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Le turbocompresseur esin dispositif ajouté aux moteurs a combustion interne utilisé pour
améliorer leur ratio po’d SXLVVDQFH ,0 H[WUDLW OfpQHUJLH GHV JD] (
prée FRPSULPHU OfMDLU GIDGPLVVLRQ JUKFH j XQ FRPSUHVVHXU
prédiction et compréhension des phénoménes aérodynamiques complexes associés avec la
géomdrie asymétrigue du compresseur peut mener a la conception de turbocompresseurs plus

efficaces.

8Q WHVW G{XQ URXHW j DXEHV DYHF GHX[ FDUWHUV GH FRP.
des géométries de volutes variées, effectué dans des condipomemité du pompage (la ou les
LQVWDWLRQQDULWpPYVY GH OpFRXOHPHQW VRQW DWWHQGXHYV
en termes de rendement adiabatique du compresseur qui ne peut étre décelé par des simulations
préliminaires de dynamique&6 HV IOXLGHV QXPpULTXH &)' HQ UpJLPH SH
SUpVHQW SURMHW HVW GYpYDOXHU OHV FD aDQéecw®mpet aGHV VL
TXDQWLILHU OD GLIIpUHQFH HQ UHQGHPHQW DGLDEDWLTXH
SKPQRPgQHY LQVWDWLRQQDLUHYVY TXL QTRQW SDV pWp VDLVL

permanent.

Les simulations CFD ont été effectuées en utilisant le logiciel ANSYS CFX pour les deux
modéles de carters de compresseur, en régimes permaneahsétoire, a différents débits
massiques pour lesquelles des données expérimentales sont dispddifiteentes valeurs de

pas de temps et de conditions limites ont aussi été appliguées aux simulations en régime
transitoire. Bien que les simulationssiationnaires détectent un comportement oscillatoire de
OfpFRXOHPHQW HW DPpOLRUHQW OD SUpGLFWLRQ GH OD YL
QIRQW SX SHUPHWWUH OYDPpOLRUDWLRQ QHWWH GH OD SUp
deux @mpresseurs telle que remarquée expérimentalement. Un petit pas de temps et une
condition limite avec une sortie controlée par un papillon des gaz permettent une meilleure

prédiction du rendement adiabatique et de la fréquence des oscillations.

Une analyH GHV FKDPSV GYpFRXOHPHQW LQGLTXH TXH OH GpFUF
OfRULJLQH PrPH GHVY RVFLOODWLRQVY SHUoXHV GDQV OfpFRX
adiabatique. Toutefois, son effet mene uniguementX® H DXJPHQWDWtudeQ GH O



Vi

GIfRVFLOODWLRQ VJLO SHXW LQGXLUH XQ GpYHUVHPHQW LQV
diffuseur. Un modeéle et un critére basés sur un seuil de vitesse radiale a la sortie du diffuseur sont
SURSRVpPV SRXU H[SOLTXHUcor§ D8 WHKQRH YRIE\GHD P S LAWX G H |

rendement dans un des cas simulés.
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The turbocharger is a practical device for improving the pdoAreight ratio of piston engines.

It extracts power from hot engine exhaust to-goepress the intak air with a centrifugal
compressor and volute. A better prediction and understanding of the complex aerodynamics
associated with this asymmetric compressor can lead to turbochargers that are more efficient.

Rig test of an impeller with two compressor Bmgs with different diffuser and volute geometry

near surge (where flow unsteadiness is expected) found a significant difference in compressor
adiabatic efficiency that cannot fully be captured by preliminary stetatg computational fluid
dynamics (CFD simulations (used for design). The objective of the current project is to evaluate
the ability of unsteady CFD simulations to capture this measure difference in adiabatic efficiency
and to identify the nature and source of the flow unsteadiness notethptusteadygtate CFD

simulations.

CFD simulations were carried out using ANSYS CFX for the-dualhulus of the two
compressors in both steady and unsteady modes at different mass flow values for which with the
measured efficiencies are available.f&iént time step sizes and exit boundary conditions were
also applied to the unsteady simulations. While the unsteady simulations capture significant flow
oscillations and improve the prediction of the adiabatic efficiency, they did not provide a
significant improvement in the prediction of the efficiency discrepancy between the two
compressors. A small time step and a throttle exit boundary condition allow for better capture of

efficiency and frequencies of oscillations.

An analysis of the unsteady floweld indicates that rotating stall in the diffuser is at the source
of the flow oscillations seen in the adiabatic efficiency. However, its effect only leads high
amplitude of oscillation in adiabatic efficiency if it can induce intermittent flow spilfeaye the
diffuser exit directly into the volute exit. A model and criterion based on a threshold radial
velocity at the diffuser exit is proposed that can explain the counitetive absence of high

amplitude oscillation in efficiency seen in one of iulated cases.
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CHAPTER 1 ,1752'8&7,21

1.1 Background

Turbochargers are devices ugedncrease the powelensity powerto-weightratio) of internal
combustion (piston) engines. They are usedcans, trucks and aircrafts, batso in heavy
machinery likeships, submarines and traimss illustrated inFigure 1.1, aturbochargerconsists
of acompressor and a turbitieked together via a shaffChe turbine extracts the thermal energy
contained in th high-pressureéhot exhausgasof the engine to drive the compressor, which pre

compresses the ambient air fed into the engine.

Figurel.l Schematic of a turbocharged engine

By compressing the air to thatake manifold,the air mass in the cylinder is increased and
proportionallythe fuel content, and by extension the povpeoduced. As a resulturbocharged
engines can be smaller and thus, lighter, while being able to produce the same outputeower
the powersto-weight ratio is higherMoreover, tKkH HQJL Q H Y carldlsb B iht@&sed
because of the energy extraction from the exhaust gggee turbine, which would otherwise be

completely lost to the atmosphere.



1.2 Turbocharger compressor

The canpressor performance has a major effect of that of the turbochikrgere 1.2 shows a
generic performance map for a compressor, wisitcbws the variation of pressure ratio and
adiabatic efficiency wittcorrected mass flovior different correctedspeed(the mass flow and
rotational speed areorrectedto standard atmospheric pressure and temperature). The line
corresponding to a particular corrected speed is cafleddline At a constant speed reduction

in the mass flowtypicdly calses an increase in pressure ratio, while the adiabatic efficiency
increases up ta local maximum value and then decreases. The point of maximum efficiency
usually corresponds to the design point of the compressor, which occurs at the desigadcorrect
speed and design corrected mass flow. The line running through this point as the compressor
changes speed is thranning line The left extremity of each speedline marks the onset of
rotating stall which is an aerodynamic instability whereby the irfletv axisymmetry breaks
down into cells of flow noruniformity rotating a fraction of the rotor/impeller speed. This point

is often referred to as thatall point In many cases, the stall point triggers a second instability
calledsurge which is an axigypmetric oscillation of the flow across the entire compressor. If this
occurs, it is referred to as tleirge point The line linking the surge points from different
speedlines on the compressor map is calleduhge line The further left is the surdme from

the running line, the higher is the operability of the compressor.

r 3

Pressure
ratio [-] Running line

N3=N2 -~-—

Surgeline \' Efficiency

| contours

Speedlines
(N: Rotational speed)

.
>

Correctedmass flow [kg/s]

Figurel.2 Generic compressor map



There are two main types of compressors, hamely axial and radial (centrifugal) comprassors, a
illustrated inFigure1.3. Each compression stage is composed of a rotating component followed

by a stationary component, calleator and stator, respectivelyfor an axial stage anidhpeller

and diffuser, respectivelyfor a centrifugal stage. In an axial compressor, the flow through the
compressor stays are a more or less constant radius, whereas the flow in a centrifugal compressor
increases significantly radius through the impeller. This resulisamuch higher presire atio

per stage, but much aore complicated flow with higher aerodynamic losses (lower adiabatic

efficiency).

volute

Figure1.3 Type of compressots
Axial compressors are more common in aircraft gas tarkimgines due to their lower frontal
area (less drag) and higher maximum adiabatic efficiency, which is taken full advantage of by
this application as the aircraft engine spends most of its time at the design point (cruise

condition).

On the other handurbochargers use almost exclusively radial compressors. The first reason is
simplicity since the much larger stage pressure ratio allows for a single compressor stage. The
second reason is that the operating requirement of a turbocharger is comffetegtdhanthat

of an aircraft gas turbine engine in that a car piston erdpagnot maintain a @nstant rotating

speed such that the turbocharger compregserationvarieswildly in both speed and mass flow.

! Referencehttps://upload.wikimedia.org/wikipedia/commons/a/a0/Afiav_compressor.pngnd

https://upload.wikimedia.orwgikipedia/commons/a/al/Centrifugal_compressor.png



https://upload.wikimedia.org/wikipedia/commons/a/a0/Axial-flow_compressor.png
https://upload.wikimedia.org/wikipedia/commons/a/a1/Centrifugal_compressor.png

As such operabiity and adiabatic effiency atdifferent speeds arenportant which is more
inline with the characteristics of the centrifugal compressor. Indeedrifugal compresssican
operate in rotating stall without surge (i.e. surge point is different and at a lower mass flow than
the stall point), making their operability higher than for axial compressors, where the stall and

surge points are usually the same.

Figure 1.4 illustrates the working principle behind a centrifugal compressor. The axial intake air
(V1) follows the direction of the blades of the impeller turning at a rotational spgdd €éxit the
impeller at the relative velocity of M, in the rotating frame of reference. In the processfltve
acquiresa tangential velocityf (: T) due to he impeller rotation, resulting in a much higher
absolute velocity Y. In other words, the work input to the impeller accelerates the flow X4)

and increased it kinetic energy. A diffuser is then used to reduce the circumferential velocity
component ad in doing so decelerates the flow, converting its kinetic energy into pressure rise
(diffusion). The high flow turningthe change of the flow angle within a componemt)the
diffuser has a large impact on the aerodynamic lossek increases thtendency for flow
reversain the compressor as well.

DIFFUSER
(stationary)

IMPELLER
(rotating)

Figurel.4 Working principle of a centrifugal (radial) compressor

The diffusion process can be done with blades (also knowaresd diffuseras shown ifFigure

1.4) to remove the circumferential velocity component within a short radial distance or simply by



letting the circumferential velocity and the radial velocity)(kadius decrease with increasing
radius due, respectively, to conservation of angumamentum and increased normal flow area.
The diffuser using the latter strategy is referred to eaneless diffuseand is the type used in

most turbochargers due to its simplicity, even though it is less efficient than vaned diffusers due
to the largerradial extent leading to higher viscous losses from the greater wetted surface.
Nevertheless, vaneless diffusers are more widely used in turbochargers for their simplicity (lower

cost) as well as their wider operating range.

Moreover, as illustrated ifrigure 1.5, the centrifugal compressor used in turbochargers also
includesa scroltshapedvoluteused to collect the flow after itfischarge from the diffuser. The
volute has to be shaped with a progressive profile so the air caolleeted smoothly, with the

aim of attaining flow uniformity at the interface between the diffuser and the vaHaeever

its nonaxisymmetric shape causes undesirable and harmful aerodynamic phenontbaa in
compressor. Due to treomplexityof the fow in centrifugal compressors as well as the need to
simulate the full annulus (360 degrees) to capture the asymmetric effects caused by the volute,
the research into centrifugal compressors, particularly in terrttsecéffect of the volute shape

on the compressor efficiency, has been very limited.

Tongue

Figurel.5 Schematic of a turbocharger compressor




Figure 1.6 shows the crossection of a typical turbocharger with the centrifugainpressor and
its components as well as the radial inflow turbine. The stationary assembly around the impeller

that includes the volute, diffuser and impeller shroud is referred to asri@essor housing

Figurel.6 Turbocharger assembly cressctiorf

1.3 Problematic

Experiments performed dbarret Motion on a turbocharger compressor test rig for a small
centrifugal impeller with two different compressor housings have shown a significant difference
of 3% in adiabatic efficiency near their respective surge points for the same corrected speed.
However, preliminary steady computational fluid dynamics (CFD) simulations with a
sophisticated commercial code (ANSYS CFX) only captured about half of this differEimee

failure to capture the full efficiency difference may be related to unsteadiness present in the flow
field due to the proximity of the operating points in question to surge. Thus, there is a need to
assess whether unsteady CFD simulations can loefpeure the observed difference in adiabatic
efficiency near surge between the two housings and, if so, determine the adequate computational
setup so that the simulation tool can be better used in the future for design purposes. In addition,

it would alsobe of interest to identify the flow unsteadiness that may be at the source of the

2 Referencehttps://upload.wikimedia.org/wikipedia/commons/6/6e/Turbocharger_transparent dawkgng



https://upload.wikimedia.org/wikipedia/commons/6/6e/Turbocharger_transparent_background.png

discrepancy in adiabatic efficiency between the steady CFD predictions and experimental

observations to see how they can be considered in future designs.

1.4 Research Obgctives

Based on the problematic outlined in sectib, the objectives of the current project are as

follow:

1) Determine the utility of unsteady CFD simulations and the associated computational setup
to capture the measured @ifénce in adiabatic efficiency between the two turbocharger

compressor housings near surge.

2) Investigate and describe keymsteady phenomena. These flow structures affect not only
the aerodynamic performance but also the generated noise and the strotegray iof

the compressor.

1.5 ThesisOutline

Following this introductory chapteChapter 2will presenta literature reviewon the design
features and the relevant aerodynamic phenonibat affect the turocharger compressor
efficiency, as well asimulation methodologies uséo simulate centrifugal compressors with
volute Chaper 3will present the methodology used d@ttain the objectives, including details on
the two compressor housings and tlenputational setupSubsequentlyChapter 4will present

the results for the first objective, namely, the CFD predictions associated with different
computational setups compared to the test dtapter Swill show the results from the analysis

of flow unsteadiness. Finall{zhapter 6will summarize the main conclusions from the current

study.
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The chapter presents a literature reviewhefunseadyaerodynamic phenomena occurring inside
WXUERFKDUJHU FRPSUHVVRUV DQG WKH KRXVLQJ GHVLJQ
performancen unsteady conditiong-inally, a short smmary is provided on the CFD modelling

used by other researchers totcap unsteady phenomena in a turbocharger compressor

2.1 Aerodynamic Instabilities

Rotating stall and surge are the two aerodynamic instabilities that can induce highly unsteady

flow in compressors operating at mass #delow their design point.

Inthe 19 TV (P Pd?Ql.Y1] proposed an explanation for the source of rotating stall. They
suggest that the reduction in mass flow results in higher incidence angle on the blades results in a
local rotor/impeller blade stalling @m boundary layer separation), causing a local blockage that
decreasethe incidence on one of the two neighboring blades while increasing the incidence of
the other causing the stall cell to move circumferentially with respect to the rotor/impéker.

point at which otating stall occurs can be afted by flow asymmetry caused by different factors

such as the volute asymmejg}.

The circumferential flow nowniformity resulting from rotating stall induces velocity and
presure profile fluctuations ni the impeller, as was found b$orokes et al.[3] when
investigating experimentallythe effect of flow field noruniformity in a turbocharger

compressor.

Emmons et al[l] aso studiedsurge in a typical centrifugadompressor and classified the
phenomenon into two different types, nameiyd and deegurge, depending of the behaviour of

the mass flow. Mild surge is characterized by an high amplitude oscillation of dseflma rate
through the compression system, but devoid of flow reversal (i.e no negative mass flow rate). On

the other hand, deep surge involve intermittent flow reversal (negative mass flow rate).

Frigne et al.[4] conductd an experimental investigation of rotating stall in centrifugal

compressors. The classified this phenomenon into three classes:

X Rotating stall caused by the interaction between high and low velocity regions in the

vaneless diffuser;



X Sudden rotating statlue to the interaction between impeller and diffuser flows;

x Progressive impeller rotating stall caused by flow detachment at the impeller tip

clearance.

Dehner et al[5] [6] and others such as Lat al.[7] studied the phenomena of rotating stall and
surge in typical turbocharger compressor systems and used the Helmholtz fredugnay (
calculated with equation (2.1) to characterize the flow oscillations associdkethild surge in
the compressomvherea representshe speed of sound\ is the equivalent crossectional area

of the compressanlet, Vpis the plenum volume arct is the equivalent duct length.

B L °

R 2.2)

Fink et al.[8] verified the Helmholtz frequency equation on different centrifugal compressor
stages operating in both mild and deep sufggure 2.1 illustrates their findingor cases with

mild and deep surge. The dominant frequency when the compressor experiences mild surge is
approximately equal to the Helmholtz frequency. On the other hand, the deep surge cycle, from
instability onset to recovery, has a frequency thatnisoeder of magnitude lower than the

Helmholtz frequency.

. Mass flow

|

Figure2.1 Evolution of mass flow for cases with mild (left) and deep surge (right)

According to Fink[8], a one orwo percent reduction in throttle area suffices to provoke deep
surge from a mild surge state. Zheng ef{@l.furthered investigated the link between mild and

deep surge. They found that their occurrence in succession depetius operating mass flow
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and impeller rotational speed. Following the occurrence of mild surge at the Helmholtz
frequency, a reduction in mass flow makes the mild surge temporarily vanish until the mass flow

reaches a point where deep surge suddenlyrsccu

2.2 Volute Flow Characteristics

2.2.1 Vortex Structure in the Volute

The nonmaxisymmetric nature of the volute shape induces flow phenomena not seen in widely
studied axisymmetric compressors such as those used heragines The studies by Van den
Braembussah et al.[10] and Ayder et al[11] were the first to elucidatthe threedimensional

flow in a volute.

Van den Braembussche et #l0] used a conical channel to modal typical overhung
turbocharger volute. A parallel wall was added upstream of the conical channel to represent the
diffuser. They experimentally discovered how the flow moves in the volute. At the closest point
to the tongue, the fluid enters at the sewtliradius and fills the volute center. Then, the flow
downstream of the tongue enters the volute at a bigger radius in a swirling manner by rotating

around the initial upstream flow, concentrated in the center of the passage.

Ayder et al.[11] noted the same phenomenon when they experimented with a true volute shape.
They also observed that this swirling flow in the center section of the volute causes important
velocity gradients and shear stresses. As such, the higher sseflova through the compressor,

the higher are the losses in the volute due to high shear.

Gu et al.[12] and Khalfallah et al[13] obtained similar streamlines patterns when they studied
the flow inside a compressor subject to pressure distortion from the volute. At the design point,
they found that streamlines from the diffuser hub go to the center of the volute to form what they
called theforced vortex On the other hand, the slower flow néae diffuser shroud goes on to
rotates around the forced vortex, forming what they callédeavortex Near surge conditions,

the pattern changes due to a pressure distortion in the volute.

Kim et al. [14] studied the effecof the size modification of the diffuser and volute inlet by

testing different sizes of diffuser outlet. Their test consisted in monitoring the flow in the diffuser
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and volute to understand the effects of the diffuser enlargement at its outlet. Theyredothie

radial velocity out of the diffuser, claiming it to be the principal source of losses in the volute.
They reasoned that a high radial velocity induces high swirl in the volute, resulting in high losses
and lower the static pressure recovery. Acréase in the diffuser exit height or diffuser length
reduces radial velocity and increase static pressure. Yu[@bakhowed a correlation between

this design characteristisuch as the shape of the volute cresstion ad its radial positionand

the swirl at the volute inlet. Indeed, a longer diffuser lowers the radial velocity at its outlet for the
same mass flow and rotation speed. As a result, the swirling in the volute is reduced and the flow
exiting the diffuser hs the tongue at a loweelocity. However, a longer diffuser also results in

higher viscous losses from a larger wetted area.

In parallel, an excessive increase of the diffuser exit height can result in flow separation in the
diffuser. Yu et al[15] alsoused the pressure recovery coefficient and loss coefficient to quantify
WKH KRXVLQJVY SHUIRUPDQFH UHODWLYH WR WKH FKDQJH LC

the height up to a certain point does benefit thequme recovery and alleviates losses.

2.2.2 Pressure Distortion in the Volute

Hagelstein et al[16] conducted an experiment to understand the circumferential static pressure
distortion in a centrifugal compressor with a volute.dg§inition, the volute crossectional area
increases in order to favor a constant mass flow from its inlet to the outlet and, at the same time,
allow for a circumferentially uniform pressure distribution. Whereas this may be effective at
design conditionsthe volute behaves more as a diffuser a near surge to slow the entering flow.
The resulting static pressure increase in the circumferential direction causes a distortion in the
volute. According to Hagelstein et §L7], degending on the shape of the volute, the diffusing
HITHFW FDQ GLH RXW DW DERXW D FLUFXPIHUHQWLDO SRVL\
occurrence is an indication of flow separation in the volute, which leads to more perturbation.
Shaaban et a[18] proved this occurrence experimentally in a Honew@&atrett turbocharger
compressor. They measured the static pressure distribution in the diffuser during its operation
along the surge line. Their results show a suddaticgpressure drop at a peripheral angle of
about 180°, which concurs with the observations of Hagelstein[&é7&l.
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Moreover, a supplementary distortion is produced at the tongue because of the flow discontinuity
that occus at this location in the housing. Gu and Endé@noticed this phenomenon in their
simulations while studying the pressure distribution in a section of the volute and found the
severe pressure perturbation occurring atttngue region at low mass flow. Furthermore, this
pressure distortion propagates upstream to affect the performance of the ifg¢llierthe long

run, this phenomenon produces a cyclic throttling of the impeller flosome blade passages are
more affected by the pressure distortion than otfiéis

2.2.3 Tongue Blockage

Flow distortion happening in the volute is a subject that has long been studied for both centrifugal
compressors and pumps. Iantrifugal pumps, the absence of a diffuser separating the wheel
from the tongue makes the effect of the tongue more pronounced. Ch[16} studied the flow

field in a centrifugal pump and discovered that the predseickvaries strongly in the domain

both in the circumferential and radial directidrecause of the interaction between thenjake

flows from the wheel and the tongue.

The tongue is also crucial for the return of the flow in the discharge duct. Depefdmghape

andits size, the tongue can lead to flow perturbation downstreamsiceam of its location, as
verified by Dilin et al.[20] who compared two volutes with different tongues. One of the two
volutes has a mor@undedand smaller tongue in order to provide more flow recirculation in this
location. Their results show that the tongue cutback helps decrease the size of flow separation in
the region. On the other hand, at higher compressor mass flow, the flow dagt mside the

volute to be diffused but instead exits directly through the outlet duct, which harms the
compressor efficiency. Furthermore, preventing flow separation at the tongue helps to reduce

upstream flow distortion in the diffuser and the impekespecially near surge conditions.

Pan et al[21] worked on understanding the effect of the enlargement of the flow passage near
the tongue region. Their investigation consisted in analyzing different tongue shapes withou
altering the area ratio of the volute between the inlet and outlet. The results from their CFD
analysis demonstrate that an enlargement of the flow passage near the tongue improves the
uniformity of the pressure distribution around the volute and rediloesdistortion at every
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operating condition, bunore specifically near surge. Moreover, they found that the diffuser is a

bigger beneficiary than the volute of the improvement of the flow near the tongue.

The tongue geometry can also cause considerabkteadiness downstream of its location.
Indeed, Wei et al[22] studied the noise bands produced by their model of a centrifugal
compressor in unsteady conditions and noticed an unknown frequency when they made a spectral
amalysis of the pressure fluctuation signal from their compressor outlet duct. By plotting the
velocity distribution in the housing, the authors noted the presence of an obstruction region in the
outlet duct that was generated, in fact, by a vesteaddingphenomenon originating at the volute
tongue. Its size fluctuated at the previously unknown detected frequency from their FFT analysis.
Furthermore, after changing the geometry by rounding the tongue shape, they succeeded in
attenuating this oscillating flo in the outlet duct.

The effect of the tongue shape on oscillatory flow generation in the outlet duct has been
mentioned and it was seen that cutting the tongue radius was beneficial for the stability of the
flow. On the other hand, Xu et §23] enunciated that the volute design consists in a compromise
between a better performance range and better peak efficiency. A rounder tongue allows for
better performance range while a sharp tongue is more sensitive to the flow faattideclo and

improves efficiency for a very specific mass flow.

2.3 Flow Reversal in the Diffuser

Gu et al.[24] confirm, by their investigation, that the diffuser is a critical component when the
mass flow is below that of thaesign point. Frontheir CFDsimulations theycalculated that the

losses due to the vaneless diffuser increase by more than three percentage points when the flow
rate was reduced by 25% below the design value.dDtiee explanations for such an increase

losses is the importance of the radial velocity distortion in the spanwise direction. Khalfallah et
al. [13] studied the phenomenon while analyzing the interactions between the impeller and the
vaneless diffuser in a turbamtyer compressor. They noticed flow migration from the diffuser

hub to the shroud and confirmed that the -Melocity secondary flow undergoes convection

effects.
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When investigating for the instability mechanisms in turbocharger compressors, Zherjg5t al.
also corroborated the presence of interaction between two different types of flow at the
impeller/diffuser interface. According to them, the perturbation causing rotating stall originates
from the interaction between the ttlearance flows and the region of high pressure and backflow
in the diffuser due the newniform pressure field in theolute. Their research proved that this
interaction contributes to the diffuser flow reversal whose effect reaches the impelleg trailin
edge and triggers stall of the impeller.

2.4 Impeller Secondary Flow

Vortices are produced by the secondary flow in the impeller. The main flow structures in an
impeller blade passage are the core flow (high meridional velocity) and secdindarffow
meiidional velocity). The secondary flow is composed of migrating blade/hub boundary layer
flow and tip leakage flow. The tip leakage flow is the flow across small gap between impeller
blade tip and the shroud and is driven by the difference in pressurs #ueogap. This flow is

the main secondary flow in the impeller.

The meridional curvature of the impeller hub and shroud plays a crucial role in the generation of
secondary flow[2]. The flow naturally migrates from the hub ttee shroud due to the higher
curvature in the shroud region, including separated;nmmentum flow, especially near stall
conditions. This migration also interferes with the tip leakage flow, which occurs at the shroud,
as shown orfrigure2.2.

Bousquet et a[26] studied the impeller flow structures near stall. They found that a reduction in
mass flow intensifies the secondary flow and increases the meridional velocity deficit. This
generates two disict flow regions: the core (normal) flow and a lemomentum flow region

near the shroud.
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Figure2.2 Secondary flow in a centrifugal compressor

Vortices are generated at the unstable interface between ftbesregions and are transported
downstream of the impeller, into the compressor housing. According to Bousqu€gR@t,ahe
standard jetvake structure usually observed at the trailing edge of the centrifugal compressor
blades at the design mass flow is therefore affected by the interaction between the tip leakage
flow and the migration of the loomomentum flow when approaching the stall point. The authors
observed the development of vortices at a certain time periots tthiffierent to the blade passing

frequency and that appears due to the Ke@aimholtz instability.

2.5 Plenum and Exit Duct Size

During testing of a centrifugal compressor, Amann P8l found that the plenum volume has a
direct effect on the Helmholtz frequency at which the compressor will resonate. By reducing the
plenum volume, they determined that the surge frequencies also changed, but not that associated

with the rotating stall.

Galindo et al[29] studied the effect of the change in length of a downstream exit duct on the
surge of the compressor. They confirmed, both numerically and experimentally, that the detected
frequency of the pressure pulsations in the outlet duct is dependestlémgjth of the duct and

the opening size of the valve at the exit.
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2.6 CFD Smulations Settings

Many authors have carried out CFD simulations centrifugal compressors with a volute, both in
steadystate and unsteady modes.Table 2.1 summarizes the numerical settings of a
representative sample of such works. Theses settings encompasses the choice of interface,

boundary conditions, turbulence model, mesh type and mesh size.

In terms of the interface used in unsteady simulationgraasient rotorstator interface

(technically known as sliding plane interface) is used between the rotating impeller subdomain

and adjacent stationary subdomains such as the diffuser. It allows for interpolating the flow
properties from one grid to anotherr@ss the interface. As such, circumferential flow -non
uniformities are transferred across the interface. However, the circumferential extent of the
domain on each side of the interface must be the same. Given the asymmetry of the housing, this
means that &ull impeller must be simulated. In the case of stestdye simulations, there are two

possible interfacesnixing planeandfrozen rotor 7KH PL[LQJ SODQH LQWHUIDFH LC
LOQWHUIDFH" FLUFXPIHUHQWLDOO\ D YpsttedmiddbdowlddrHAsGWREYE, SURS
it assumes that all passages of the impeller experience the same flow as single impeller passage
[30]. The frozen rotor interface assumes phase lock two adjacent domain even though one rotates

while the other is stationary.

As for the mesh, the entire domain is usually represented with a structured mesh except for the
volute. Instead, the volute is meshed with an unstructured mesh because of the shape complexity
[31]. Mog of thework, which model the entire (fullnnulus) compressdnave a total mesh size

in the millions of elements.

Regarding the boundary conditions, the simulations in the literature all specify total pressure,
total temperature and flow angle at themdan inlet. The exit boundary condition esther of

constant mass flow or of stapcessure.
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Table2.1 Summary of CFD simulations carried out for computation of flow field in a

turbocharger compressor

GXRYV PBE H (

-HRQTV BRGH

6XQTV ARIGH (

=KHQJYV [BR G

Software used

ANSYS CFX

ANSYS CFX

ANSYS CFX

ANSYS CFX

Geometry Entire geometry of Entire geometry of | Entire geometry of | Entire geometry of
compressor (impeller| compressor (impeller| compressor (impeller| compressor (inlet
vaneless diffuser, vaneless diffuser, vaneless diffuser, duct, impelér,
volute) volute, outlet) volute) vaneless diffuser,

volute)

Steady or Steady and unsteady| Steady and unsteady| Steady and unsteady] Steady and unsteady

unsteady model

Interface choice

Mixing plane (steady)

Transient rotor/stator
(unsteady)

Timestep: 1.136 s

Frozen rotor (steady)

Transient rotor/stator
(unsteady)

Frozen rotor (steady)

Transient rotor/stator
(unsteady)

Mixing plane (steady

Transient rotor/stator
(unsteady)

Grid size in Impeller, structured | Impeller and diffuse | Total: 5M Inlet duct, structured:
elements (total): 1.6M structured: 4.9M Used TurboGrid for | 248k
number the impeller mesh
Volute, unstructured:| Volute, unstructured: Impeller, structured
800k 1.2M with TurboGrid: 350k
per passage
Diffuser, structured:
616k
Volute, unstructured,
2.67M
Boundary Walls: nonslip Walls: nonslip and Inlet: total pressure, | N/D
conditions adiabatic, smooth total temperature,
. surface inlet flow angle
Inlet: total pressure,
total temperature,
inlet flow angle Inlet: Total pressure, | Outlet: constant mass
total temperature, flow in steady state
Outla: constant mass inlet flow angle ;rjfl gan5|ent near
flow in steadystate, 9
plenum b.c. in Outlet: constant statig
unsteady pressure
Turbulence k-0 k-0 k-0 SST
model
Near-wall model | Scalable wall Scalable wall Scalable wall Scalable wall
function function function function
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In terms of turbulence models, while many authors uses the more traditidhal\ M X UEXOHQF}
model, Zheng et al25] uses the more sophisticated SST turbulence model. Thignoistia

hybrid between the-l& DQG WXUEXOHQFH PRGHOV LQ ZKLFK WKH IRUPF
of the boundary layer and the latter in the principal streamline regions. This allows taking
DGYDQWDJH RI ERWK PRGHOVY F Y HtbrdeHusade.\Bécalise@Rizis ZK L O |
polyvalence from the SST model, it is well suited for flows in centrifugal compressors. The wall
boundary is usually defined as beingsilip with scalable wall functiomption

Last but not least, Fatsis et 4] looked into the criterion to determine whether an unsteady
simulation is necessary. h@y investigated numericallyhe effect of volutenduced static
pressure distortions on the afésign efficiency of a centrifugal compressod dhey perceived

that the amplitude of flow perturbations propagating from the volute to upstream subdomains is
influenced by the acoustic Strouhal numb®r) (n the compressor and is defined by equation
(2.2), where f, Land aare respectivelyhe numbenpf rotations per second, the length of the blade

passage and the speed of sound.

5N.—' (2.2)

According to Fatsis, the obtained Strouhal number is a good indication on whether a certain
compressor operating mode can be simulated in steady state or in unsteady mode. In the case if
Sr > 0.1, tranent simulation isrequired. Because of the very high rotation velocity of the
compressor to analyze as part of this research project, this implies a high value of f, which causes
the Strouhal number to be very high. Therefore, flow distortions in suabmgpressor are

expected to be severe and impactful on the stable operating range of the[@8Vice.
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CHAPTER 3 0(7+2'2/2*<

This chapter presents the methodology used to assess and compare the performance and flow
field of two differert turbocharger compressor housings. Given the objectives, a purely
computational approach was taken to allow for assessing the capabilities of unsteady CFD
simulations as well as investigation of the flow field. This chapter starts with a descripti@ of th
compressor geometries under study, followed by an overview of the approach to address the two

objectives, and a description of the computational setup angppmsissing procedure.

3.1 Compressor Geometries

The turbocharger compressor under study, providgedGarrett Motion, is composed of an
impeller placed inside a housing that incorporates a vaneless diffuser and a volute, sandwiched
between inlet and exit ducts, as illustrated=igure 3.1. Figure 3.2 depicts the overall test rig

setup from which the analyzed experimental data was obtaaswedescribed by Garrett Motion.

Figure3.1 Compressor geometry



20

— — « .
Temperature
probes

Figure3.2 Schematization of gas stand setting of the turbocharger compressor

The impeller has a diameter of 46 mm with eight main blades argplitter blades. Its design
speed is a 220 000 RPM rotational velocity. The tip clearance varies bdiv@amm at the
impeller leading edge t8.21 mm at the impeller trailing edg&wo housings of different shape

and size, referred to as thehBusing and the Housing, are used with the same impeller. Their
geometries and characteristics are comparatively showhigure 3.3. The first noticeable
difference in the housing is the diameter and width of the vaneless diffuser, with that in the H
housing being wider but shorter in radial extent. The second difference is in the volute geometry.
Relative to the Fhousng, the centerline of the volute exit for theusing features a larger axial
shift along with a divergent exit to increase exit area. This larger axial shift results in a larger
bump at the intersection between the circular part and exit axial parteo¥dlate. This
intersection is often referred to as thague The values of design mass flow for the compressor

are 130.22 and 128.42 g/s for thda@&using and Fhousing, respectively.

The inlet duct is simply a constant length duct with a convergaaiios just upstream of the
compressor, as illustrated Figure 3.4. Its length corresponds ®5 times the@mpeller inlet
diameter, as provided by Garrett Motion. The hole in the middle of the duct exit accounts for the

spinner.

The actual outlet duct in the test rig is showrFigure 3.5. It consists of a conical divergent
adapter that starts at the diameter of the volute exit and ends at the diameter of a 48.8 mm
diameter long duct. However, at the gagtion of Garrett Motion, many simulations used a
simplified model of the outlet duct as a constant area 130 mm long duct at the exit diameter of the

volute.
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Figure3.3 Comparison of housing geometries
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Figure3.4 Inlet duct

=

Adapter length: 120 mm

Figure3.5 Outlet duct geometry

3.2 Overall Methodology

3.2.1 Usdulness of Unsteady Simulations

To address the first objective, which is to determine the capability of unsteady CFD simulations
to capture the measured difference in adiabatic efficiency between the two housings, the adiabatic
efficiency obtained from stely simulations and those from unsteady simulations are compared
for the two housingsAccording to the Strouhal number corresponding to the studied case, there
will be important unsteadiness and flow distortions in the compressor, which justifies thie use
unsteady simulation@5]. The unsteady simulations involve variations in the numerical setup to
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best model the test rig conditions. The simulated configurations for each of the two housings are

based on two main numericabuatels, which are shown Figure3.6.

7
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a) Singlepassagenodel(SP) b) Full-wheelmodel(FW)

Figure3.6 Simulation configurations

The first model is thesingle passag€SP) model which relies on the assumption of flow
periodicity between the impeller blades passages and is often used in industry to save time and
computational resources. As illustrated Rigure 3.6 a, the single passage model consists of
simulating only one impeller blade passage, along Wie same circumferential extent (in this
case, 1/8 of the circumference) in the inlet duct. A periodic condition applied to the lateral
boundaries. On the other hand, the asymmetric housing compels the diffuser and volute to be
modeled in full and a ming plane interface is applied between the impeller and adjacent non
rotating subdomains (intake and diffuser), whereby only a spanwise profile of circumferential
averaged of flow properties are transferred across the interface. The flow unsteadingiss brou
about by the transfer of impeller blade wakes into the diffuser or by the breakdown in flow
periodicity near surge due the presence of rotating instabilities or rotating stall (which are,
respectively of low and high amplitude rotation perturbatiosshat captured. As such, this
model is strictly used for steadyate simulations and as a reference to standard industrial
practice. The inlet boundary conditions consist of axial flow with specified uniform total pressure

and total temperatures while theit condition consists of a specified mass flow rate.

The second modes$ thefull-wheel(FW) model, which models both the impeller and intake in

full (360 degrees or full annulus) as shownFigure 3.6 b. While this model is estined for
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unsteady simulations, it is first used in steathte mode with the same mixing plane interfaces

and inlet and exit boundary conditions as the SP model. The stedyfullwheel simulations

serve two purposes. First, their results are coetpavith unsteady simulations to isolate the
HITHFW Rl XQVWHDGLQHVYV IURP 3SDUDVLWLF" HIIHFW LQKHU
model. Second, they serve as the initial guess for the unsteady simulations to reduce

computational time.

In the unstady mode, the FW model uses a sliding plane interface between the rotating impeller
subdomain and adjacent stationary domains, allowing for circumferential variations in the flow
properties to between transferred across the interface. To determine #récalisetup that best
captures the measured difference in efficiency between the two housings, the configurations for
unsteady CFD simulations are varied according to two parameters, namely the time step size and

the nature of the exit boundary condition.

Time Step Size

The time step size is an important parameter in unsteady simulations. While smaller time step
would improve accuracy and stability, it greatly increases simulation time, which is an important
consideration in the present case where adufulus unsteady simulation is pursed. The time
step expressed in this study through the number of time steps (N) per (impeller) blade passing.
Simulations are carried out for N = 5, 10, 20 and 45 to see the effect of this parameter on the
oscillation frequency and amplitude and tira&eraged value of adiabatic efficiency in order to

determine which value reflect best the experimental observations.

Exit Boundary Condition

Two types of exit boundary condition could be applied to unsteady simulations.r3ies fa
specified mass flow rate, as applied in the stestdie simulations. The second is a throttle
boundary condition that better replicates that in a real compressor test rig where the mass flow is
determined by a valve placed downstream of the cesspr outlet duct, as is the case here (see
Figure3.2). As illustrated inFigure 3.7, the throttle boundary condition essentially consists of a
static pressure at the outlet of the computational domaivahnigs as a function of the local mass

flow. This function is determined by the analytical model of a plemalwe combination
downstream. The plenum is modelled as a volume of compressible ideal gas and the valve as a

quadratic pressure loss functionmoéss flow. The throttle boundary condition has been modelled
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and implemented in the CFD code ANSYS CFX[ymas[36] for the purpose of simulating
surge in multistage compressors without requiring heavy computational resoditve details of
the throttle boundary condition canfoeind in in Appendix A (section A.1).

Figure3.7 Throttle boundary condition

As illustrated inFigure 3.8, the throttle bundary conditiorhasbeen applied in four different

ways to the FW model, based on outlet duct length and plenum volume to try to best reflect the
behaviour of theest setup described in Figure 3.2. The first two configurations use the proposed
130-mm long outlet duct model proposed by Garrett Motion, coupling it with a negligible plenum
volume Figure 3.8 a) or with plenum volume the size of the downstream dutheothrottle

valve positon, as shown in Figure 3.2nmdel any cmpressibility effect of the air in this duct
(Figure3.8 b). The nextonfigurationincorporats the upstream half of the outlet dugi to the
throttle valveinto the computational doain to consideboth the inertial and compreissity

effect of the air in the duct sectiofFigure 3.8 ¢). Figure 3.8 d depicts a model witlan
excessively largglenum, which includes the volume of the pipe downstream othiuwttle

valve, likely b induce surge. While less reflective of the behaviour of the real setup, this
configuration was essentially used to verify whether the throttle boundary conddidd
capture surge. The configuration figure 3.8 a is the stagard configuration for unsteady
simulations with throttle exit boundary condition for both housings, while those in Figures 3.8
b, c and d are only simulated for theh&using near surge as a preliminary study of the effect of
exit duct modelling.The configurations described above are simulated for each housing at the
designspeed (220 RPM) and neassurge mass flow (78 g/s for-ttousing and 72 g/s for-H
housing) as well as at a common mass @0 g/s for which test data for adiabatic efficiency
were provided by Garrett Motion. The tirreeveraged adiabatic efficiency from the simulations

are compared with the test data to see how accurately the unsteady simulations capture measure
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adiabatic efficiency and its difference between the two housings thesumgge and 90 g/s
conditions. This comparison will determine the usefulness of the unsteady simulations and the
numerical setup required to best capture the experimental behaviour.

Plenum 3
V = 0.00003 M Plenum ,
V =0.00137 m

e

Plenum
V =0.00393m"

Figure3.8 UnsteadyFW configurations using the throttle boundary condition

Due to the large amount of CFD configurations and simulations, the nomenclature shown in

Figure3.10is used to identify each simulation.

I —

Figure3.9 Nomenclature for identification of CFD simulations
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3.2.2 Assessment of Unsteadiness

To address the second objective, which consists in an assessment of the unsteady flow structures,
the unsteady simulations that besflects the observed test data are selected for flow field

analysis.

The first step consists of quantifying, for each housing, the unsteadiness though the identification
of the dominating (largest amplitude) oscillation frequency of the adiabaticeefficiand
locating the likely location of unsteadiness associated with this frequency. This is done through
the placement of virtual probes at strategic locations in the flow field, namely at the impeller exit,
diffuser exit, near the tongue and in the eutuct (where the exit total pressure and temperature
used for the efficiency calculation are taken). A Fast Fourier Transform (FFT) is performed on
the pressure signal from these probes and on the time variation of the adiabatic efficiency to
determine he dominating frequencies in terms of amplitude. The probe(s) whose dominating
frequency matches that of the efficiency variation indicates the location(s) most likely at the

source of the efficiency oscillation.

The next step is to investigate at thenfletructures at these target location through contours of
velocity and Mach number along with flow vectors at different time instants to determine the

source of the unsteadiness in adiabatic efficiency.

3.3 Computational Setup

3.3.1 CFD Code

As recommended barrett Motion, ANSYS CFX was the chosen CFD code for the current
study. It is a sophisticated commercial fimtelume Reynolds Averaged Nawi€tokes (RANS)

CFD code that is extensively used in both industry and academia for turbomachinery simulations.
While most of the project was carried out on a government computational cluster with ANSYS
CFX Version 16.1, this version was no longer available following a change in this cluster near
the end of the project. As sudhe later simulations were carriedtauth ANSYS 18.1. A study

was performed to ensure that the change is version did not fundamentally change the results (see
Appendix B). TheShear Stress Transport (SST) turbulence model is chosen in all simulations as

it has been shown to better capture behaviour and separation of the boundary Ig&gr
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3.3.2 Computational Domains

The computational domain for each of the two models (sipgésage and fulheel) are
composed of five subdomains, namely thiet duct impeller, diffuser, volute and outlet duct
Figure 3.10 and Figure 3.11 show the computational domains for the singgessage and full
wheel models, respectively, of thehBusing along wh the interfaces and bodary conditions
used.The domains for the HHousing are similar and have the same characteristics. They are
shown in Appendix C. It is noted that the spinmehich isthe impeller inlet conejs not
incorporated. Instead, it is modelled @dindrical hubin the inlet duct subdomain with a free

slip boundary condition to avoid generating a boundary layer.

o

i

SAAAAAAAAAAAAAAANA

B A8 0 A e 30 i b0 b b bbb 8 Y

Figure3.10 Computational domain for singldade passage model
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| For transient simulations:

For transient simulations: g Transient rotor-stator interface
Transient rotor-stator 1 e (sliding plane)

interface (sliding plane)

Inlet
duct

Figure3.11 Full-wheel model and boundary conditions

Adjacent stationary subdomains (diffuserdute, voluteoutlet duct) are connected through a
general connectiomterface through which the flow properties are simply interpolated fham t
mesh of one subdomain to that of the adjacent subdomain. On the other hand, the interface
between a rotating subdomain (impeller) and a stationary domain (diffuser or inlet duct) is either
a mixing plane gtagg interface for steadgtate simulations oa sliding plane rptor-stator)

interface for unsteady simulations.

In terms of boundary conditions, all solid surfaces use -alipp smooth and adiabatic wall
boundary condition in order to allow the development of the boundary layer. The automiatic wal
function option in CFX is activated at the surfaces to allow for a switch of the turbulence
function from strictly neslip (zero velocity) boundary to wall function depending of the local y+
value.At the inlet, a constant total pressure of 100 kPa arwhatant total temperature of 298 K
have been set for both modele lateral boundaries of the inlet duct and impeller subdomains

in the SP model have a periodic boundary conditimd(fluid rotational periodicity. In
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addition, as the impeller subah@in is rotating, the stationary shroud is modelled as a ceunter
rotating, neslip wall. At the computational domain inlet, specified uniform values of total
pressures and total temperatures (provide by Garrett Motion) are applied along with a flow
directionality set normal to the surface (i.e. axial inlet flow). The exit boundary condition consists

of either a specified mass flow rate of a throttle boundary condition, explained earlier.

3.3.3 Computational Mesh

The computational domain shown kigure 3.10 and Figure 3.11 were initially mesh using

ANSYS Turbogrid for the impeller subdomain and the ANSYS Workbench meshing module for

the other subdomaing KH PHVK ZDV GRQH DV SHU *DU ukh&/end,@HeW LR Q YV
meshwas used in order teasethe comparison with their internal simulation results. The mesh

density of the provided mesh has been verifiedegards to what was found in the literature, as

seen in sectio.6. Figure 3.12 shows the mesh of the inlet duct subdomain. It is a structured

mesh with exclusively hexahedral elements. The mesh density is increased near the outer
boundary to capture the boundary layer. For better representdtibe boundary layers on the

walls, the mesh has been refined. The inlet duct mesh has 64,192 elements in the SP model and
513,536 elements in the in the FW model.

S

SR

RN
o

S

Figure3.12 Inlet duct mek

Figure3.13 shows the mesh for the impeller subdomain. Mesh density is increased near the solid
surface and in the tip clearance region to better capture effects of boundary layer and tip
clearance flow, respectively. The tip atancecontains10 elements in thespanwise direction.

Each passage contains 514,291 elements, translating into 4,114,328 elements.
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As for the housing, the diffuser and vtduare meshed in distinct subdomains. The diffuser
subdomain mesh, shown kigure3.14 for theE-housing is a structured mesh composed of eight
periodic sections given the axisymmetric nature of the vaneless diffuser. The meshdsnse

near the end walls to capture boundary layer evolution and its separation that can occur near
surge. On the other hand, the asymmetric volute is meshed in-stronotured manner, which
results in a combination of tetrahedral and wedge elemshtgeometries. The mesh is also
denser at the solid surfaces and near the tongue in order to capture viscous flow effects in these
regions that could be critical to the compressor performance. Moreover, the mesh has also been
refined at the diffusevolute interface in order to try to match the mesh density of the diffuser
subdomain at this location to minimize any loss of information across this interface. It is also the
case in the tongue region, where the flow may be critical due to this ob$tgelee 3.15 and

Figure3.16show the mesh for the volute of thehBusing and Fhousing, respectively.

NN
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refined mesh

Figure3.15 E-Housing mesh
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Regions of
refined mesh

Figure3.16 H-Housing mesh

For both housings, the mesh for the outlet duct is alsestrantured and relatively coarse,

except near the walls here high mesh density is kept capture boundary layer phenomena.
Figure3.17 shows the mesh for theltbusing outlet duct.

Table3.1 gives the number of elements (total and breakdown among the subdpmahe

computational domains for thel®using and Fhousings with the 136hm meshed outlet duct.
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Figure3.17 E-housing outlet duct mesh
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E-Housing H-Housing
Number of Single Full-wheel, | Full-wheel, | Single- Full-wheel, | Full-wheel,
elements

passage short duct | long duct passage short duct | long duct
Inlet (S) 64,192 513536 64,192 513536
Wheel(S) 514291 4,114328 514291 4,114,328
Diffuser (S) 789264 694,710
Volute (NS) 875650 725675
Outlet (NS) 96814 894112 84,758 884798
Total 2,340211 | 6,389592 7,186890 2,083626 | 6,133007 6,933047

3.3.4 Simulation Procedure

For each housing, thensulation procedure consists first of simulating the shpglssage model

in steadystate mode at neaurge and 90 g/s to serve as a reference with regard to standard
industrial practice. The fulvheel model is then simulated at the same mass flowswue asrthe
steadystate baseline from which subsequent unsteady simulations can be compared to be isolate

the effects of unsteadiness.

Finally, using the fulwheel steadystate solution as an initial condition, the unsteady simulations

are carried out. T unsteady simulations with the exit mass flow boundary conditions were
simply carried out by putting the same exit mass flow rate value as those of the corresponding
steadystate simulations. However, for the simulations with the throttle exit boundadjticm,

the value throttle constant (representing a valve opening area) corresponding to the desired exit
mass flow value must be determined. This was done in an iterative process as described in
Appendix A (Section A.2).

solution in which a parameter, such as adiabatic efficiency, oscillates around an effectively

lunsteady simulations, one carpect a timevarying converged

constant mean value. In this case, an FFT is performed on the time history of the adiabatic
efficiency in the time interval whetle solution has converged to determine the time period over
which to average the adiabatic efficiency and flow field. This time period corresponds to the
lowest frequency, which in the present study often corresponds to the frequency with the highest
amgitude. The unsteady simulation is then restarted and run over the an integral number of the

specified time period with the option for tira@eraging enabled as well as a request for CFX to
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save instantaneous solutions at regular intervals covering a peravder to study the variation

of the flow field.

3.4 Performance Parameters Calculation

3.4.1 Standard Parameter Calculation

The three main standard performance parameters are the mass flow, total pressure ratio and

adiabatic efficiency, which are defined amtiogto equations (3.1) and (3.2

2 4 s
24 L—L2e¢ (3.1)
254
?5
2 = s -
B L—Wa Aaeg gy (3.2)

GaccFGaoa Zwa

The inlet and outlet total pressure and total temperatumaassflow averaged through the plane
where the measures are taken. The planes where these properties and the mass flow are recorded
from are indicatedh Figure3.18. In the case of oscillatory unsteady simulations, these pregerti

are also timeaveraged.

Figure3.18 Location of planes where flow properties have been recorded
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3.4.2 Alternative Adiabatic Efficiency Calculation

While the method for calculating adiabatic efficiency frofRDCsimulations shown in equation

(3.2 is commonlyused in industry and academia. It may not be the best method for-#oback

back comparison with test data. The reason is that a mass averaging of total pressure and
temperature is not easily obtained expentally. While this fact may not be an issue here for the
inlet total pressure an temperatures that are expected to be relatively uniform, it can be a problem
for the value of these parameters at the outlet of the compressor, where the flow can be highly
nonuniform. The downstream pressure and temperature measurement locations for the
compressor test rig at the source of the current project are shown on the outletbdiuetand
greenplanes inFigure3.2. The exit pressure mgarement consists of static pressure ports on the
ductwalls, whichwould be equivalent to either an ai@zerage static pressure or a {aeeraged

static pressure along the end wall. The totalpierature comes from the averagehree probes
protruding at different radial depth inside the duct at the same axial location, which would
correspond to an area averaged total temperature. While not explicitly provided by Garrett
Motion, Figure 3.19 shows the deduced method by which tb&al pressure can be estimated

from these exit static pressure and total temperature measurements to obtain the measured

adiabatic efficiency.

Figure3.19 Deduced calculation method for adiabagfficiency from test data
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The procedure laid out ifrigure 3.19 was also applied to CFD data using aagaraged or
circumferentially lineaveraged static pressure at the exit pland?§g[;; and areaaveraged total
temperaturat the exit plane fofr oy to calculate an alternative adiabatic efficiency valll@s

was done taletermine whether the results compared better with measured adiabatic efficiency
values and to quantify the effect on the efficiency value relativdhd¢ostandard CFD mass

averaging method.
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CHAPTER 4 5(68/76+&)"' 6(783 678'<

This chapter presents and discusses the results from the CFD simulations to assess the capability
of unsteady simulations to capture the full discrepancy in adiabatic efficiency epetive
housings as measured on a test stand and to determine the best setup for the unsteady simulations.

4.1 Steadystate simulations

Table4.1 lists the adiabatic efficiency predicted through stestdye simulations using both the
singlepassage (SP) and fwliheel (FW) models, with the regular (d) as well as long outlet duct
" FRQILIJXUDWLRQV IRU FRPSDULVRQ ZLWXLWWVW KD VDI | AHKI
efficiency between the E andibusings. The last roalsoshow the efficiency obtained through
the alternative calculation method as described in se8tib@for the fullwheel model with the
long duct. While the results shown are at the 1se@age pointand 90 g/s mass flow conditis,
steadystatesimulations were also carried out at other mass flow vedgewell as with long
outlet duct (similar to that ifrigure3.8 c) for further comparison with test dats demonstrated
in AppendixD (sectionD.1). Moreover, a convergence analysis was carried out with respect to
the timescale setting in steaestate mode to ensure thhe value used was adequat@pendix
D, sectionD.2).

In terms of the absolute adiabatic efficiendgble 4.1 indicatesthat while the SP and FW
models give similar predictions in steasiyate mode in all cases, for both housings, they both
overestimate the adiabatic efficiency relative to the test values. This overestimation is slightly
higher for the Hhousng can reach 2.12 percentage points near surge and 3.11 points for a mass
flow of 90 g/s. Finally, the alternative calculation method increases the absolute efficiency by 1.5

to 2 points, adding to the overestimation of the efficiency with respect toahsured values.

In terms of the difference in adiabatic efficiency between the E ahdudings, the results in
Table 4.1 shows that, regardless of the model, the stetaie simulatins can only capture
between 2.4nd 2.6 perentage points out of the 3.5 points measured on the test stand near surge.
At 90 g/s mass flow, the steadtate simulations only capture about a quarter of the measured
two percentagepoints in efficiency difference between the housings.remains to beseen

whether thishortfall cap be captured by unsteady simulations.
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Near surge m =90 g/s
E £78.099g/s| H *72.42 g/s a E +90 g/s H +90g/s a
experimental data 65.50% 62.02% 3.48% 67.40% 65.40% 2.00%
single blade model 66.7%% 64.1% 2.61% 69.04% 68.51% 0.53%
(s-SB-d)
full wheel model 66.80% 64.40% 2.40% 69.21% 68.69% 0.52%
(sFW-d)

4.2 Unsteady Simulations

In orderto determine if andvhich numericalsetup unsteady simulations can best capture the full

extent of the measured efficiency difference between the E @mulikings at near stall and 90

g/s mass flow, many unsteady simulations of thevitnéel model haveden performed at these

two conditions for both housings.

The first of these simulations covdmew the variations of the two main parameters affect the

setup, as laid out in secti@?2.1, namely:

X The time step (t) expressedi number of time step (N) per impeller blade passing

x The mass flow versus throttle exit boundary condition (with short outlet duct and

negligible plenum volume, as illustratedrigure 3.8 a)

Unsteady simulations for both housirgsd at both mass flow and throttle boundary conditions
were carried out at N=5, 10 and 20, representitsg6.818e5, 3.409¢6 and 1.7056 second,

respectively. Even for the N=5 simulations, it takes arawmweekson four Intel Xeon X5650

Westmere (B7 GHz)processors, with 12 cores eath,obtain converged solution withree

low-frequencyoscillatoryperiod.The whole list of running times for each simulation is shown in

Appendix E.The simulation times becomes proportionally higher for higheregabf N. A

simulation was carried out at N=45t(= 7.576e7 seconil for the Ehousing with throttle exit

boundary condition. However, it was not found to add much information from the equivalent

N=20 simulation while requiring an excessively long simalatime, as detailed in Appendix. F
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Thus, N=45 was not further pursuedSection4.2.1 presents and discusses the results of these

simulations with the short outlet duct.

Subsequently, unsteady simulations for thbdtsing wih variatiors in the outlet duct length
and plenum volume as outlined kigure 3.8 b, ¢ and d were performed at near reage to
investigate the effect of the outlet duct modelling on the unsteady simulation behaviour. The

resuls from these simulations are discussed in sedtipr2

4.2.1 Effects of Time Step and Throttle

Near-Surge Conditions

Figure 4.1 and Figure 4.2 show he oscillatory convergence time history of the adiabatic
efficiency for the Ehousing near surge using the constant mass flow and throttle exit boundary
conditions,respectively.For each curve, the point indicates the time from which the unsteady
solution is considered to be converged and from which temporal averaging is done for the
efficiency calculationFigure 4.3 and Figure 4.4 show the equivalent data for thehgusing. A

first glimpseof these results shows a clear disparity in unsteady behaviour between the two
housings near surge. ThehBusing simulations exhibit large amplitude ostidlas in adiabatic
efficiency (n the order othreepercentage points), whereas thendlising osilations are one

order of magnitude smaller.

As mentioned is sectia®4.1, the timeaveraged efficiency value for each curve was obtained by
first identifying the time period associated with the largesplitude frequency andhen
averaging the time history of the adiabatic efficiency over an integer number of periods starting
from the point of convergenceTable 4.2 lists the values obtained using different numbers of
periods for the Ehousing datal®wn in Figure 4.1 and Figure 4.2. The results show that the
values isrelatively unaffected by the number of periods chosen. Although not shown, a
comparison of the adiabatic efficiency obtained basedhenabove technique with the value
obtained based on a tiraweraged flow field (over the same periathpw that both techniques

yield virtually the same answer.

Table4.3 lists the timeaveraged adiabatic efficiency for the dakwn inFigure4.1 to Figure
4.4 along with the corresponding predictions from stesidye simulations and from the test data.
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For the cases with a throttle exit boundary condition, in spifseftuning the throttle constant,

the timeaveraged mass flow is usually slightly offset from the target value. Thus, the efficiency

value as shown iffable4.3 has been corrected to the target mass flowevasing the procedure

outlined in Appendix A (section A.3)As with Table 4.1

WKH FROXPQ OMLEMO/OWE H

difference in efficiency between the E anehblusings and the efficiency obtained through the

alternative calculation method as described in se&iér2is also shown.
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Table4.2 Effect of the number of periods on tirageraged diabatic efficiency (Ehousing)

E-+RXVLQJ DYHUDJH >
Constant m Throttle
(u-H-FW-78-d) (u-E-FW-78-d-p)
N=5 | N=10 | N=20 | N=5 | N=10 | N=20 | N=45
1 period 659 | 65.3 | 65.2 | 65.1 | 652 | 64.1 | 63.6
2 periods 65.5| 65.1 | 65.1 | 649 | 64.8 | 64.0 | N/D
3 periods 65.4| 654 | 65.0 | 65.1| 64.7 | 64.0 | N/D
4 periods N/D | N/D N/D | 65.1| 64.8 | 63.9 | N/D
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Table4.3 Efficiency calculation and comparison for bdétbusings near surge

AYHUDJH #near@urge
E +78.09 g/s H £72.42 g/s a
experimental data 65.50 62.02 3.48
o | single blade modefs-SP-d) 66.75 64.14 2,61
a8
@ 1 full wheel model (SFW-d) 66.80 64.40 2.40
N=5: 65.4 N=5: 62.8 N=5: 2.6
fLIJ:|{A\;VZQE| model, constant mass flow N=10: 65.4 N=10: 62.6 N=10:2.8
- (u-FW-d) N=20: 65.0 N=20: 62.8 N=20:2.2
o
s N=5: 65.18 N=5: 62.50 N=5: 2.68
o f‘ﬁwzee' model, throttle b.c. N=10: 64.86 N=10: 62.28 N=10: 2.58
S | (u-FW-d-p) N=20: 64.03 N=20: 62.10 N=20: 1.93
full wheel model, throttle b.c. N=5: 66.85 N=5: 64.27 N=5: 2.58
(u-FW-d-p) (Alternative method) N=20: 65.91 N=20: 64.02 N=20: 1.89

In terms of the influence of the time step parameter, an observation of the dagarm4.1
(constant mass flow exit boundary conditioms)icates thathis parametedoes havea small but
noticeable effect orthe results, namely in terms of the time period and amplitude of the
oscillation. The effect is particularly more noticeable for thaddsing. InFigure 4.3, the N=5
simulation acheves almost flat convergence whereas those with N=10 and N=20 with both high
frequency oscillations with a discernable tawplitude frequency oscillation. As such, it can be
inferred that a very low N value (N=5) fails to capture all of the unsteady ptesr@ However,

the effect of N on the timaveraged adiabatic efficiency is more mitigatédble 4.3 indicates

that this value varies very little with N, being less than 0.4 percentage point between N=5 and

N=20 inthe Ehousing with a mass flow exit boundary condition.

The influence of the throttle boundary condition is mainly to slightly amplify the effect of the
time step parameter. This is most apparent in tHelising where a comparison eigure 4.4

with Figure 4.3 show that the amplitude of the leinequency oscillations in efficiency for the
higher N values is higher with the throttle boundary conditions. Moreover, the throttle boundary
condition also capterthe high-frequency oscillations for the N=5 case, which was not the case
for the mass flow boundary condition. In terms of the tawmeraged efficiencyTable 4.3
indicates that its change with the time step parameter is alddiathwith the throttle boundary
conditions. For the HBousing, the change in tinameraged efficiency from N=5 to N=10 goes
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from 0.4 points with mass low boundary condition to 1.15 points with the throttle boundary
condition. Thus,simulations for the Hhousingwith the throttle boundary condition are used to
determine the optimum time step setting. Figure 4.5 plots the variation ehtenaged adiabatic
efficiency versus N for this configuration. The results indicate that the efficiency starts to

asynptote at N=20 making this the recommended value for unsteady simulations.

65,2

65,0

64,8 ®

64,6

64,4

64,2

64,0

63,8 @

63,6 N=20 °

63,4
0 5 10 15 20 25 30 35 40 45 50

N [time steps per blade passing]

Calculated adiabatic efficiency [%]

Figure4.5 Time step study for the-Bousing simulation with throttle b.c.-&FW-78-N-d)

In terms of the comparison with testtalathe results immable 4.3 indicate that the unsteady
simulations give a lower value of adiabatic efficiency than the stsiaty simulations making

the prediction much closer to the test values. In fact, for theusing, thainsteady simulations

even underestimated the efficiency. As was the case for the stddysimulations, the
alternative calculation method increases the efficiency value by 1.5 to 2 percentage points. With
regard to the difference in efficiency betwdbe two housings, the unsteady simulations fail to
close the gap between the steathte predictions (about 2.5 points) and the test data (3.48
points), regardless of the time step value, exit boundary condition or even the use of the
alternative method foefficiency calculation. (In fact, the relatively higher sensitivity of the

efficiency to N for the Ehousing even widens this gap for the higher N value.)
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At 90 g/s Mass Flow

The equivalent data teigure4.1 to Figure4.4 andTable4.3 at a mass flovof 90 g/s are shown

in Figure4.6 to Figure4.9 andTable4.4. It is noted that the parametric syuih terms of the N
parameter was only carried out with the throttle boundary condition due to constraints in time and
computational resourceslhe comparison ofFigure4.6 to Figure4.9 with Figure4.1 to Figure

4.4 leads to an immediate observation. In the case of theuBing, the amplitude of the
oscillations in efficiency at 90 g/s is reduced compared to thesoege condition, as one would
expect a the operating point moves away from the surge point (i.e more stable). On the other
hand, the amplitude of thescillations in efficiency has significantly increased for thaddising

to be on the same order of magnitude at that of theusingwith the 90 g/s mass flowThis
unexpected increase unsteadiness of tHetlsing at a supposedly more stable operating point
makes it more sensitive to the N parameter than wasabe at neasurge. This is evident in
Table4.4, when tle timeaveraged efficiency varies more from N=5Ne&10 for the Hhousing

than for the Ehousing, which is the opposite case to the 1seage condition{able4.3). As for

the effect of the throttle, a comparison of the N=10 dsteveen mass flow and throttle exit

boundary condition indicatenly a negligible effect on timaveraged efficiency (about 0.05

points).
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Figure4.6 Unsteady convergence time history of adiabatic efiicyefor E-housingat 90 g/s
short duct model witexit mass flow b.c(u-E-FW-90-10-d)
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Figure4.7 Unsteady convergence time history of adiabatic efficiencyBenousing at 90 g/s
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Figure4.8 Unsteady convergence time history of adiabatic efficiencyHehousingat 90 g/s
short duct model witlexit mass flow b.c(u-H-FW-90-10-d)
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Figure4.9 Unsteady convergence time history of adiabatic efficiencyHehousingat 90 g/s

short duct model witkhrottle b.c. (u-H-FW-90-N-d-p)

Table4.4 Efficiency catulation & comparison for both housings90 g/s mass flow

AYHUDJH =@ g/s
E-housing H-housing a
experimental data 67.40 65.40 2.00
€ o | single blade models-SP-90-d) 69.04 68.51 0.53
©
&% | full wheel model (SFW-90-d) 69.21 68.69 052
full wh eel cst. mass flow(u-FW-90-d) N=10: 68.7 N=10: 67.8 N=10: 0.9
>
3 N=5: 69.01 N=5: 68.35 N=5: 0.66
& | full wheel model, throttle b.c. N=10: 68.81 N=10: 67.75 N=10: 1.06
% | (U-FW-90-d-p) N=20: 68.83 N=20: 67.52 N=20: 1.31
c
> full w heel model, throttle b.c. N=5: 70.88 N=5: 70.36 N=5: 0.52
(u-FW-90-d-p) (Alternative method) N=20: 71.05 N=20: 68.81 N=20: 2.24

As for comparison with test data, the resultSTable 4.4 indicate that the unsteady simulation
also predicts a lower adiabatic efficiency that the stesdie simulation, bring the prediction
closer to the test value. However, the effect is less dramatidttixas the case near surge. As

for the difference in efficiency between the tWousings, tB unsteady simulations help to
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partially narrowthe gap between the steastate 0.52point) simulations and the test data (2.00

points), especially for the higher N values, but the gap remains significant.

4.2.2 Effect of outlet duct length and plenum size

The time variation of adiabatic efficiency and mass flow for tHe#sing simulations with the
configurations shown ifrigure 3.8 are plotted in Appendix G (Section G.1). Three observations
can be reached from the results. Fitee amplitude and time period of the maifiiciency
oscillation increasavith a longer outlet duct (Figure 3.8 b and c). Second, while the use of a
plenum model for the outlet duct (Figure 3.8 b) seems to capture similar amplitude of the main
efficiency ascillation as that of the configuration that incorporated the outlet duct (Figure 3.8 c),
it differs in main oscillation frequency asthnificantly overestimates the amplitude of the mass
flow oscillations. Last but not least, the results for the condiom with an excessively large

plenum (Figure 3.8 d) show that the throttle boundary condition can capture surge.

4.3 Summary

The main observations derived from the stestdye and unsteady simulations of the E and H

housings simulations can summarized mmi of the first objective of the project as follows:

1. Unsteady simulations bring the absolute efficiency values closer to what is experimentally
observed on the compressor test stand and are thus better suited for predicting absolute

efficiency values thasteadystate simulations.

2. Unsteady simulations do not provide any improvement in capturing the measure
difference in adiabatic efficiency between the two housimegs surge over single blade

passage steaeBtate simulations

3. Unsteady simulations with constant mass flow exit boundary condition is sufficient to
capture the main efficiency oscillation frequency and amplitude and itsatrerage
value, while a throttle exit boundary condition is better for capturing all of the oscillation

frequencies.

4. A time step setting of 20 time steps per blade passing seems to be the optimum value for

unsteady simulations, especially when using the throttle boundary conditions.
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5. Experimental method of calculating adiabatic efficiency may overestimate its valug by

to 2.0 percentage points.

6. The length of the outlet duct affects the frequency and amplitude of the oscillation in
adiabatic efficiency and the modelling of this duct length affects the mass flow oscillation

amplitude.
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CHAPTER5  5(68/76£)/2: ),(/' $1$/<66

This chapter investigates the flow unsteadiness observed from the unsteady simulations in
Chapter 4n order to find its source and possibly explain the unusual behaviour ofttbedihg.

The results inChapter 4showed thata smaller time step (larger N) and throttle boundary
conditions allow forthe capture of more unsteady frequencies. As a result, the analysis in this
chapter is focused on the unsteady simulations near surge for both housings with N=20 and a

throttle boundry condition.

5.1 Assessment of Unsteadiness

The first step of the analysis is to try to identify the location from which originates the high
amplitude unsteady component of efficiency variation. To this end, numerical static pressure
probes are inserted atrategic locations in the housing and the unsteady simulations continued
over a period of time that encompasses at least one period of the lowest frequency detected in the
time convergence history of the efficiency to record the pressure signal atdbasens. An

FFT analysis is performed overethrecording interva of the time variation of adiabatic
efficiency, as well as outlet mass flownd the static pressusggnals from numerical probes, as
shown inFigure5.2 andFigure5.3 7KH VLJQDOV ZHUH H[WUDFWHI6G E\ XVL
FFT function with its default setting$he location(s) where the dominating (highest amgé)
frequency of the pressure signal is s@me of as that of the adiabatic efficiency should be
focused on to elucidate the source of the efficiency oscillations.

Figure5.1 shows the location of the numerical probes for tHeHsing (with probes at the same
location in the Hhousing). Probesra placed circumferentially at the diffuser inlet (impeller
exit), volute inlet (diffuser outlet), near the tongue and in the outlet duct just downstream of the
tongue. Figure 5.2 and Figure 5.3 show, respectively for the E and-héusings, the recorded
efficiency, mass flow and static signals (of a set of representative probe labé&llgdreb.1) on

which the FFT analysis is performed. It is noted tha tuthe very low amplitude of the lew
frequency oscillations and time consirgi the signals for the-Housing were not record ovar

long enough time interval to capture this frequency.

Table 5.1 lists the results from the FFanalysis. For the 4Bousing, the dominating (highest
amplitude) frequency at each location is highlighted in larger bold characters. The results show



52

that for the Ehousing, the dominant frequency (87.5 Hz) of the efficiency oscillation and outlet
mass fow oscillation is also dominant iterms of pressure signal frothe diffuser exitto the

outlet duct However, at the diffuser inlet (impeller exit), this frequency is no longer dominant.
Instead, the amplitude of this frequency is sandwiched betweeatothmant frequency (262.5

Hz) is dominant and a frequency (11B%75 Hz) associated with rotatingtall as its period
correspond to aboukreerotor revolutions (range of rotational speed of rotating stall cells). For
the Hhousing, since frequerswith a period higher thaseverrevolutions are not captuteue

to the recording intervals of the probe, the dominant frequency (1449 Hz) obtained from the FFT

is that associated with rotating stall.

In summary, the results indicated that while rotatindl s¢apresent in both housings, the
frequency associated with the largmplitude efficiency oscillation in the-Bousing seems to

start at the diffuser outlet region and propagate downstream.

Figure5.1 Static probes location in the E anehidusings for data analysis purposes
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Figure5.3 Time-varying signals of Fhousing near surdge-H-FW-78-20-d-p) for FFT analysis



Table5.1 FFT results for the 8ousing and Fhousing near sugy

E-housing, m = 78 g/s

(u-E-FW-78-20-d-p)

H-housing, m = 72 g/s

(u-H-FW-72-20-d-p)

Adiabatic efficiency|[-]

Frequency[Hz] | Period [rev.] | Amplitude | Frequency[Hz] | Period [rev.] | Amplitude
87.5 42 0.0170 725 5.1 0.0005
175 21 0.0050 1,449 25 0.0019
350 10 0.0040
787 4.7 0.0020
1,400 2.6 0.0009
Domain outlet mass flow[kg/s]
Frequency[Hz] | Period [rev.] | Amplitude | Frequency[Hz] | Period [rev.] | Amplitude
87.5 42 0.0013 725 5.1 0.00009
262.5 14 0.0003 1,449 25 0.00095
1,225 3 0.0005 28,980 0.13 0.00008
2,450 15 0.0010
Static pressure probe(#1) at the diffuser inlet [Pa]
Frequency[Hz] | Period [rev.] | Amplitude | Frequency[Hz] | Period[rev.] | Amplitude
87.5 42 9,107 725 5.1 1,968
262.5 14 15590 1,449 2.5 12,440
1,137 3.2 2,815 28,980 0.13 9,530
29310 0.125 14,170
Static pressure probe(#9) at the volute inlet
Frequency[Hz] | Period [rev.] | Amplitude | Frequency[Hz] | Period [rev.] | Amplitude
87.5 42 11,730 725 5.1 392.1
2625 14 3,520 1,449 2.5 2,821
1,575 24 964 28,980 0.13 3,361
29,050 0.125 449
Static pressure probe(#17)at the tongue[Pa]
Frequency[Hz] | Period [rev.] | Amplitude | Frequency[Hz] | Period [rev.] | Amplitude
87.5 42 10,420 725 5.1 370.3
175 21 1,443 1,449 2.5 2,943
1,225 3 1,355 29,700 0.12 3,688
2,625 1.4 2,071
29310 0.125 2,667
Static pressure probe(#21)in the outlet duct [Pa]
Frequency[Hz] | Period [rev.] | Amplitude | Frequency[Hz] | Period [rev.] | Amplitude
87.5 42 10,640 725 5.1 315.9
262.5 14 2,199 1,449 2.5 3,027
1,137 3.2 1,211 28250 0.13 298.5
2,100 1.8 2,354
29310 0.125 8,607

55
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5.2 Source of Unsteadiness

Based on the FFT results in sect®d, the search for the soerof the unsteadiness starts with

the flow structures in the diffuser at the exit of which the frequency associated with the large
oscillation in the efficiency in the-Bousing starts to become dominant. The flow structures in
the volute can then be invegmted.

5.2.1 Diffuser Flow Structures

Figure 5.4 plots the Mach number contours along with the flow vectors (coloured according to
velocity magnitude) at the diffuser mgpan for the Ehousing at different time instants, as
marked inthe corresponding time evolution of the adiabatic efficiegure 5.5 shows the
equivalent plots for the HHousing. For both housings, one can see that the there is a cell of
circumferential flow noruniformity rotating at parspeed and which affects the flow uniformity

at the exit of the diffuser. This is rotating stall and it is caused by flow reversal (radially inward
flow) near the diffuser hub as illustrated Figure 5.6 by the radial velocity pifiles for the E

housing.

According toFigure 5.4, the rotating cell has two lobes aitdakes approximately five to six
rotor revolutions for the rotating cell to come back at its initial positian{p 1 through 5),
resultingin a period of about three rotor revolutions, which is consistent with the FFT result for
rotating stall frequency. For the-lrbusing,Figure5.5 indicates that the stall cell does not have a
clear btlobed structure and takes 2dior revolutions to come back to the original state (points 1
through 5) giving the FFT predicted period of 2.5 rotor revolutions.
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5.2.2 Flow in the Volute

The results as observen section5.2.1indicated that the presence of rotating stall near surge
cawses the flow exiting the diffuser and entering the volute to be circumferentiaHymfomm.

An investigation into the resulting effect on the flow in the volute shows two entirely different
flow response between thehHtusing and Fhousing.Figure5.7 plots the streamlines (coloured
according to velocity magnitude) in the volute emanating from the diffuser exit plane at two time
instants as indicated on the time variation of adiabatic efficiency. The flow exiting the diffuser
just upstream of the tongue at time 1 flows normally around/tthete before exiting the volute
However, at time 2, the higher radial velocity of this flow (due to the flowuroformity from

the rotating stall cell) causes it to spill directly into théut® exit duct just upstream of the
tongue.Figure 5.8 displaysthe Mach number distribution in the scrahd oulet duct. This
intermittent spillage behaviowshownin Figure 5.7 results in a pulsating Ve-velocity flow
structure just downstream of the tongue as illustrated by thevanyeng size of the lowMach
number (blue) region in the volute exit. This fluctuating flow structure correlates with the
oscillations in adiabatic efficiency and exit mdlsv. Figure 5.7 also shows that the spillage
behavior corresponds to a drop in adiabatic efficiency, which concurs with the findings of Dilin
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et al.[20] who reported that the passage of the diffusmw fdirectly to the outlet duct harms
compressor efficiency.

On the other handigure5.9 andFigure5.10, which are the equivalent &igure5.7 andFigure

5.8 for the Hhousing, show that the rotating flow naniformity at the exit of the Hhousing

diffuser does not cause any significant intermittent flow spillage upstream of the tongue into the
outlet duct Figure5.9). As suchFigure5.10indicates that the low Mach number (blue) region in

the volute exit remains small and does not oscillate in size to any significant extent.

Intermittent
flow spillage

100.00
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Figure5.7 Streamlines out of a Hhousing diffusenear surgéu-E-FW-78-20-d-p) at two time
instants

From the above observations, it can be inferred that for theuRBing, the intermittent flow
spillage in the volute exit is caused by the peak radial flow velocity €xiting the diffuser
surpassing a critical value ()) associated with the housing design, which does not occur for the
H-housing near surge. This is illustratedrigure5.11 where the Ehousing near surge would be

representedby the green curve whereas thehblusing near surge would be represented by the
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blue curve. For the Hhousing, even though there is the rotating stall causing the radial velocity at

the exit of the diffuser upstream of the tongue to fluctuate, the avesdge velocity is low

enough so that the peak velocity does not go above the threshold value.

Low-

velocity
(blockage) _#
region /

Time [Rotor revolutions]
Figure5.8 Mach number distribution in the volute and outlet duct for the&sing near surge
(u-E-FW-78-20-d-p) at different time instants



62

50.00

l 0.00

[m s”-1]

Time [Rotor revolutions]

Figure5.9 Streamlines out of a4Housing diffuser near surge-H-FW-72-20-d-p) at two time

instants

However, if the mass flow increases and ratatstall remains, as is the case for the 90 g/s
condition, the average radial velocity may increase to a point where the peak radial velocity goes
beyond the threshold value and the situation represented by the redRigar@5.11 is reached
resulting in intermittent flow spillage and fluctuation in the efficiency. Wsild explain why

the Hhousing experience significant adiabatic efficiency oscillation at 90 g/s but not at near
surge (72 g/s)This intermittent flow spillageamplifies the effect of rotating stall on the

oscillations of the adiabatic efficiency.

To verify this hypothesis,Figure 5.12 and Figure 5.13 plots the radial flow velocy at the
diffuser exitupstream of the tongue (probe #9 Figure5.1) at differentsimulated mass flows
for the E and Fhousings, respectively. While the threshold radial velocity is unknown for each

housing, we can estimaiteto be the radial velocity value at the design nféss.
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(u-H-FW-72-20-d-p) at different time instas



Radial velocity [m/s]

Figure5.11 Critical radial velocity hypothesis

—— Near surge, spillage (n osc.)

0 10 20 30 40 50 60 70 80 90 100 110

Time [rotor revolutions]

Figure5.12 Radial velocities at diffuser exit upstream of tongue fdvoldsing

64



65

150

100

50

Radial velocity [m/s]

-50

-100
Time [rotor revolutions]

Figure5.13 Radial velocities at diffuser exit upstream of tongue fdrddising

As such, this value represents the upper limit of the threshold radial velodiguire5.12, one
can sedhat the radial flow velocity for the-Bousing near surge does intermittently cross the
estimated threshold (design point) valserpassing it significantly at peak valuésurthermore,
one can observe that the radial flow velocity amplitude is quiégutar due to the constantly
varying shape of the stall cell as seen in Figure 5.4. As a result, the radidbiswotross the
threshold at the same frequency as rotating stall, which can expladiffdrencebetween the
spillage frequency and thetating stall frequency.

On the other handfigure 5.13 shows that it virtually does not cross the estimated threshold

(design point) value at near surge but does cross it significantly at 90 g/s.

It must be noted that the dgsiof the housing, especially the vaneless diffuser and its transition
to the scroll (both of which differ between the E antiddisings), will affect the amplitude of the
radial velocity fluctuation (due to its effect on the rotating stall pattern) aditheser exit, the
average radial velocity at this location and the threshold radial velocity, all of which will change

the unsteady flow behavior according to this model.
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5.2.3 Effect of Rotating Stall

The model proposed in SectiﬁrQ.Z seems to explain the observed presence oratesmance of

large amplitude efficiency oscillations in the E and H housatglifferent mass flow values and
point to rotating stall as playing a crucial role. To further solidify thgoktyesis that rotating stall
does play a crucial role in the efficiency oscillations, a comparison between the steady and

unsteady simulations for thelusing near surge is carried out.

Figure 5.14| plots the Mach number at théffdser midspan angFigure 5.15|the radial flow

profile in the diffuser. Both show the absence of a rotating stall cell and radial flow reversal in the

diffuser associated with such a cgfligure 5.16| conpares the time history of the adiabatic

efficiency for the steady and unsteady simulations for th@usng near surge. It shows that in
the absence of rotating stall, there are no efficiency oscillations and the efficiency converges
toward a stable value This proves that the presence of rotating stall is a necessary (if not

sufficient) condition for the observed flow unsteadiness.

An estimation of the effect of this unsteadiness on compressor efficiency is carried out in

AppendixH.

Figure5.14 Mach number distribution at the diffuser rggdan for the Ehousing near surge
from steadystate simulationgs-E-FW-78-d)
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Figure5.15 Flow crosssections in Ehousing diffuser near surge from steadgte simulations
(s-E-FW-78-d)
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Figure5.16 Time variation of adiabatic efficendgr steadystate and unsteady simulatsof &

housing near surge
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5.3 Summary

The analysis of the unsteady flow simulations for the E a#fwlising have led to a model to
explain the source of the oscillations in adiabatic efficiency so prominent fortloeiding but

almost absent for the-Housng near surge. This model states that:
- Rotating stall is a necessary but not sufficient condition for flow unsteadiness

- If the rotating circumferential flow uniformity at the exit of the diffuser due to rotating
stall causes the radial flow velocity jugbatream of the tongue to fluctuate and exceed
intermittently a threshold value, the flow will spill intermittently into the outlet duct,

resulting in a lowvelocity flow structure of fluctuating size in the volute exit.

This fluctuating flow structure caetates with the oscillations in adiabatic efficiency and exit

mass flow.
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CHAPTER 6 &21&/86,21

6.1 Conclusions

The main conclusions from this study are:

1.

Unsteady simulations give a better prediction of the absolute efficiency values relatively
to the experimental selts than steadgtate simulationand give a good insight about the

unsteady phenomena occurring in the compressor

. Singlepassage steady simulations are sufficient to provide the efficiency difference

between the two housings
The recommended setupr fansteady simulations is the following:
- Outlet constant mass flow boundary condition
- Time steps equivalent to one twentieth (1Jp6f a blade passing

The throttle boundary condition is useful for better capture of more unsteadiness

frequencies.

The length of the outlet duct affects the frequency and amplitude of the oscillation in
adiabatic efficiency and the modelling of this duct length affects the mass flow oscillation

amplitude.

Rotating stall in the diffuser is at the source of the flow osciliatiseen in the adiabatic
efficiency. It is a necessary but not sufficient condition for kaghplitude oscillation in
adiabatic efficiency.

High-amplitude oscillation in adiabatic efficiency occurs when the fluctuating radial flow
velocity (due to rotatig stall) exceed intermittently a threshold value to cause the diffuser
exit flow just upstream of the tongue to spill intermittently into the outlet duct, resulting

in a lowvelocity flow structure of fluctuating size in the volute exit.
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6.2 Recommendationdor Future Work

Based on the findings of the current stud, fibllowing recommendations for future work can be

formulated.

- Further investigate the effect of the duct length and the plenum volume on the predicted

efficiency and mass flow oscillations aliypde and frequency.

- Validate experimentally the flow unsteadiness predicted by the CFD simulations.
Dynamic pressure and temperature measurements should be performed on both housings
at the simulated mass flows to see if the predicted oscillation fiegpseand amplitudes
are accurate and whether the peculiar behaviour of the H housing near surge is observed.

- Carry out more analysis to explain the difference in frequencies between rotating stall and

the highamplitude oscillation of the efficiency.

- Explore on ways to alter the housing design (to change the fluctuation and threshold value
of radial velocity at the diffuser exit) to minimize the unsteady flow oscillations and

perhaps improve performance.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

71

5()(5(1&(6

H. W. Emmons, C. E. Pearson and H. P. Grant, "Compressor surge and stall prop
TRANS. ASMHp. 455469, 1955.

N. A. Cumpsty, Compressor aerodynamics, Krieger Publications, 2004.

J. Sorokes, C. J. Borer and J. M. Koch, "Investigation of the circumferential static g
nortuniformity caused by a centrifugal compressor discharge volutdyiténnational ga:

turbine and aeroengine congress and exhibjttockholm, 1998.

P. Frigne and R. Van den Braembussche, "Distinction between different types of i
and diffuser rotating stall in a centrifgual compressor with vaneless diffigan$action
of ASME pp. 468474, April 1984.

R. Dehner, A. Selamet, Reller and M. Becker, "Simulation of mild surge in a turboche
compressor systemSAE Internationalpp. 197212, October 2010.

R. Dehner, A. Selamet, P. Keller and M. Becker, "Prediction of surge in a turboc

compression system vs. agrements,SAE Internationalpp. 21812192, May 2011.

A. X. Liu and X. Q. Zheng, "Methods of surge point judgment for compressor experir
Experimental Thermal and Fluid Scienpp, 204213, August 2013.

D. Fink, N. A. Cumpsty and E. M. Greitzer, "Surge dynamics in adpe®l| centrifuge
compressor systemJournal of Turbomachinenpp. 322332, April 1992.

X. Zheng and A. Liu, "Phenomenon and mechanism ofregimesurge in a centrifug

compressor,Journal of Turbomachinerypp. 17, August 2015.

[10] R. A. Van den Braembussche and B. M. Hande, "Experimental and theoretical stud

swirling flow in centrifugal compressor voluteg,fansactions of ASMEpp. 3843, 1990.



72

[11] E. Ayder, R. Van de Braembussche and J. J. Brasz, "Experimental and theoretical ar
the flow in a centrifugal compressor volut&yansactions of the ASMgp. 582589, 1993.

[12]F. Gu and A. Engeda, "A numerical investigation on twdute/impeller steadgtate
interaction due to circumferential distortion," froceedings of ASME Turbo Expo 2(
New Orleans, 2001.

[13] S. Khalfallah and A. Ghenaiet, "Analyses of impellaneless diffusescroll interactions i

a radial compessor,"IMechE Power and Energpp. 852867, March 2010.

[14] S. Kim, J. Park, K. Ahn and J. Baek, "Improvement of the performance of a cen
compressor by modifying the volute inletJournal of Fluids Engineeringpp. 17,
September 2010.

[15] L. Yu, W. Cousins, F. Shen, G. Kalitzin, V. Sishtla and O. Sharma, "Numerical invest
of the effect of diffuser and volute design parameters on the performance of a cel

compressor sstage,” Rroceedings of ASME Turbo Expo 20$8oul, 2016.

[16] D. Hagelstein, R. Van den Braembussche, R. Keiper and M. Rautenberg, "Expe
investigation of the circumferential static pressure distortion in centrifugal comg
stages,” ininternational Gas Turbine and Aeroengine Corsgreand Exhibition Orlando
1997.

[17] D. Hagelstein, K. Hillewaert, R. A. Van den Braembussche, A. Engeda, R. Keiper
Rautenberg, "Experimental and numerical investigation of the flow in a cent

compressor volute Transactions of ASMEpp. 2231, January 2000.

[18] S. Shaaban and J. Seume, "Aerodynamic performance of small turbocharger comg
in ASME Turbo Expo 20Q0Montréal, 2007.

[19] S. Chu, R. Dong and J. Katz, "Relationship between unsteady flow, presstuatituns
and noise in a centrifugal purafrart B: Effects of bladéongue interactions,Transaction:



73

of ASME pp. 3635, March 1995.

[20] P. Dilin, T. Sakai, M. Wilson and A. Whitfield, "A computational and experimi
evaluation of the perforrmae of a centrifugal fan voluteProc Instn Mech Engrgp. 235
246, 1998.

[21] D. Pan, A. Whitfield and M. Wilson, "Design considerations for the volutes of centt
fans and compressor$?toc. Instn. Mech. Engrspp. 402410, 1999.

[22] K. Wei, S. Zuo, H. He and Z. Wang, "Numerical study on the unsteady behavic
centriugal compressor for the fuell vehicle," inMeetings on Acoustic®rovidence, 201!

[23]C. Xu and M. Miiller, "Development and design of a centrifugal pr@ssor volute
International Journal of Rotating Machinergp. 190196, 2005.

[24]F. Gu, A. Engeda, M. Cave and-L]. Di Liberti, "A numerical investigation on tl
volute/diffuser interaction due to the axial distortion at the impeller elaytnal of Fluid:
Engineeringpp. 475483, September 2001.

[25] X. Zheng, A. Liu and Z. Sun, "Investigation of the instability mechanisms in a turbo
centrifugal compressor with a vaneless diffuser by means of unsteady simulatmmaAl
of Automobile Engineeringap. 15581567, 2017.

[26] Y. Bousquet, X. Carbonneau, G. Dufour, N. Binder and I. Trebinjac, "Analysis !
unsteady flow field in a centrifugal compressor from peak efficiency to near stall wi

annulus simulationsJhternational journal of rotating machinerpp. 11, 2014.

[27] Y. Bousquet, X. Carbonneau, |. Trebinjac, N. Binder and G. Dufour, "Num
investigation of KelviRHelmholtz instability in a centrifugal compressor near s
Proceedings of ASME Turbo Expo 20pp, 1-13, 2015.

[28] C. A. Amann, G. E. Nordenson and G. D. Skellenger, "Casing modification for incr



74

the surge margin of a centrifugal compressor in an automotive turbine enipoenal o'
Engineering fo Power,pp. 329335, 1975.

[29] J. Galindo, J. R. Serrano, H. Climent and A. Tiseira, "Experiments and modelling of ¢
small centrifugal compressor for automotive enginé&sgperimental Thermal and Flu
Sciencepp. 818826, 2007.

[30] L. Dai, A. Engeda, M. Cave and-LlJ. Di Liberti, "Numerical study and experimer
validation of the performance of two different volutes with the same compressor im
IMechE Power and Energpp. 157166, 2009.

[31] Z. Sun, X. Zheng, Z. Linghu, T. Kawakubo, H. Tamaki and B. Wang, "Influence of
design on flow field distortion and flow stability of turbocharger centrifugal compres

Journal of Automotive Engineeringp. 111, 2018.

[32] Q. Guo, H. Che, X. Zhu, Z:H. Zhu and Y. Zhao, "Numerical simulations of stall insit
centrifugal compressor|MechE Power and Energpp. 683693, April 2007.

[33] S. H. Jeon, D. H. Hwang, J. H. Park, C. H. Kim, J. H. Baek and K. W. Him, "Nun
study onthe effect of a volute on surge phenomena in a centrifugal compressaSME
Turbo Expo 2016Seoul, 2016.

[34] A. Fatsis, S. Pierret and R. Van den Braembussche, "“Oimensional unsteady flow a
forces in centrifugal impellers with circumferential distortion of the outlet static pres
Transactions of ASMBpp. 94102, January 1997.

[35] M. Yang, X.Zheng, Y. Zhang, T. Bamba, H. Tamaki, J. Huenteler and Z. Li, "Ste
improvement of higipressureatio turbocharger centrifugal compressor by asymir
flow control - Part 1. noraxisymmetrical flow in centrifugal compressotJburnal o

Turbomachingy, pp. 19, March 2013.

[36] M. Dumas, H. D. Vo and H. Yu, "Paestirge load prediction for mulstage compressors



75

CFD simulations,” inProceedings of ASME Turbo Expo 2015: Turbine Tech
Conference and ExpositipMontréal, 2015.

[37] E. M. Greitzer, "Surge and rotating stall in axial flow compressdmjtnal for Engineerin
for Power,pp. 190198, 1976.



76

APPENDIX A THROTTLE BOUNDARY CO NDITION

This appendix provides more details on the throttle boundary condition used in the present work.
This boundary condition was devised and implemented in ANSYS CFX by Dumag3§] ab
simulate surge in mulstage compressors. However, it had yet to be used on a turbocharger
compressor with volute scroll. As illustrated in Figure A.1, the setup consists of coupling CFD
simulation the compressor and analytical modgliof the downstream components, namely the
exit plenum and throttle valve (which stand in for the combustor and turbine in aaragne),

in the same manner as the modelling of these components by Gf&ngerhis coupling takes

the form adynamic satic pressure that is applied as a boundary condition to the compressor CFD
domain outlet, with this pressure varying in time according to the analytical model of the plenum

valve assembly.

Figure A.1 Throttle boundary conditiof86]

A.1 Explanation of the Model

The throttle boundary condition is based on modelling the air inside of the plenum as an ideal gas
under isentropic compression and expansion, with its presBureedulated the plenum inlet

(1 §)xand outet (I § 43 mass flows as expressed by equations (A.1) whéses the plenum
volume anda the speed of sound.

ol 1,

@2 =, .
_@15 1§ | Geg (A1)
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Furthermore, the mass flow exiting the plenum to the atmosphergythtba throttle valve is
modeled to vary in a quadratic manner, with pressure drop across the valve, which translates to
equation (A.2), wher&; is the throttle constant ang, is the mean meridional velocity through

the valve.

Zopcprav-c 6 R (A.2)

By supposing that the plenum pressure is the total pressure exiting the compredbat téwed
(atmospheric) pressure downstream of the vasvequal to the inlet total pressure to the
compressor (which is a very close approxim@tior a turbojet as well as the current compressor
test rig), equations (A.1) and (A.2) can be combined and discratizeohe to give equation

(A.3). It updates the static pressure at the CFD domain exit at every iteration according to the
boundary conitions setup shown in Figure A.2 a when the mass flow is positive (forward flow).
At the same time, the atmospheric pressure and temperatures are applied as total pressure and
temperature at the CFD domain inlet. Baparameter in equation (A.3) is a siituide parameter
defined by Greitzer [d to predict the occurrence of surge and is defined by equation (A.4),
where U is the mean rotor velocityx: is the compressor flomhrough area and.c is the
compressor equivalent duct length.the present caséje values olJ and & are taken at the

impeller rotor inlet andLc is taken as the length frothe domain inleto exit.

&:7°0 PLI @ecP E 1 Zae¢P F ZU@aaaézaeé@Ié (A3)

msiPEUPL 2.¢cP E

V8.5  ée €Uac
7 &
L— ° A.4
$ 1= 5/4. Y, ( )

When flow reversal occar(negative mass flow), as is the case during part of a deep surge cycle,
the boundary setup shown is as Figure A.2 b, with the atmospheric pressure applied at the inlet of
the CFD domain, while the total pressure and total temperature described byrsg{fatd and

(A.6) are applied at the CFD outlet domain.
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Turbocharger compressor, 3D RANS CFD model
Surge condition with forward flow

N\

Outlet boundary

conditions
n Variable static pressure
Inlet boundary conditions T Pou = f(t)
Constant total temperature
Constant total pressure

Normal flow

(a) Positive mass flow (forward mass flow)

Turbocharger compressor, 3D RANS CFD model
Surge condition with backward  flow

~N

Outlet boundary

conditions
. Variable total pressure
Inlet boundary conditions P, =f(t)
Constant static pressure Variable total temperature
T[ = f(t)

(b) Negative mass flow (flow reversal)

Figure A.2 CFD boundary conditions applied to the turbocharger compressor 3D model

“PEUPL ns;PEUPF@E— / :P°A" G or s;PEUP

(A.5)
:PE U PL -F’r—z‘?:pEUPG—?5 o
PEUPL R Fp

The switch in boundary condition setup is made possible in ANSYS CFX by usioge¢heg

boundary conditionwith the option oopening pressure and direction

The details of the equation derivations and implementation of the throttle boundary conditions

can be found in reference [37].
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A.2 Choice of Throttle Constant

While a throttleconstant is more representative of the physical setup, one of its disadvantages in
the context of this project is to obtain the right value of the throttle corstantget a desired

mass flow. The method used in the present project is partly itertitoensists for each housing

of carrying simulations at several (at least four) valuds; ahd curve fitting the resulting data to

obtain a function linkindg<; to mass flow, as shown in Figure A.3.

140
y = 0,0317X2 - 7,1275x + 436,76 124 y =0,0098x2 - 3,63 + 347,46
R2=0,989 R2 = 0,999
120 '
_ 100 100
— 100
7 90
' 75
= 80
]
J2
8 60 55 55 50
g
<_>u 40 35
E-Housing Kt-m combinations
20 H-Housing Kt-m combinations 15,55
E-Housing trend curve
H-Housing trend curve
0
0 20 40 60 80 100 120 140 160 180

Mass flow at the outlet [g/s]

Figure A3 Relation between the valve constant (Ktjlahe resultant mass flow in E and H

housings unsteady simulations

A.3 Efficiency Correction

While the process for selecting the value of the throttle constant described in section A.3 is
effective, the resulting mass flow can still differ from theigesvalue by a few tenths of g/s,

which explains the need for efficiency correction through the process illustrated in Figure A.4. It
essentially consists of using the adiabatic efficiency versus mass flow slope between the nearest
two data points obtaed with fullwheel unsteady simulations with constant mass flow boundary
condition to shift the efficiency value the desired mass flow.
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Legend:
© Data points from speedline
@ Point from throttle b.c. unsteady simulation

@ Point calculated with the speedline slope, at t
same mass flow as recorded in throttle b.c. unsteady
simulation(ms, <)

@ Corrected point at the comparison mass fiow .)

3v

Figure A4 Efficiency correction method
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APPENDIX B ANSYS VERSION VERIFICAT ION

Due to a relatively recent hardware upgrade in the governmental computational cluster used for
simulations in this project, the ANSYS CFX version 16.1 used for most of the simulations was no

longer available and later simulations had to be run ingart full with ANSYS CFX version

18.1 on the new cluster. This appendix presents a verification of equivalency between the two

versions through comparisons of similar runs made in either version.

Figure B.1 compares thtane history ofthe adiabatic eftiency for theunsteady simulations of

the Ehousing near surge with a throttle boundary condition and a short outlet duct (Model A in
Figure 3.8 a) ran from the same initial guess on the old cluster with v16.1 (using 48 cores
distributed four nodes) ansh the new cluster with v18.1 (using 48 cores on a single node) 48.
The results show that after the initial 30 rotor revolutions, the results start to differ even though

the amplitude and oscillation amplitude is similar.

Figure B.1 Unsteady convergentime history of adiabatic efficiency fdg-housingat 78 g/s
short duct model witkhrottle b.c. (u-E-FW-78-5-d-p) with different ANSYS CFX versions
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To ensure that the difference is not purely related to version change, simulations -bioths i)

at 90 g/s performed twice on the old cluster in v16.1 were retrieved and compared in Figure B.2.
In this case, the ANSYS CFX version was the same but the core used (distributed over four nodes
and assigned automatically by the cluster) were different folh eanulations. The resulting
Figure B.2 shows that the difference in hardware is enough to cause the two solutions to differ
after a while as was seen in Figure B.1, while also exhibiting similar trends.

On the other hand, when the same comparison is foatl®o same simulations of thelusing
near surge were performed on exactly the same node in the new cluster both with v18.1, Figure

B.3 shows that the results is exactly the same.

Based on the aboyene can conclude the difference seen in FigurébBtween the old and new

cluster is likely due in large part to hardware change rather than version change.

Figure B.2 Unsteady convergence time history of adiabatic efficienc¥fbousingat 90 g/s
short duct model witlthrottle b.c. (u-E-FW-90-5-d-p) with v16.1 ANSYS CFX version
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Vv18.1, run 2 - e—

Figure B.3 Unsteady convergence time history of adiabatic efficienc¥fbousingat 78 g/s
short duct model witkhrottle b.c. (u-E-FW-90-5-d-p) with v18.1 ANSYS CFX version
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APPENDIX C H-HOUSING COMPUTATIONA L DOMAIN

This appendix shows the computational domains for th@ilising configuration along with the

interfaces and boundary conditions used.

Single -passage

Impeller ——

_ N \

Inlet +Impeller interface:
Stage interface (mixing plane)

- Fluid -fluid

Rotational
periodicity

FigureC.1 Computational domain for singldade passage modgl-housng)
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:

QOutlet:

Constant For transient simulations:
mass Transient rotor-stator
flow interface (sliding plane)

For transient simulations:
Transient rotor-stator interface
(sliding plane)

'\\\
TT]_ =298.5K
PTl =100 kPa

Flow normal to
boundary condition

Figure C.2 Computational domain for fulheel model (Fhousing)
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APPENDIX D STEADY-STATE SIMULATION VAL IDATION

This appendix lists the results all stesdgte (single passage and fwtheel) simulations
peformed for comparison with available test data (Section D.1). Section D.2 provides
investigates the effect of the tirseale setting in steaebtate simulations in ANSYS CFX.

D.1 Validation with Test Data

While section 4.1 focused on results from stesidye simulations of both housings with the
short duct model at near surge and 90 g/s, ststdgsimulations were also performed at two
other mass flows, namely the design point and an intermediate mass flow (83 g/s), and also with
the long duct comdurations (similar to Figure 3.8 c) for comparison with measured speedline

data. Table D.1 lists the mass flow values at which stetadg simulations were performed.

TableD.1 SteadysWDWH UXQV GRQH ZLWKOGOBPAW) KRXVLQJ

E-Housing H-Housing

Near surge: m = 78.09 g/s | Near surge: m = 72.42 g/s

m =83 g/s m = 83 g/s

m =90 g/s m =90 g/s

Design point: m = 130.22 g/ Design point: m = 128.42 g/s

Tables D.2 and D.3 list the measured values of pressure ratio and adiabatic efficietiogirand
CFD-predicted values for the-Bousing and the #Housing, respectively, and the results are
compared graphically in Figures D.1 and D.2. To make the comparison as fair as possible, the
listed adiabatic efficiency from CFD simulations as with theralitive calculation method
described in section 3.4.2 to emulate the method of deducing adiabatic efficiency from raw test
data. All the listed steaedstate simulations were run with a time scale setting &b Se as
suggested bysarrettMotion. These thles and figures indicate that the predicted pressure ratio
and adiabatic efficiency do not vary much with duct length nor between single amchéal
configurations. However, all of the steaskate simulations overestimate the adiabatic efficiency

by 2-3 percentage points.



TableD.2 E-housing stead WDWH UXQV WBOVRPUI)WWE-FW-78-20-d-p

Full-wheel model Single-blade passage model
Experimental data Short outlet duct Long outlet duct Short outlet duct Long outlet duct
(sE-FW-d) (sE-FW-D) (s-E-SP-d) (sE-SP-D)
530 | m(kg/s) | PRy 1T (%) PRrr T (%) PRrr T (%) PRrr T (%) PRrr T (%)
220000 | 0.0781 | 3.3986 65.50 3.482 66.80 3.467 66.53 3.469 66.75 3.464 66.40
220000 | 0.0830 N/ N/D 3.380 68.13 3.365 67.87 N/D N/D N/D N/D
220000 | 0.0900 o 6740 | 3.298 | 69.21 | 3.288 | 69.03 | 3.292 | 69.04 | 3.283 | 68.85
220 000 0.0912 3.3346 67.60 N/D N/D N/D N/D N/D N/D N/D N/D
220000| 0.1039 3.3141 70.14 N/D N/D N/D N/D N/D N/D N/D N/D
220 000 0.1162 3.2920 72.45 N/D N/D N/D N/D N/D N/D N/D N/D
220000 | 0.1302 | 3.1259 | 73.38 | 3.272 | 77.34 ND ND 3.288 | 76.93 D D
220 000 0.1429 2.8097 70.99 N/D N/D N/D N/D N/D N/D N/D N/D
220 000 0.1544 2.1658 57.30 N/D N/D N/D N/D N/D N/D N/D N/D

TableD.3 H-housing steadgW DWH UXQV UB0O?REWY V

Full-wheel model Single-blade passage model
Experimental data Short outlet duct Long outlet duct Short outlet duct Long outlet duct
(sH-FW-d) (sH-FW-D) (sH-SP-d) (sH-SP-D)
530 | m(kg/s) | PRy T (%) PR T (%) PR T (%) PR T (%) PR T (%)
220000 | 0.0724 | 3.2863 62.02 3.463 64.40 3.413 64.16 3.416 64.13 3.411 64.04
220000 | 0.0830 ND N 3.289 67.13 3.278 66.93 N/D N/D N/D N/D
220 000 0.0861 3.2054 64.46 N/D N/D N/D N/D N/D N/D N/D N/D
220000 | 0.0900 ND 65.40 3.367 69.23 3.211 68.43 3.219 68.51 3.207 68.26
220 000 0.1134 3.2491 71.07 N/D N/D N/D N/D N/D N/D N/D N/D
220000 | 0.1284 | 3.1076 72.90 3.273 77.13 N/D N/D 3.242 77.50 N/D N/
220 000 0.1430 2.7970 70.95 N/D N/D N/D N/D N/D N/D N/D N/D
220 000 0.1547 2.1361 58.17 N/D N/D N/D N/D N/D N/D N/D N/D
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FigureD.2 Steadystate CFD speed lines forHousing
D.2 Effect of Time Scale

An important input parameter for steashgte simulations in ANSYS CFX is the time scale
setting. According to the CFX help module, this setting acts as a mean foirelad@tion of the

equations. An excessively large time scale setting candeaskillatory convergence behaviour.
However the failure to improveconvergene with a lower time scale setting may indicate

presence of flow separation and/or transonic flow in the computational domain.

A time scale study has been thus performed to assess the effect of this parameter on predicted

adiakatic efficiency from steadgtate simulations, and on the behaviour of the simulation to
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validate the standard value proposed by Garrett Motion. Table D.4 lists the time scale values
(also indicated in terms of number of time steps per blade passinghdiooshis study.

TableD.4 List of time scales used for the time scale study for both housings

Time scale [s] Time scale, indicated in number of rotor revolutions (at @20 RPM)
5e5 N=0.7

3.409e5 N=1

6.818e5 N=2

3.409e6 N =10

5.114e6 N =15

6.818e6 N =20

TableD.5 Steadystate simulations results near surge for each housingyliglél model
(sFW-d), when using different time scales

N=0.7 N=1 N=2 N=10 N=15 N=20
E—Housing 66.80% 66.80% 66.82% 66.80% Did not converge| Did not converge
in time in time
(sFW-78-d)
H-Housing 64.40% 64.26% 64.50% 64.30% Did not converge| Did not converge
in time in time
(s-FW-72-d)

Among these time scales, two have been chosen for a more detailed comparison:
x 5e5 s (N = 0.7, which is the time scale recommended by Garrett Motion;

x 3.409e6 s (N = 10), which corresponds to one of the time step value used in some of the

unsteady simulations.

The corresponding efficiency convergence curves and the average efficiency valueghfor b
housings at near surge and 90 g/s are shown in Figures D.3 and D.4 for the N=7 and N=10 times
scales, respectively. The plotted curves are for simulations done on the standard (short) outlet
ODEHO LQ W&tihy Odshgl@assdge @ddel. These
figures show that the lower the time scale setting by an order of magnitude time scales does not

duct configurations, with thé

significantly alter the predicted average efficiency nor the convergence behaviour, thus validating
the time scale valueecommended by Garrett Motion. On the other hand, the fact that the

oscillatory nature of the convergence is not educed by a much lower time scale setting is an
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indication of unsteadiness in the computational domain, which has been verified with unsteady

simulations.

a) Adiabatic efficiency of E and H housings
relatively to the last 1000 iterations of each
simulation in steady conditions with short duct
(Near surge, time scale = 58 s +N=0.7)

66.80%
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64.14%

Adiabatic Efficiency [-]

b) Adiabatic efficiency of E and H housings
relatively to the last 1000 iterations of each
simulation in steady conditions with short duct
(m=90 g/s time scale = 565 s £N=0.7)

69.22%%

69.21%

FigureD.3 Efficiency curves for both housings and both moaéth short ductsusing a 5és

time scale

a) Adiabatic efficiency of E and H housings
relatively to the last 1000 iterations of each
simulation in steady conditions with short duct
(Near suge, time scale =86 s +N=10)
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64.10%

Adiabatic Efficiency [-]

b) Adiabatic efficiency of E and H housings
relatively to the lag 1000 iterations of each
simulation in steady conditions with short duct
(m=90 g/s, time scale =86 s +N=10)

70.03%

69.23%

FigureD.4 Efficiency curves for both housings and both moaeth short ductsusing a 3és

time scale
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Moreover,the efficiency convergence curves and the average efficiency have also been plotted
for steadystate simulations with the long duct models at a time scale-6fban Figure D.5 to

study the effect of the duct length on convergence behaviour. A comphageseeen Figures D.3
(short duct and D.5 indicatthat the additional exit duct length reduces oscillations in the

convergence, perhaps by attenuating the flow unsteadiness in the domain.

a) Adiabatic efficiency of E and H housings b) Adiabatic efficiency of E and H housings
relatively to the last 1000 iterations of each relatively to the last 1000 iterations of each
simulation in steady conditions with short duct simulation in steady conditions with short duct
(Near suge, time scale = B-5s *N=0.7) (m=90 g/s, time scale =&5s +N=0.7)

= (3]

Q 2

5 ke

= E

= [}

Q £

5 3

- ,_g 68.43%

3 64.15% <

FigureD.5 Efficiency curves for both housings and batbdels with long ducts, using a-5e

time scale

When comparing the convergence of cases with the normal duct relatively to the ones with the
longer outlet duct, it is possible to see that the additional length at the outlet attenuates the

oscillations de to the unsteadiness in the domain and helps to reach convergence.

Table D.6 provides a review of the effect time scale, outlet duct length and single passage versus
full wheel model selection on the convergence of a stetatg simulation in ANSYS CFXhis

analysis is provided for the-Rousing simulations at near surge (72 g/s) and 90 g/s.



TableD.6 Convergence analysis for thehidusing solver runs
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\ 4

a) MAX residuals are two
magnitudes higher vs
RMS residuals: Sign of
local phenomenon causing
convergence issues.

b) In all cases, the single
passage model has less
imbalance issues than the

full wheel models.

\

l

d) In all cases, when using the same model
type, smaller time scales:

¥ Cause more imbalance

T Increase residuals (MAX and RMS)

y

¢) The long duct model felps
the residuals and imbalance
values to remain low.
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The following observations can be made from Table D.6:

a)

b)

d)

e)

The residual levels an indication of possible unstable flow presence in the domain.
According to the ANSYS CFX helpif MAX residuals are 100 times bigger, or more,
than the RMS residual, it shows that there is a punctual location in the housing where

unsteadiness occurs.

The imbalance level from all subdomains is higher imfitiieel simulations than it is for
singleblade passage runs. Imbalance levels over 1% are indicated in red in Table D.6

occurring mostly when the fulvheel model is used.

The model with the longeputlet duct results in lower subdomain imbalance. Near surge,
for the same time scale (bs), the difference in imbalance level is very high, especially
when using the fullvheel model. Extending the outlet duct in steathte improves

convergence.

A smaller time scale increases imbalance levels and both MAX and RMS residuals. The
higher oscillations, especially in the m = 90 g/s case, shown in Figure D.4 confirms the

trend found.

The adiabatic efficiency is relatively insensitive to time scale inctes.

3 Section 15.10.1.1.2MAX residual level. ANSYS CFX help, release 16.2.
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APPENDIX E SIMULATIONS RUNNING TIMES

This appendix lists the simulation time in steatigte and unsteady mode for thendusing.

Simulation times for the #housing are similar to those of thehBusing.

Table E1 Required time for steagytate simulations

Steadystate simulations

Number of iterations

Run to reach convergence Required time CPU properties
S-E-SR78d 2,000 5 hours
sE-SR78D 3,500 8 hours 4 x 12 partitions
Intel Xeon X5650 Westmere
s-E-FW-78d 2,000 8.5 hours 2 67 GHz
s-E-FW-78-D 5,000 24 hours

Table E.2 Required time for unsteady simulations

Unsteadysimulations

Number of time steps

Run to reach convergence Required time CPU properties
(3 oscillations periods)
1 x 40 partintel Gold
Cst. m 6,312 200 hours (8.3 days) 143 Skylake 2.4 GHz
Throttle 4 x 12 pat. Intel Xeon
U-E-FW-5 | short duct 9,720 284 hours (11.8 days yceeq westmerg.67 GHz
Throttle 5,502 1 x 48 partintel Platinum
Iong duct | not converged yetHgure F.2) 334 hours (13'9 da)/s 8160F Skylake?.1 GHz
1 x 48 partintel Platinum
LEFWL Cst. m 15544 413 hours (17.2 days g 5or Skylake.1 GHz
10 Throttle 4 x 12 partintel Xeon
short duct 16,938 486 hours (20.2 days ycoeq westmere 67 GHz
Cst. m 15,641 413 hours (17.2 days 1 x 48 partintel Platinum
u-E-FW- ' For 1.50scillationperiods only For 1.5 periods only 8160F Skylake&2.1 GHz
20 Throttle 4 x 12 partintel Xeon
short duct 33468 1019 hours (42.4 days zee( wesmere2.67 GHz
U-E-FW-45-d-p 25753 737 hours (30.7 dayg 4 x 12 partintel Xeon

For oneoscillationperiod only

For oneoscillationperiod only

X5650 Westmer@.67 GHz
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APPENDIX F COMPARISON BETWEEN SIMULATIONS W ITH N=20

AND N=45

This appendix compares in more detail the unsteady simulations results fehthusigg at the

two lower time step settings (N=20 and N=45) to assess whether they provide similar results, to

confirm the selction of N=20 as adequate.

Figure F.1 plots the time variations of adiabatic efficiency for both N=20 and N=45 compares

directly the results from dBousing simulations when using N= 20 and 45. The points on the

curve indicate the start and end points of the {aweraging periods wh the corresponding time

averaged adiabatic efficiency values indicated in theritii legend. First, one can see that the

change in timaaveraged adiabatic efficiency is very small between N=20 and N=45 (especially

relative to N=10 as shown in Figure5 Second, the oscillation amplitude and perhaps even

period are similar.

&DOFXOYDHWHDEEDD BOWIEEHQF\

O 7KURWWOH E F 1
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O 7KURWWOH E F 1

FigureF.1 Comparison between N=20 and N=45 simulations for the EXV L QJ kRPM,
near surge (throttle, m = 78.09 g/s), short duct model with small pletmaodel A

(U-E-FW-78-d-P)
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Figure F.2 showthe instantaneous flow structures in the diffuser and volute for N=45 in a form
similar to the plots of Figures 5.5 and 5.8 for N=20. A comparison shows that the solution at
N=45 exhibits similaratating stall flow structures (Figure F.2 a) and intermittent blockage in the

outlet duct just downstream of the tongue as the N=20 solution.

a) Mach number and velocity distribution at diffuser msjgan at one time instant

1

Adiabatic efficiency relatively to the number of rotor
revolutions calculated at the volute outlef(E-housing,
220 kRPM, near surge, throttle b.c.)

0,680
0,670
0,660
0,650
0,640
0,630
0,620

Adiabatic efficiency [-]

0,610

0,600
90 100 110 120 130 140 150 160

Time [Rotor revolutions]

b) Mach number distriltion in the volute and outlet duct at different time instants

Figure F.2 Instantaneous flow structures irnBusing near surge at N=45
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APPENDIX G OTHER UNSTEADY SIMUL ATIONS

This appendix assesses the effect of outlett deicgth and plenum size on the unsteady

simulations with throttle boundary conditions of théa&lising near surge.

Figure G.1 plots the convergence history of adiabatic efficiency and outlet mass flow for models

A, B and C as illustrated [frigure 3.8] As a recap, Model AHFigure 3.8|a) is the standard

configuration with a short outlet duct and a modeled negligible plenum volume and throttle

valve. Model B|Figure3.8|b) has a sht outlet duct with the volume of the remaining physical

duct up to the physical throttle valve modelled as a plenum volume (i.e. the outlet duct air
volume is modelled as a stagnant compressible volume) followed by a modelled valve. Model C

Figure 3.8| c) incorporates the entire outlet duct up to the physical throttle valve into the

computational domain, leaving the throttle boundary condition to model negligible plenum

volume and throttle valve. Configuration C can be considéredlbsest model to the actual test

rig shown ir{FigureS.Z

The results in Figure G.1 indicate thte amplitude and time period of the main eéihcy

oscillation increase in the presereéonger outlet duatither analyticallynodeled (model Byr
simulated (model L Moreover,while the use of a plenum model for thetlet duct (model B
seems to captuiesimilar amplitude of the main efficiency oscillation as that of the configuration
that incorporatd the outlet duct (modél), it differs in frequency andignificantly overestimates

the amplitude of the mass flow oscillations.

Last but not least, Figure G.2 plots the convergence history of adiabatic efficiency and outlet

mass flow for model D (as illustrated|ifigure 3.8|d) for which the entire duct length upstream

and downstream of the physical throttle valve |q§ige|re3.2 is modeled as a plenum volume in

the throttle boundary condition. The simulation results show tthatconfiguration goes into

deep surge with flow reversal (negative mass flow), which is consistent with Greitzer [37] who
has shown that a large plenum leads to surge. (While not shown, simulations of this configuration
at a higher mass flow83 g/s £shows a stable oscillatory solution). This premature surge (since
test data did not show surge at this mass flow) indicates that the throttle boundary condition can
be used to simulate surge in the turbocharger compressor and also confirms the inttibioly tha

the volume upstream of the valve should be modeled as the plenum.
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Model B
Figure 3.8 b

Model A
Figure 3.8 a

Model B
Figure 3.8 b

Model A
Figure 3.8 a

Low frequency High frequency Low frequency High frequency
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FigureG.1 Adiabatic efficiency at the volute outlet and mass flow at the computational domain
exit for unsteady ghousing simulations at near surge (78.09 g/s) thitbttle boundary
conditions with different outlet duct and plenum volumes (modelB:RW-78-5-d-p, model B:
u-E-FW-78-5-d-P, and model C:-&-FW-78-5-D-p)
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Model D
Figure 3.8d

Model D
Figure 3.8d

FigureG.2 Adiabatic efficiency at the volute outlet and mass flow at the compughtiomain
exit for unsteady Ehousing simulations at near surge (78.09 g/s) with throttle boundary
conditions negligible (model A:-&-FW-78-5-d-p) versus excessively large(model DE«FW-
78-5-D-P) plenum volume
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APPENDIX H EFFECT OF FLOW UNSTEADINESS ON EFFICIENCY

This appendix presents a preliminary estimation of the penalty is adiabatic efficiency associated
with the unsteadiness in the volute scroll triggered by rotating stall in the diffuser. From another
point of view, the estimated value would be the efficiency gain if the unsteadiness in the volute

scroll could be suppressed.

As illustrated in Figure H.1, the procedure essentially consists of calculating the total pressure
loss across the volute (from the massrage total pressure at the diffuser exit and CFD domain
exit) for steady simulation and using this value to replace the total pressure loss across the volute
in the unsteady simulation to obtain a revised domain exit outlet total pressure, with which the
adiabatic efficiency is recalculated. The difference between the revised adiabatic efficiency value
and the original value from the unsteady simulations is the efficiency penalty from volute flow

unsteadiness.

Steady-state simulation Unsteady simulation
AN AN
/ \ Diffuser exit: / \ Diffuser exit:
No rotating stall m.avg. Ry Rotating stall m.avg. Ry
in diffuser in diffuser
m.avg. R4

Figure H.1 Estimation of unsteady exit tdgaressure without volute oscillation

The procedure described above was applied to the unsteady simulations of E and H housings near
surge with throttle boundary conditions and N=2 which were analyzed in chapter 5. The results
are listed in Table H.1, ith shows that the adiabatic efficiency increases by 1.83% an 1.13%

for the E and H housings, respectively, when the exit total pressure is revised with the steady
state volute pressure loss. Given that the flow unsteadiness is relatively small fehdhsiiig

near surge such that the difference is original and revised efficiency should be close to zero, the
1.13% value should represent the error offset associated with the proposed method. Applying this
offset to the Ehousing results in an efficiency pEty due to unsteadiness of 0.7% (or 0.7
percentage point).
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Table H.1 Estimation of effects of volute flow oscillations on adiabatic efficiency

E, m=78 g/s| H, m=72g/s
unsteady 6383% 6207%

unsteady 0, 0,
With GPT, steady 65.66% 63.20%

osc. amp. + 4% + 0.5%

a 1.83% 1.13%




