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ABSTRACT

The characterization of the compressor behavior in all
quadrantsof performance mapas acquiredin the last years
growing attention.

Two dedicated experimental campaigns have been
performedto characterizédourth quadranaind second wpdrant
‘operationin terms of performance, pressure fluctuations and
mechanical vibrationsExperimental campaignallowed the
acquisition of performance curves of a centrifugal compressor
in deep choke up to reverse pressure amticated alarge
region d safe operating conditionat low peripheral Mach
number In stable reverse flowthe trends of work coefficient
and pressure ratio were acquired for a large range of flow rates
together with theesvolutionof vibration and pressure fluctuation
along the peedliines Pressure ratio and absorbed power for the
different modes of operation can be very important to simulate
dynamic scenarios far from the steady state operation and size
accordingly compressor protection equipment and predict
accurately compresso startup torque from pressurized
condition (Fourth Quadrant Operations). The main frequency
content and amplitude of pressurerigdons within the flow
field or the radial/axial vibrations at the bearings are important
to estimate blade loading and pdsipresence of excitation
frequencies in the system. In the reported experience the
operating points characterized by stable reverse flow rates close
to the nominal one in direct flow did not show features much
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Normal operating conditions are characterizedobgitive

operation) . This result may be hopefully used to reduce BOP in flow (from impeller inlet to outlet), compressiontica higher

early design phase of system layout.

INTRODUCTION

The so called four quadrant operation can occur in both
axial and centrifugal compressors if the direction of flow or the

sign of the pressure difference across the compressor reverses

In normal working conditionsthe operating point stays inside
the classical portion of the performance map, with positive flow
(from impeller inlet to outlet), compression ratio higher than
unity and positive torque (rotor is absorbing power)cése of
failures of some parts of the systegmergency operations such
ESD or transient operating conditions generalflow rate,
pressure difference between inlet and outlet sections or spee
can assumeopposite values. Under such conditions, both
compressor equipment (in particular impeller blades) and all

other system devices experience unusual loading levels. Shaf

torque may revers@ case of negativeotation
The term four quadrant operation idgo indicate all the
possible operating condition of a rotating machbeep choke

(fourth quadrant) and deep surge with reverse flow (second

guadrant)represent mportant four quadrant operationghe
first is characterized by direct flow and rotatibnt reverse
pressure ands likely to occurduring compressor start up. In

deep choke unusual high mass flow is forced across the
machine due to the high inlet pressure and axial thrust across

bearings may overcome capacity.ec8nd quadrantis
characterizd by direct speed angressure witlreverse flow:

gasis driven backward by an overwhelming discharge pressure

typical duringeSD or valve failuresausingunusual blade and
equipment loading.

Fourth and second quadrant characteristics have been

experimenally investigated for a centrifugal compressor stage
and, after a brief introduction about the four quadrant operating
map, the results are presented.

FOUR QUADRANTMAP

In normal working conditions the operating point stays
inside the portion of the perfimance mapcalled normal
operating map delimited by the surge and choke lines.

60% Speed

1° QUAD
Direct rotation

\ DEEP CHOKE ||

\4°QuAD "\
Reverse rotation "-\‘ \
Limit Line ""-‘. \

Figure 17 Four QuadrantCompressor Map

Flow Coefficient
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than unity and positive torque (rotor is absorbing pow&peed
rotation is ranging from about 60% up to 110% of the nominal
value (bluelines infigure 1). In transient operating conditions
flow rate, pressuregatio between inlet and outlet s&ns or
speed carvary outside the normal operating médpifferent
areas can be identified in thieur quadrantoperating map of
the compressor.

Deep Choké-ourth quadrant direct speed, direct flow,
reverse pressure

In Figure 1, the area located on the right of the choke line
is characterized by a pressure coefficient decreasinzeto

O(deep choke) or evemegative values(4™ quadrant) for

progressively increasinffow coefficiens. Fourth quadrant is
characteized by a downstam pressuréwer or equal to the
upstream, while speed rotation and flow are still in the same
direction of design conditions. Deghokeareais likely to be
enterecby the compressaturing startup whenone or more of
last stages can operate in "4 quadrant The proper
understanding of the basic physatgight of the chokdine, in
particular for power absorptiors mainly important for the
sizing of stardup devices

Deep Surgsecond quadrantdirect speed, reverse
flow, direct pressure

The area bthe performance mapn the left of the surge
line in Figure 1 can be divided in two sections: the first is
characterized by positive flow with positive slope 1%
quadrant This region is generally unstable considering the
stendard volumes involved in typical systems and the operating
points reside in this region for very small periods of time. The
secondarea (2° quadrant)is characterized by negative flow
andnegativeslope in the pressure coefficient versus flow plane
and B characterized by a stable behavior. This region is usually
referred to as second quadrartharacterized bypositive
rotation, negative flow and positive speetihe physics of
second quadrant is used for the simulation of ESD and the
sizing of surge avdance and control devices.

Reverse Rotation

During transient operations rotational speed can be
inverted with respect to the design direction. Examples are
present in literature and in the authors direct field experience.
This situation may occur for instaeduring emergency stop of
the train in this situatiorthe rotoris subject toextremelyrapid
deceleration reaching zercpeed before the complete
equalization of pressure. The residual pressure difference
between compressor discharge and suatiay accelerate the
train in reverse rotatiorbpeed inversion can happen with both
direct and reverse flowThe valvelike characteristic of the
compressor at zero rotation and both positive and negative flow
is called limit line and can be used to identifyperformance
map the positive and negative rotatioregions Experiments
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FOURTH QUADRANT EXPERIMENTAL DATA

Performance curves during standard validation tests are
limited bythe external characteristics of the closest loop In
generd, points at deep choke witHow or negativevalues of
pressuralifferena are not feasible.

The reliability of compressor performance is good up to the
tested flow coefficient Extrapolation capability above that
point is generallypoor: predictive tools (CFD or correlations
based methodissuffer for the scarcity andnadequacy of
validation data.Data are also generally lacking for the
evaluation of pressure fluctuations or vibrasoat flow rates
above choke linePossible consequensare represented by a
too conservative operating rangkowed to the compressor
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curve range located to the right of the red line could be
acquired. The rightmogpoints arelimited by the maximum
electrical power available for the booster compressor.

In Figure 3b the head andefficiency curves in firsand
fourth quadrant are reported for the tested compressor.

Both head and efficiency curves for the speed line
corresponding to 68% of the design Mach number maintain
smooth shapes for a large range of flow coefficients: last
acquired point is characteed by a flow coefficientof 2.4
times the designvalue The point of zero hedefficiency
(equalization pointhas been measured at a flow coefficient of
almost twotimes the design onéoints with higher flow rates
are characterized by a downstream presslower than
upstreamwhile the flow is partly powered by the booster
compressarNegative efficiencyand head of the last point are
about-22 and-1.25 times the corresponding design values.

inaccurateevaluation of powerabsorption duringtransients
involving the knowledge of performance characteristiodegp
choke (starup).
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Acquisition of performance curves during standard testing
is limited by the intersection with the loop characteristics (blue
dot in Figure 2) and choke line is generally sefose to this
point To extend safely the operating rangededicated test
arrangemenhas beerdesignedn which a booster compressor
has beerconnectedin parallel with the testedtage Booster
compressorallows shfting the loop characteristics towards
higher flow rateqfrom black to red line irFigure 2) and thus
investigating the deep choke range. Besides it prawide a
pressure gradient higenoughto force the gas flowin the
compresor and reach the full # quadrant range(Patent
249444. The testcompressor is equipped with most advanced

Figure 37 Performancein 4™ quadrant

For design and 116% Mach numbers the curvdsgire3
shows a choke limit due to the sonic throat reached at impeller
inlet. In Figure 4b the Mach number contmiobtained from
CFD simulationsare reported, indicating the presence of a
shock wave close to the leading edge. these cases the
increase of flow coefficient beyond choke line is limited, also
in presence of booster compressor. Negative values of
efficiency and head have been anyway acquired"iquidrant
up the maximum amount allowed by the electric motor.

The work coefficienttrends are shown ifigure 4a: the
speed line corresponding to 68% of the design Mach number
confirms the regular and monotonic trend shown by head and
efficiency curves ofFigure3. The work coefficient of the last
point acquiredhas reduced tapproximately 5% of the design
value

designed pipelinstagecharacterized by desidlow coefficient
of 0.03 and desigimpeller tipMachnumber 0f0.73.

Performanceat choke

In Figure3 andFigure4 the measuregerformancen deep
chokearereported for different referendg Mach numbers. In
particular the vertical red line represents the range which coul
be obtained using theadsical model test loop arrangement
can be noticed that due to the loop characteristics only a rang
of e je close to 1.6 could be explored. With the two parallel
compressors arrangement shownHigure 2, the addiional
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Figure 47 Work Coefficient and velocity in % quadrant
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Important outcome from this plot is tha¢égative or zero
work coefficients is not measured in realistic rangéglow
coefficient indicatig positivepower absorptionwhen pressure
difference between inlet and outlet of the impeller is equal to
zero (dotted black linein Figure 4a) compressor is still
requiring power to maintain rotatiorFor this flow rate the
measired work coefficient is around 0.4 times the desiglue
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the limited loading of this operating condition. Considering
points beyondhe equalization point the 1XxBPF becomes the
dominant frequency. Besides the amplitudes of both BPF and
2xBPF increase: this is coherent with the increase of average
dynamic pressure with the mass flow. Anyway the level
remains inside the same order of magge: 3% is the
maximum value measured for value 2.32 times the nominal

This value serves as a reference for magnitude of power to beflow rate.

provided at starip of the machine (typically with zero
pressure gradients across the compressor).

For design and 116%ach numbes posdtive values of
work coefficientare measuredor all points acquiredup and
above the sonic throat limit

In Figure 4b the measured velocity triangles at impeller
outlet are reported for two operating point of the 68% speed
line: the firstoneis close to the design flow coefficiemthile
the othercorresponds tone ofthe rightmost poirgacquired in
the fourth quadrantampaign(brown dot inFigure4a). As can
be noticedwith highestflow rate thereldive flow angle(red
arrows)measured at the outlet of the impeller is more radially
inclined (about 10 degreed)he absolute flow angle at impeller
outlet suits very close to the radial directiobut the
contribution to the work coefficient 6, 6, ] "¢ is
still positive. This is coherentwith the almost zero work
coefficient measured

Negativevalues of work coefficient have been reported for
axial compressorseven with relatively smalker flow rates
(above 120 the nominal flonaccording taBammert et Al. and
Gill) at which a turbine like behavior have been documerited
presentcasethe value of work coefficient remains positive up
to flow coefficients of the order of 2.5 times the desigad
This behavioris mainly related to thgypical axial direction of
the flow at impellerinlet in centrifugal compressor stagder
which the contribution ob "y is negligible in the expression
of . In axial machinesthe tangential component dhlet
velocityis generally significant angivesan importantnegative
contribution in the work balanc&hiscomponentanprevailat
relatively low flow rates often before the point of pressure
equalization

Vibrationsand Fluctuationsat choke

The trend of dynamipressureare recordediuring the 4
guadranttest campaignusing 3 dynamic pressure sensors
located inside the flow pathat both impeller andvanekss
diffuser outlet In Figure 5 the frequency content of pressure
pulsationsin 4" quadrant range are compared with those of the
design conditions for the lower Mach speed lines (68% of the
design). In the small graphs the amle of pressure
fluctuation at impeller outlet, divided by the average value, is
plotted versus the frequency divided the 1xRBY choke line
the dominant frequency is represented as usual by the
BPF=15xREV, caused by the passage of the 15 impellerdlade
at diffuser inlet, together with its second harmonics. The
amplitude of the 2xBPF remains quite small: the range is
around 1.5% of the average pressure at impeller outlet due to
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Figure 51 Pressure fluctuationsat low Mach

Axial and radial vibrations at bearings weeeorded using
standarccommercialsensorsin Figure6 the frequency content
of radial vibrations is shown for the same three points
considered irFigure5. Vibrations in microns are plotted versus
frequency. At choke line the dominant frequency is 1XREV
together wih the second harmonics. The amplitude is about 14
microns and the value remains almost unaffected up to deep 4
quadrant
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In Figure7 the frequeng content of thelynamic pressure
signal is shown for three points of the speed linépaMach

number equal to 116% of the desigadue Corresponding plots

of vibrations are omitted since no different physics could be

found with respect to the lower Mach numb&he neasured
dominant frequency measured lynamicsensors close to the
choke line is the 1xBPF together with the second harmonics.
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Figure 71 Pressure fluctuationsat 116% tipMach number

The amplitude is about% of the average pressurat
impeller outlet, highethan the value of 2% found ftihe speed
line at 68% design(Figure 5) but with the same order of

magnitude. After the development of the shock wave at

impeller inlet when the mass flow is about 1.5% design
valug the amplitude of pressure fluctuatiorapidly increases
reaching a value of 12% when the heaslightly belowzera
The comparison between the situai@mown inFigure 5
andFigure 7 indicates that operatingeyond the choke line or
in the fourth quadrantan have a different impact oboth
compressor and system layodepending on theresence of
shock wavs in the flow pathin the absence of shockke
entity of pressure fluctuatisn and vibrations are not
substantially different betwedhe operationn deep chokend
design conditions Large flow rates can be reachedithout

causing important changes in the amplitude and frequency Pathduring flow reversald 0

content of both pressure fluctuations inside flpath and
vibration transmitted to the systero different modes are
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canbe used for anore accurateetting ofthe choke line and
increase safely the operating range of line Mach number
operatingmachine in demanding application (parallel and series
conf i gur atAccording to ¢he pré&semesigncriteria
the choke lineis conventionallylocated along a speed line
whenspecifiedefficiency decays measuredvith respect to th
design point (indicatively between 0.10 and 0.30)his
criterion may be too conservative in terms of allowable
operating range itow Mach applications wheneo remarkable
changes in flow features have been detecigdo values of
efficiencyfar belowzera

SECOND QUADRANTEXPERIMENTAL DATA

The 2™ quadrantflow is characterized bgositiverotation
positive pressure but negative flow: ¢an occur when the
pressure differencappliedby systembecomes largethan that
provided by the compressand flow is forced in reverse
direction. Thisbehavior caroccur intermittently during surge
cyclesor continuously as resultf system accidenty fast ESD
with low inertia machinesSecond quadrant behavibas been
characterizedising the same experimentagheme represented
in Figure 2. In this casdhe booster compressas forcing the
flow to bestabe in reverse flow.The instrumentation(Kulite,
thermocouples and Kiel probesas been rotatedccording to
the differentexpectedflow direction. In the 2“ quadrant work

coefficient T and pressure ratioyqgare computed and
plotted according to the following conventiorie({ardiniet Al
2015):

t ———— Eg1l

TG
” “ ’O c’)

In Eq.1andEq.2 "Qy , gnd Oyp; 4 @€ the valugof total
enthalpy of thegasat the outlet and inlet froreompressor
repectively: work coefficient is positive since power is
transmitted to the flowncreasing the energgontentO

'0 . The terms0  and 0,c; ,ag the corresponding
valuesof total pressurén the outlet and inletpressure ratio is
typically higher tharunity due tothe highlosses inside the flow

. This definitionallows
moreconsistentomparisons amongat, 2" and 4" quadrants.
The flow coefficient inthe second quadrant is referred to the

expected to be excited with respect to the design conditions andfotal density at impeller outlet diameter which is the inlet

the compressoais likely to bequite safelyoperated up to large
flow rates When a sonic throat islevelopeddue to the
combinationof both high rotational speed arlbw rate, the

level of pressure fluctuations rapidly increases also the
amplitude of many frequenciesdore excitation frequencies

section in reverse flovand is consideredss negative Angles
are measured from radial direction.

Performancen 2" quadrant

The trends oft and i measured in the second

may be presentausing limitations in the time the machine can duadrantare reported inFigure 8 as a function of flow

remain in ecertain operating point.

coefficient At the lower tip Mach number (68% of the design

The level of pressure fluctuation shown dlifferent tip speed), when the negative flow is equal to the design flow
Mach numbes together with the extended performance curves coefficient, the pessure ratio across the compressor is quite
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similar to the one experienced in direct flow. Reducing the view. A simple1D evaluationbased on velocity triangldeads
amount of reverse flowo zero, pressure ratio tends to a limit to a limit value of the work coefficientequal tothe ratio
value: the limit pressure ratio is corresponding to centrifugal between inlet and outlet diameter square ©0j0O . This
forces at the imposed tational speed. Increasing reverse flow value correspond to thework done bycentrifugal forces aa
above nominal value, pressure ratio increases regularly; nogiven rotational speed-rom experimentst looks like that, in
choke is detected in the curve. For design speed line (100%) thereal environment other sources of power absorption are
limit pressure ratio consistently increases with the square of therealistically present which are particularly evident with low
speed and the slope difet curve is steeper due to the quadratic f | o w: fricti onCFDcaeomputatiodisaongodirgn |,
relation of losses with the higher velocities involved. A limiting to deepen theinderstanding ofiow field structures at reverse
flow is reached, after which an abrupt drop in pressure ratio is flow.
experienced. This seems related to the blocking of impeller
inlet section at appramately 90% of design flow: the gas is
continuously accelerating in the return channel, the diffuser and Flow direction is measured by-t®le probes located at
impeller reaching maximum velocity in the outlet. Same bothimpeller inlet and outlet: the same probes used in direct
considerations can be drawn for the curve corresponding toflow have been retained, but aligned to the new expected

Velocity triangle with reverse flow

116% of the design Mach number. directions: the blade angle at return channel inlet and the blade
—pressure ratio e taies [T oo s angle at impeller inlet (in dire_ct rov_v). _
bk | =-~100% Mudes In Figure 9a three velocity trianglesat impeller outer
\\ N — diameterare reported one in first quadrant and two in"2
. 4»-,{“& T\ \{\ *‘xm quadrant at minimum and maximum measured flow
| PP Sepmievaes ) Ny | & R coefficients of the 100% speed line direct flow, close to
h - ooy & R S Y designcondition,outlet relative veloity (red arrow)is aligned
‘ , . .ﬁ{P‘ | | '“3\ with theimpellerblade angleThe absolutevelocity is obtained
i oeimree W7 : AN adding the contribution of tip speed and is represented by the
i " 1 A
| g | %8 % ‘ "“"T"”‘"“‘ D@l % black arrow. Theinlet vane angle of the downstream return
a) Pressure ratio b) Work Coefficient channelhas been aligned to this directian 2 guadrant e
Figure 81 Measured Performance™ quadrant experimentalabsolute flow angleis in first approximation
g q p g pp

aligned withthis directionfor both design anaff-designflow
rates(Belardini et Al). The relative velocitycan be computed
adding rotation speed and characterized bya very large
incidence angle with thampeller trailing edge (around 13Q°)
Since the trailingedge is relatively sharp, the flow is expected
to generate a large separation zone within ithpeller vane
passage before aligning to the blade surfazausing high
incidencelossescausing the trends of total pressure discussed
in Figure8.

The shape totab-static pressure characteristic for this
mode of operation is similar to that found by Gamache and
Greitzer [1990] foran axial cmmpressor tage. Only difference
is represented by the higher discontinuity exhibited for low
negative flow coefficients near theayxis. This may be related
to therelevant role played i radial machine bycentrifugal
forces.

The work coefficient charderistic in the second quadrant
is shown inFigure 8b and is computed as the ratio between
enthalpy increase betweénpeller inletandoutlet, divided by
velocity squaredat impeller outer diametdEq.1). The sgnis
positive since power is provided by the driver to maintain
rotation even if the mass flow is driven by the pressure
difference of the systenin fact ahighertotal temperaturef
the flowis measured wheleaving the impeller athe classical
inlet section At low Mach numberand with a negativeesign
flow, the work coefficient is close to the design value
decreases towardsmainimum value and then seems to slightly
increase agaimowardszero flow rates The stability limits of

Measured Velocity - 100% Speed ,*
B ’

4
E Direct Flow

Reverse Flow

9 Absolute C1
Relative
u1

e 0ty
a) Impeller Outer Diameter b) Impeller Inner Diameter

the system cdd not allowacquiring pointslose to the yaxis Figure 91 Measured velocity triangles in"2 quadrant

to measurethe limit _oflwork coefflc_lent at zero rowAn In Figure 9b the measured velocity triangles at impeller
upgrade of the test rig is undevaluationto repeat the tesh inner diameteare reportedor the same points of IRigure 9a.
negative unstable range with dynamic acquisition of both mass |, ond quadrantabsolute velocity vectos are approximately
flow and pressureln any casethe missingregion is likely aligned to the geometrical blade angle Considering the
characterized by positive slope and thus unstadlevior: time contribution of peripheral speetie direction ofrelative flow
spent in this zonés not expected to binfluent in dynamic leaving the impellethasa strong component opposite to the

simulations.The increase in work coefficiertlose to zero flow

- _ rotation speedvith respect to théeading edgeThe deviation
has not been completelynderstood from a physical point of
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increases when the mass flow reduces:eay Yow flow rates
the relative velocity is practically aligned with the radial
direction The 1D model based on velocity triangles computes
the work coefficientin 2" quadrant supposinthat theoutlet
relative velocity at impeller leading edge is alignsith the
blade angle The high deviation shown by experimental data
indicate that tls assumption leads to an overestimation of the
work coefficientparticularly evident with lowest flow

B A Y
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Figure 107 Tuned work coefficient

In Figure 10, the black straight line represents the work
coefficient computed assuming the relative velocity at impeller
inlet is aligned with the blade angleHowever thisis not
sensitive to the Mach numband seems poorlgccurae for the
lowest68% speed lineA simple way to account experimental
datais the introduction ofa sort of deviation angle (equivalent
to the slip factor in direct flowglirectly tuned a experimental
data. In Figure 10, the red straight line is obtained aftdhe
introduction of a deviation angkequal to the measuredlue
the accuracy of thework coefficientimproves for large flow
coefficientand the slope seems more accurately capturbd
discrepancy at low reverse flow est between the computed
and measured work coefficierdtiscussed in previous chapter
is not recovered. The presence of additiopalwer absorption
mechanisms, not related to velocity triangles and already
mentioned in previous chapter seems confirmed

Pulsations & Vibrationsn 2™ quadrant

In Figure 11, stall coefficients  at impeller outletis
reported for different values afeverseflow rate The stall
coefficient is defined as the ratio between tRMS of the

amplitude of subsynchronous pressure fluctuations
N and average dynamic press@ at impeller
outletnEB)"dJ::
. n
0
™™ ®

This parameter isised asan indication of the presence of
rotating stallor otherunsteady phenomera impeller or static
parts location When no stall is psent the main frequency

content is represented by the blade passing frequency and its
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and sometimes overcoming unity. 2 quadrantthe level of
the stall coefficient izlose tothe standard valueseasuredn
direct flow up to about 85% of the design flowhis flow is
closeto thepoint where the trend ahe work coefficienstarts
departing from thdinear trendand predictability of 1D model
decreasesBesides, e relative velocity angle is impacting the
blades very close to the leading edggre blade curvatunmay
reflect backthe flow. Further decrasing flow coefficients
below 85%, the stagg@erformanceparametersare globally
stable but the amplitude of the stall coefficient increases
rapidly up to values in the order 8f8 Pressure fluctuations
are almost 4 times the average dynapmissure othe section.

1 Pressure Fluctuations e
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Figure 111 Dynamic Pressurdluctuations 2 quadrant

0.0

The phenomena can be followeglalitatively in the
waterfall diagran(Figure12), where a complete span of th¥ 2
quadrant operating range is fflikd and te starting of the
unsteady path is detectable. The energy associated with these
unstable phenomena reaches a maximum at around 50% of the
design flow and then decreases for very low flow rates.
Figure 13 the ampliude of pressure fluctuations is reported at
100%, 50% and 30% flow rates. The frequency of the unsteady
path isaround 1.8he frequency of rotation, being its nature to
be completely understood.

Freq [Hertz)

T -
Figure 127 Dynamic Pressuré Waterfall Diagram

A more clear rotating sub synchronous phenomena can be

harmonicsIn general the value of the stall coefficient when the detected at around 30% design flow with a frequency close to
stage is operated close to the design conditions is in the order 020% of the rotational speed (sé&ure 13). For lower flow

0.1 and rapidly increases in preseraf rotating stajlreaching

coefficient a phenomenon similar to surge in direct flow is

7
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detected with pressure pulsations propagating upstream andoperating conditions in deep choke and fourth quadrant
downstream the compressor. figure 14 the trends of axial operating range provided that the rotating speed of the machine
and radal vibration are reported during the same time frame of is sufficiently low to avoid sonic regions in the flow path.

pressure fluctuations shownkigurell andFigure12. On the other sidepresent experience showed thetien
* | _ Frequency Spectrum from Dynamic Pressure Signals machine is operated in the stable reverse flow condlition
w8 Y — pressure fluctuations and vibration dvgher with respecto
s ; —s0% speed the values measured imominal direct flow operating
* g 0% speed conditions but not dramatically This result may allow
s = simplifying the desigqh of system layoutin particula when
20 during ESDin the worst scenarjmo surging cycle is expected
15 but only a reverse flow sustained steadily by the systenich
10 is actually the most typical experience)he addi ti onae
s W l\ dl | such as hot or cold gasimass valves, may be reduced in size
o m—t A AGAYCH e emans e or eventually removed optimizing the Plant BOP
0.1 1 requency/1xRev 10

At moment hese resultare encouraging but related to a
single experience.nl the future same experience will be

An increase of axial vibrations can be detected when repeated on different types of compressor stages arndtioue
dynamic pressure probstart measuring high levels of ggaire conditions to assess the generality of present conclusiom®. F
fluctuations. Instead no perturbation of radial vibration level a modeling point of view at date a simpleone dimensional
can be associated to the same fluctuations Present experimentapproach based on velocity trianglasbeen used to reproduce
campaign in ?' quadrant indicated that both work coefficient the experimental data. This model f=®wn some limitations
and pressure ratio can be computed using the simple 1Dto capture flow behavior, especially at low reverse flow rates
appraach but a high level of accuracy can be obtained provided where some more complex power absorbingchanism has
that some experimental based correlation is given for deviation beenclearly shown by experiments. Thighenomenon seems
angle and losses. For lower reverse flow the experimentsconnected with the development of unsteady fluctuations at
indicated the presence of pressure fluctuations associated withimpeller inlet preventig the simple 1D analysis to be accurate
an increase fo axial vibration and a deviation of power enough However, both better understanding and further
absorption from the linear behavior. The nature of the experimentalconfirmationare essential In this regard &ull
phenomena requires a further deeper investigation with CFD unsteadycomputationcould help a betteexplaining or
advanced predictive tools such unsteady CFD or more understanding of the phenomenatiowing deeper insighof

Figure 137 Dynamic Pressuré Frequency Content

dedicated experimental campaigns. the flow structures present at impeller outlet
NOMENCLATURE

(all variables are in italics)
u = Impeller tip speed (m/9
H = Entalply (Jkag)
r = Pressureatio )
t = Work coefficient )
. = Flow coefficient ()

= Density (kg/m?)
a = Flow Rate (kg/s)
0 = Impeller tip diameter (m)
0 = Impeller inner diameter (m)
0 = Impeller tip Mach number )

Figure 147 Vibrations 2'° quadrant B = Polytrophic efficiency 0

(acronyms used

CONCLUSIONS ESD = Emergency Shut Down

In this paperthe experimentalinvestigaion of large BOP = Balance of Plant
operating range of a centrifugal compressor are reportezke CFD = Computational Fluid Dynamics
modes of operation are outside the standard operating RMS = Root Mean Square
conditions of the mache but the knowledge of badieatures 1XREV = Frequency corresponding to rotational speed
of performance parameters and vibratisnimportant for a BPF = Blade Passing Frequency
better sizing and verification of starp equipment or anti surge ASV  =Anti Surge Valve
devices. In this regard the first main outcome of present (subscripts used
experimental campaignss represeted by the quite safe Sec = Second quadrante



