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ABSTRACT

This thesis investigates the impact of volute design on the performance of a
mixed flow turbine. Both computational and experimental methods were used to
assesgerformance. All computational work was conducted in CFXinder both steady
state and unsteadypulsating conditions with the models including inlet, volute, rotor
and outlet volumes. Both the mixing plane and sliding mesh approactsewere
implemented and the results compared. The GF i SST turbulence model was
implemented throughout this thesis with the exceptions of chapters 8 and 9 where
the SAS SST model was used in an attempt to accurately capture secondary flows.

Further SBES simulations were included for flow validation.

It was found that pulse shape had a significant impamn the instantaneous
performance while the cycle averaged performance remained largely insensitive to
the changes. Further thorough analysishowed, under a range of pulse frequencies,
loads and amplitudes, significant variations in LE incidence over thpulse cycle.
Furthermore, the spanwise distribution of the incidence also changedonsiderably

over the pulse due to volute secondary flow development.

As result of the initial analysis both volute tilt and aspect ratio (and a
combination of the two) were assessed. A new tilted volute was introduced which
resulted in a performance improvement of up t02.356% in cycle averaged rotor
efficiency and 2.171% improvement in cycle average stage efficiency. This
improvement reduced when volute A/r was reduced.The impact of volute aspect
ratio showed that the MFP varied by up to 4.3%. Furthermore, volute secondary
flows were significantly impacted by aspect ratio with smaller aspect ratios resulting
in strong vortices that persisted around the volute. Increasinghe aspect ratio
removed these vortices. However, thespanwise distribution of LE incidence was
only slightly improved with increasing aspect ratia The maximum efficiency
improvement measured over the aspect ratio range was 1.47%r the turbine stage.
Combining both tilt and aspect ratio showed a maximunperformance variation
between the worst performing design, radial AR=0.5 and the best performing design

tilted AR=2 of 3.00% in the rotor region and 2.87% over the entire stage.




Extensive experimentaltesting under steady state and pulsating flowswas
conducted at Imperial CollegeLondon to validate the computational work. It was
observed that the tilted volute resulted in pulsating efficiency improvements at
48krpm and 56krpm. This trend was found toincrease @ pulse frequency increased.
However, steady state testing only showed efficiency improvements at 30krpm for

the tilted volute.
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CFD Computational Fluid Dynamics
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% Specific Heat at Constant Volume
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G Safety Factor
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D Grid Spacing
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SS
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Mass Flow
Mass Flow pulse load
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Mass accumulation
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"tee—"1 fTt te™HISFZ —e, 17
Pressure
Pressure Ratio
Pressure Surface
Upwind Vector
Volute Radius
Mesh Refinement Factor
Gas Constant
Reynolds Averaged Navier Stokes
Radius of Curvature
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Root Mean Squared
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Momentum Source Term
Internal Energy Source Term
Scaled Adaptive Simulation
Suction Surface
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Strouhal Number
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Time

Trailing Edge

Inlet Total Temperature
Bulk Velocity

Time Averaged Velocity
Instantaneous Velocity
Non-Dimensional Velocity
Blade Speed

Velocity Ratio

Unsteady Reynolds Averaged Navier Stokes
Volume

Relative Velocity

Volute Axial Position

Non-Dimensional Wall Distance

Greek Letters
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Absolute Flow Angle
Relative Flow Angle
Blade Angle

Blending Factor

Volute Tilt Angle
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1 INTRODUCTION

1.1 INTRODUCTIONAND MOTIVATION

Environmental issues have, over recent years, become increasingly important.

Government legislation has aimed to reduce emissions in many industri€3ata taken

from the International Energy AgencylEA, (2016 showed that transport contributes

to 23% of the ™ *” Z €0 emissions in 2014, furthermore, 75% of this figure comes
from road transport alone (see figure 11 for breakdown). Therefore approximately
17% of the worlds CQ emissions come from road transport alone. Thé&uropean
Union (EU) is aiming is to reduce C@emissions by 20% of that in 1990 by the year
2020 and by 80% by 205QEuropeanCommissian, (2011). To achieve this it is
estimated that the transport sector must reduce its greenhouse emissis by 54%
67% by the year 2050.

Figure 1.1: CO2 Emissions data for 2014
For the automotive industry to achieve these strict emission guidelinesthe
efficiency of the power plant must be improved. Engine downsiag is a key method
in achieving this goal as it reduces inertial mass and space requirements. However,
for a downsized engine to maintain overall performance the power density of the
engine must be increased. As a resulturbocharging has become an increasingly

desdrable, not only in diesel powered engines, but in gasoline engines too.
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As the internal combustion engine is an aibreathing machine, the flow of oxygen
into and out of the engine is vital for work output. Turbochargers can enhance the
breathing capabiities of an engine by increasing theylinder inlet air density, thus
increasing the engine output power and torque. This process is achieved by
employing a compressor ahead of the cylinderto compressor the inlet air. The
compressor is driven by the turbine positioned downstream of the combustion

process that extract energy from the otherwise wasted exhaust gas.
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1.2 TURBOCHARGER COMPONENS

Turbocharges usually consists of a centrifugal compressor stage, into which
ambient air enters axially into the compressor wheel. The driven rotation of the
wheel does work on the fluid increasing the flow velocity. The flow is then diffused

through the compressorand volute increasing air density ahead of combustion.

The compressor wheel is driven by a common shaft from the turbine. High
energy flow enters into the turbine volute from the engine cylinder which is
accelerated and directedn to the turbine rotor. The primary design parameter of the
volute is its area to radius raio (A/r). The volute A/r determines the angle in which

the flow exits the volute into the rotor and the swallowing capacity of the stage.

The turbine rotor extracts shaft work from the flow directed by the volute This
is achieved by acceleratig and turning of the flow through the wheel resulting in a
reduction in angular momentum and therefore a rotor torque is generated.
Automotive turbochargers almost exclusively employ the use of radial flow turbines
to drive the compressor stage. This is mainly dato the fact that a radial turbine can
offer a greater specific power than the axial alternative. This is because there is a

change in blade speed in a radial rotor from inlet to outlet, adding to the work

extraction. Therefore,fewer stages or a smalleturbine can be implemented(Japikse

and Baines, 1994)The flow is then diffused ahead of the exhaust to a required back

pressure.

1.2.1 TURBINE OPERATINAENVIRONMENT

The operation of the turbocharger turbine is further complicated due to the
nature of the reciprocating engine. As the engine turns the movement of each
cylinder will produce a pulse of exhaust flow. This effect results in a highly unsteady,
pulsating flow at the turbine inlet and therefore the turbine must be capable of

operating efficiently over a wide range of flow conditions

Theform of the inlet pulse is dependent on the engine geometry, speed and valve

timing. Changing anyone of these factors will affect pulse propagation through the
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exhaust systemand hence the flow that the turbine encountergWatson and Janotal,

1982). Variablevalve timing alsohas an impacton pulse prgoagation as it influences
the scavengingof the engineas engine speeds changed. As a result it is impossible to
characterise a single pulse formthat the turbine experiences Therefore, it is
necessaryto analyseturbine performance over a range of pulse characterigcs such
as frequency, amplitude, load and shape to encompass the full turbine operating

envelope.

Figure 1.2 illustrates the impact of pulsating flows onthe rotor leading edge(LE)
velocity components and flow angles through the pulse while blade speed remains
constant due to rotor inertia. A significant change in inlet relative flow anglg U from
highly negative, at low mass flows to highly positive, at high mass flows is
experienced through the pulse. These excessive flow angles result in LEwflo
separation. % and %represent the absolute velocity of gas leaving the volute at high
and low flow rates respectively and 9 4and 9 zrepresent the relative flow velocities

at high and low mass flow respectively 7is the LE blade velocity

High mass flow!

Low mass flow I
|

7

Radial
Blade LE

7

Figure 1.2: Rotor inlet velocity triangles under pulsating flow
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Furthermore, with varying inlet flow conditions the energy available within the
flow also changes. Maximum available energy is present at the mass flow peak where
stage pressure ratio is maximised. The velocity ratio { ?) can be defined as an
important turbine performance parameter which is inversely proportional to

pressure ratio -

; (1

L

8}\)'\1

- 75
819655 F @ A

Where 7is blade speed,?ds the isentropic spouting velocity, %is the specific
heat at constant pressure,6, 5iS inlet total temperate, Zis the outlet static pressure,

2, 5is the inlet total pressure and Us the ratio of specific heats.

The need for a turbine to operateefficiently at higher energy, low velocity ratio
running points is vital for optimal pulse energy extracion. Radial turbines, despite
their many advantages in turbocharging applicationshave limited flexibility in
dealing with such low velocity ratio running points. The optimal inlet flow angles in

radial flow turbines is usually between -10 and -40 degrees due to the existence of

the Coriolis force resulting in cross passage flowgJapikse and Baines, 1994)The

flow through a radial turbine passageat different inlet conditions is presented in
figure 1.3. At high velocity ratios (a), the highly negative flow angles result in
pressure surface separation at the leading edge. At the high energpw velocity ratio
running points (c) the highly positive flow angles result in separation from the
suction surface of the rotor.Optimal performance occurs at point (b) where the inlet

flow angles are slightly negative {10° to -40°).
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High mass flow

u

e

Figure 1.3: Impact of inlet flow angles on passage flows
At the low velocity ratio running points the inlet flow angles are increasingly
positive and as the blade angle is fixed at 0° due to mechanical constrainitdade
incidence is equal tahe inflow angle. Incidence Eis defined as

EL UE U, (2)

Where Uis the relative flow angle and U, is the blade angle.

The fixed value of bladeangle means that the rotor canot be modified to
improve incidence.Alternately, mixed flow turbines can beimplemented which have
the ability to achieve non-zero blade angls and thereby improve incidence at off

design conditions

1.2.2 MiXED FLOWTURBINEDEFINITION

While radial turbines must have a 0° blade angle tanaintain radial stacking of
the blade fibres mixed flow turbines overcome this constraint through fundamental
changes to the blade designThe stacking of blade fibres is demonstrated ifigure
1.4. Any violation of this stacking results in excessive stresses in the rotor and

inevitably, wheel failure due to the high rdational speeds.

34



Introduction - Turbocharger components
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Figure 1.4: Radial stacking of blade fibres for zero and non -zero blade angles

Mixed flow turbines achieve nonzero blade angles while maintaining radial

stacking of the blades fibreghrough the addition of cone : E;and camber angls :1 ;

both of which are defined in figure 1.5. — «S‘—Zt ,f «'—3t -Sf- —-St t4%
fent” fe%eZt <o Ttec—<Tt <o —SF t<TF.—<'e SEMSEHZ MSHEZ
‘e—fcoe ef%of—<"t ..fe, 1”& %o< <o% "<of —' f eF%of—-<"% ,Zf*%
Jf s e Ho—"f—cea

Direction of Rotation
’
/7
/
I—)
=~

Figure 1.5: Flow cone angle : A .., &lade cone angle ( 9 and camber angle :D;
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How the combination of these tvo angles can result in a nofzero blade without
violation of the radial stacking of bladefibers is illustrated in figure 1.6. Where g,

denotes the blade anglej the blade camber angle andg; z sthe flow cone angle.

Axial Flow Component Radial Flow Component Mixed Flow Components

U L P=J®K&gae

Figure 1.6: Inlet flow in radial, axial and mixed flow turbines |(Leonard etal., 2013) |

In the axial flow case, the blade angle is equal to the camber angle of the blade.
The blade angle in the radial case is independent of the camber angle and remains at
zero degrees. Finally, in the mixed flow cas#&he blade angle is dependent on both the

camber and cone angles. The resulting blade angle is given by equatBn

P=U LP=J®&KDgss u

The resulting nonzero blade anglecan reducethe flow incidence betweenthe
incoming relative flow angle (J and theblade resulting in reduced flow separationat
low velocity ratio running points by effectively producing swept back blades as
demonstrated in figure 1.7. Here the existence of a positive flovangle results in

improved incidence.
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Y

High mass flow
Low mass flow

|

Figure 1.7: passage flows in a mixed flow turbine with non -zero blade angle

U U

Not only can the mixed flow turbine reduce inlet flow loss but the removal of
blade mass due to the blade cone angle can have a significant impact on the inertia of
the wheel resulting in improved transient response. The combination of these effect
makes the introduction of mixed rotor highly desirable particularly when considering
the nature of pulsating flows. However, fundamental changes to the turbine geometry
must be taken into account during volute design. If a mixed flow turbine is not
supplied with an axial flow component the mixed flow effect cannot take place and
—St "tt— .. —c'e <o <o . <Tte Aldp, the addefl .degrek of fréedom of the
blade angle requires detailed knowledge about leading edge flows throughout the

pulse for optimal performance to be achieved.
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1.3 TURBINE PERFORMANCEPARAMETERS

It is important to define the positions through the turbine with the numbering
system used throughout this thesis.The positions through the turbine and there

numbering is given in table1.1-

Position number
Volute Inlet 1
Volute outlet/rotor inlet 1.5
RotorLE 2
Rotor TE 2.5
Stage outlet 3

Table 1.1: stage numbering system

Baines & Whitfield, (1999 showed that the behavior of a turbine islependent on

numerous basic parametersin turbocharging applications thereis usually only one
turbine stageand the kinetic energy available downstream of the rotor is wasted. As

such the total pressure at the eix is replaced with static pressure. This results in

B@@é @245&7%45%4743]%.; Lr \

Where @is the rotor inlet diameter, Ois the rotation speed | Gs mass flow, 2, 5
is inlet total pressure, 2;is outlet static pressure, 6,siS inlet total pressure, 6,4s
outlet total temperature, 4is the gas constant,Us the ratio of specific heatsand &is

dynamic viscosity.

These variables can be reduced to a number of dimensionless parameters using
Buckingham Pi theory. As the parameters expressed in equatioh are of four
different fundamental dimensions, length, time, mass and temperature; thd0

variables can be reducedo 6 dimensionless éterms resulting in

0@ |6GQ¥46,5,2 6,7 . 8¥46,5 w
BF——= & db—GLr
¥4645 2-45 a275a675 245@

38



Introduction - Turbine Performance Parameters

Usually the Reynoldnumber term (the final term within the brackets) is ignored
as it has very little impact on turbine performance unless the sizdifference of the
turbines compared is significant. The ratio of specific heats is also often assumed to
be constant. This prodices just four nondimensional parameters-

0 | G@¥46,5,2;, 6 X
BE @é@ 15 25T AT

Y46, 25 5 &5

The expression can be further simplified by replacing the total temperature ratio

with the total to static isentropic efficiency which is expressed as

986ceop | Ba:6isF 6,7 L 1 Gh

9  saxh &5F 64735 e Y
gae@agaaab% 457 Ml |%(%45®SF@—A

EEPYE
Where %is the specific heat at constant pressurd=urthermore, the gas constant
4can be ignored and if the same turbine wheel is usedo can the rotor inlet
diameter @ This results in the final relationship
0 |&65,2 z

¥645 245 8275 ?

Where— <o =81 o't fafEitgd St ofee "Z'™ frfet_t

¥

Stef —™ —free [rF o FreYepifela—— 'of—FttodFeectefza St
fefcece%o —METHma o (fot ' of7 ' e f -, BiENONCEe .o
dimensional. These four parameters describe the performance of a turbindhe
operating point of the turbine will be fixed if two of these parameters areconstant
The resulting turbine performance can then be plotted on two figures, MFP vs
pressure ratio and efficiency vs pressure. It is common practise to plot the efficiency
against isentropic velocity ratio (equation 1) instead of pressure ratio. These two

plots show the overall performance of any turbine stage.
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1.4 RESEARCHAIMS

The aim of this work is to gain a better understanding of the impact of the turbine
volute design on overallmixed flow turbine performance. In the past, a number of
studies have investigated the effects of volute design on radial turbine performance.
Furthermore, many authors have examined mixed flow turbine rotor performance.
However, there areonly a limited number of studies that focus on the volute
requirements specifically for a mixed flow turbines. Therefore, this work aims to
provide a better underganding of volute flow physics and how to optimise the volute
exit flow conditions specifically for a mixed flow turbine. As explained in the previous
section, the inlet characteristics of mixed flow turbines differs significantly fronthat
of radial turbines. Therefore, special attention to the volute design is require
specifically for mixed flow stages. Furthermore, the addition of flow cone and camber
angles can allow the blade angle to vary over the LE span. Correct match of rotor and

volute is therefore vital to optimal performance.
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2 LITERATURE REVIEW

This section provides an overview of thework to date that is relevant to the
current investigation. This focuses on advancement in pulsating flows in turbines,

mixed flow turbine optimisation and investigation into volute flow development.

2.1 PULSEDFLOW TURBOCHARGING RESEARCH

The first published studyinvestigating the true effects ofpulsating inlet flow on

turbine performance was conducted by\Wallace & Blair, (1965 . The authors

investigated a wide range of parameters on turbine performance including pulse
frequency, pulse form, pulse amplitude, turbine speed, nozzle angle, pipe length and

pipe area. Despite the large under taking of work, the authors were unable to draw

solid conclusions from this work. This was soonfollowed by work by|Benson &

Scrimshaw, (1969 who investigated the impact of pulse frequency on performance,

Kosuge et al., (197plooked at the impact of pulse amplitudeand Strouhal number

and(Benson, (1974, who again investigated the impact of pulse shape. These studies

all agreed that the pulsating performance deviated from the previously accepted

guasi-steady approach. However, the level of deviation from the steady state

performance found was inconsistent with{Wallace & Blair, (1969 and |Benson,

(1974) reporting an increase in mass fiw rate and power output under pulsating

conditions and|Benson & Scrimshaw, (196p and|Kosuge et al., (197p reporting a

reduction.

One of the main difficulties with investigating the impact of pulsating flow is the
need to record instantaneous performance parameters including temperature,
rotational speed, mass flow rate and rotor torque. In the early studiementioned,
only time averaged performance could be measure due to technical limitationhis
low fidelity data acquisition led to significant variations in the results obtained and

the lack of consistency

Dale & Watson, (198? published the first work completed on the pulsed flow

test rig at Imperial llege London. This facility provided instantaneous
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measurements of rotor torque and mass flowwhile the instantaneous temperature

was calculated from the measured pressure by assuming adiabatwonditions.

Szymko, (2009 later showed this approach to give accurate results for temperature.

The average robr torque was obtained through the useof an eddycurrent
dynamometer, while the instantaneous fluctuations of torque wereobtained through
precise measurement of the rotor speedSumming these two valuegave the total
instantaneous torque. The instantaneous mass flux was obtaied through hot wire
anemometry. The presented results showed, for the first time the hysteresis present
in turbine performance under pulsating flow conditions,as shown in figure 2.1 for

the mass flow rate

Figure 2.1: Pulsating performance measured by |(Da|e and Watson, 1986) |

A few years latenDale, (1990 presented more experimental results of the

unsteady performance of a twin entry turbine. This again showed the performance

hysteresis and the authors also proposed that the impact was the result of flow

acceleration and deceleration into the volutgBaines, (201Q identified this filling and

emptying behavior as one of the major finding from the work conducted at Imperial

College London.
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Yeo & Baines, 1990) used the same test rig gPale, (1999 at Imperial College

London to investigate theinternal flow of the turbine. This was done usindaser two
focus velocimetry. Measurements of the velocity components at numerous positions
at the rotor inlet and outlet were taken but under unsteady flows only one position
was measured at the rotor inlet. The authors found that the velocity componesit
measured under unsteady operation were similar tahose at steady state operating
points. From this they concluded that the rotor opeates in a quasisteady manor. The
guasi-steady assumption of the turbine assumes that at any point in time, under
pulsating inlet conditions, the turbine will perform the same as it would under
corresponding steady conditions. Therefore, the cycle averaged quageady
performance can be obtained by integrating the steady state performance of the

turbine over the range of fow conditions experience in the pulse.

Baines et al., (1994 used this knowledge along with the providedby|Dale, (1990

to develop an unseady turbine model based on the filling and emptyindehaviour.
Baines found good agreement with experimental data further supprting this

conclusion.

Szymko et al.,, (200® presented the work ompleted at Imperial College to

improve the test facility. A new eddy current dynamometer was added that was
capable of giving a much greater range of loading on the turbine. This is particularly
important when investigating pulsating flow as the range ofoperation will often
extend beyond the normal range of steady state maps. Therefore, to compare the
pulsating performance in these regions with the equivalent quassteady

performance the steady state map must be extended.

During testing, the data measuredat the stage inlet is acquired at a different
spatial location to the turbine torque recorded. As such it takes a finite amount of
time for the conditions observed at the stage inlet to propagate to the rotor.
Therefore, it is necessary to phase shift thesentropic conditions measured at the

inlet to account for the time delay A number d methods have been attempted to

achieve this|Arcoumanis et al.,(1995) used the sonic velocity, whil¢Winterbone et
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al., (1991) and|Baines et al., (1994 used the bulk flow velocity. Alternately}|Szymko

et al., (2009 using the sum of he sonic and bulk velocitiesfound good agreement.

More recently|Cerdoun & Ghenaiet, (201psimulated pulsating flows through a twin

entry volute and found the performance was higly dependent on the phase shift
method used. The athors stated that there isa non-constant time shift between
isentropic and actual powerduring the pulse and this can be dependent of pulse
frequency, amplitude and temporal gradient of mass flow not just flow velocityn all
cases where pulsating performance is investigated the time shiftingnethod used is a

potential area for error and needs to be done with care.

Szymko, (2009 also made contributions to the understanding of the unsteady

performance of turbochargers under pulsating flows. He characterised the impact of
unsteadiness onperformance using the Strouhal number : 5 P& he Strouhal number
is defined in equation 9 and relates the travel time of the flow to the time period of

the flow disturbance.

Booagu {

5R
Rgu

Where B 45 the reference frequency,. 3 ¢ i$ the reference length andR, 4 is the

reference velocity.

From this Szymko defined anormalised Strouhal number that accounts for the
length of the pulse cycle in which the pulse is preseritor instance a 4 stroke engine
operating at 1200rpm results in 600 pulse cycle each minute and therefore, a
frequency of 10Hz. However, the exhaust vak is typical only open for 1/3 of the of
the cycle and so the parameted was introduced to account fo this, T L s udhe
factor of %2 was also introduced to the formula as the pulse event only accounts for
half of the wave length in the experimental facilities at Imperial college, see figuge2.

This means thatthe normalised Strouhal number is déined as-
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Figure 2.2: Imperial College test facility inlet pulse form from chopper plates |(Padzi||ah et al.,, 2015) |

Szymko then went onto define the Pressure wave modifiesiormalised Strouhal
number, :2/5 Paisingthe pressure wave propagation velocitywhich is equal to the
sum of the bulk flow velocity and sonic velocitf ®E $;as the reference valueThis is

defined in equation11.

Bousgus Ss

2/5PL QES (1

Three modes of turbine operation were the@ defined. The first stage of
unsteadinesswhere 5 O r & isthe guasi-steady operationmode. The secondstage
where 5P P r% P 2 /5 Pis dominated by theby filling and emptying effects of the
volute. The final wave action mode occurs when2/5PP r& In this mode, wave
dynamics in the volute contribute to the unsteadiness and the pressure wave will

experience significant changes in shape. Although Syzkmb« T «@demonstrate the
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first mode the latter two were and the impact of increased unsteadinessvas

investigated.

Copeland et al., (201R used the Imperial College test facility to investigate the

performance of a double entry turbne. He found that pulse amplitude can have more

of an effect on turbine performance tha pulse frequency The method of calculating

unsteadiness proposed bySzymko (200§ was therefore questionedas this method

only accounts for the pule frequency|Copeland et al., (201p introduced a new

parameter that quantified the magnitude of the change in mass flow rate with respect
to the rate of mass traveling in and out of the domairSumming ths parameter and
the Strouhal number produced a measure adverall unsteadiness.It was shown that
when there is a significant disrepancy between mass flowing in and out of the

domain, the system is not quasisteady. The impact of the new parameter on turbine

unsteadiness was quantified byPadzillah et al., (201% showing good agreement with

the proposed patterns by|Copeland et al., (201p |[Newton, (2014) compared the

unsteadiness present using both the methogroposed by|Copeland et al., (201pand

by measuring the mass flonimbalance in the volute. Heconcluded that theomega
value consistently over predicted the level of unsteadinesm the turbine measured

by the mass imbalance method

Accurate measurement of mass flow in and out of the volute experimentally is

extremely difficult and therefore can only realistically be used in computational

simulations.|Roclawski et al., (2014 also used the mass imbalance in the volute to

determine the level of unsteadnessand found that the variation in imbalance over
the pulse was clearly influenced by the local gradient of pressure in the pulse.
Therefore, the shape of the inlet pulse willalso impact on the level of turbine

unsteadiness.

While pulse shape is very dficult to control experimental, computationally the
pulse characteristics are easily changeableComputational modelling of unsteady

turbine performance has been tempted by numerous authors usingdifferent pulse

shapes|Galindo et al., (2014 and|Lee et al., (201? used a sinusoidal wave form.
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Galindo et al., (2014 stated that as the inlet pressure pulse can be decomposed into a

sum of snusoidal wave formsas demonstrated byCostall & MartinezBotas, (2007

therefore the turbine behaviour under a sinusoidal pulse is of particular importance.

Alternately,|Roclawski et al., (2014 and|Hellstrom & Fuchs, (2009 simulated turbine

operation using inlet pulses generated from one dimensional engine simulation tools.

Yang et al., (201¥1and Padzillah et al., (201% used the pulse form generated fsm the

experimental test facility at Imperial College which usesa chopper plateto create the
pulse. Extensive experimental validation was therefore available for the
computational method used The pulse shape generated from a chopper plate is not
necessarily representative of that found on engine. In reality, the turbine inlet pulse is
dependent on the exhaust manifold geometry, valve and injection timing and

operating conditions of the engineand is therefore very difficult to fully characterise.

Furthermore, as stated byHakeem et al., (2007p, achieving independent control of

pulse shape and frequency is very difficult experimentallyhence limiting practical
investigation of the impact of pulse shapeTo date the impact of pulse shapen
turbine performance has not beensatisfactorily established although numerous

authors haveimplemented different approaches
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2.2 MIXED FLOW TURBINE RESEARCH

As discussed in the introductorysection, mixed flow turbines can achievenon-
zero blade angles, thereby potentially shifting optimal operation to lower velocity
ratio running points. This is illustrated in figure 2.3 showing the optimum velcacity
ratios for radial, axial and mixed flow turbinedesigns Furthermore, the removal of
blade material from the wheel extremity reduces the rotor inertia improving
transient response. Due to the potential performance benefitsa large number of
studies have investigated the performance of mixed flow turbines. This section will

give anoverview of the research inthis field to date.

Figure 2.3: Mixed flow turbine performance characteristics. Left comparison of optimal radial and mixed flow

performance |(Watson and Janota, 1982) |Right comparison of radial and axial performance showing how mixed flow

turbines can bridge the gap between the two types |(Whitﬁe|d and Baines, 1990) |

Wallace & Blair, (1969 completed ore of the earliest published experimental

studies on the performance of a mixed flow turbine for automotive turbocharging
applications. The authors introduced gparametric desgn process to produce amixed
flow wheel and compared its performance against a base radial desigihe authors
observed a 25% increase in mass flow rate and a small increase in efficiency.
Specifically, the improvement in efficiency were found at higher speed and pressure

ratio running points where the radial design experiencd a significant drop off in

performance. LatefBaines et al., (197? used a similarmixed flow designapproachto

produce two mixed flow turbines and compare their performance. The authors

found similar results to thosedocumented byWallace & Blair, (1969.
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Abidat et al., (1993 extended the work on mixed flow turbine design to include

the impact of blade incidence on performance. The authors design two rotors, one
with constant blade angle the other with constant inadence, i.e. varying LE blade
angle o produce constantspanwise incidence. The constant incidence desigwas
produced assuming constant meridional inlet flow and that the circumferential
velocity was given by the free vortex equation. Therefore, the blade was designed to
account for the vaying tip speed of the mixed flow rotor.It was found that the peak
efficiency achieved was greatest for the constant blade angle design. However, the
authors concluded that the simple assumptions made about the upstream flow were
guestionable based on theanalysis. Furthermore, the axial length ofthe two
investigated rotors were not constant and therefore the impact of flow diffusion on
performance could have been a contributing factor to the performance differences

measured.

Similarly (Zhang et al., (201} numerically investigated the impact of LE swep on

the performance of a mixed flow turbine while ensuring all other blade geometries
remained constant Theresulting LE blade angleof the two tested turbines (A and B)
is presented in figure 2.4 alongside images of the two blade designs for clarityThe
average difference in sweep between the two turbines is approximately 10° and the
spanwise distribution in both cases remains constant. In this study no volute was
included and so the rotor inlet flow conditions were assumed to bédealised. The
authors observed upto a 2% improvement in cycle averageckfficiency for rotor B
and no noticeablychangein mass flow rate The efficiency improvement was shown

to bedue to reduced LE separation from the increased mixed flow nature of rotor.B

49



Literature Review - Mixed Flow Turbine Research

Figure 2.4: Left - LE blade distributions. Right  LE span-wise blade anglel(Zhang etal., 2011)|

Following the initial published work on mixed flow turbines, emphasis was then

placed on the implemertation into engine environments for example-|Yamaguchi et
al., (1984[Chou & Gibbs (198?, Naguib, (198§ andMinegashi et al., (199f.

Chou & Gibbs, (198pdeveloped two new mxed flow turbine designs, one with a

double volute design and one single. Interestingly the authors specifically desig
the divided volute for the mixed flow turbine, something which is not discussed in the
available literature despite the differing requirements of mixed flow turbine
compared to their radial counterpart. The volute desigrs are shown in figure2.5, the
twin entry design is anded towards the bearing housingin an attempt to improve
inflow into the rotor. Unfortunately, the volute design is not discussed nor is the
impact of this tilted volute design isolatedand studied. Comparison were only made
between the full mixed flow andradial stages Engine testshowedup to 14% increase
in mass flow rate and an 8% increase in efficiency for the mixed flow desigover the

radial alternatives.

Figure 2.5: single entry volute design, le ft. Double entry volute design, right |(Chou and Gibbs, 1989)|
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Likewise,|Yamaguchi et al., (198 designeda tilted housing design ina similar

study comparing mixed flow and radial turbines on engine In this case the
application was for a large 232 litre engine. Againthe tilted nature of the design was
not discussed only shown in schematics. Neither was thepact of the volute angle

isolated and investigated.

While a tiled type volute design was implemeted in both these studiesneither
focused on wvolute design or made any efforts to understand its impact The
comparisons were done in terms of whole stage performance to illustrate the
advancements of themixed flow turbine performance. In both cases the volute was
designed specifically for the mixedflow application as appose to simple adaption of a
radial volute which is common The aim of the housing tilt is clearly to align the flow
passage with the rotor LE. If housing tilt is not implementedcand no guide vanes
present,the flow is expected to turn into the axial direction through the small nozzle
less region ahead of the blade. If the axial turning is not achieved the mixed flow
effect cannot be achieved as explain in the irdduction section. Achieving significant
turning in such a short distance would require extreme curvature along the hub and
shroud contours and potentially induce flow separation ahead of the blade. In fact,

this very issue has been reported in radial turbines along the shroud contour due to

excessie curvature, as illustrated in figure 2.6|Palfreyman & MartinezBotas, (2002

have suggested that one the advantages of theixed flow turbines is reduced turning

of the blade shroud contour thereby alleviating this issue. Howeverif the volute is
radially positioned, the flow through the stage is still turning 90° and hence the
turning of the shroud would not be reducedit would merely be focused ahead of the
LE. The shroud curvature could be reduced in such an application by incesag the
length of the nozzleless region giving a longer passage to turn the flow into the rotor.
However, this would require an increase in the radial size of the design and result in
increased package size which is undesirable. This leaves housing @k the only
method to reduce passage turning to align thesolute flows with the rotor and
maintain a compact design. Tilting the volute does result in the volute encroaching on

the bearing housing and therefore the bearing housing would requireéedesign to
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accommodate this, which is perhaps one of the reasons volute tilt is not commonly
seen in mixed flow applications. The extent of this issue is dependent on the desired

tilt angle.

Figure 2.6: Flow separation from shroud curvature |(Chou and Gibbs, 1989)|

Work by |Arcoumanis et al.,, (1997 introduced a new volute design and
compared —St 0% ™0 (Volure Bp ™ «—S — St 0 Z(vaut hy, céferring to a
volute designedby|Abidat et al., (1993. It was observed that the new volute hada

larger swallowing capacity and higher efficiencies, particularly at lower rotational
speeds. The two designs are shown in figur2.7. Gear improvements to the volute
design are apparentin terms of passage refinementith an obvious reduction in the
sharp turning of the shroud Furthermore, the hub side of the volute shows good
alignment with the LE of the blade to ensure well directed flow. At the shroud, while

the curvature is improved, the turning of the housings still substantial.

Figure 2.7: Volute designs compared by | Arcoumanis et al. (1997 ] Left old design. right - New design
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The comparison of the two volute designs was extended I?Makeem et al.

(2007a) to account for pulsating inlet flow. Improved efficiency at lower rotational

speeds was observed in the new volutecreating a more compact efficiency curve,
hence, a reduced sensitivity to rotationalspeeds, and an improvement in transient
response. Overall, the new volute design produced a 5.8% increase in mean cycle

efficiency relative to the old volute. This workfurther supported the conclusions of

Arcoumanis et al., (199F —Sf— 0-St %of‘ef-"> ‘"~ St “*Z——% "Zf>e f

YT fZ7 E"Cefe 0 f o311 T HOWEHr, the-Uqlutet designused in
both cases was based oa radial turbine volute and no attempt to isolate the impact

of specific volute feature was made.

Karamanis et al., (200} completed an experimental study using laser Doppler

Anemometry (LDA) to investigate the LE and trailing edge (TE) flow components of a
mixed flow turbine. The authors obtained distributions of the velocity components
over the rotor LE span at two steady state running @ints. The steady state velocity
distributions showed the complex flow patterns at therotor LE asillustrated in figure
2.8. The figure shows contours of LE incidence angle at two rotational speeds, the x
and y axis show normalised spaiwise and circumferential distance. The contours
show substantial spanwise and circumferential variation over the blade LE.
However, a lack of knowledge of the volute flow physics enabled only limited
conclusions to be drawn. ltwas clear that the rotor was fed with highlynon-uniform
flow from the nozzleless volute, but without data of the volute flows, the exact
mechanism causing such variation was not possibld=urthermore, under pulsating
flow the velocity measurements were limited to only the LE mid span and therefore

the flow distribution over the span was not investigated.
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Figure 2.8: LEincidence angle distribution from LDA study byI Karamanis et al. (2001 ]

Based on the findings O}Karamanis et al. (200},|Palfreyman & MartinezBotas,

(2004) conducted acomputational investigated into the flows within a mixed flow

turbine and compared the results with that ofaradial turbine. The authors found that

the flow was poorly guided ahead of the rotor in agreement with the findings of

Karamanis et al. (200). However, the study did not focus on volute flows and

therefore an explanation of the rotor inlet flow variation in terms of flow
development prior to the rotor is missing. Despite this the authors reported
significant differences in flow characteristics between the mixed flow and radial
designs including reduce shroud separation in the mixed flow design and a
characteristic hub separation in the mixed flow case that was not observed in the

radial design.

Leonard et al., (2014 completed a study on a range of mixed flow rotor design

with different cone and camber angles and compared performance. The authors
noted that the axial velocity component at the LE of the rotor was very poor and

showed significart variation from hub to shroud, thereby limiting the mixed flow
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effect. No further work to investigate this effect, its impact or how to improve the

performance was condwted|Morrison et al., (2019 investigated the impact of rotor

inlet velocity components on a mixed flow rotor. The authors rRalysed rotor flows
and LE incidence angles created over a range of inlet conditions. The authors
reported some interesting findings with regards to the impact of spanwise flow
distributions on the rotor performance. However, a significant draw back with both

of these studies was the lack of the presence of a volutEherefore, the idealised

meridional flow assumption, questioned by|Abidat et al. (1993, was still used.

Furthermore, when|Morrison et al., (201§ investigated the impact of the axialflow

component, the rotor passage design remainedonstant with a radial nozzleless
space. As such the impact of the axial flow component meant the flow was miss
aligned with the rotor passage. As such thperformance loss observed in the stage
was not necessarily the result & the axial flow component but the poor flow

alignment.

The impact of spanwise flow on turbine performance is an interesting area of

investigation as stded by|Rajoo & MartinezBotas, (2009. The authors concluded

that the poorly guided fow into the rotor shown by|Karamanis et al. (200} and that

shown in the computational work by [Palfreyman & MartinezBotas, (2002

demonstrates that nozzleless volutes are not adequate in directing rotor inlet flow.
The authors went on todevelop guide vanes for mixed flow applicationaiming to
reduce nonuniformity of the flow. However, due to the added expense of nozzle

guide vanes and the potential limitation to the range of operation associated with

them, nozzleless volutes are still widely usedaccording to[Japikse & Baines, (199rl

In nozzldess desigs, spanwise non-uniformity in mixed flow turbines can arise

through two methods

x The varying LE diameter results in varying LEip linear speed. The

resulting blade incidence will therefore vary from hub to shroud. This

effect was studied in detail byMorrison et al., (2019.
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x The flows exiting the volute can show significant variation in velocity
components both in the circumferential andspanwise sense. Thereby

resulting in significant incidence variation.

While the first point is inherent of mixed flow turbines the secondlis also present
in radial turbines. However, the ability of a mixed flow turbine to achieve noizero
blade anglesat the LEmakes understanding the variation important tooptimisation.
Furthermore, the need for an axial flow component at the rotor LE increases the need
for better flow guidance into the rotor of a mixed flow turbine, without which the
efforts of mixed flow blade design are wasted. Correct matching between e and
blade LE profile could improve incidence at desired running pointslt is therefore
apparent that a better understanding of the volute flow physics is necessary

particularly in the nozzlelessmixed flow turbines.
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2.3 VoLUTE FLows

As outlined inthe previous section the variation in flow distribution at the LE of
the rotor in nozzlelessdesigns is significant. While the variation in the spanwise
sense is important in both radial and mixed flow turbines, the added freedom to
manipulate the bladeangle, as well as the fact that the inlet flow conditions dictate

the resulting mixed flow effect, make it a particularly interesting area for study in

mixed flow turbine applications. This is supported by the work byAbidat et al. (1992

discussed in the previous sectionTS$ f——S*"i+ f—eplimisecthe ‘span-wise
blade angle of anixed flow turbine failed due to such effectsUnderstanding the flow
conditions delivered to the rotor is therefore vital for both bladeoptimisation and
improving volute design to reduce such variationIn particular, volute designs that
address the specific requirements of mixed flow turbines are not present in the
published literature and therefore understanding the impact of the volute on LE

flows is the first step to better matching of the two components.

The volute is tasked with supplying the rotor with flow. Ideally the flow enters
the rotor in a uniform fashion with optimal flow angles. The flow angle is defied
primarily by the volute A/r. Turbine volutes can take a number of different

configurations, including single or dual entry and vaned onozzleless This project

focuses on a single entrynozzlelessset-up.|Bhinder, (1969} stated that nozzleless

volutes could result in a 23% efficiency loss when compared to vaned volutes.

Similar findings were observed byBaines & Lavy, (199? and |[Romagnoli et al.

(2010). In contrast, experimental work by|Spence et al., (200f and the

corresponding numerical analysigSimpson et al., (200? found that the nozzleless

configuration suffered smaller pressure losses and therefore resulted in better

efficiencies|Spence et al., (200)/base their investigation on equivalent flow capacity

conditions for two volutes, whereasRomagnoli et al., (200) kept A/r constant.

Therefore [Simpson et al., (200? were able to conclude that a weldesigned

nozzlelessvolute can deliver better efficiencies. One advantage ofr@zzlelessvolute

is that a flatter efficiency curve is achieved as the turbine does not experience the

same efficiency drop off as ivannedconfiguration|(Japikse and Baines, 1994)
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The Conventional approach to turbine volute design is to assume 1D and free

vortex flow. This approach is well documented in literaturg(Baines and Whitfield,

1990)||(Watson and Janota, 1983)

Starting with the free vortex assumption-

“%oL 0e” MELLE (12)

Where: Ns radius and % is tangential velocity in the absolute frame of reference

Given the continuity equation

“6 L Eanh%a (13)

Where: | 6is mass flow, € is density and # is area all at a givenat the volute

azimuth angle a This can be written for uniform distribution of mass flow around the

volute
e e (14)
Combining equationsl2, 13 and 14 and rearranging yields-
68U A (15)
"A Ea' UE

If the flow is assumed to be incompressible, the ratio of A/r should be a linear
function of the azimuth angle.If the mass flow rate and velocity around the volute
exit are constant, the rotor inlet angle can be given by
KU (16)

%

$1 by L

Where subscript 1 represents the volute inlet and 1.5 represents the volute

outlet. Substituting in equations 12 and 13 from volute inlet (1) to outlet (1.5) yields

. Eoo M " Up (17)
SIduw L— | —
TR Tm g
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If the flow is assumed to be incompressible and asgand Ngare fixed by rotor
dimensions, the flow angle is driven solely by the by inlet are#sand inlet radius N

The results of this 1D analysis are as follows

X Alr must decrease linearly with azimuth angle to give constant volute exit
(rotor inlet) condi tions.

x Value of A/r determines the volute outlet flow angle.

This relationship is based on assumptions of ondimensional, incompressible
and free vortex flow. While numerous studies have shown the inaccuracies of these
assumptions |((Benisek, 1987) |(Gu et al., 2001)|(Hussain and Bhinder, 1984)

(Scrimshaw, 1984) this approach is still widely used.

Loss coefficients and factors can be added to account for some of the further
complexity of the volute flow. One example is the blockage factor that can be
introduced into the continuity equation to account for boundary layer growth and

secondary flow developments

y a L Eank:UF n; % (18)

Where $is the blockage factor which is defined empirically and is approximately
between 0-0.1. Other examples include pressure loss coefficientg fequation 19)

and swirl loss that can be introduced into the free vortex equation (equatio0).

NIPY =gl

Wi L | voF | v (19)
loe F | o

Y% up L * %R0 U (20)

Where: 5is the swirl coefficient, the value lies between 0.85 and 0.95The

pressure loss coefficiengenerally liesbetween 0.050.15((Japikse and Baines, 1994)
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A significant daw back with the 1D approach is that the flow equations are only

satisfied at the mean flow line and not in the regions nearer the wall&Chen, 1996

Therefore discrepancies between the intended design parameters and test results

should be expected, ssexperienced byScrimshaw, (1981

In an attempt to overcome some of these limitationgChapple et al., (198p

proposed a 2D method for volute design that fully definedhe volute dimensions. A
flow field of both radial and tangential vectors was generated by specifying a width to
radius ratio. The method led to an improved volute design with an almost uniform

blade inlet state, and thus significantly improvedtageefficiency.

All of the volute design approaches mentioned here are based on the free vortex

assumption. The validity of the free vortex assumption has been brought into

guestion by a number of authors|Hussain & Bhinder, (1984, |Whitfield & Noor,

(1994) and|Martinez-Botas et al., (996) all found significant variation between

results from the free vortex predictions and experimental result§Martinez-Botas et

al., (1996 compared the free vortex assumption with both a 3D Navier Stokes solver

and experimental results. It was observed that the Navier Stokes approach had better
correlation with experimental results than the freevortex method. It was therefore
proposed that volutes designed through the free vortex method requiréurther 3D

computational analysisand optimisation.

Recent advancements in CFD approaches allow in depth 3D analysis of the flows

within the volute. One of the early full CFD investigations wathat conducted by

Martinez-Botas et al., (199? using a 3D Navier Stokes solver coupled with the higher

Reynolds number GF Yurbulence model. This work presented both experimental
and 3D CFD results. fle authors found that secondary flow structures became
stronger between azimuth angles of 45deg and 270deg, as well as being stronger at
the top and bottom of the volute cross section. Furthermore, low momentum energy
was measured at the sharp corners around the ‘Wate exit, leading to high total
pressure losses. In the axial direction, an almost constant static pressure was

measured.It was concluded that the computational approach used was ideal for the
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study of the volute flow field and to allow for geometry modication to be carried out.

Simpson et al., (200? completed full stage CFD simulations and managed to capture

detailed secondary flow structures within the volute. Within the trapeoid cross
sectional shaped volute, two counter rotating vortices were found to form at
approximately 90° azimuth angle and continued to persist around the volute.
Increased losses due to the existence of the secondary flewere found only around
end walls. Furthermore, for the nozzlelessvolutes tested it was found that volute
pressure distribution was symmetrical despite the norsymmetrical pressure

distribution at the rotor inlet.

Work conducted at Imperial College ora radial flow volute geometry by|Yang et

al., (2014 looked r into the effect of volute cross sectional design on turbine

performance. Figure 2.9 shows the two volute designs testedThe voluteshave the
same A/r but different cross sectional shapes. The volute aspect ratio (b/h) is the
ratio of the volute height to its width. For volute A the aspect ratio ranges from 0.8 at
0° azimuth angle to 2.6at 360° azimuth angle. The aspect rat for volute B remains

constant at 1.7 for all values of azimuth angle.

Figure 2.9: Two volute cross sectional shapes for a radial turbine [(Yang et al., 2014)
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Figure 2.10 shows the entropy distribution in the volute cross section for both
designs.A high entropy region occurs at the shroud side of the blade inlet in both
cases. The magnitde of the entropy increase is significantly larger in volute B. This is
due to the increase in volute width and the sharper flow turning into the blade. The
result of these geometrical parameters causk distinct secondary flow patterns
shown in figure 2.11. In both volutes, vortex structures are formed, causing flow to
move across the plane. In volute B there are two very distinct, large vortices; one
positioned vertically and the other horizontally. These two vortex structures are
much less distinct in voute A. The secondary flow structures in the volute clearly
affect the flow delivered into the rotor, therefore affecting the rotor efficiency. In
other words, the difference in efficiency between the two designs is not solely a result
of efficiency gains n the volute. Itwas concluded that volute A sees a cycle averaged
efficiency increase of an average of 1.8 points over all tested frequencies and loads.
Transient testing showed that the major increase in efficiency ame from the
o’ Tfefe— 0 TtZ——f e Fe'—sce% f,<Z¢—>A —"-St"e'"fa "‘7Z-
abilities made it more sensitive to the pulsating effects. Fronfigure 2.11, it is clear

that the flow across the plane is not symmetricalThe effect of the nhorsymmetrical

cross section on the volute exitflow was not investigated by |Yang et al., (201*1.

Those authorsdid, however investigate how the flow angle eound the azimuth angle

differs in both volutes and the effect under steady and unsteady conditions. For the

most part, the flow angle remainedconstant. However in volute B, significant
differences were measured in flow angles between the steady and uesty results

near to the shroud. This wae '—— t‘™e —* "7 ——% e Zf"%t” fo'f.. -

more sensitive to unsteady effects.
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Figure 2.10: Entropy distribution for volute A and B at0 °azimuth angle|[(Yang et al., 2014)

Figure 2.11 - Secondary Flow at 0° azimuth an glel (Yang et al., 2014)|

A similar study was conducted by|Meghnine et al., (201]. In this case

asymmetrical housing designs were once againised with four variants. However,

whereas thgYang et al., (201flstudy was conducted ora radial turbine,|Meghnine et

al., (2017 used a mixed flow rotor.The authorsobserved clear vortex generation in

each housing design and concluded thdahe volute canbe occupied by one or more

vortices and that the volute volume is critical in decreasing the number of vortices.
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This study did not investigate the impact of cross sectional shape @panwise and
circumferential variation of incidence. While both of thee studies show complex
secondary flow structures no explanationis provided regarding their formation.
Furthermore, the asymmetry of the volute introducel added complexity to the flow

physics and no similar published studies are available for symmetricablute designs.

Kalpakli Vester, (2014 investigated the development of secondary flow

structures in a 90 pipe bend. The flow conditions were set to replicate that of engine
exhaust flow. Development of the secondary flows incurred through the pipe bend
were therefore be used to replicate the flow field that deelops in the exhaust
manifold ahead of the turboclarger turbine. The authors shoved the development of
Dean vortices within the pipe which could be expected to occur upstream of the

turbine stage in an engine environment

Dean vortices were first observed byDean, (1927 and |Dean, (1929. The

secondaryflow structures shown in figure 2.12 (Dean vortices), are the result of the
central passage flow having greater inertia than that close to the walls. When the flow
encounters a bend the low inertia flow at the walls turns readily into the radial
direction with the pipe. However, the higher inertia flow in the passage centedoes
not turn as readily resulting in the development of counter rotation vortices with
flow moving radially downwards at the wall and upwardsin the passage center
"t f—<o% —™‘ o 6 S fkhbwn as’ -Deanitvortices The Dean number

represents the strength of said vortices and is expressed as
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Equation 21 represents the Dean number as a balance of forces responsible for
their development Where: é4, 4£js an approximation of the force to produce

centripetal acceleration, é@Frepresents the fluid inertia and & Q&represents the

viscous forceg(Doorly and Sherwin, 2009] & As the Dean Number,&is the pipe
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diameter, 4.,s the radius of curvaturg 4 A,is the Reynolds humber based on the pipe

diameter, ais viscosity, éis density and Qs bulk velocity.

Figure 2.12: counter rotating dean vortices |(Hellstrom, 2010

Hellstrom & Fuchs, (2009 investigated the effect of the upstream geometry on

the performance of a radial turbine This simulation work used Large Eddy
Simulation (LES) tools to resolve the turbulence accurately and the model included

the manifold geometry. The authors concluded that the manifold had a significant

impact on turbine inlet flow conditions.[Hellstrom & Fuchs, (200§ also investigated

the impact of Dean vortices and swirling flow conditions at the inlet of the turbine
stage applied as boundary conditions. The autiis showed how such conditions
impact volute flow structures and rotor performance. These works providd

improved knowledge of the impact of upstream secondar flows. However, the
impact of the volute geometry iself was not investigated nor was the design

optimised to deal with such conditions.

Turbine volutes are a particularly interesting example of a curved pipe as both
radius of curvature and diameter decrease with progression of azimuth angle. In
addition to the complex geometry, a substantial presure gradient exists driving the

flow into the turbine rotor that has a significant impact on the volute flow.
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Cerdoun & Ghenaiet, (201p completed an investigation into vdute secondary

flows in a twin entry volute. The authors observed secondary flows that were
attributed to a Deantype effect within the volute. The Dean number through the
pulse was calculated and the vortex developmentisualised. The authors found that
the secondary flows result in variation in LE incidence at around 180° from the
tongue. Figure 2.13 shows the vortices present around the volute at four points
during the inlet pulse, A, B, C and D. In this instance the shroud side of the volute is
fed with flow leading to greater development of secondary flows in the hub siddt
can be seen that the vortices arenost prominent at the 90° position before decaying
further around the volute. However, this work was limited to a twin entry volute
where complexinteraction between the two sides occur that impact the development
of secondary flows. Furthermore, the authors did not investigate the spawise

variation induced at the rotor leading edge in detail.

Figure 2.13: Dean vortex development in twin entry volute design.
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2.4 LITERATURE REVIEW SUMMARY

The literature review presented in this section has discussed the computational
and experimental works to date that investigate the performance of mixed flow
turbines. Investigations involving the effects of the volute on turbine performance
have been highlighted as it is clear that there is a limited knowledge on the impact
that volute design can have on rotor inlet conditions. From the literature survey

three main areas of interest to the thesis have been identified

1. The impact that pulsation shape may have on turbine performance
requires more detailed analysis with a range of pulse shapes and

operating conditions.

2. While tilted designs can be seen in the literature no systematic

investigation of the impact ofthese designs has been published

3. The impact of volute design orvolute flow structures and the subsequent

impact on rotor inlet flow conditions appears to be a neglected area

Point 1

It is extremely difficult to experimentally measure exhaust pulsations accurately.
Furthermore, pulse shape will vary with engine speed, load, vwa timings and
manifold design. It is therefore important to understand the impact of pulse shape
and how a turbine will operate under a range of applicationslUnderstanding this
effect will add to the theoretical understanding of the unsteady performance of a

mixed flow turbines and what mechanisms influence stage unsteadiness.

In order to address this point multiple mass flow pulse shapes will be
implemented and the impact on turbine performance stugkd. Particular attention
will be paid to the impact on stage unsteadiness and the range of operation of the

rotor as a result.

Point 2
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The application oftilted housings is something seen in the literature but never

discussed in detail. Neither has the impact of such a design ever beeredtly studied.

Morrison et al., (2019 investigated the impact of the axial flow component, but the

lack of a turbine volute and inlet pulsation limit ths investigation. As explained in the
literature review the miss alignment of flow and passge brings into question the
conclusions of this paper. Furthermore, the lack of a volute inthat study means that

the flow was not guidedusing any realistic means.

Although many works have investigated the performance of mixed flow rotors,
no published sudies discuss the design of a volute specifically for mixed flow
applications despite the differing inlet flow requirements. To improve mixed flow
turbine performance, it is important to understand the impact the volute has on these
flows and how to optimise them specifically for mixed flow applications.

Understanding the impact of tilt is a logical starting point of this.

To address this point the impact on a mixed flow turbine with and without
volute tilt will be investigated. In depth anaysis of the resulting performance and

flow physics will be included to provide better understanding. The resulting axial

flow component, that was shown bjLeonard et al., (2014 to be unsatisfactory will be

compared in both designs.
Point 3

While point two focusses on the impact of volute tilt to improve the axial flow

component and reduce shroud turning further volute design paraneters require

investigation. The work of [Karamanis et al. (200} showing the existence of

substantial spanwise flow variation and the inability of [Abidat et al. (1999 to

optimse the spanwise blade distributions illude to signifcant flow structures that

originate in the volutethat are not fully understood|Rajoo & MartinezBotas, (2008

state thatthe poorly guided flow into the rotor shown by|Karamanis et al. (200} and

that shown in the computational work by|Palfreyman & MartinezBotas, (2002

demonstrates that nozzleless volutes are not adequate in directing rotor inlet flow.

However the added expense and limitation of guide vanes means they are not allways
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the best soluiton.It is therefore necessary to understand the impact the volute can

have on reducing such variation.

As discussed in the literature reviewYang et al., (201p and|Meghnine et al.

(2017) studied the impact of volute cross sectional shape on pfarmance However,

the understanding of these parameters is still not fully explored. In fag¥ang et al.

(2015) stated further investigation is necessaryto understand these effectsNeither

of these gudies investigated the symmetrical desigrs which are widely used \blute
symmetry can potentially simplify the secondary flow structures leading to more
solid conclusiors. The impact of such flows are of great interest in this thesis as
optimi sation of the mixed flow turbine requires good knowledge of the upstream

flows.

To address this point, firstly an irdepth analysis of the volute flows will be
conducted under pulsating flow conditions. Investigation of the spafwise flow
variation at the volute exit will be includedcomparing how the flows vary during the
pulse. Understanding the impact that this has on turbine performancewill allow

potential improvements to be identified.

The impact ofthe aspect ratio of the symmetrical volute will then be studied.
Investigating this fundamental design feature will not only give information to
designers with regard to the trade of between performancend packaging size; but
will also provide a basis for volute improvement. Undrstanding how this parameter
effects secondary flow development, and in turn, effects outlet spamise flow
variation will further the knowledge of volute design Any reduction in spanwise

distribution can then be fed into the blade design proced®r future optimisation.
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3 COMPUTATIONAL FLUID DYNAMICS METHODOLOGY

This section describes the computational approach used throughout this thesis.
This includes an overview of the computational approach, the mesh development, the
boundary conditions implemented and the convergence criteria used. Throughout
this thesis ANSYS CFX is used for all CFD simulation.

3.1 CoMPUTATIONAL FLUID DYNAMICS OVER VIEW

Computational Fluid Dynamics (CFD) is widely used in turbomachinery
applications to gain a bé&er understanding of the flow physics occurring within the
machine. This is particularly important in the turbine stagesas experimental flow
measurement within the high temperature, rotating environment is extremely
difficult.

CFD codes solve the partladifferential flow equations, namely the continuity
equation for conservation of mass, the NavieBtokes equations that defines the
conservation of momentum and the energy equation from the first law of
thermodynamics. The approach of CFD is to discretizéhe flow domain, and

numerically solve the flow field based on these equations. In this section a brief

overview of the governing principles will be given[Versteeg & Malalasekera, (2007

provide an in-depth derivation of the governing equations as well as further

information on the numerical methods employed within CFD codes.

3.1.1 GOVERNINGEQUATIONS

The continuity equation defines the conservation of mass. It simple states that
the rate of increase of mass in a fluid element is equal to the net rate of flow of mass
into the fluid element. The continuity equation is given in its compact vector notation

in equation 22.

E . . . 22
éES°0E;LU (22

o] o
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Where éis density, As time and —s velocity. The momentum transport
equations describesthe conservation of momentum within a fluid element. This can
CE F8Zfcott > f™_teie of tet Zf™A —St "f—1f ‘7 <o tfetf
particle is equal to the sum of the forces acting on that fluid particle. For Newtonian
fluids, where the viscows stresses are proportional to the rates of deformation, we
obtain the Navier-Stokes equations which are given in equations 235 for the TaJ

and \tomponents respectively.

O sty L FLES et E 23
RE - T Tty

OEe®_. . O— -y & (24)
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Where QaRand Sdenote velocity in the TAJknd \irections, dis the dynamics
viscosity Lis pressure and5gis the momentum source term. The conservation of
energy equation is derived from the first law of thermodynamics, that energy cannot
be created or destroyed. Using the Newtonian fluid model for the viscous stresses
again, the energy equation can be obtained in the form given in equati@s.

OE-« .

- “ - “ 26
ESeoke; L F-Se®ESx «"IS€ E" E-. (29

Where Es internal energy, Gis the thermal conduction coefficient, 6is
temperature, 0is the dissipation function and 5js the internal energy source term.
The result is that the motion of a fluid can be described by five partial differential
equations, the conservation of mass (equation 22), the momentum equations in X, Y
and Z (equations 23, 24 and 25) and energy equati (equation 26). Within the

equation are the four thermodynamic variables é, L, Eand 6. Assuming
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thermodynamic equilibrium, these variables can be related through the two

equations of state. For a perfect gas these are

-LE~€ (27

e L 0.£ (29)

Where %is the specific heat at constant volumeAdding the two equation of
state to the 5 partial differential equations gives a system of seven equation. This
results in seven unknowns andseven equations and is therefore a mathematically

closed system.

3.1.2 THE TRANSPORTEQUATIONS
There are clear commonalities between the given governing equations of fluid
motion. By introducing a general variable6the conservation form of all governing
eqguations can be written as the general transport equation
OEQ
(OF

(29)

ESe0ED ;L Seaf«"1ST; E ey

On the left, this equation shows the rate of increase of the fluid variabléwithin
the fluid element, plus the net rate of flow of the variabledout of the fluid element.
This is equated to the rate of increase oddue to diffusion, plus the rate ofincrease

of 6due to sources on the right.

This equation forms the basis of most finite volume CFD codes by settiigequal
to 1, QR Sand Br 6and Dyand selecting the appropriate values for the diffusion

coefficient Aand sources term 5y,

3.1.3 NUMERICALAPPROACH® TOCFD

As the transport equation given in equation 29 is no#linear and is dependent on

both space and time, it cannot not be solved analytically. Therefore, numerical
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methods must be employed to solve the problem. There are thresvailable numerical
methods, namely the finite difference method, the finite element method and the
finite volume method. It is the latter method that is commonly used in CFD packages

and is used throughout this thesis.

3.1.3.1 FINITE VOLUMEMETHOD

The finite volume method is employed by ANSYS CFX. This approach requires the
discretisation of the domain into a number of control volumes or cells, where the
variables of interest are located at the cell centres. The governing equations are then
integrated over the ertire control volume ensuring conversation. As the conservation
of the variables are ensured over each cell, global conservation of the variables is also
ensured. Interpopulation profiles are used to give the variation of the physical

variables between neghbouring cells.

The integration of the general transport equation over a given control volume

yields
AL (30
t =
@)
f_oo'[o T(N:t"%o:to___:t _Si‘"io e _S:to (Q’Zioio_i'l' e —"*' _
T(AA_Q(":l: _:t"oo e :t“_f_(‘o ura f_oo'|'o _éi‘":to OS‘TMQ _Sf_

be related to an equivalent surface integral and is described as

8

S E+Se0E@;S, L + Secf+"1ST;S E + +4S,

¢

(31)
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Where «is the unit vector normal to the control surface ande @frepresents the
flux of variable f=S”"*—% S —-St «—""f..14&a thealfeme« eqyations30

results in -
OEd, -y &g & &
+ Oés,EJ_r REG;SmL + ®E£«"FSO;SnE £ ¢3S,
(0] m m (0]
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Finally, to include time dependence, equation2must also be integrated over the
time interval ¢P This results in the most general form of the transport equation used

in finite volume methods such as that employed by ANSYS CFX

(33
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3.1.4 SPATIALDISCRETIZATION OFHE DOMAIN

Spatial discretization of the fluid domain is a fundamental part of finite volume
method. The entire domain must be dived into small control volumes for the
numerical methods to be employed. In reality this is done in-8imentions, however,

for simplicity a 2-dimentional case will be discussed here (full @limensional

discretization can be found ifVersteeg & Malalasekera, (200)j. Figure 3.1 illustrates

a 2-dimension CFD grid. A control volume is shown in grey with the volume center
shown as the large black dot. Eight further ckkentroids surround this central cell.
The central cell is subdivided into four quadrants. Each of the quadrants along with
guadrants from other surrounding cells make up an element, one of which is showed
by the solid black boarder. The center of the eteents are shown by the red dots. In
the center, between each of the segments that make up the element is an integration

point shown as the small black point.
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Figure 3.1: Example of 2-dimensional finite volume cell

The variables are stored at the points at the center of each control volum&o
compute the governing equations, the gradients of the variables are required on the
surfaces of the volume, at the shown integrations points formed by the ddional
elements. ANSYS CFX does this using finite element shape functions to approximate

the variables across the control volume tmeighbouring nodes. This variation is given
by -

) (34
gL z.0.
@

Ogs the shape function andés the value of the considered variable at nodd:
and Jis the number of nodes at the element boundary. The value of the variable is
therefore dependent on the surrounding values at all neighboring node3he shape
functions applied result in each surrounding node having an equal effect on the value
of the variable under consideration with respect to distance from the integration

point.

The diffusion of scalar quantities within fluid flows occurs on a molecular scale
and is dependent on the gradient of the quantity in any given direction. This process
is not affect by the bulk fluid flow. Therefore, calculating the diffusion terms basedmo

all surrounding is physically sound.
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The advection term is dependent on the bulk flow and therefore the influence of
the surrounding nodes will vary. For example, the impact of an upstream node is
expected to have a greater impact than one downstream.h&refore, the method
described above is noused in the calculation of the advection termCFX has several

schemes that can compute the advection term that all follow the general form of

0. LG _ EYg ORE (35)

Where 6y i4s the value of the variable at the integration point,0; 5is the value at
the upwind node, Ujis a blending factor,| 6denotes the gradient of the variable
using the shape function approach and¢ ds the vector from the upwind point to the
integration point. The blending factor used can vary between 0 and 1 where O
denotes an upwind scheme and 1 central differencing. The approach used in this
—Stece <o —SHQIL%Sc's ...Ste1d <ealaulat®sBvalue of the blending
factor between 0 and lat eachpoint depending on the fluid properties. Further
details of the process implemented by ANSYS CFX can be fourI\AriBys, (20099.

3.1.5 TEMPORALDISCRETEATION

For all unsteady simulations the second order backwards Euler scheme was used
for temporal discretization. This is an implicit scheme and is thereforeobust with no

time step size limitations.

3.1.6 TURBULENCE

Fluid flows can be broken down into twomain regimes, laminar and turbulent.
Figure 3.2 depicts the development of flow from laminar, through transition to
turbulent flow. Laminar flow is characterised by parallel layers producing smooth
streamlines, as seen to the left of the image. As Reynolds number increases to a
critical value, the flow transitions to turbulent, which in contrast to laminar flow, is
characterised by chaotic fluctuatiors in pressure and velocity. This is shown on to the

right of the images as the streamlines break down into chaotic mixing.
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Figure 3.2: Representation of laminar to turbulent transition |(Van Dyke and Van Dyke, 1982) |

The chaotic fluctuations of pressure and velocity in turbulent flow fields cause
the flow velocity to fluctuate around a mean value. To separate out the mean and

fluctuating velocity components the Reynolds decomposition can be used

> L %E >N (36)

Where Jis the instantaneous velocity and@s time averaged velocity.

The velocity, pressure and other scaler quantities in the governing equations, and
the general transport equation can be replaced to incorporate the mean and
fluctuating components. Adding the decomposed components to the governing
equations for incompressble flow yields the Reynolds Averaged NavieStokes
(RANS) equations. As this thesis focusses on the compressible flow regime (where
density cannot be assumed to be constant) the compressible version of the equations
are shown here. If compressibility isincluded the equations are named the Favre

Averaged NavierStokes equations and are expressed as

G . .
— ESeof; L U (37)
Os
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The set of equations given arsimilar to those shown in 2226 with the obvious

addition of the Reynolds stress terms within the square brackets. In this set of

equations, the number of unknown values now exceeds the number of equations, this

is known as the closure problem. A further radel is therefore necessary to solve the

Reynolds stress terms.

The most common approach to modelling turbulence is through the assumption

that the process of the Reynolds stress is analogous to that of dynamics viscosity.

78



Computational Fluid Dynamics Methodology Computational Fluid Dynamics Over View

Boussinesq Proposed that the Rewlds stress is proportional to the mean rate of
strain|(Pope, 2001

I L E“ N L : E .G E ‘ / ( )
F )‘t‘)‘$ PA =< F—.. 3
A % &. OZV. U ¢

The turbulence model is then tasked with obtaining a value for the eddy viscosity
3
Throughout this thesis the GF fi Shear Stress Transport (SST) model is used as

well as the Shear Stress Transport Scale Adaptive Simulation SST SAS model. The

selection of these models is discussed in section 3.2. A full description of these

models and other methods of modelling turbulese can be found inVersteeg &

Malalasekera, (2007. Here a brief description of theGF i SST model is given.

The GF ASST model was proposed and developed |loMenter, 1992a)||(Menter,
1992b)| [(Menter, 1994)| [(Menter, 1997)). |Menter, (1992b? noted that the GF Y

worked well in the free stream flow but was unsatisfactory in the near wall regions.
He therefore proposed a hybrid model that usedGF Yin the full turbulent free

stream and GF fiin the near wall region.
3.1.6.1 GFY
The GF Ymodel calculates the eddy viscosity as

Eog Y (43)

é

AL
Where %is a dimensionless constantThe following transport equations define
the parameters for Gand Y

OE";
O3
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79



Computational Fluid Dynamics Methodology Computational Fluid Dynamics Over View
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As shown byVersteeg & Malalasekera (200)'the equation in words state-

Rate of Transport Transport Rate of Rate of
change of G + of Gor Yoy = of Gor Yoy + production - destruction
or Y convection diffusion of Gor Y of Cor Y

The equations contain 5 constants. The standard values of these constants are
% Lraf{,&Lsé Lsayy% Lsd4dand% L s92.
3.1.6.2 GFii

The GF fimodel calculates the eddy viscosity as

gLt (46)

The following transport equations define the parameters forGand fi.

OE* . . y g v 4
OéES-oE‘ ; L S-oeI/EE\IiEp-”ﬂ;S:‘;hEb FWE'O (47
OFQ 5.0
03 ’ & (48)
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o . A
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U ee Do 0 02. .
In words this equation states-
Rate of Transport Transport Rate of Rate of
change of G + of Gor Xby = of Gor iby + production - destruction
or X convection diffusion of Gor i of Gor i
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The equations contain 5 constants. The standard values of these constants are
&Lté Lt GLravsvand &L rayvend L raf

3.1.6.3 GFASST

The GF iSST model uses thésF Yapproach in the free stream flow and the
GF fimethod in the near wall regions. TheGequation usedis the same in the GF f
and the GF fi SST models but theYequation is transformed into the fi equation by

substituting YL G fio allow transition between the two methodsresulting in

GEOEE ok O ;
- 0% ! (49)
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3.1.7 NEARWALL MODELLING

At any wall boundary, the flows are significantly impacted due to the no slip
condition at the wall. This results in large gradients of velocity in this region
Therefore, near wall modelling can significantly impact the numerical result as the
region is the greatest source of turbulence and vorticity. As this thesis is involved
with internal flows, near wall modelling is of importance to ensure accurate

numerical results.

A non-dimensional wall distance and velocity can be defined for near wall flows.
Very close to the wall, the kinematic viscosity and wall shear stress are important
scaling parameters. The shear streqsi) in the y direction (i.e. flow along a flow plate)

can be expressed as

@7 0
i a@ﬁ eQIR
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At the wall, the Reynolds stress term equals zero due to the no slip condition.

Therefore, the wall shear stress is purely a result of the viscous stresses

R S> (51)
. L A—.
SY

Through dimensional analysis the shear stress can be equated to the density

multiplied by the velocity squared. As such the frictional velocity > ; ;can be defined

T (52
Theviscous length scal€ % can also be defined as
L= (53)

>

Where oés the kinematic viscosity.From this the nondimensional velocity and

wall distances can be can be defined

)> L_) (54)
>0

P L (55)

Y L A

Many experiments have gained information about the flows in the near wall
region. Figure 3.3 shows how this region can be broken down into three separate
regions, the viscous sublayer, the buffer regiomnd the fully turbulent or log law
region. Note the values are plotted in terms of the nedimensional velocity and wall
distance. The first region known as the viscous sublayer is where molecular viscosity

is a major factor and the flows is almost lamina In the turbulent region, turbulence
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is a major factor contributing to the flow development. The buffer region sits
between the two regions where both the molecular viscosity and turbulence are

important and blends the physics of the two regions.

Figur e 3.3: Representation of the near wall flows
Accurately capturing the boundary layer region is an important consideration
during the meshing process. ThedJ of the first cell is an important parameter in
terms of the resolution of the boundary layer. Some turbulence models cannot
resolve the flow through the viscous dominated regions. Instead a larged” value is
needed and semiempirical formulas are implemented to bridge the gap between the
resolved flow and the wall. Alternately, some turbulence models can resolve the flow

right down to the wall. One such model is theGF fi SST model used in this thesis.

In ANSYS CFX th&F ASST model uses automatic near wall treatment. This
approach means that the viscous region of the boundary layer will be resolved where
the mesh is sufficiently refined or wall models will be implemented where the mesh
is too course. This is done automatally allowing U insensitive refinement of

meshes without convergence issues. In this thesis thg” of the mesh was kept below
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3 in all cases. This ensures that the flow is resolved up to the wall for accurate

modelling of the wall bounded flows.

3.2 CFDFORTURBINE SIMULATIONS

The previous section gave an overview of the computational approach used in
this thesis. There are further considerations, specific to turbine simulations that also
require discussion. These include, dealing with the rotation ofthe wheel,
implementation of turbulence models, ensuring convergence, time stepping and

development of the mesh.

Baines, (D10) gave a thorough over view of the computational approach for

turbine modelling in 1D, 2D and 3D. Here an overview and the consideration made in

the CFD seup is given.

3.2.1 STEADYSTATE ANDTRANSIENTSMULATIONS

A steady state approach assumes thatoflv is constant with respect to time and
removes the time derivative from the NavierStokes equations. This has a significant
effect on the complexity and computational requirements. However, the steady state
assumption means that transient effects such d@kat occurring between the rotor and
stator are not accounted for. Furthermore, a transient simulation can be used to
account for the pulsed inlet flow associated with turbine operation where as a steady

state approach cannot.

The first published work conducted for transient calculations of the 3D Navier

Stokes equations were bjLam et al., (2002 . This study compared steady, unsteady

and experimental results. While the unsteady setip accounted for pulse effect, the

rotor was modeled using a frozen rotor approach (see section 3.2.4L.am et al.,

(2002) found that steady state efficiency only deviated a small amount from the

instantaneous efficiencies. However, as stated [Baines, (201Q, the use of the frozen

rotor model may obscure this result and further investigation was necessary.

Palfreyman & MartinezBotas, (2004 noted much larger differences between steady
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and unsteady simulations than previously found byjtam et al., (2003. In this case a

sliding mesh approach was used, as opposed tiee frozen rotor, which could better

account for transient effects and perhaps indicates that a transient simulation of the

rotor is necessary]Hellstrom & Fuchs, (2009 raised the point that|Palfreyman &

Martinez-Botas, (2004 tested anozzlelessturbine, whereagLam et al., (2003 tested

a vanned turbine. As the former may result in greater flow variations at the tuiibe

inlet, an increase in variation between steady and unsteady results could be expected

and may not be the result of the frozen rotor methogiAbidat & Hachemi, (2003 also

completed transient simulation and their findings supported that o|1Lam et al., (2003

for the rotor domain. They concluded that as fluctuations in rotor mass flow at the
inlet and outlet were similar the quasi steady rotor approachwhich is a valid

approximation.

Galindo et al., (2014 found a significant difference between the steady and

transient results for a turbine at off design conditions. In this instance, inlet pulsing
was not taken into consideration and the turbine consisted of guide vanes, therefore
indicating that the discrepancies are a result of transient effects caused by the rotor

stator interaction.

Multiple unsteady, pulsed flow simulations have successfully shown that a

hysteresis loop is created due to the filling and emptying of the volutg,am et al.,

(2002) (Abidat et al., (20083. These results agree with observations from earlier

experimental works such as those bpBaines & Yeo, (199} and|Winterbone et al.,

(1991) on a radial turbine andArcoumanis et al., (199% and|Karamanis & Martinez

Botas, (2003 on a mixed flow turbine. This effect has been found to cause a

significant difference in steady and unsteady resultgAbidat et al., (20083 performed

both steady and unsteady pulsed computations. They concludédat while the steady
state efficiency predictions showed reasonable agreement with experimental data,
the unsteady results were a clear improvement with the development of a hysteresis

loop that accounted for the difference in performance. Similar conclions were

drawn by |Karamanis & MartinezBotas, (2003 and [Hakeem et al., (2007h.

Karamanis & MartinezBotas, (2009 noted that the pulsed flow conditions deviated
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from the steady state results but as the pulsed frequency increased they tended to the

steady state values|Hakeem et al.,, (2007p also found that the instantaneous

performance differed substantally between a fully transient pulsed cases and that of
a steady state case. They concluded that the steady flow assumption was

unsatisfactory for efficiency measurements in highly pulsed operating environments.

Chiong et al., (2012 concluded that the quasisteady assumption is only valid if the

volume of the region is much smaller than the overall volume of the stage. Therefore,
the quasi steady assumption in the rotor region, which has a very small volume in
comparison to the whole turbine stage, is valid but the same cannot be said for the
volute, which requires a finite time to fill and empty, resulting in the creation of the

hysteresis loop.

Previous work has demonstrated the necessity to capture the unsteady pulsating
effects on turbne performance. While the quasi steady assumption of the rotor may
be valid due to its small volume. As this thesis focusses on the impact of the volute it
is important to capture the flow development within this domain over the course of a

pulsation.

3.2.2 DOMAIN ROTATION

To simulate the rotor motion, there are two common approaches taken, the
Multiple Reference Frame (MRF) approach and the sliding mesh approach. The MRF

method does not require the mesh to move, instead the flow parameters are set

relative to the rotating reference frame|(Ansys, 2009a) There are two MRF
f’””f---gi. f~f(2f”2¢ Ceo é _gi TA”‘(E:I:. me__m .i_é;T.l.
frrof...Sia St ec<8<e% 'Z f <icurfiferéhfiallyS averages the flow

parameters at the interface, whereas the frozen rotor approach passes the wakes and

secondary flows downstream but with the rotor in only one stationary position. In
turbocharger applications the frozen rotor method is ommonly used in the literature
(Roclawski et al., 2012))(Roclawski et al., 2014}|(Yang et al., 2017bf).

The advantage of the MRF approach is a significant reduction in computatiin

cost compared to the sliding mesh alternative. However, the MRF approach cannot
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account for transient effects such as the interaction between the rotating and

stationary parts.|Galindo et al., (2014 compared the MRF frozen rotor and sliding

mesh approaches for a vanned radial turbine. While the sliding mesh approach used

is fully transient, as opposed to the MRF approach, rikeer approaches took into

account pulsed inlet flow]Galindo et al., (2014 investigated the performance of a

radial turbine with guide vanes under the frozen rotor and sliding mesh approaches
and compared the results with experimental data. The authors concluded that a MRF
approach was accurate at design conditions but started to deviate at low expansion
ratios due to stronger nteraction between the stator vanes and the rotor. The
maximum variation between the sliding mesh and MRF approach is 11% at the
lowest expansion ratio tested:1s&. However, the narrow range of experimental
data limits validation of either computational approach; particularly at low expansion
ratios where no experimental data was available. Furthermore, this investigation
only considered a vanned turbine. Alternatel, a nozzleless configuration will
encounter less rotor stator interactions. Therefore, the deviation in the two
approaches, that was said to be the result of stataptor interactions, will reduce in a
nozzlelessconfiguration. Hence, the added computatiwal requirements of a sliding

mesh method may not be particularly beneficial.

Yang et al., (2017bused the MRF approach for one suaiozzlelessconfiguration

and found good agreement with experimental results under both steady state and
pulsating flows. The only discrepancies between experimental and computational
results noted by the authors was the magnitude of the hysteresis loop formed. This

was attributed to the impact of the volute tongue on the flow distribution that is not

accurately modelled with the frozen rotor method{Yang et al., (2017pcompared the

frozen rotor and sliding mesh method in detail for anozzlelessconfiguration. The
authors found that the circumferential \ariations in rotor inlet conditions and rotor
torque were well predicted by the frozen rotor method. Discrepancies between the
two methods were only seen in a detail study of the passage secondary flows
downstream of the LE due to the difference in time stes of the secondary flow

development caused by the tongueand that of the rotation of the wheel.
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Furthermore, analysis of secondary flows in the rotor passage away from the volute

tongue showed no noticeable differences in flow development.

The focus ofthe current study is in the impact that volute secondary flows have
on rotor inlet conditions. As such, accurate modelling ofhe effects of the blade
passing the tonguds deemed of secondary importance, furthermore the lack of guide
vanesin the current geometry is assumed to reduce the impact of the frozen rotor

approach on performance. The detailed validation of the frozen rotor approach

presented by|Yang et al., (2017p and |Yang et al., (20179 along with further

validation carried out in this thesis (see section 3.7)neans that the frozen rotor
approach is used throughout this thesis reducing the computational time required

per simulation by up to a factor of 10.

3.2.3 TURBULENCEMODELING

A common turbulence model used for turbomachinery application is theGF fi
shear stress transport (SST) and is used throughout this work. The model is
discussed in section 3.1.5. This model accounts for the transport of turbulent shear

stress and & capable of predicting flow separation under adverse pressure conditions

accurately|(Ansys, 2009a

While GF Yrequires less computational resources and has been used in the past
by a number of authors|Abidat et al., (2008R, |Padzillah et al., (201%, |Newton,

(2014), the SST model is more appropriate for complex flows, such as those present

in turbine operations [Abidat et al., (2008). Other RANS based turbulence models

have also been used by other authoiZhang et al., (2011 and[Yang et al., (201pboth

used the one equation Spallart Allmares model; whilg¢Abidat et al., (2006

implemented the Renormalization Grop GF Y (RNG) GF Yas an improvement to
the basic GF Ymodel.

Abidat et al., (2008 noted that the SST model is more appropriate for complex

flows such as those present in turbines despite using th&F Y However, the SST

model has been used extensively in turbomachinery applicationgGalindo et al.

2014)||(Leonard et al., 2014)|(Morrison et al., 2016) [(Roclawski et al., 2014).
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Simpson et al., 2009) found good agreement with experimental results for both

vanned andnozzlelessturbines. Extensive validation of this model with the frozen

rotor approach for pulsating flow was also completed byrang et al., (2017h

Hellstrom, (2010) completed Large Eddy Simulations (LES) to resolve the true

turbulence in the large scales while small scale turbulence is modelleduch a

method accurately computes the turbulence present in the unsteady regions instead
of using the Reynolds Averaging approach which can lead to inaccuracies in such
unsteady regions. Despite the advantage of this approach a significant increase in

computational resources are required.

Alternatively, the Scale Adaptive Simulation approach can be used to improve the
modelling of unsteady regions without extensive computational requirementsThis
approach introduces the Von Karman length scales into the URA& computation to
resolve the turbulent spectrum in the unsteady flow regions. The method detects the
resolved unsteady flow structures computed through the URANS approach, and

adjusts them based on the Von Karman length scale computation added into the

model producing LES like results in the unsteady region#nsys, (20099. This

modelling approach can therefore result in more accurate predictions in highly
unsteady separated or vorticial regions. Thereforen addition to the SST model used
in this thesis the Shear Stress Transport Scal@daptive simulation (SSTSAS)model

is also implement in some of the more refined computational worksFull details of

the turbulence computation can be found ifMenter & Egorov, (20093.
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3.3 CFDSET-UP

In this thesis both steady state norpulsed and fully transient pulsating
simulations were used. The steady state approach, although not realistic to the engine
environment, can provide a solid basis for comparison. In the pulsating flow
simulation, the frozen rotor was used throughout, due to the excessive computational
resources necessary for fully sliding mesh simulations. This allows a greater number
of simulations to be complete within the time period of the project. Furthermore, this
project focusses on nozzleless turbine configurations. As such the interaction
between the stator and rotor isminimised with the non-uniformity occurring being

that caused by the tongue.

In the pulsating simulations, the inlet conditions supplied are of mass flownd
total temperature. The impact of multiple pulse forms has been included within the
thesis. The pulse shape used in the work is also an area of discussion as outlined from
the literature review. Furthermore, multiple pulse frequencies and pulsation
numbers have been included to fully quantify the impact of pulsating flow on the

turbine stage.

The GF ASST turbulence model was implemented throughout this thesis with
the exceptions of chapters 8 and 9 where the SAS SST model was used in an attempt
to accurately capture secondary flows. The implementation of this model and its

effect is discussed in chapmr 8.

In all simulations convergence was judged to be sufficient when the root mean
squared residuals fell below 1e1@. In the majority of simulations the residuals fell
below 1e10>.
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3.4 MESHSTUDY

3.4.1 COMPUTATIONAL DOMAIN

Figure 3.4: Computational domain

Figure 3.4 shows the computational domain which consists of the turbine volute,
rotor and the outlet region. The inlet section is extended to allow flow development
ahead of the volute spiral. The inletpipe work is straight, unlike what might be
expected in true engine installations. This simplification is accepted as the focus of
this thesis is to investigate the performance of the turbine stage only. In the current
case no guide vanes were presentnfzzleless configuration) and so the volute
connects directly to the rotating domain at the voluterotor interface. The outlet
region then connects to the rotating region just downstream of the TE of the wheel.
The outlet plane has a static pressure boundargnd is positioned approximately 15
wheel diameters downstream. This is done to ensure no flow reversal at the outlet

plane at the low mass flow running points. A discussion of the impact of this was

given bylSerrano et al., (2017Y.

3.4.2 MESHREFINEMENT

A full domain specific mesh study was completed, similar to that recommended

by|Galindo et al., (2014 and was extended to inclué a boundary mesh independence

study. The volute and outlet region domains used an unstructured tetrahedral mesh
developed in ICEM CFD. The rotor region used a structured hexahedral mesh
completed in ANSYS TurboGrid. This section shows the results of theesh

independence studies conduct for each domain. As this thesis focuses on the impact
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of volute geometry, particular attention has been paid to the impact of the mesh is

this region.

3.4.3 VOLUTEMESHSTUDY

The volute mesh analysis was done in both a quantiige and qualitative manor. The
initial part of the analysis looked at the impact of progressive mesh refinement on the
efficiency of the turbine stage, presented in table 3.1 and figure 3véhere the values
are normalised by the most refined gridvalues The resultant behaviour shows that
the stage efficiency tends towards an asymptote. While the refinement between 2.73
and 9.44 million cells only results in a 0.67% variation in stage efficiency it is

important to ensure that the volute flows are &curately captured.

No. Cells Eff

2732545 99.33%
3203381 99.52%
4587206 99.76%
5828768 99.86%
8173549 99.96%
9440683 100.00%

Table 3.1: volute mesh convergence values normalis ed by finest mesh value
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Figure 3.5: Volute mesh refinement efficiency plot
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The Grid Convergence Index (GCI) technique introduced [Boach, (1997% is a

method used to investigate the discretisation errorgCelik et al., (2003 and|Slater,

(2008) also provide detailed descriptions of how to implement the metho1iEerdoun

& Ghenaiet, (201§ showed the use of the method for a radial turbine for

turbocharger applications similar to that in this thesis. The approach uses a
Richardson extrapolation to calculate the continuum result and reports the error of

the mesh with respect to this value. T method is briefly described here.

The method is done over three mesh densities of progressive refinement. Firstly,

a representative grid spacing @ must be calculated to produce a refinement factor

(M

ZLY (56)
- L VZ.' (57)
>U
Where
Z. 07 (59)

Where Qand DOy sare the grid spacings on the%and EU>5grids, 8is the domain
volume and Jis the number of cells.Njs then the refinement factor between the two

successive grids.

The order of convergence @;is then calculated using an iterative method for

equations M-62.

0 (59)
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L &g F E (60)
Sl Ep™ (61)
—— L 5
. F ™
>
™ ™ol 0 & (62

Where Bis the solution parameter being investigated, i.e. efficiency.

Richardson extrapolation is used to obtain the continuum approximation from

the asymptotic solution.

| &F &g (63
yL————
o LTy

The relative difference between solutions is the given by

EF &y (64
&

<L

The relative difference between the solution and the continuum value is given by

EGa F &u (65)
Crsbl——F—
Ga
Finally, the convergence index between two grids can be obtainechriough
equation 66.

r.< (66)

souL— 3

lFU
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Where (; is a safety factonRoach, (199% suggested using a value 1.25 in studies

using 3 levels of grid refinement. The resulting values are presesd in table 3.2 for

the volute mesh using the mesh size of 2.7, 4.6 and 9.4 million cells.

Table 3.2: Volute GCI

h f r P Eay < s GClI
Coarsest Mesh| 0.000651 0.989 5.31 1.001 1.221%
0.000511 0.996 1.274 0.886% 0.338% 0.424%
Finest Mesh 0.000401 1 1.272 0.244% 0.094% 0.118%

The resulting GCI calculations in table 3.2 shothat the approximated errors for
the middle and finest meshes are 0.424% and 0.118% respectively and the relative
errors to the continuum approximation are 0.338% and 0.094% respectively. From
this analysis the middle mesh represents an acceptable levef accuracy for the
global performance parametersin addition to the analysis of the global performance
parameters the mesh must be capable of capturing the complex secondary flow
structures within the volute for detailed analysis. Figure 3.6 shows the atours of
radial velocity and streamlines at the volute plane 90° from the tongue for the 2.73,
5.85 and 9.44 million cell cases. The position of the plane was selected as a significant
amount of secondary flow activity was observed in this region, allowip detailed
comparison of the modelled flows. The position of this plane is also shown in figure
3.7 for clarity. Clearly the coarsest of the meshes results in significant recirculation of
the flow within the volute. As the mesh is progressively refined tisi behaviour is
reduced and the streamlines show similar flow structures in the 5.85 and 9.44 million
element meshes. Between these two mesh densities the stage efficiency variation was
only 0.14% The radial velocity contours show a similar trend with a rig of low radial
velocity existing in the finer two mesh cases. The low radial velocity present in the

2.73 million element case encompasses a larger area in the centre of the volute.
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2.73 Million Elements 5.83Million Elements

>

Increasing Radial
Velocity (m/s)

9.44 Million Elements

Figure 3.6: Secondary flow structures in the volute at three mesh densities

To analysis the impact of the volute mesh density further, the impact on the
volute total pressure loss coefficient can be plotted. The total pressure loss coefficient

is defined as

IUUFIU@LIUUFIU@ (67)

Wiy L -
I Bl lveFle

Where 2,is total pressure at the stage inlet2, g9is total pressure at the volute
outlet, Zgis the static pressure at the volute exité;gis density at the volute exit and

Quis velocity at the volute exit. The total pressure loss coefficient is thefore the
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loss in total pressure through the volutenormalised by the dynamic pressure at the
volute exit. Comparing the mesh densities using this parameter allows the impact of
the mesh purely on the performance of the volute to be assessed as app to the
impact on stage efficiency, to which the volute has only a small impact due to its
relatively small losses compared with the rotor.The total pressure loss plotted is

normalised by the finest mesh value.
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Figure 3.7: Volute mesh refinement total Pressure loss coefficient

Figure 3.7 shows that the refinement of the grid results in lower total pressure
loss coefficients. Based on the contour plots presented in figure 3.7 this logically
follows that the courser mesh densities over predicts the existence of secondary flow

structures which lead to increases in total pressure loss.

From the mesh density analysis conducted it was deemed that the 5.8 million
mesh density is necessary to accurately captel the volute secondary flows and
account for volute losses. As this thesis is focussed on the impact of volute design it is
important to ensure a high resolution of the predicted flows. Therefore, this highly

refined volute mesh density is implemented thagh ou.

3.4.4 ROTORMESHREFINEMENT
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While the volute and outlet regions were meshed using an unstructured mesh in
ICEM CFD, the rotor was meshed with a hexahedral structured mesh developed in
TurboGrid. This meshing tool is specific for turbomachinery applicatins producing
high accuracy meshes with minimal required elements. TurboGrid also allows the
number of cells in the blade tip to shroud gap to be specified. In the current work this
value was set to 20 elements and remained constant for all cases to ensuie

leakage flow was accurately captured.

Rotor Cells TG Eff TG Mass Flow
1286460 99.71% 0.193688
1990390 100.24% 0.192287
2579400 100.36% 0.191992
3540000 100.32% 0.191987
4517970 100.19% 0.192088
5411760 100.11% 0.19215
6455680 100.02% 0.19225
7059370 100.00% 0.1923

Table 3.3: Rotor mesh convergence values normalis ed by the finest mesh values
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Figure 3.8: Rotor mesh refinement efficiency plot normalis ed by the finest mesh values
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The stage efficiency and mass flow values for each of the mesh densities are
presented in figures 3.8 and table 3.3vhere the values arenormalised by the most
refined grid values The wotor mesh independence plot shows an under damped
trend. When the mesh density falls below 1.99 million the accuracy of the predicted
efficiency and mass flow suffers greater inaccuracies. In terms of the measured
efficiency, further refinement shows that the predicted efficiency begins to increase
again showing an over damped type trend. The corresponding plot of stage mass
flows shows a much more modest change with progressive refinement beyond 2.44
million elements. Beyond the mesh size of 3.5 million s, the mesh shows good
levels of convergence with less than 0.4% variation in efficiency and less than 0.2% in

mass flow.

The GCImethod was again applied to analyse the accuracy of the meshes. The

results are presented in table 3.4 for the 1.3, 3.5 aril1 million cell grids.

Table 3.4: Rotor GCI Results

h f r P Gay < <ss GCl
Coarsest 0.000780 0.997 2.18 0.995 0.193%
Mesh
0.000557 1.003 1.401 0.609% 0.807% 0.698%
Finest Mesh 0.000442 1.000 1.259 0.317% 0.488% 0.607%

The calculated GCI values for the two finest meshes are 0.698% and 0.607%
respectively. While this value is larger than in the volute, it is still an acceptable level
of uncertainty. It should be noted that thereduced relative error of the coarsest mesh
with respect to the approximated continuum value is the result of the under damped
trend observed in the mesh study and not an indication of a greater accuracy of the
coarse mesh. Due to the considerable increase computational time for further
refinement of the grid the middle mesh size, containing 3.5 million cells was deemed

satisfactory.

3.4.5 OUTLETMESHREFINEMENT
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In the outlet domain, the flow is diffused to atmospheric pressure at the stage
outlet. Table 3.5 ad figure 3.9 present the impact of the mesh density in this region
where the values arenormalised by the most refined grid valuesAs this region only
acts to diffuse the flow the impact of the mesh refinement in this domain has a
smaller impact on the measured performance of the turbine stage. Againhe
behavior in this region shows an over damped type trend. Between the 1.54 million
element mesh and the 14.01 million elements mesh the variation in stage efficiency is

less than 0.15%. As a redy the 1.54 million element meshwas used throughout this

thesis.
No. Cells Eff
500000 99.77%
1008445 99.90%
1540135 100.04%
4053050 100.15%
9660358 100.03%
14012136 100%
Table 3.5: Outlet mesh convergence values normalis ed by the finest mesh values
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Figure 3.9: Outlet mesh refinement efficiency plot
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3.4.6 BOUNDARYLAYERMESHREFINEMENT

As discussed in section3.1.6, the boundary layer consists of large velocity
gradients causing difficulties in accurately capturing the flows in this region. Within
the boundary layer, prism mesh layers produce an ordered mesh close to the wall to

capture these gradients.

In all casesthe initial cell height is specified at 0.01mm, this cell height ensures
that the stage Y+ remains below 3 throughout the stage. The inflation layer ratio is
also held constant at 1.8. With these two parameters kept constant the boundary
layer study invegigated the impact of the number of prim layers used. Increasing the
number of layers for a constant expansion ratio increases the height of the boundary
layer mesh region. Increasing or decreasing the number of prim layers has a
substantial impact on the total number of elements in the mesh and hence
computational time. Efficiently capturing the boundary layer is therefore vital. The

results of the study are shown in table 3.6 and figure 3.10.

No. Cells Eff
7 98.85%
9 99.89%
11 99.96%
13 100%

Table 3.6: Boundary layer mesh convergence values normalised by the finest grid value
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Figure 3.10: Boundary layer mesh refinement efficiency plot normalised by the finest grid value

From the results of the boundary layer mesh study, 9 prism layers were deemed
capable of resolving the boundary layer to an acceptable level of accuracy. Further
refinement results in a small i