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ABSTRACT

This paper will investigate the stability of the compressor with circumferent&ll distortion An experimental
method has been implemented on a transonic axial flow compressor with uniforrthraeddifferentlevels of
circumferential distortion inflowntensity. The distortion is introduced kywell-designed gauzapstreamof the rotor
Dynamic transducers and steagtate probes have been mounted in multiple locations to monitor the stall event. From
previous studies, the circumferential inlet distortion usualtyeass the stall point mass flowrate As thesepapershave
shown, it is expected that the stall point mass flow rate increase as théyndémlstortion increase#An unexpected
result, howeveirindicatesa smallerstall pointmass flowratein distortion caseshen compeed to uniform casesn light
of this resultthis paper demonstraté®e evolution of instability in circumferential distortion conditiaand analges them
to exphkin thereason behind th&maller stalpointmass flowrate Thecircumferential distortion can alter the development
of the stall eventThe reduction irthe stall point mass flow ratés related to the stall inception of this compressothe
uniform case, thetallinceptionis the partial surgeriginating fran the stator hubin the distortiorcase, various unsteady
phenomena occatthestator hutas the compressapproachethestall point Those disturbanceloweverfail to induce
the compressdp stall. In the end, the propagationsgikescan beobservedn the record of unsteady pressure transducers
mountedon the rotor casing wall, which triggtite whole compressor stallhe decrease of stall point mass flow rate
between the uniform case and distortion casdséto the transformation of stall inception from partial surge to spikes.

1 INTRODUCTION

The uniform inflow is not alwaysealisedat the inlet sectiomluring applicationWhen the engine encourgehe
distortion inflow, the compressor ht® potential torotatingstall orsurge which canlead to catastropb consequeres
Thus, he investigation of inlet distortion has been implemented since the 1950s due to preatiieahs, like gust, ground
swirl, and flight manoeuvregonrad and Sobolewski, 1950)he previous experimental studies suggest that the inlet
distortion deteriorates the compressor performance and reduces the stability (margase in stall mass flovi) most
circumstancegFredric, 1957; Katz, 1958; Jaumotte, 1964; Doyle and Horlock, 1966; Plourde and Std&8p,
Biesiadnyet al, 1986) Due to the limitations of theénstrument only steadystate data can be measured in previous
experimentsAs for the simulation methodlazzawy(Mazzavy, 1977)and HynegHynes and Greitzer, 198B)ilt two-
dimensional simulation models to investigte propagation afmallamplitude disturbancesnder the circumferential
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inlet distortion conditionThe computation capability at that time, however, was not sufficient, santieeels inevitably
made some assumptioriBherefore the physical mechanisnd the reduction in stability margihave not beenfully
understoodor five decadesAs for applications in engineerinthe compressor designers usually sacrifice operation range
to ensure the compressor can tolerate transient distortion inflow.

Until recently, to fulfil the economitarget, theboundary layer ingestio(BLI) ideal was proposed in 20@Biall,
Schwartz and Hileman, 20Q9)he B_| aircraft configuratiorhas great pehtia in redudng noise and fuel consumption.
The circumferential distortion has become a continuous opeimdjtionfor the moderrcompressor desig Therefore,
the requirements for compressor stabilitpder contimous circumferential distortion conditiomgve beerproposed
immediately.Circumferential distortion has become a subject of increasing interest in compressor stability over recent
years. With improved measurement metlsoih experimentsthe cycling behaviour of the unsteady disturbanoder
circumferential inlet distortioiin some cases BLI distortiomjasreported by many researchesgperimendally (Jianget
al., 2009; Perovic, Hall and Gunn, 2019; Siggeirsson, Andersson and Olander, T2@20isturbanceatthe rotor tipgrow
in the loomomentumareaand decay in the higlmomentumarea which is related to thewirl angle and mass flow
distribution The compressogall when the disturbance can propagate around the annular without dying out in the high
momentum region. Specifically, the total pressure distostdie tipdominates the variation of the incidence angle so as
to affect the propagation dfisturbancelt has also been foundy means of that coropational methodthat the
circumferential inlet distortion hasronnegligibleinfluence on the compssor stabilityFidalgoet al (Fidalgoetal.,
2012)illustrate the formation of the swirl flow upstream of the rofdreyfound that theeduction in stall margitinearly
increases with the distortion intensiBhanget al (Zhanget al, 2017)compard the distortionin differentranges and
found that thegreatestdistortion range leadto a more considerabléoss inthe stall margin The adverse effect of
circumferential distortionin this research is illustrated by the flow blockag¢he blade tipWengianget al studed the
circumferential distorbn simulation systematically including the computatiomodel, boundaryconditions, physical
timesteps, and exit duct lengtBhang and Vahdati, 2017, 2019; Zhang, Stapelfeldt and Vahdati,.ZD@0)intereshg
finding isthat the length ofhe exit duct isanimportant feature tbe consideredf one wants to simulate the stall margin
of a compressor with circumferential distortiomhose investigationsnainly focus onspiketype stall inception
compressa@. The spiketype stall inception is a sheléngthscale disturbanceriginating from the rotor tipvithin serval
pitches in widh. The formation of the spike i®latel to the threedimensional flowat the tip (Furukawaet al, 1999; Vo,

Tan and Greitzer, 2005; Pullanh al, 2015) Therefore, theompressor with spikgype stall inception also dassifed as
tip critical compressor as the unstable phenomena occur in the rotor tip region first.

Recently, various new staficeptionshave been developgfbcusing largly onhubhighly load This increases the
possibility of instabilityin the flow at thehub. Doddset al. (Dodds and Vahdati, 2014, 201féund stall cellsatthe rotor
hubrotatingat relatively low speed. Lét al reporteda partial surgen 2014and further investigated iih the after years
(Li et al, 2014b, 2015; Pan, Li, Léet al, 2017; PANet al, 2021) Thelow-frequencypartial surgalisturbanceriginates
from the stator hulwith no circumferential phase differemc'he influence otircumferentialinlet distortion on the hub
critical compressor remains unclear. The subject of this paper is to tegeafluence of circumferent inlet distortion on
a transonic axial compressor with partial surge stall inception. Different intensities of circumferent inlet distortion are
implemented experimentally

This paper ipresenteas follows the experimentethods expounded in Séion 2, including the object compressor,
measurement systeamdthedata analysis metho8edion 3 illustrates the measurement data to show the stall events, and
a discussion on the failure of the partial surge is followed iti@e4. Finally, Section 5 concludes the findings of this
experiment.

2 EXPERIMENTAL METHODS

2.1 Compressor rigand measurement system

A schematic view of the test equipmesitpresented irFigure 1. A power turbine drives the tested compressor
connecting bya gearboxThe rotation speed can increase continuously to the maximum va24€@d rpm Experiments
in this paper were all tested at 88% design sgaszlind 19360 rpm) because, in our previous stutliespartial surge
typically causes the stall inception when running at 88% design .speedorque meter is connected to the gearbox to
measure the total work inpQthe settling chamber eliminates the agriform inflow from the environment and guarantees
similar inlet flow conditions before the gauze. Thus, the gauze is mounted downstream of the chamber. The test rig is a
single-stage transonic compressor. The speatifon of the compressor is summarised ablel and Table 2.

To illustrate the measurement systemthe tested compressor, the testiedje configuration is shown kigure2.
The circumferenal inlet distortionis introduced by installing a distortion gauze sectorthed compressér sntake
downstream of the settling chamb€&he parameters of the gauze are welsigned andummarisedn Table3. The d and
| represent thevire diameterandintervaldistancerespectivelyLow-response total pressure probes are located atléte
(sections A) and outlgGection D) of the compressor. Specifically, six combs are usgettbe total pressure accurately



at the outlet sectionnder a highly skewed total pressure transversal distribution. There are five measurement positions at
each comb equalrea distribtedalong the radial direction. The total pressures are averaged by thevarage method.

Four highrespondenstatic pressure transducers areuntedupstream of the rotor leading edge eegiedumferential
distance (statio B). Downstream of the stator, twelve dynamic total pressure transducersiareed at an equal distance

from each other in the circumferential and radial direction.

14

1. Dust Screen 8. Speed Increasing Gear Box | _—
2. Inlet Nozzle 9. Power Turbine

3. Inlet Throttle 10.Main Exhaust

4. Setting Chamber 11.Gas Mixing Duct

5. Transonic Test Stage 12.Bypass Exhaust

6. Outlet Nozzle and Throttle 13.Bypass Gas Throttle

7. Torque Meter 14.AU-20 Gas Generator

Figure 1 Schematic diagram of the rig test facility
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Inlet Ax3 Rotor Tip Bx4 Stator Outlet Cx4 Outlet D=3

Figure 2 Tested stage and configuration of measurement system
Table 1 Design parameters of the compressor

Parameters Value
Rotor speed 22000rpm
Total RessureRratio 1.6
Design Mass Flow Rate 13.5kgls
Hub/Tip Ratio of Rotor 0.565
AspectRatio of Rotor 0.956
Number ofRotor Blade 17
Number ofStatorblade 29
Number ofSplitter blade 29
Table 2 Detailed blade parameters
Inflow angle Outflow angle Solidity
Rotor Tip 61.7° 61.7° 1.29
Rotor Middle 58.55° 50.89° 1.54
RotorHub 49.1° 10.1° 2.09
StatorTip 47.02° 23° 1.36
StatorMiddle 44.27° 23.94° 1.52
StatorHub 53.35° 32.83° 1.81
Splitter Tip 23° -7.86° 0.94
Splitter Middle 27.89° -5.04° 1.13




SplitterHub 34.39° -7.37° 1.33

Table 3 Design parameters of gauzes

Distortion Intensity(DCi20) d I
0.33 0.1 0.35
0.47 0.09 0.25
0.52 0.08 0.18

2.2 Data acquisition and analysis

In this paper, thredifferent gauzes are mounted upstream of the rotor. For quantification of the distortion intensities,
the distortion coefficient definition is given belqReid, 1969)

06 — (1)

To acquire the operation condition and compressor performdmecmeasurement system records for over five seconds at
each steadgtate operation poinfThe data in the compressor map is averaged by more than 50 samples to smooth the
environment noiseThere are four combs mounted at the inlet section, assumintipénatis not much mixing right after
the gauzeTwo combsare set in the distorted region, and the other ®veplaced in the undistorted region. The total
pressure counter at the outlet section could be very complex, so six combs are mounteegsattivosB. All the data
recordedis areaaveraged to obtain the total pressure value at each section. The compezksonance calculation
method has been introducedaiprevious papefPan, Li, Li,et al, 2017a) so no more details are described here.

The highresponse measurement system is activated around thstaléaperation point in the uniform inflow case
In the distortion casdhe highresponse measurement system is activated after thetqaalpressure ratio pointhe
sampling frequency of this higlesponse measurement system is 50 &Hzhe dynamic data is appropriately filtered to
show the stall event in the next chapter

3 EXPERIMENTAL RESULTS

The overall compressagperformance and the instability evolutiwith different inflow conditions are demonstrated
in this section. In particular, the pstall behaviours with uniform and distorted inflane shown for comparison.

3.1 Overall Performances

In Figure 3, uniform totato-total pressure (TPR) and efficiency are plotted agdisstrtion inflows.The resultsvere
obtainedunderthe same thermal conditionshe pressureatio and efficiency in the inlet distortion cases are lower
comparing with the uniform case throughout the whole operating range, showing thistdh@n has an adverse effect
on the compressor performance

Among those three distortion caseith different intensites, the change ddtall point mass flovis consistent with the
findings in other paperés the distortion intensity rises, the stall point mass flow rate increBisissobservation has led
others to posit that aincrease in distortion intensity causes a greater total pressure difference between the distorted and
undistorted regiom Therefore, both the axial velocity and swirl angle have changed. After the gauze, the axial velocity is
reducedand the enlarged circumferenti@terogeneitproduces a stronger swirlgle at the edge of distortiofhe spikes
stall inception is related to the incidence andlethe trailing edge of the distortion region, the incidence reaches its
maximum value anand the annular. As a result, the stronger intensity of distortion, the thegall point mass flowate.
Because the stall inception haencert from partial surge to spikémis, thisexplanation also apiglsto this compressor.

However, an unexpected result shows thasthi point mass flowates of the three circumferential distortions cases
decrease bg.7-8.7% whencompared with the uniform case, instead of increasimgroainirg the same valuasreported
in other papers. Thuthe following chapters discuss the stall evéntisvestigate the reduction of the stall point mass flow
rate.
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Figure 3 Compressor performances

3.2 Instability evolution

The rig was throttled slightly from the final stable operation pdirning the distortiorcasego trigger the whole
compressor instabilityThe evolutions of stall processes recorded by dynamic measurement and steady measurement are
analysedo reveathemass flow rateeductionmechanism

The stall incefion of this compressor at 88% design speed is the typical partial asrigelicated by previous studies
(Li et al, 20Ma, 2014b, 2015priginating inthe stator hub region. Thus, the stator hub total pressure data from all four
casesareprocessed by the Windows Fourier Transfdvi=T) method inFigure4. Note that the timeframes of all four
cases aresarrangd by defining the stall point as th# fevolutionto show the relative chronological order of the low and
high-frequency disturbanced ow-frequency disturbances are marked by light grey stripes, andfreigtency
disturbances are marked by dark grey stripethe uniform casehe partial surge disturbances ocadissymmetrically
around 250 revolutions prior to the stall poilm the distortion casefiowever,the lowfrequency disturbances become
unsynchrorsed between distorted and undistorted regidhgs shown thathe circumferential distortion has an adverse
effect on the stability in the undistorted region. As a result, the floweruttdistorted region tends to become unstable
prior to the distorted regigoms markedy the blue surface3o further investigate the stall event in the distortion gase
moreanalyse®n the distortioncasewith DC125=0.33is presented in the following section.
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Figure 4 WFT results of the data from the stator hub in uniform and three circumferential distortion
cases (Uniform, top left; DC 120=0.33, top right; DC 120=0.47, bottom left; DC120=0.54, bottom right;)

Figure 5shows the normalised pressure coefficierdt the stator huim the uniform case and distortion casith
DC,120.33 Hereafterthe circumferentialdistortion case refers to the circumferential distortion with3¢0.33, unless
specifically stated.The normalisedpressure coefficient isalculatedasthe total pressure value divided by theximum
total pressure valyaiming to show the relative amplitudetbé disturbancesomparedo the surgeln the uniform case,
the stalkdprocesss divided into twoperiods the hub margin and the partial surdistinguishedy grey dash linesSome
small scale disturbances occur in the stator hub region bi&m@ccurrence of the partial surgedicating thathe flow
in the stator hub regiohas become unstdb. At 250 revolutions prior to the stafloint, continuous partial surge
disturbances occuiThe fluctuations ofotal pressurdead to the variation dheincidence angle. Witla decreased mass
flow rate, namelythe axial velocity, the incidence angle excedlde criticalvalueand the compressor stall witbtating
stall cells.

The whole &ll eventof the circumferential distortion cageintroducedn three periods: the hub margin, the partial
surge, and the tip margin, each distinguished by grey dashMoésthathe distorted and undistorted galettedin black
and blue respectively The lowfrequency disturbancesccur at the-1900" revolution in the undistortecegion-Then,
those lowfrequency disturbances become more and riteceient Theamplitude of thoseisturbances ialmosttwice as
large as the value in the uniform case and is of the same magamsttite partial surge disturbancksthe circumferential
direction, ttoselow-frequency disturbansarenot synchronous between the distorted regionthadndistorted region.

It is not until the 1420th revolution that somewnward disturbancesccurin the distortechubregion indicating that the
flow in the distorted regiomasbecomeunsteady Those disturbances, howevarg with smaller amplitudes compared
with thevalue in the undistorted region.

After 150 revolutions, theontinuouspartial surge disturbancescurwith two downward pulses.ie continuous
partial surgalisturbances last for 660 revolutgandconvert fromhigh-level total pressure with downward pulses to-4ow
level total pressure with upwardiges Thosedisturbances are axisymmetric at the stator hub as there is no phase difference
between distorted and undiged regionslt is shown that the circumferential distortion has little effect on the partial surge
disturbance in the hub regioWithout leading tothe whole compressor iradiiity, the continuouspartial surge
disturbances disappear around-400" revolution

Following the 400th revolutiorthere areno significant msteady flow phenomerabservedn this scale until the
stall point. During this period, the unsteaghghenomendocalise at the rotor tipin the form of highfrequency, small
amplitude disturbancesvhich will be demonstrated later
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Figure 5 (Total) pressure signal in different positions from the uniform and DC 120=0.33 cases

The lowfrequency disturbance in the undistorted regiornrelated to the circumferential distortion #sose
disturbances onliocalisea portion of the hub region. Thus, to furtldemongratethe features of those disturbancésg
datafrom rotor tip, stator tipstator huband plenumduring the hub margin perioare replotted irFigure 6 There are
corresponding disturbances in the stator tip regiorifose lowfrequencydisturbancesn the stator hub regiotnlike
the continuous partial disturbances, howevbose disturbansehave little effect on the rotor tipand plenum The
amplitudeof thedisturbancendicates that the disturbances originatethe stator hub anchn only propagate radiallyhe
frequency of tbsedisturbancsis around 7HArom the FFT resultsmaller than the Helmholtz frequenshowing that
this disturbance is different from the partial surge disturbaBased on our previous experiments, several downward
pulses could occur before the continuous partiegesulisturbances, which alsecursin this experiment. However, the
low-frequency disturbances, in this case, originatenly a portionof the annulaobver varying frequencies compared to
the partial surge disturbanc&hus, t is a reasonable hypothesis that the-fosguency disturbance is relative to the
circumferential distortion. The circumferential distortioadsa portion of the hub regiofherefore, in the highy loaded
region, the flow tends to become unstadsely. This canalsobe verified from the WFT result iRigure 4 where the low
frequency always occsiearly in the undistorted regipoonsideringall the three distortion cases.
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Figure 6 The (total) pressure at stator and rotor during the hub margin period (Left) and the frequency

spectrum of low -frequency disturbances (Right)
After 150 revolutions, partial surge disturbasoecur. It is axisymmetric in the hub regjas plottedn Figure
7. The spectral analysisn the rightshows that the frequency tfe partial surge istill 12Hz, which is identical to the
previous result in the uniform inflow caddoweverunlike the uniforncase, the continuous partial surge disturbances fail
to induce the formation of rotating stall cells.



To further explain thigesult, the WFT results from the four transducers tapped on the rotor casing wall are shown
in Figure 8 to show both theontinuouspartial surge disturbance atfie high-frequency disturbanc@he partial stge
disturbance in the undistorted regiori@sger than that of the distorted regianthe rotor tip Thus,the highfrequency
disturbancessociated witthe partial surge disturbance rise in the undistorted reg®denoted by the black arrow, and
stays at the ground valuen the distorted regigrdenoted by the blue arrowhe relationship between the partial surge
disturbance and higlrequency disturbanceasexplained in 2017 by Pan et @Pan, Li, Yuanget al, 2017) The high
frequency disturbance, namely the unformed rotating stall cell Hestae, fails tqoropagate around the annular. As a
result, the compressor can still operate steadily during the partial surge disturbance period.

Figure 7 The total pressure at stator hub during the partial surge period (Left) and the frequency
spectrum of continuous partial surge disturbances (Right)

Figure 8 WFT result of the data from the rotor tip to show the partial surge disturbance and high -
frequency disturbance

After the disappearance of the partial surgesignificant unsteady flow phenomemaa largescaleoccursuntil
the stall point This is becaisethe unsteady disturbancese localisedin the rotor regioron smaller scalesThus, the
pressure data from the rotor ifiltered bythe high-frequency pass method apldtted inFigure9. Black dash lines mark
that the highfrequency disturbances appear in the undistorted region and disappear in the distorted region until the spike
occurs in the distorted region.

With further throttled, the higfrequency disturbande thedistorted region begins to ris&/hen the blade exsit
the distortion region, its loading reaches its maximum in the distortion régaownward spike type stall inception occurs,
marked in the red circle iRigure9, and the rotating stall cells form and propagate along the aniblaris therfollowed
by spikes The initial speed of spike propagation speed is around 0.65 rotor pass freRrM@id decreasdo 0.57
RPF with thdinal formation of stall cells.



