating conditions with variating stator-rotor axial gaps. The differences be-
tween the modelled cases are evaluated. The differences between off-design and
design performance are also studied. The off-design operating conditions used
in the modelling are from actual measurements, and they are shown in table 6.3
as the low off-design condition. These measurements were preliminary, however,
and the data of temperatures etc. was not reliable enough to be used e.g. in ef-
ficiency comparison. The modelled geometries are cases 2, 3 and 5 in the table
6.1, and they are referred to with these numbers later in the text. The studied tur-
bine was also measured with the rotating speed of 28500 rpm, and this operating
condition and the measured efficiency are shown in table 6.3 as the intermediate
off-design condition. Due to late completion of the measurements at the interme-
diate off-design condition, the turbine has not been modelled numerically in this
condition.

Table 6.3: Off-design conditions of the turbine.

Off-design condition low intermediate
Mass flow [kg/s] 0.49 ¢ des  0.84 @i des
Pressure ratio [-] 2.55 4.05
Rotating speed [rpm] 23010 28500
Measured efficiency [%] - 76.1

The isentropic turbine total-to-static efficiency is calculated by equation 5.1, and
the modelled results are plotted in figure 6.10. All the temperatures and pressures
used in calculating the performance parameters are mass flow averaged. Also the
flow angle, Mach number and velocity distributions are calculated with mass flow
averaged values. The total-to-static efficiency decreases when the axial gap in-
creases. The efficiency decrement is almost linear, which is in agreement with the
results of Yamada et al. (2009). The measured efficiency in the intermediate off-
design condition is higher than the calculated efficiency in the low off-design con-
dition with the same axial gap but is slightly lower than the calculated efficiency
in the design conditions. In a recent study by Jaatinen (2009) using Finflo, the
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centrifugal compressor performance is reported to be underpredicted with CFD
when Chien’s k-¢ turbulence model has been used, whereas in an earlier study
of Turunen-Saaresti (2004) the results were opposite, although it should be noted
that in the earlier study the tip clearance was not modelled.
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Figure 6.10: Isentropic total-to-static efficiency of the turbine at low off-design conditions
(shown in table 6.3).

In figures 6.11 (a) and (b), the total pressure loss from the stator inlet to plane 2 at
the rotor inlet is plotted. The loss is calculated by equation 5.2. The loss increases
when the axial gap increases. In figure 6.11 (a), doubling the axial gap gives al-
most constant increment to the total pressure loss. The spanwise total pressure
loss profile in figure 6.11 (b) reveals that an increase of losses happens before the
shroud wall and from the midspan to the back flow area before the hub wall. The
differences between cases in these areas are somewhat similar. An increase of total
pressure loss due to increased axial gap has also been found by Jeong et al. (2006).

The flow development from the stator leading edge to the rotor leading edge is
plotted in figure 6.12 as mass flow averaged values along the axial length 1,,. In
case 5 there is a small step in acceleretion just before the maximum value. The
flow accelerates smoothly in general to the maximum value, which is detected just
before the trailing edge of the stator. The maximum Mach number increases when
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Figure 6.11: Total pressure loss from stator inlet to measurement plane 2 at the rotor inlet
at low off-design conditions (shown in table 6.3). Mass flow averaged values (a) and mass
flow averaged spanwise distribution (b). The calculated cases are presented in table 6.1.

the axial gap increases, whereas the Mach number at the rotor leading edge de-
creases when the axial gap increases. In case 2, the Mach number decreases from
the maximum value quite smoothly until 0.25g,,,., after which the Mach number is
almost constant until the rotor leading edge. A negligble Mach number rise is seen
just before the rotor leading edge in cases 2 and 3. The Mach number decreases
from the maximum value less smoothly in case 3 than in case 2. The Mach num-
ber increases again approximately from 0.25g,, to 0.54g,,. In case 5 the Mach
number decreases quite smoothly, the minimum value is detected at 0.04g,,. and
a second maximum at 0.41g,,,.

In table 6.4, the modelled turbine diffusor performance is shown. Case 5 has the
best diffusor performance and case 3 the worst. The difference between the peak
and bottom values is 0.037.

Table 6.4: Off-design performance of the turbine diffusor with varying axial distance
between the stator and the rotor at low off-design conditions (shown in table 6.3).

Case2 Case3 Caseb5
Cor [[] 0.161  0.146  0.183
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Figure 6.12: Flow development from the stator leading edge to the rotor leading edge

at low off-design conditions (shown in table 6.3). The calculated cases are presented in
table 6.1.

6.2.1 Stator throat flow field

The stator throat absolute flow angle and Mach number at the off-design con-
ditions are plotted as spanwise averaged values in figures 6.13 (a) and (b), re-
spectively. The flow angle distribution is similar in cases 2 and 5, being slightly
lower than the designed 78°. In case 3 the flow angle is a little over the designed
value for most of the flow channel length, which could be due to the higher non-
dimensional wall distance, as shown in the previous chapter. A lower flow angle
is seen in areas close to the hub and shroud in all cases.

In figure 6.13 (b), the Mach number distribution is highest in case 2. Case 3 has
the lowest values for the large part of the flow channel. The distributions of cases
3 and 5 are in practice equal closer to the shroud. In general the Mach number
decreases from the hub to the shroud, and the values are more than unity for a ma-
jority of the flow channel. If the possible effects of non-dimensional wall distance
are included, all distributions are in general closer to each other.
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Figure 6.13: Spanwise averaged stator throat (a) absolute flow angle and (b) abso-
lute Mach number with variating stator rotor axial distance at low off-design conditions
(shown in table 6.3). The calculated cases are presented in table 6.1.

6.2.2 Rotor inlet flow field

The spanwise averaged absolute flow angle distribution at the rotor inlet is plotted
in figure 6.14 (a). A backflow is seen at the hub in every case. The distribution
becomes flatter when the axial gap is decreased. An increase of the axial gap in-
creases the flow angle before the backflow region and decreases the flow angle at
the shroud.

In figure 6.14 (b), the spanwise averaged absolute Mach number distribution is
plotted. For more than half of the spanwise direction, the Mach number decreases
when the axial gap increases. It should be noted that the turbine rotor operates at
transonic conditions.

The spanwise averaged axial velocity distribution is plotted in figure 6.14 (c). For
most of the span, the differences between cases are negligible. A backflow region
is seen at the hub in all cases. The increase of the axial gap decreases the axial
velocity before the backflow region.

In figure 6.14 (d), the spanwise averaged tangential velocity distribution is plot-
ted. Tangential velocity decreases when the axial gap increases in areas before the
back flow area at the hub and before the shroud wall. The area of lower tangential
velocity at the hub increases with the increasing axial gap. The maximum value
moves towards the shroud when the axial gap increases.
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Figure 6.14: Spanwise averaged rotor inlet (a) absolute flow angle, (b) absolute Mach
number, (c) axial velocity, and (d) tangential velocity with varying stator rotor axial dis-
tance at low off-design conditions (shown in table 6.3). The calculated cases are presented
in table 6.1.

6.2.3 Pressure at the rotor surface

The pressure variations between the calculated cases at the rotor surface (hub,
midspan and shroud) are plotted in figures 6.15 (a), (b) and (c). The pressure
difference over the rotor blade is lowest at the hub, and the greatest pressure vari-
ations are seen at the midspan. The highest pressure differences are detected right
after the leading edge.

Figure 6.15 (a) shows that the pressure at the pressure surface after the leading
edge is the highest in case 2 and lowest in case 5. When the suction surface is
examined, it can be seen that the highest pressure is in case 5 and the lowest or
equal to the lowest in case 2 for more than 50% of the blade axial chord. At the
midspan (figure 6.15 (b)), the pressure of case 5 is the highest after the leading
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edge at the pressure surface. At the hub (figure 6.15 (c)), the pressure in case
2 is the lowest at the suction surface. Case 3 is slightly lower than case 5 in the
beginning of the suction surface, but they are almost equal for the rest of the blade.

5 5
LaXe® 14X 10°
—Case 2
—Case 3
12 —Case 5] 1.2/
T T
o o
o 17 o 1
0.8 I o8
0 0.10.20.30.40.50.60.70.80.9 1 0 0.10.20.30.40.50.60.70.80.9 1
x/c x/c
ax ax
(@) (b)
5
1_4x‘10‘
12/
5
—_— l,
o
08

0 0.10.20.30.40.50.60.70.80.9 1
x/c
ax

©

Figure 6.15: Pressure at the rotor surface at the hub (a), at the midspan (b), and at the
shroud (c) at low off-design conditions (shown in table 6.3). The calculated cases are
presented in table 6.1.

6.2.4 Rotor outlet flow field

In figure 6.16 (a), the spanwise averaged rotor outlet absolute flow angle at the
off-design conditions is plotted. The increase of the axial gap increases the flow
angle in over 70% of the span. The greatest differences are seen at the hub and
after the midspan. The flow angle distributions are quite similar at the shroud.
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The distribution becomes flatter when the axial gap increases.

The spanwise averaged rotor outlet absolute Mach number is plotted in figure 6.16
(b). At the hub, the increase of the axial gap slightly increases the Mach number.
The distribution in case 5 is the most linear.

Spanwise averaged rotor outlet axial velocity at the off-design conditions is plot-
ted in figure 6.16 (c). The distributions in cases 2 and 3 have relatively similar
shapes. The distribution in case 5 differs from the others for the majority of the
spanwise direction, and it is more linear than in cases 2 and 3. Closer to the
shroud, all the cases have quite similar distributions. At the hub, the axial velocity
decreases when the axial gap increases.

In figure 6.16 (d), spanwise averaged rotor outlet tangential velocity at the off-
design conditions is plotted. At the hub, the velocity increases when the axial gap
increases. The difference between minimum and maximum velocity decreases
with the increasing axial gap.

The turbine efficiency at the rotor outlet is plotted from hub to shroud in figure
6.17 for all three different axial gaps. The performance is worst with the largest
axial gap for most of the span until the shroud wall. The best performance is with
the smallest gap for a majority of the span. At the hub, the performance penalty
due to the increased axial gap is high with the largest axial gap. The differences
between cases 2 and 3 are more stable for a majority of the span than the difference
between them and case 5. With the largest axial gap in case 5, the performance
difference decreases from the hub toward the midspan.

6.2.5 Comparison of design and off-design performance

In figure 6.18 (a), comparison of the turbine efficiency at the design and off-design
conditions is presented with same axial gaps. The turbine efficiency drops more
drastically at the off-design than at the design conditions. The efficiency decre-
ment profile is more linear at the off-design conditions than at the design condi-
tions.

The spanwise turbine efficiency distribution at the rotor outlet drops at the hub in
both operating conditions when the axial gap increases, see figures 6.9 and 6.17.
The differences between the diffuser performance minimum and maximum are
almost twice as high at the off-design as at the design conditions, see tables 6.2
and 6.4.
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Figure 6.16: Spanwise averaged rotor outlet (a) absolute flow angle, (b) Mach number,
(c¢) axial velocity, and (d) tangential velocity with variating stator-rotor axial distance at
low off-design conditions (shown in table 6.3). The calculated cases are presented in table
6.1.

In figure 6.18 (b), the comparison of the total pressure loss at the rotor inlet in
the design and off-design conditions is presented. The total pressure losses differ
from each other when cases 2, 3 and 5 are compared at the design and off-design
conditions. The increase of losses is almost linear at the off-design conditions,
whereas the increase of losses at the design conditions accelerates when the axial
gap is increased.

The Mach number maximum is seen just before the stator trailing edge in both
operating conditions, see figures 6.4 (a) and (b) and 6.12. A small step in flow
acceleration is seen at the design conditions and with the largest axial gap at the
off-design conditions.
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Figure 6.17: Spanwise distribution of isentropic total-to-static efficiency calculated from
turbine inlet to rotor outlet by equation 6.2 at low off-design conditions (shown in table
6.3). The calculated cases are presented in table 6.1.

The flow at the stator throat is almost not at all affected in the design and off-
design conditions by the changes of the axial gap. At the rotor inlet hub, the
increase of axial gap increases the rotor inlet flow angle in both operating condi-
tions, but reversed flow is only seen at the off-design conditions, see figures 6.6 (a)
and 6.14 (a). At the shroud, the flow angle decreases when the axial gap increases
in both conditions. The pressure variation is smallest at the hub in both operating
conditions.

6.2.6 Conclusions and discussion

In the low pressure ratio and low rotating speed operating conditions the total-
to-static efficiency decreases drastically when the axial gap is increased. The
decrement is almost linear, which is in agreement with an other study from the
literature. The differences in the spanwise total-to-static efficiency distributions
are greatest at the hub in the case of the largest axial gap. At the shroud the per-
formance with the medium axial gap is the best, although overall the efficiency
decreases with the increasing axial gap. The best diffusor performance is seen
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Figure 6.18: Comparison of the turbine efficiency in design and low off-design conditions
(a) and comparison of the total pressure loss from turbine inlet to rotor inlet at design and
low off-design conditions (b). The calculated cases are presented in table 6.1
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in the case with the largest axial gap. The measured turbine efficiency in the
intermediate pressure ratio and rotating speed operating conditions was higher
than calculated in the low pressure ratio and low rotating speed operating con-
ditions. The measured turbine efficiency was slightly lower than the calculated
efficiency in the design operating conditions. The results agree with the assump-
tion that the measured efficiency should be between the calculated design and
off-design performance. Therefore the measurements give more reliability to the
modelling. Overall, the efficiency of the turbine in the off-design operating con-
ditions is higher than is usually presented in the literature for supersonic axial
turbines.

The total pressure losses from the turbine inlet to the rotor inlet increase when
the axial gap increases, and doubling the axial gap generates almost a constant
increment of total pressure loss. The changes in total pressure loss and efficiency
behave in a similar manner, indicating that efficiency is linearly dependent on the
total pressure losses in the low off-design conditions.

The flow accelerates smoothly from the stator inlet to the maximum Mach num-
ber in all cases. The maximum value detected a little before the trailing edge of
the stator increases when the axial gap increases, although the value at the rotor
leading edge decreases with the increasing axial gap. A second local maximum
appears with two of the largest axial gaps in the area between the stator and the
rotor.

The stator throat is moved from the designed position to the upstream direction
towards the turbine inlet. The flow at the throat is affected very little by the axial
gap variation in the low off-design conditions.

At the rotor inlet, the flow turns more at the hub when the axial gap increases, and
an area of backflow is detected in all axial gaps. At the shroud, the flow is less
turned when the axial gap is increased. The maximum value of the Mach number
and tangential velocity move towards the shroud when the axial gap increases.
Overall, tangential velocity and the Mach number decrease when the axial gap
increases.

The rotor surface pressure at the hub is affected by the variation of the axial gap.
The increase of the axial gap decreases the pressure right after the leading edge
at the pressure surface, and increases the pressure in approximately half of the
axial chord length at the suction surface (starting after the leading edge). At the
midspan, the pressure is affected only little by the changes in the axial gap. At the
shroud, the pressure is lowest with the smallest axial gap at the suction surface,
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and the increase of the axial gap increases the pressure, especially between the
smallest and intermediate gaps.

At the rotor outlet, the increase of the axial gap increases the absolute flow angle,
especially at the hub, but also after the midspan. A flatter distribution is also seen
when the axial gap increases. At the hub, the absolute Mach number increases
slightly when the axial gap increases. The axial velocity decreases at the hub
when the axial gap is increased, which is opposite to the tangential velocity be-
haviour. It should be noted, however, that this kind of behaviour is stronger and
happens in a longer spanwise area in the case of tangential velocity. The differ-
ence between the maximum and minimum tangential velocity decreases with the
increasing axial gap. The Mach number and axial velocity distributions are most
linear with the maximum axial gap.

The turbine efficiency drops in both design and off-design operating conditions
when the axial gap increases, but the drops are more drastic in the off-design con-
ditions. The decrease of turbine performance is clear at the hub when the axial gap
increases. The flow acceleration is affected only little by the operating conditions,
whereas the spanwise flow angle profiles at the rotor inlet and outlet are affected
more. Also the distribution of the rotor loading changes, and the maximum pres-
sure variation moves from the shroud (design) to the midspan (off-design).

As a conclusion for the objective of the off-design modelling, it can be concluded
that the objective of studying the effect of stator-rotor axial distance on the studied
turbine type and improvement of efficiency in the off-design conditions has been
reached.

6.3 Modelling of a supersonic stator with pulsatile inlet flow

In this section, a supersonic turbine stator is modelled with three different meth-
ods: quasi-steady, time-accurate, and time-accurate with pulsatile inlet conditions.
The effects of different modelling approaches to the stator performance are stud-
ied. Also the effects of pulsating inlet flow to the stator flow field and perfor-
mance are studied. Part of the results presented in this section are also presented
in Gronman et al. (2010). The modelled stator has the same geometry as in the
whole turbine modelling. Only one stator channel is modelled. The inlet condi-
tions, or average inlet conditions in the case of the pulsatile inlet, are the design
inlet conditions of the whole turbine in one-dimensional design. Three mass flow
pulses are modelled in order to have the effects of pulsation well established in the
calculation. The mass flow pulsation is defined by equation 4.24, and it is shown
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in figure 4.1. The outlet pressure from the one-dimensional design is higher than
in the whole turbine model, which leads to the pressure ratio of 3.8.

The grid is almost equal to the stator grid used in the previous sections. The out-
let of the calculation domain is located at the similar distance from the trailing
edge as the inlet domain from the leading edge (approximately 2.7 times the sta-
tor axial chord). This position of the outlet domain makes the number of cells
slightly higher than in the stator grid in the previous sections. The number of cells
from the inlet domain to the trailing edge is unchanged. The used boundary con-
ditions and measurement planes are shown in figure 6.19. The positions of inlet
and outlet domains and measurement plane 1 in the figure are not the actual ones,
which are further away from the stator flow channel. The measurement locations
are defined as follows: 1) inlet, A) throat, B) diverging section, C) trailing edge,
D) lrg/bstator = 0.09, E) lrg/bstaror = 0.17, and F) lrg/bstaror = 0.26. The
measurement plane E is equal to the inlet of the rotor at the design turbine config-
uration (case 2) shown in the previous sections. The mass flow averaged values
of the studied parameters are defined in these locations. Either spanwise averaged
distributions or a single averaged value are used.

CYCLIC

OUTLET

CYCLIC CYCLIC

1
INLET .

CYCLIC

Figure 6.19: Stator hub geometry and calculation boundaries. Inlet, outlet and plane
I are not in actual positions relative to the stator flow channel. The definitions of the
different "measurement planes” are 1) inlet, A) throat, B) diverging section, C) trailing
edge, D) ZTE/bsmtor = 0.09, E) ZTE/bsmtor = 0.17, and F) lTE/bstator = 0.26.
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The averaged values for the variables in the time-accurate modelling with and
without pulsating inlet conditions are calculated as an average over the sum of
every time-step

1 I
p= TZpi (6.3)

where [ is the number of time steps, and ¢ is the number of the time step. Stator
efficiency is used to study the stator performance, and it is defined as

T, — 15
stator — & 4 6.4
Nstat T, — Th (6.4)

where 7 is the static inlet temperature, 75 is the static temperature at the chosen
measurement plane, and 75 is the static isentropic temperature at the chosen mea-
surement plane.

The results of the three modelled cases are compared in table 6.5, where the time-
accurate and pulsatile inlet results have been calculated from time-averaged val-
ues. The efficiencies have been calculated starting from the trailing edge in posi-
tions C, D, E and F. The efficiency decreases when the distance from the trailing
edge increases, which is common for all the modelling approaches. The efficien-
cies of quasi-steady modelling are slightly lower than those of time-accurate and
pulsatile-inlet modelling, except in plane D. This is opposite to part of the results
of Lam et al. (2002), as they had lower than steady flow efficiency for the whole
radial turbine with two efficiency calculation methods out of three, whereas one
method overestimated the efficiency. Cycle-mean efficiency is stated to be higher
than steady-state efficiency by Hakeem et al. (2007). The efficiency calculation
methods that predicted unsteady performance better than steady state performance
were based on integrating the efficiency over one pulse period and taking the aver-
age over the integration. Steady state performance has been reported to be better
than pulsatile flow performance in a paper of Daneshyar et al. (1969).

6.3.1 Effects of different modelling approaches on the stator flow field

Spanwise averaged absolute flow angle distributions at different positions are
plotted in figures 6.20 (a) to (f). The effects of different modelling approaches
are compared, and figures 6.20 (a) and (b) show that the absolute flow angle at
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Table 6.5: Performance of the stator with varying axial distance from the stator trailing
edge and effects of different modelling approaches. Time-accurate and pulsatile inlet
results have been calculated from averaged values (equation 6.3).

Quasi-steady Time-accurate Pulsatile inlet

Nstator (C) [70] 91.6 91.7 91.7
Nstator (D) [70] 88.5 88.4 88.3
Mstator (£) [70] 87.3 87.5 87.5
nstator(F) [%] 86.3 86.7 86.7

the throat and diverging section do not vary between the different modelling ap-
proaches. From the trailing edge in figure 6.20 (c) until measurement plane F in
figure 6.20 (f), the absolute flow angle distribution after the hub area is almost
similar in the time-accurate and pulsatile inlet modelling. At the hub, the flow an-
gle becomes slightly lower with the pulsatile inlet than with the other modelling
approaches, especially in positions E and F. The flow angle distribution from the
trailing edge with quasi-steady modelling deviates slightly from the other mod-
elling approaches. It can be seen in figures 6.20 (c) to (f) that the flow at the hub
side turns more when the axial distance from the trailing edge increases.

The radially averaged absolute Mach number distributions at different positions
are plotted in figures 6.21 (a) to (f). Figures 6.21 (a) and (b) show that the ab-
solute Mach number distribution inside the stator flow channel is not affected by
the modelling approach. The Mach number distribution is slightly the highest or
equal to highest after the hub with the pulsatile inlet from the trailing edge until
measurement plane F, except for measurement plane D (figure 6.21 (d)), where the
Mach number is the highest at the midspan with the quasi-steady modelling. The
quasi-steady modelling produces the lowest Mach number distributions in planes
E and F between the hub and the midspan. The area of slower flow at the hub
increases when the axial distance from the trailing edge increases. This can be
seen when figures 6.21 (c) and (f) are compared. The maximum Mach number
decrease is also seen with increasing the axial distance from the trailing edge.

6.3.2 Effects of pulsatile inlet flow to the stator flow field

The mass flow at five positions in the stator calculation domain is plotted in figure
6.22 as a function of time. The mass flow pulsation amplitude is lower at the stator
throat (line A) than at the inlet. Downstream from the throat, the amplitude does
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Figure 6.20: Radially averaged absolute flow angles with different modelling approaches
at positions (a) A, (b) B, (c) C, (d) D, (e) E, (f) F. The measurement plane positions A to F
are presented in figure 6.19.

not have such dramatic changes. In a paper of Denos et al. (2001), the fluctuation
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Figure 6.21: Radially averaged absolute Mach number with different modelling ap-
proaches at positions (a) A, (b) B, (¢) C, (d) D, (e) E, (f) F. The measurement plane
positions A to F are presented in figure 6.19.

amplitude is reported to decrease at the blade leading edge region when the axial
gap increases.
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Figure 6.22: Development of mass flow pulse from the stator inlet to the stator outlet as a
function of time. The measurement plane positions are depicted in figure 6.19.

In figure 6.23, the sonic line transition to the upstream direction is illustrated. The
position of the designed throat (sonic line) is drawn with a red line, and the actual
position of the throat is shown as a blue curved line at the midspan. In the figure,
the actual throat is strongly curved to the upstream direction. Throat transition is
also seen when the whole turbine stage is modelled as an over unity Mach num-
ber at the designed throat (figures 6.5 (b) and 6.13 (b)). The curved sonic line
is most likely due to the curved profile of the stator flow channel upstream from
the throat. Reichert and Simon (1997) proposed to design a nearly parallel and
uncurved throat for a supersonic radial turbine nozzle in order to have a straight
sonic line.

The mass flow averaged absolute flow angle at various positions in the stator cal-
culation domain is plotted in figure 6.24 (a) as a function of time. The flow angle at
the throat (A) or diverging section (B) does not vary almost at all when the mass
flow pulse goes through the stator flow channel, whereas the behaviour down-
stream from the trailing edge (C) 1s more pulsatile. The flow angle decreases when
the distance from the trailing edge increases, as seen in lines D and E, although
the difference between the two furthest measurement planes is small compared to
their difference with the trailing edge flow angles.
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Figure 6.23: Contours of absolute flow velocity distribution at the stator channel and the
contour of Mach number one (blue line) at the midspan. Also shown in the figure is the
designed throat position (red line). The plot is from averaged results of pulsatile inlet
modelling.

Mass flow averaged axial velocity at various positions in the stator calculation
domain is plotted in figure 6.24 (b) as a function of time. The axial velocity pul-
sates slightly at the throat and the diverging section as a function of time. Steeper
variation is seen at the trailing edge and after the trailing edge. The axial velocity
accelerates from the throat until the trailing edge. After that a clear drop is seen
between the trailing edge (C) and measurement plane D. The axial velocity pro-
files are in practice identical between planes D and E.

Mass flow averaged tangential velocity at various positions in the stator calcu-
lation domain is plotted in figure 6.24 (c) as a function of time. The tangential
velocities at the throat (B) and diverging section (C) pulsate more clearly than the
axial velocities. The lowest calculated tangential velocities at the bottom of the
pulse are slightly higher in plane B than in plane C, but otherwise the tangential
velocity accelerates from the throat until the trailing edge. The velocity also de-
celerates from the trailing edge to plane D and further to plane E. The deceleration
from plane D to E is much slower than from the trailing edge to plane D, though
the distance between the trailing edge and plane D is equal to the distance between
planes D and E.
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Figure 6.24: Development of mass flow averaged absolute flow angle (a), axial velocity
(b), and tangential velocity (c) as a function of time at five positions along the stator
calculation domain. The measurement plane positions A to E are depicted in figure 6.19.

The contours of absolute flow angle at measurement plane E at six different time
steps are plotted in figures 6.25 (a) to (f). Two shock waves propagate from the
trailing edge, and one of them is seen in every figure of this series on the left side
of the figure as an spanwise area of higher flow turning. The flow angle is higher
at the hub than at the shroud along the whole presented time span. In figure 6.25
(a), a lower turning area (blue) from the midspan to the shroud is seen. In the next
figure, 6.25 (b), the low turning area is decreased, and it decreases even more in
figure 6.25 (c). It starts to develop again in figure 6.25 (d), and keeps developing
through figures 6.25 (e) and (f). Qualitatively, the flow development in figures
6.25 (a) to (f) is in agreement with the mass flow averaged flow angle distribution
as a function of time in figure 6.24 (a) (line E).
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Figure 6.25: Contours of absolute flow angle at measurement plane E at time steps 0.03s
(a), 0.0335s (b), 0.037s (c), 0.0405s (d), 0.044s (e) and 0.0475s (f). Measurement plane
E is equal to the inlet of the rotor at the design configuration of the whole turbine (case 2
in table 6.1 and figure 6.1) and is shown in figure 6.19.

6.3.3 Effects of pulsatile inlet flow on stator performance

In this chapter, the performance of the stator is studied as a function of time in two
measurement planes, C and E. The isentropic (ideal) total-to-static pressure ratio
presented in figure 6.26 (a) is calculated as
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where the Mach number M at measurement plane C or E is calculated from the
numerical results of each studied time step. The pressure ratio 7 in figure 6.26 (a)
is defined as

Pu
T=—
p

The total-to-static pressure ratio as a function of time is plotted in figure 6.26
(a) at two measurement planes, trailing edge (C) and in the position of the rotor
leading edge in the design configuration of the whole turbine modelling (E). Also
the ideal pressure ratio (from equation 6.5) is compared to the results of CFD.
The modelled pressure ratio follows the sinusoidal shape of the inlet pulse. In the
case of CFD, the pressure ratio increases when the distance from the trailing edge
increases, which is opposite to the results of the isentropic pressure ratio. The
pressure ratio from CFD is higher than the isentropic one.

(6.6)

Stator efficiency as a function of time is plotted in figure 6.26 (b) at measurement
planes C and E, during one pulse period. The pulse follows the sinusoidal shape
of the inlet pulse, but the peak value is seen close to the time of the minimum
pressure ratio in figure 6.26 (a). The efficiency drops from the trailing edge to
measurement plane E during the whole pulse period.
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Figure 6.26: Stator pressure ratio as a function of time (a) and stator efficiency as a
function of time (b) during one pulse period. The measurement plane positions C and E
are depicted in figure 6.19.
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The stator pressure ratio as a fuction of inlet mass flow during one pulse period
is plotted in figure 6.27 (a). Hysteresis-like behaviour is seen during the pulse
period. Similar kind of behaviour has also been found in several papers study-
ing mixed flow turbines, e.g. Karamanis and Martinez-Botas (2002), Palfreyman
and Martinez-Botas (2005), Rajoo and Martinez-Botas (2007), and Hakeem et al.
(2007). The behaviour in the case studied here is relatively symmetrical compared
to the studies in the literature with rotating machines.

Stator efficiency as a function of stator inlet mass flow is plotted in figure 6.27 (b).
The efficiency shows hysteresis-like behaviour. The area covered by the pulse pe-
riod is larger at measurement plane E than at the trailing edge. Hysteresis in the
efficiency behaviour has been also reported by Karamanis and Martinez-Botas
(2002), Lam et al. (2002), Palfreyman and Martinez-Botas (2005), and Hakeem
et al. (2007). The efficiency is lower downstream from the trailing edge (plane E)
than at the trailing edge at the same phase during the pulse period.
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Figure 6.27: Stator pressure ratio as a function of inlet mass flow during one pulse period
(a) and stator efficiency as a function of inlet mass flow during one pulse period (b).
Measurement plane positions C and E are depicted in figure 6.19.

6.3.4 Conclusions and discussion

Overall, the time-accurate and pulsatile inlet mass flow modelling approaches in-
crease slightly the average stator efficiency of the axial turbine stator when com-
pared to quasi-steady modelling with the same average mass flow, inlet total en-
thalpy and outlet static pressure. This result in the case of the pulsatile inlet flow
is different from that assumed on the basis of previous studies. The result could
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be due to the averaging process which is close to the averaging method that has
been reported to predict pulsatile flow better than steady state efficiencies. In
the flow field comparison, the flow inside the stator is not affected by the mod-
elling approach, but downstream from the trailing edge there are small differences
between the approaches. Especially the results of quasi-steady modelling differ
slightly from other results.

The mass flow pulsation amplitude is decreased at the throat, after that the am-
plitude does not have such dramatic changes. The absolute flow angle does not
pulsate almost at all in the stator throat and the diverging section. The pulsation
is clear downstream from the trailing edge, and the average flow angle decreases
when the distance from the trailing edge increases. The absolute flow angle decre-
ment is much smaller from I7g /bsator = 0.09 10 I7 g /bstator = 0.17 than it is from
the trailing edge to i1 /bsiator = 0.09. The flow angle is higher at the hub than at
the shroud for the whole pulsating period.

The axial velocity pulsates slightly in the throat and the diverging section, but
stronger pulsation is seen at the trailing edge and after it. The changes in tangen-
tial velocity are more drastic than the changes in axial velocity. The tangential
and axial velocities behave in general similarly. First the flow velocity accelerates
from the throat to the trailing edge and then the velocity decelerates away from the
trailing edge. The highest decrease in tangential and axial velocity is seen after
the trailing edge. A further increase of axial distance from the trailing edge does
not affect axial velocity distribution almost at all. Slightly bigger differences are
still seen at the tangential velocity.

The total-to-static pressure ratio and the efficiency follow the sinusoidal shape of
the inlet flow. The pressure ratio increases slightly after the trailing edge. The
isentropic pressure ratio is lower than the corresponding pressure ratio in the CFD
modelling, and it also decreases downstream from the trailing edge. This isen-
tropic pressure ratio behaviour opposite to the CFD results is due to the decreas-
ing Mach number downstream from the trailing edge. This behaviour can be
expected because the equation of the isentropic pressure ratio is for duct flows
where the Mach number increases downstream in the case of supersonic flow
and convergent-divergent nozzle. It can be concluded that the analytically calcu-
lated pressure ratio is relatively poorly predicted in the studied case with the used
method.

The efficiency decreases away from the trailing edge during the whole pulse pe-
riod. Hysteresis-like behaviour is detected when the pressure ratio is plotted as a
function of inlet mass flow over one pulse period. This is similar to the hysteresis-
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like behaviour in the mixed flow turbine studies found in the literature, although
the results are more symmetrical in the current study, probably because of the
non-rotating stator. Hysteresis-like behaviour is also detected for efficiency as a
function of inlet mass flow over one pulse period. This behaviour is also in ac-
cordance with the literature. The variation of efficiency during one pulse period is
higher downstream from the trailing edge than at the trailing edge.

As a final conclusion based on the results shown in this chapter, it can be stated
that the objective of studying the effect of pulsating inlet flow on the flow field
and performance of a supersonic axial turbine stator has been reached.
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7 Summary and recommendations

More efficient turbocharger designs are desired in large diesel engines in order to
lower the emissions. Flow inside the turbine becomes relatively easily supersonic
with higher pressure ratios if only one turbine stage is used. Also limited space
can be one constraint in the design process. The use of a supersonic axial turbine
is one answer to these requirements. Compared to subsonic axial turbines of same
power, supersonic axial turbines can be designed in smaller physical size. Usually
a subsonic axial turbine stage still works with higher efficiency than a supersonic
one. Production costs for one supersonic turbine are, however, lower than for two
subsonic turbine stages. Since supersonic axial turbines have typically low degree
of reaction, they create lower axial forces to the bearings compared to high reac-
tion turbines.

In this thesis, the effect of changing the stator-rotor axial gap in a small high (rotat-
ing) speed supersonic axial flow turbine was studied in both design and off-design
conditions. Also the effect of using pulsatile mass flow at the supersonic stator
inlet was studied. The reliability of the modelling was studied and conclusions
were drawn, keeping the possible effects of numerical error in mind.

The literature review showed a lack of scientific results about the effect of the
stator-rotor axial gap on low reaction supersonic axial turbines. The review of the
modelling of pulsatile mass flow in a supersonic axial turbine stator also showed
lack of studies.

The effect of grid density and non-dimensional wall distance was studied in the
beginning of the numerical reliability section. The grid was seen to be grid-
dependent even with the largest studied grid. Also the non-dimensional wall dis-
tance had an effect on the results of modelling.

Later in the numerical reliability section, the used code Finflo was validated by
using measurements published in the literature. The modelling results showed
that the code was capable of modelling shock waves with certain limitations with
compressions and reflections from surfaces, although it was considered that the
use of a smaller non-dimensional wall distance could lead to better modelling re-
sults.

The modelling of a supersonic stator was compared to the analytical calculations
of the shock wave angle in the end of the numerical reliability section. The results
showed that the trailing edge shock wave was modelled well in the beginning, but
the results deviated from each other later on in the flow channel when the angle of
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the numerical results decreased.

In the beginning of the numerical results section, five different turbine configura-
tions with five different stator-rotor axial gaps were modelled by 3-dimensional
CFD under turbine design conditions. To gain more knowledge about the perfor-
mance of the studied turbine type under off-design conditions with different axial
gaps, three turbine configurations were modelled with a low rotating speed and
pressure ratio. The turbine efficiency measurement results from the intermediate
off-design conditions, with intermediate rotating speed and pressure ratio, gave
more reliability to the modelling results. The main findings of the whole turbine
stage modelling study were:

1. The total-to-static efficiency of the turbine decreased when the axial gap
was increased in both design and off-design conditions.

2. The turbine efficiency decrement accelerated at the design conditions when
the axial gap increased.

3. An almost linear efficiency curve was found at the off-design conditions as
a function of the axial gap, showing a decrease in the efficiency with the
increasing axial gap.

It was concluded that the penalty in the turbine performance when the axial gap
increased was mainly due to increased total pressure losses between the stator and
the rotor. Some increasing extra losses may also have been caused at the design
conditions by the increased hub side rotor incidence and lower axial velocity. The
importance of having the smallest possible axial gap is more pronounced at the
off-design than at the design conditions. The author would recommend a smallest
possible axial gap to be used for this turbine type. The objectives of studying the
effect of stator-rotor axial distance in the design and off-design conditions and the
improvement of the efficiency were reached in this study. It was also concluded
that the efficiency of the turbine in the design and off-design conditions is higher
than is usually presented in the literature for supersonic axial turbines. There is
still a need for additional scientifically valid measurements in both design and off-
design conditions, and this is planned to be filled in the future when a test rig is
available. Also the modelling of the turbine in the measured 28500 rpm off-design
point is planned as future work. Even though the study of the whole turbine stage
has been made for a turbine designed for turbocharger, these results can also be
applied to some extent in similar turbines operating for example in space rocket
engines.

Later in the numerical results section, one supersonic axial turbine stator was mod-
elled in quasi-steady, time-accurate, and time-accurate with pulsatile inlet flow
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conditions. The effect of different modelling approaches on the stator perfor-
mance and flow field, and the effect of pulsatile inlet flow on the stator flow field
and performance were studied. The stator geometry was the same as the one used
in the whole turbine modelling. The main findings of the stator study were the
following:

1. The flow inside the stator was not affected by the modelling approach.
2. The amplitude of the mass flow pulsation was decreased at the stator throat.

3. Variations of the total-to-static pressure ratio and the stator efficiency had
sinusoidal shapes as a function of time.

4. The total-to-static pressure ratio and stator efficiency showed hysteresis-like
behaviour as a function of inlet mass flow over one pulse period.

The efficiencies that were calculated on the basis of the time-averaged values with
pulsatile inlet flow or time-accurate modelling were overall slightly overestimated.
In the case of pulsatile inlet flow, this could be due to the averaging process, which
was close to averaging process that has been reported to overestimate turbine per-
formance in pulsatile flow conditions. Based on the current study, the author
would suggest that a supersonic stator could be used in an axial turbocharger tur-
bine. The objectives of studying the effect of pulsating inlet flow on the flow field
and performance of the stator were reached in this study. As a recommendation
for future work, it would be fruitful to implement the pulsatile inlet flow model
for the full turbine stage modelling.

The first scientific contribution of this work is the use of a low reaction supersonic
axial turbine in a turbocharger and its modelling in design and off-design condi-
tions with variating stator-rotor axial distances. The second scientific contribution
is the time-accurate modelling of a supersonic stator with pulsatile inlet flow.
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