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ABSTRACT

This paper aims to describe the flow structure modifications Wwen the operating point moves
from peak efficiency to near stall condition in a moderate pressure ratio centrifugal compressor
stage consisted of a splittered unshrouded impeller and a veed diffuser. The investigations are
based on three-dimensional U-RANS simulation results. Théow is described in the impeller

and in the vaned diffuser through time-averaged flow quantites and unsteady fluctuations. Re-
sults show that at low mass flow rate, the effects of secondafiow in the impeller are more

pronounced, inducing both, high time-averaged values andeimporal fluctuations of the flow

angle near the shroud at the diffuser inlet, leading to vane ction side boundary layer sepa-
ration. Pressure waves due to impeller diffuser interactio spread through the vaned diffuser
generating unsteadiness which intensifies at near surge odition.

NOMENCLATURE
Latin Letters
m mass flow rate (kg/s) MB, SB main blade, splitter blade
p pressure (pa) r radius (m)
PE, NS peak efficiency, near surge t time
U impeller speed (m/s) T time period
\% absolute velocity (m/s)
W relative velocity (m/s)
Greek Letters
o flow angle Q rotation speed
Subscripts and Superscipts
0 total variable m,r,t meridional, radial, tangential
1 impeller inlet cor corrected value
2 impeller exit ref reference variable
3 diffuser inlet R/S rotor, stator
4 diffuser exit f time-averaged value of f



Introduction

Centrifugal compressors for the aeronautical industryehtavsimultaneously achieve high pres-
sure ratio and high efficiency at design operating point,|leviminimizing the element size. In this
context the trend has been toward high speed impeller agsdavith a vaned diffuser to achieve high
pressure recovery in a reduced space. Nowadays, througibjbetives of ACARE 2020, they are
also required to operate over a large range of mass flow ratbsaw acceptable efficiency. At low
mass flow rates, where generally the maximum pressure satgached, the compressor system sta-
bility is limited by the onset of instability known as rotagj stall and surge phenomena. Rotating stall
is characterized by the presence of one or several cellsrmgtaround the annulus. Surge exhibits
large amplitude oscillations of pressure through the ca@sgor system (Greitzer (1976)).

The extend of the operating range of the compression systeoives major interests. Impeller
with outlet backsweep angle are widely used in the industiyn¢rease the stability of the impeller
and finally the stability of the stage (Cumpsty (2004)). N#weless at constant radius and rotation
speed, the impeller work is therefore decreased and intigittie pressure ratio of the stage. Efforts
have also been dedicated to flow control in order to delay thergence of instability. Different
efficient techniques are presented in Skoch (2003) in a tpghd centrifugal compressor. However,
the use of stabilization techniques to extend the operatinge requires a good comprehension of
the flow mechanisms leading to stall inception.

Surge phenomena in centrifugal compressors have beerdtiatialmost sixty years. However,
due to the various configurations found in the literaturegrge spectrum of stall and surge behavior
is reported and up to now, no overall rule can be given a pdoricerning the instability inception
in a given machine. For example, the experimental work of EBmsret al. (1954) in a low pressure
ratio centrifugal impeller with a vaneless diffuser shoWattrotating stall occurs in the inducer prior
to the surge onset. In high pressure ratio centrifugal cesgor, Spakovszky and Roduner (2009) has
measured backward rotating stall waves in the vaneles®dpading to surge. The study of Toyama
et al. (1977) reports oscillations of total and static puessn the vanesless space before the surge
onset. Trébinjac et al. (2011) described a surge incepésulting from a massive separation of the
suction side boundary layer in the vaned diffuser of a trarcscompressor stage.

Most of the available data come from experimental invesibga because reliable numerical re-
sults concerning the instability onset were unattainadtel (still difficult to obtain). The description
of the flow behavior is thus partial at best. In this conteKgréin numerical investigation is neces-
sary and promising in order to reach complementary knowdemigthe surge inception. In addition,
the usual configurations found in the literature concerrhtpgessure ratio compressors (generally
above 5) with vaned diffuser operating at transonic coaditor low pressure ratio compressors us-
ing vaneless diffuser. The present paper deals with a fulbgsnic centrifugal compressor stage, with
a vaned diffuser, reaching a 2.5 pressure ratio. In the fadtqf the paper, the test case and the nu-
merical procedure are briefly described. Then, the impébber structure is investigated considering
time-averaged flow quantities. Finally, unsteady effectsamalysed in the vaned diffuser.

Test case and numerical procedure

The centrifugal compressor stage was designed by Liel#kenospace Toulouse SAS and is in-
tegrated in an air-conditioning system. The stage is coegbo$ a backswept splittered unshrouded
impeller, a vaned diffuser with wedge blades and a volute désign specification is based on a stage
static-to-total pressure ratio of 2.5 with a design rotagspeed of 38000 rpm. The main specifications
of the compressor stage are given in the Table of the figute 1.a

Steady and unsteady computations were performed usingthmercial code 'NUMECA FINE
Turbo’ solving the three dimensional Reynolds-AveragediblaStokes equations based on a cell-
centered finite volume approach on structured grids. Thé&adhiscretization is a central scheme
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Compressor stage
Inlet total pressure [Pa] 41000 N
Inlet total temperature [K] 293
Nominal corrected mass flow [kg/$] 1.57
Design shaft speed [rpm] 38000
Impeller
Exit radius 5 [mm] 101 1
Number of blades (MB+SB) 8+8
Blade backsweep [deq] 32
Diffuser
Inlet radius § [mm] 110 T
Exit radius f, [mm] 154.5
Number of blades 21 b
a) )

Figure 1: (a) Test case specification; (b) Meridional vuehef¢compressor stage

with a Jameson type dissipation using 2nd and 4th order ateres of the conservative variables.
Considering the steady simulations, the equations arenaédan pseudo time with an explicit four-
stage Runge-Kutta scheme. Conventional techniques agynduthethod, local time step, IRS (Im-
plicit Residual Smoothing) are used to speed-up the coewergof the simulations to the steady state.
For the unsteady simulations, the dual time stepping apgprbas been used. At each physical time
step, a steady state problem is solved in a pseudo time. Thbelénce model used to perform the
simulations is the single-equation Spalart-Allmaras (&pand Allmaras (1994)).

The computational domain begins 40mm upstream the inlét bohtains the centrifugal impeller,
the vaneless space, the vaned diffuser and ends Withtairning pipe used as a computational buffer
zone to damp possible reflections from the exit boundary timmd The volute is not taken into
consideration in the calculation model. A meridional viefmlte compressor stage is sketched in
figure 1.b.

The structured grid was generated with Autogrid V5. In ortdesbtain mesh independent results,
the parameters to generate the mesh resulted from an esidiyr (Dufour et al. (2004)), which was
performed in the same configuration. Then, the size of thed@léis set to 3m and leads tg™ < 3
near wall regions. The impeller main blade and splitter blgdd consist of 89 points in the spanwise
direction including 29 points in the gap region, 92 pointsha pitchwise direction and 161 points in
the streamwise direction. The diffuser blade contains 5iitpan the spanwise direction, 119 points
in the pitchwise direction and 121 points in the streamwisection. The inlet domain, the impeller
and the diffuser include respectively 0.132, 2.598 and Iillfoms nodes.

Considering the boundary conditions, the total pressire,total temperature and flow angles
are prescribed at the domain inlet. For the outlet condjtatatic pressure is imposed with a radial
equilibrium allowing pressure gradient in the radial diren. For all the walls, an adiabatic and
no-slip condition is imposed.

To perform the unsteady simulations, due to impeller anflisir blade numbers, the geometry
scaling method is not possible without changing the bladebers. Consequently, the phase lagged
approach (chorochronic method) has been used as accusalts teave already been showed in Bulot
et al. (2009) over the whole operating range, in a transoemdrifugal compressor. This method
enables the calculation domain reduction to one singleehtedsage while considering the effects of
the impeller displacement. In other words, the phase-ldgeehnique supposes that unsteady effects



are only due to the movement of the wheel. Then, the flow is-pereodic in the frame of reference
of the row and a phase-lag relation exists between two adfatannels.

Considering the unsteady parameters, the number of physeasteps per impeller main blade
passing period has been seB3i, which is equivalent t@688 time steps to complete a full rotation
(the impeller has 8 main blades). Then the stator temporadghes discretized intd36 time steps,
while the impeller temporal period is discretized int®8 time steps (the diffuser has 21 blades).
All simulations were performed at the design rotation spe&ddady simulations have also been per-
formed all over the operating range while unsteady simoesticonsider the peak efficiency operating
point and a near surge operating point. To obtain the negesyperating point, the outlet pressure
has been slightly increased step by step until the simulativerges. It means that the given re-
sults correspond to the last converged case. Considersex@BU time, a steady simulation needs
2000 iterations to obtain good convergence, while one adgtsimulation requires approximately
12 complete impeller rotations, leading to 200000 iterzio

Overall performances
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Figure 2: (a) Performance of the compressor stage; (b) feafioce of the decoupled components

Figure 2.a gives the static-total pressure of the stage asaidn of the corrected mass flow for
steady and unsteady simulations results. The data conong tihe unsteady simulations are time-
averaged. The absolute total pressure is mass weightedgaekat plane 1 and the outlet static
pressure is extracted with a scalar averaged extractechae @l (see figure 1.b). As it was already
shown in Bousquet et al. (2012), on this configuration, dvpexformance is correctly predicted by
the steady simulation. According to Greitzer (1981), thmpeessor may exhibit static or dynamic
instability when the compressor operates on the positimges! In other words, the peak of the char-
acteristic may be considered as a convenient working appidion for the stall or the surge point. It
is then interesting to evaluate the contribution of all tbenponents to the overall stability by segre-
gating the total-to-static pressure ratio of the stage théoproduct of the individual performance of
the impeller, vaneless space and vaned diffuser.

Figure 2.b shows the static-to-total pressure ratio of thpeller, static-to-static pressure ratio
of the vaneless space and static-to-static pressure rhtieeovaned diffuser. The impeller slope is
negative all over the operating range and contribute to taairthe system stability. Considering the
vaneless space, as expected, the slope is slightly posén@use the blockage rises as the mass flow
is reduced. Then the vaneless space contributes to déztahié system. However, the slope is slight
and then the contribution is moderated. Finally, the stiatistatic pressure ratio of the vaned diffuser
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(semi vaneless space + vaned diffuser) has a negative sleptghe major part of the operating range.
As shown by Hunziker and Gyarmathy (1994), the semi-vasedpace is a zone highly stabilizing.
However, while the mass is reduced the slope decerases aogdating points near the stability
limit the gradient almost vanishes while the slope of theaitgr still rises. Therefore, in such a
situation it may be thought that the loss of stability conresnf the deterioration of the flow in the

semi-vaneless space which losts its stability effect.

Investigation of the flow in the impeller

In the major part of the impeller, a steady behavior has be¢ned. Unsteadiness due to diffuser
potential effects, affects mainly the last 5% of the impdlieade chord. Therefore, the impeller flow
is analysed considering time-averaged unsteady simuolatisults at peak efficiency (PE) and near
surge (NS) operating point.

Analysis of the flow structure

Due to multiple curvatures and rotation effects, the maiw filo centrifugal impeller is affected
by secondary flows. As stated by Eckardt (1976), the presehsecondary flow in the impeller are
in major part responsible of the jet-wake structure cladbiobserved in centrifugal impeller.

0.53

0

Vin/Us

0.6

0.2

Vi/Uy

Figure 3: Reduced, time-averaged, meridionnal and targjemtocity at section C for PE (left) and
NS (right) operating point

From PE to NS condition, the mass flow reduction leads to aedser of the meridional velocity
and an increase of the tangential velocity level, as sedmeifigure 3. For both operating points, the
secondary flows are noticeable by the low meridional veyoriines, near the shroud region. Due
to the meridional curvature, low momentum flows from bladermary layers migrate toward the
shroud. At the tip of the blade, they are transported by Igakbw effects toward the pressure side
of the adjacent blade. Therefore, the low meridional vé&yorones are feed by the secondary flows
including leakage flows. As main blade leakage flow is morensé than splitter blade leakage flow,
there is more low meridional velocity flow in the right chahn@omparing the two operating points,
secondary flow effects are more pronounced at NS condititnis i€ all the more noticeable in the
right channel.



Figure 5: Streamline representation from main blade snide boundary layer for the PE (left) and
NS operating point (righ)

The transport phenomena in the impeller can be describestnm of vortical structures. Figure 4
shows the time-averaged helicity at section B (see figurgfarlboth operating points. Vortices due
to the meridional curvature effect are visible near the nid@ae boundary layer, and are responsible
of the low momentum flow transport toward the shroud. It candt&ced that the mass flow reduction
induces an intensification of the vortex in the suction sid@émilade. Therefore, the flow transport
toward the tip of the blade is more effective, as it can be &eéme figure 5 representing the stream-
lines near the main blade suction side boundary layer, at &4, from the leading edge to 35% of
the blade chord. In addition, the mass flow reduction lea@stimcrease of the incidence angle at the
impeller blade leading edge. In the study case, at NS camditioundary layer separation occurs on
the main blade suction side. The low momentum flow assoctatdéte separation zone is transported
toward the shroud (figure 5) and contributes to accentuatestbess of low meridional velocity flow,
in the right channel, noticed at NS condition (figure 3).

In summary, moving from PE to NS does not change the overail $itvucture. Nevertheless,
secondary flows effects are more pronounced leading to tteméof the low meridional velocity
zones, visible from the impeller highest curvature partathe impeller exit.

Analysis of impeller exit flow

As seen in the figure 6.a, the impeller flow exit is highly ditgd in the pitchwise direction. The
distortion is all the more accentuated near the shroud digakage flow effects. In shrouded impeller,
the position of the wake is determined by the Rossby numbhamshrouded impeller, leakage flows
play a dominant role in the jet-wake structure as they trarigpe wake toward the pressure side of
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Figure 6: (a) Pitchwise distribution, of the reduced radicity at 50%, 70% and 90% span; (b)
Spanwise distribution of the flow angle

the passage. In the right channel, main blade leakage fldect®flominate the rotation effects and
move the wake toward the pressure side of the splitter bladée left channel, splitter blade leakage
flow effects are weaker, and rotation effects dominate. &foee, the wake is located near the splitter
blade suction side. Considering the two operating poistexpected, the radial velocity deficit in the
wake is larger at NS condition at 50%, 70% and 90% span.

However, despite these circumferential distorsions, thdies of Deniz (2003) and Deniz et al.
(2000), lead to the conclusion that the diffuser perforneaaenainly determined by the axisymmetric
time-averaged inlet flow angle. Figure 6.b shows the axisgimmtime-averaged incidence angle at
the impeller exit for the two operating points. Diffuser eaangle is constant from hub to shroud.
Due to shroud and hub curvatures, the flow is deceleratedreddundary layer thickness increases
on the convex shroud surface although a transfer of flow tdwas concave hub side induces a radial
velocity increase. Therefore, from hub to 85% span, the flogl@naturally increases while above
85% span, due to secondary flows effects, the incidence amdgdy increase until the shroud.

Regarding the two operating points, from hub to 85% spanstii observed in the incidence
angle is bellowt® and is linked to the mass flow reduction. Nevertheless, &sdsearlier, secondary
flows are more intense at NS condition. Consequently, abb%& §an, an excess of the incidence
angle is noticed compared to PE condition and reagheBhe stability is affected when the incidence
angle becomes positive (— ap.q. > 0), leading to the possibility of boundary layer separation i
the diffuser vane suction side. As the mass flow is reduceslp#rt of the span in that situation
significantly increases and goes from 80-100% of the spaf+1b0D% of the span (see figure 6.b).

From this part, it has been noted that the flow distortion atitipeller exit significantly accentu-
ates as the mass flow is reduced. Therefore, diffuser hasst@tgpwith a more distorted flow.

Investigation of the flow in the diffuser

In the vaneless space, a mixing process occurs and trendgoom the impeller exit flow. Even
though, the size of the vaneless space (radial gap) is ofiesufficient to allow a complete unifor-
mity. Then, due to the rotation speed, impeller exit distms in the pitchwise direction generate
temporal fluctuations at the diffuser inlet by change of feam

As an example, figure 7.a shows the flow angle value at thesgiffinlet radius, mid pitch and for
different spanwises, during two impeller main blade passad he wakes in the impeller right and
left channels produce an increase of the incidence anglen,Tigh flow angle values are visible at
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Figure 7: (a) Temporal evolution of flow angle in the vanedusiér inlet at mid-pitch; (b) Time
averaged, velocity vector with entropy contour map at 90%nsp

0.25T, and at0.757T; at 90% span. At 70% and 80% span, the level of fluctuation idynetentical
for the two operating points. Nevertheless, at 90% spanflticéuation level for the NS operating
point is significantly higher and the flow angle value excg@d(reverse flow occurs). Consequently,
as seen in the figure 7.b, the separation zone on the suctiemsiin blade significantly extends.

As shown by Everitt and Spakovszky (2011), flow separatighediffuser vane leading edge and
radial reverse flow near the shroud are some flow featuregigaol vaned diffuser instability.
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Figure 8: Rate of static pressure change

In the vaned diffuser, the mass flow reduction leads to a lsigekise in the diffuser channel.
Then, the major part of the pressure rise is realized in theyeone (semi-vaneless space) at NS
condition, while at PE condition, the pressure rise is moeelgal and occurs in the semi-vaneless
space and in the diffuser channel. Figure 8 shows the tireeaged static pressure difference between
the NS and PE operating points at 50% and 90% span. At 50% sapressure difference increases
significantly in the semi-vaneless space until the throetice, showing that the pressure gradient is
higher in the entry zone, at NS condition. At 90% span, thassmn zone on a diffuser vane suction
side alters the flow structure and leads to a deficit of stagegure.

Finally, as the mass flow is reduced, the pressure rise indhed/diffuser entry zone increases,
while the suction side separation zone extends and inHgrdeteriorate the flow. As shown by
Hunziker and Gyarmathy (1994), the semi-vaneless spacaaa highly stabilizing. Therefore,
instability may occurs when the separation zone size reaghinit, preventing the pressure rise in



the diffuser entry zone.
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Figure 9: Level of unsteadiness, at 50% span
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Figure 10: Pressure fluctuation contours, at 50% span fterdifiit time steps

The interactions between the impeller and the diffuser atgces of unsteadiness in the vaned
diffuser. Trébinjac et al. (2009) shows in a high speedrifeigal compressor significant unsteadiness
in the rear part of the impeller, in the vaneless space, arldervaned diffuser. Figure 9 shows the
level of unsteadiness, at 50% span for the two operatinggadinis determined as follow :

p(z,y, 2, t) = plx,y, 2, t) + p'(z,y, 2, 1) Q)
= |p'(z,y,2,1)| 2

The two operating points show unsteadiness in the diffusély eone. On the suction side,
only part of the surface is affected by significant unsteasknat PE condition while at NS condition
unsteadiness are present all over the suction side surface.

On the pressure surface side, the level of unsteadinespigxamately constant from the leading
edge to the trailing edge for the PE operating point. At NSdithon, fluctuation are clearly notice-
able, in the last 40% of the chord. This unsteadiness areringeaerated by the impeller diffuser
interaction inducing pressure waves. The figure 10 illustr@he pressure fluctuation coutour maps,
in the diffuser, at 50% span, for different time steps for tlve operating points. At NS condition,
pressure waves can be viewedtat 0.04767, by negative and positive pressure fluctuations up-
stream the throat section. The level of unsteadiness gleanteases from PE to NS, notably on the
vane suction side.

Conclusion
Unsteady numerical simulations were performed in a sulesmemtrifugal compressor stage. The
impeller and the vaned diffuser flow structure were analyatgtvo operating points (peak efficiency
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and near surge) thanks to both time-averaged and time-deperesults. The mass flow reduction
generates an intensification of the vortical structures@impeller. The secondary flows effects are
consequently more pronounced inducing a significant risthefflow angle values at the impeller
exit, near the shroud. In the vaned diffuser, the pressiwaeignt increases in the diffuser entry zone.
Therefore, the high incidence angle associated to the selygessure gradient lead to a separation of
the suction side boundary layer.
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