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ABSTRACT

Il n centrifugal compressor design, previous
enhancrefdorpmance through the inclusion of t an
met hod for this type of machines is based in
bl ade, and appl yiwigs ea pagpmrrd pstirae eemwvpiistec hd iesp Igaic e |
met hod has been proven insufficient in achiev
without extra design modifications.

Il n this paper, a design workflow based in
assembled and apphli ®@dle tadestihggen tafndeent ri f ugal
geometry is controlled by imposing specified
bl ades. Starting from an i ni tbilaldef wlels ibglnasd ea rde
u5|ngvehse|ne3|gn met hodol ogy. Performance of
assessed by 3D CFD anadleyssiigsn atondeéesi gns.andhe
performance i mprovement is investigatedoifn de
the generated designs is also assessed by mea
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| NTRODUCTI ON

I n thisdepampear/,opda i mi zati oantmeithodal ogygmpr ess
configuration is presented. The tandem i mpell
t wopeparateibldades Thred eedad ech@anienfliyt st hcroenepar e d
i mpeddsirgnr oFidshg pome extent of parl dssbsau r ea nr i
all eviation of the workload on the radial e xd
efficiency and SeexciotnidiS| a@aw nd migfue mmii toym. can be se
where the cofosienpu ceedigret n(gTi BH)i hagnadd i enkgd EHecdeggee ner a 't
et effect that can preepabeaenebagtclayntet o Intt lee r @
he boundary ploasyseirb |gyr oiwiphr ocvaen ef f.i ci ency and f

Previouwsaryeseaarchers have attempted to use
i mproved performance Fagatnptubhi katbbiwaonsedatge .
ampaikKd m stsye[nlAdtt eal t hi s, vaubloushadt htoudi dhayves
ontradicti B@acpamerl fusrimends. a numeri cal par ame:t
ompressor, reporting gains in dischartg e nf lwavws
he primary driver Robethe dmipdrdaememnd, sferemm
tuudii s gh i nfluence of clocking &fF aotmporncav end p
ut | etnifflygfwmi andf Zlhawgone of the few studies w
s taken to the design of tandem ompe iesed,n p
nadl so i dae nmoirfey iunhgaef geanlf timevegh wi th | ower ef fi
JosKhdner and[ SHdofl b m&imm NfeSilnvesti gat ed, expe
umerically, a centrifugal Cso, mporbet sasi onri nwgi tahn viar
perating range withDarhies ht adiftdeanlacbempgedati o
ur bocharger centri fugal compressor without ¢
anddmde design only showed Hrndpmeonvgeente na fis8 JaMi cn
|l so reported that the tandem configdeaiigaon
onditions, whil e tenlwer sl isgehetn $Sadntip r dferIiagpiml | @ d i
umerically how the tandem configuration can |
e
[

n
h
d

D TO ;W TO OO

rformance at | ow Lfil ocdvih ra@difdda 4 ¢ wast edr
h i cal studies exploringn mpdaoced/ egdu
ge bwhelne .u7s% ng t he tandenReictpetllitygt @egmoalfalplue
redesign a turbocharger compressor by wusin
e circumferenti ghpdbepwaeementiuaed axidakxdu
essure ratio and i mproved stal/l and choke m
Dani shilipffeakented an experimental and numeric
inducer a hO.ckWeassficiency i bhpremMéddad pass armth
interesting numeri cal i nvestigation on the to
tandem desi gn, mostly dryt tdfe pewrd DtrMmaaimec 0 MEPo
reqguired an adjustment in blade angle and thi
Most of the previous works presented have be
l acking a design met hod®l cagecyc otumat taet icvoeulpyl itn
exducers.t uldh eese stheosnvi grh adf ttheeedemédpewpfesmed i n
mannpercar ef ul lhye acdodurpelsisnign ge ftf e ct bet werdnnotndsad
per f obbImacduggfane x i sftuilnlg bl dde adesieges. this i, $bee,
3D inverseTd&80dge[sE®ihdltesed f or btl ma eg Bshhearpreedst. o o d
introdaargé¢hm@lses an iteoatompupeobkade shape
field. The circumferieent natrmpl avedabgdt ber cmpal
speie) ,( i s @stpelcEF,ardletTer mi ning the work produc
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defined as the mieofiisditomean dleefriinvead i avred ousbeyd t o
di dngotnitirod¢ | tbiwesllhde det ai |l s of the 3D i heaendei d
[ 1.dhi s method is particularly advantageous in
i nducer and exducer can be direcd,] yr atomam ol h
iterati basemobkade angdgllhe amggtahsotdmentused f or 3
generation of inducenumepdoexsxtdeatgbhades with
Previous application of t he p 8Df oiomvesdr tsrei fduegs
compr es orfsdn | Wiatbd@aldiet t er ¢ a@fThius awommikhsext ends
of 3D inverse design mRtfhwldl twornlkfnldewtibe adPds «
inverse design soDlteral TOURBO@de Siognl h(fe gener at
bl ades by specisfpyliing atnhde twhoer kcd tr ccaudfTdlrdeasttaaaclk i
of the blade can be controlled through hdée srg
remaiwriampg dingtlref butt be exsomput &d ablg t he i nver
The inducer wrap anaqlte tdgeamwd Ben dbet miblh @ati in@

circumfer etniteexallucehi fwr apo angl es at L E, avail at
aproacthhe i nver se desingant cshoilnvge ré xcdaunc egie mieladad el |
connected workfl ow

Furthermore, a detailed wunderstanding of t

compressors is not Yyangadaidipapwd epasddistsemnaatal
met hodol ogy based on quantifying entropy gene
di fferent regions based Tome tret hdoidfofl eorgeyd t htalso s
centrfif&pdhalaxi alr[| L.9jmpr casnsm@ ynsows apspglhieceddem bl a.
desighbBeandsoampar ad diegiat nalt fuThe bl asdprarsldgHi
newnssignhtd otslke mechani sms that benefit perfor me
The single stspeeicompat ¢ ®w0[f2roocpm wZalexdygd red threat ea
desi gn meTheodmplredgyrassdids t o as s e mbdoempauntda tviad n adl:
dynandFpmo (ted beThursosbddgh anhductur al f i nk B)et heel e me
efficiency, pat nads $ aracelgar nexitt ir aw ¢ t weroafl R shidei dvesssa g @

obt aAnmesh sensitivity . Tswaoidfyf ehraesn thhemeeae hbareand edds
-one used for dtelwét dhre mittlaonpayteasdnnasit yasnielsgui r es a f i
resolve the entr oplyd]gteaviedreard ¢ oo merae s svarl | desi g
t hrough 3D i nveassea dbeeesselginmeed hioglh o f ehgaer i me
performed, varying 3 pallaande ec c s ip g it dntieicomafi nt
i ncirmeegfsSf i ci Enoypn t he DOE, an optimized design i
the initial Radiver design

TANDEBIL ADE DESI GN MEBGWHODOL

The mai n chall engbs$t adgpecioimpec ed ®0 rt acdhdedeesmgon r
par amEBtestshe | oading rexdEesntt o (Whe adhdrd ibbead g ar i e
opti mi za)i &imndpuhcaesre provi dds es omer pgrha sssuwaey r e«
| oiamdgn t he e x.dluncdeerr shlaadeng to which extent

perfor manpee aitesovrek ,isIpl j t whischefi ned as
o — 0 (1)
R R
Secotnhdel r cumf erent i al positioning owilthecontdr

the | otn ¢ fufeeeetx & uc tTihoen csiurrcfuancfee r e nt_jiasl dcel foicnkei dn
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y AL g Akd P (2)

P
Wi t| h beitnlyge @pectcbr| ang—l—e—‘?cT.JThe circumferent.i

fragisospecified as a spanwiFSglidiestosi bat eé®nt K
of the circumfer entabalatdiell avdideiwn ¢ f f raa cctoinopre evgistol
bl aader angement
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Figure 17 lllustratio n of circumferential clocking fraction with blade to blade view of tandem compressor.

The wrap angles at [t he eaxndu caetr ilnedaudcignrg #aerdagi €l
Spanwi se dciosnpruitbeudt iaosn sf alilsaws :buX) on is a TD1
of the blade wrap angles are detftepgmnnedtputt H
TD1 when solving for sthehewmdpoeéedbluadaeg EQu:
specg fyispamnwit s bgtiforn: _Z| .

For the basel iine idristiigal,l y determined. At t|
away from the exduo®ropLE ThIi sae of hub circumf

all ows sufficient distance between bl ades for
shroud, the inducer TE is placgd &&%xP.awae fu
spanswe distri butFiilg@ries presented in
1 1 » 1
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Figure 2 - Exducer LE and Inducer TE matching; Wrap angle, distance and clockingpanwise distributions
for baseline design and upper and lower lim# of shroud clocking shift used during DOE.

During optitmi zcaotmpount e t he <circumferenti al C
: a lineari shapplied to the baseline ci
_ _ w. The | ineatr isspadaniisee ds A& 2
w_ 8s is keptwconmdrmmt i s used as design vari
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As sekingfBirnea va@l uagi fofferent than zero | eads t
di stribution in relatizon tmM .tAdebadheloiune ed o< ik
33 i s a design variabl e, whi chsa_wiilsl vbaer iveadr ibeedt
6% and 13.5%, di sthiigR@riger ees mepr bse@eetedr ves,

Finally, the meridional extent of inducer a
overl apping, are the final parameters to tak
basel imeddsaingle and are fixed during the opti mi

During the optimization procedure, the wrap
the trafiljmwgldeédage so be varied, as t hsiosl viesr .alTsr
specification wil/| not interfere withltRe wor
is linearly varifed f rmad hzub yt;o hbsehitnogy ¢ , t he
desi gmabVar to be varied during optimizati on.

Il n sum, r the generation of a new tandem ¢

f o
l.lnverse decompgek ¢ sBdDymreomet r y:

al f 5 anid’ arienput
b.I 7 i s obtained;

2.l nverse design solver computes inducer 3L
a.l f i1 s an input (csms mputed for an input

RADI VER COMPRESSOR
The measurements on the test case "Radi Ver™"
and TurbomachAaemhegn atUniRWEMHs i t vy, Ger many. Part
by the Deutsche For schungs greenseebmisectdh aefgti e(woFeG) .
studi es,an neixtpiearlilnye ntnal study of the isndrg,0ohct.
anidn a detail ed[RIFd¢w ma ntahleynsiosn,s ttuhdey Radi ver <co
ata hawvedbeaen est cas el hfe@amievnaprrieosusso rs tsusdiidgsse.tdo
alidate the numeri cal sEhteu pmau sne dg odau r ionfd¢ ddnees i
onclude regarding the adbadmadage mpai lheh ovdhtned mp
i ffuser caseonmpr etshseoRRlaiely eeaegne d r i c al i nformat.
ompressor i $abklluemmari zed i n

The design rotation spee
d and at a copRwi@®t .avi t
erformance curve is t
Si
1
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dstsdygfi 83520rr1r poh. 04
mas$ heflfowal acdosfen m
hen made against tes-
gone rifsortneedn at 100% of t
er transonic flow is f
t and choke margin at 10
tdy o@D , re i .

ANSYS CEFX was used for the CFD ana
k-omega SST with r es o l-puhtai soen, asdtveeacdtyi ot astc
perforimeg , aiurs as i deal gas as the working f
i mposed at the inlet as boundary chAh nsdiiptagdeeag.e
model was assembled, with apyldocmdiitoinomnd. rfohet
domai n used Fiiggliprdersceznere dr dtnor i nterfaces were
domai n, and betvweaen eismp @li If dsni $ @m dvéd mhaibmunNar y
specified for all walls except for the inlet

e desc8mR@peed s
und at design po

s p
of
re h
Il m 0]
S 0% yok&gt@Q@Onarspeed
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Table 1 - Radiver geometry data
Number o 15

| mpell er 270 n

| mpel l er « 11 mi
Diffuser o 690 n
I nl et shr 145. 8
Axi al 83.96
Tip cl o.7 r

Figure 3 - Radiver computational domain

A mesh sensitivity study was carried out on
four mesh | evels of i n da bassheodw sr etfhien emreesnit  ebled m
CFD parameters for the different l evel s. Aver
designs, and under 1 for the Fine and Very fi

Table 2 - Mesh sensitivity study for Radiver compressor
El eme Y+averag

Mil)i blade (u YW X = () oY ()

Coart 1.25 2. 36 2. 6¢ 91. 22 2.61

Me d i 2.5 2.17 2. 7¢ 91. 63 2.166

Fir 5.6 0.94 2. 8¢ 91. 86 2.621

Very 10. 1: 0. 87 2. 8¢ 92.01 2.632

The idRit @direeor mali zed against the values obt a
entropy generation rate, coarse and medi um me
i mpel | er gaiomsti nt hae reference val ue, wher eas
approxi mately 2% against the reference. For
pressure ratios are insideha I%nmamgisihe natg aoiprs
analysis, whereas medium mesh | evel is used d
t he accurate prediction of the performance pa
© 45

z_ M 24 ——Experimental 1 0%

-« ; --k--CFD results
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- r —e—Entire domaijn éa
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1

Figure 4 - Entropy generation rate (black) and * ' Cor,l:“ed ;@SS fT'sow fa

pressure ratio (blue) againsimesh sizgblack) Figure 5 - Radiver compressor map

Using the described CFD model and mesh | evel
di fferent speeR dhimeédsgoed esegmaverdern @ FiDs anrele ® XIpe
data. As backplate | eakage is not included in
not unexpected and the choke margin is overpr
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the design poiotof a3pre&ssiuseobtbai ned numeri ca
of 3.630 obtained in test, representing a 3.3
ANSYS Mechanical (2020R2) is then used for
material , wit hp pY@uch gd enmasd W@ s;afod Poi sson ratio
backpl ate geometry was generated in CAD from
2.5 mm radius was generated. Cylindricalhesuppg

backpwheee connecti on wiatnhd rao tfaitx eodn svuappeo retx i &
Rot ati onal speed of Fi3d@mme sreprang swiabska i enmpto s(eMlo.n
di stribution throughout the blade, fillet and
MPa and is | ocated at the hub, suction side,

From the presented

5:;;-;6'““ compr etshseor desi gn rei
) 2rese obtained numerical |l
] e designs can be summa
1657 a minimum pressure
My obtained, with stag
262 81. 0A/I%s o, sim_ilar st
30951 shud d be -blyt aneree¢d ng
) | oozt and efficiency at |
operating points wi-t
Figure 6 - Radiver equivalent stress distributionat @ N d , ideally, a max
rot. speed = 35200 rpm; Max = 340.46 MPa bl ade region of arou

BASELI NE TMANDABEBDME DESI GN
A baseline dtehbeagn ct h &tglutna & me driafslri ovne rtalhea s ¥ s € a
has dgemread with the 3D tiovseersvee daess iag ns tnaertthiondg |

proceldlhie erequired inputs for the mageladnder etsa
meri di onal channel g eonteltadye |toha dcigmoeasndda st risint loy
di stribution at the exducer trailing edge

The meri dimasulb camanmseélr oud curves sanreduwsert h.
|l eadi ngLEdeexducer ( TR)ael ahgoedg®Ratdedewi gbomn
Exducer LE is placed at 27.17% and 24.90% of
shroedgpectihvelgxmeéucer obBs tboaenhoas perfeoer med

bl addeess gmdi esdonseu ebhy[d$gl.J]wher e t het hlEo ciast ipolna cwehde
meri di onal path starts the Someniamguhtomf axiva
consideretdonaceisdar gyt er actd omakbe ttwhee ne % ehed 6 sna
this parameter is taken as a small percent age
shroud), resulting in an inducer trailing eddg
di stance, respgeshHivgaldyeoavs hihle aer i di onal chan
The thickness distribution was adjusted to
threshold found for the Radiver compressor. |
similar thickness at hub, fuacrt ubbatl h shilreedesse,s wd
the thickness at the hub of theFeg@ueer bl ade

The bl ade angl e a@iasd rRabdiitviermn demmrods ssarm as
the inverse design solver. Tdieasoévsent reGuiame
streamwi se bl ade Wjpa)difnrgordilsE rtiduTE.on (
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Figure 7 - Meridional channel for baseline design against Radiver design

baseline design.

The s pianswilsiee bet weam boplhrhblamdesiesi gn param
the design procedurie. Foagp, twihei cbha sneelainnse 1d0e% iogfn
performed by induckor uheidiOfdu bys exauicrelret sw
o T™IX TL acicndgomt 10% ofid't hEo o viek é UrBexri,u mat c hi n
the TE value idor imednsaringntthe basaeméenerdssi

rati o diisvearmhec®apressor at the design point
The streamwi §enjblda dies |porbedspeihgpee(d bohh bl ades.

i's used to & apeomeiter YBDarbd adi rectly rel ates t
the baseline case, the blade | oading distribu
regarding centrifugal compt.eks$lodqatd eashiegn Eu s(isng
|l ocation = 0) controls the incidence and thr
adjusted to obtain similar stall and choke n
T wjl dat LE was addpusbedhfoach in order to obtai
structural stress at a reasonable | evel for t
§ os S
o‘z r' Hub 005 f+ = = =Shroud
— - =Shroud o,‘
0 ! iR R I iR 1 00s ¥ 0.2 04 ole 08 1
v Streamwise normalized coordinate [-] o Streamwise normalized coordinate [-]
Figure 9 - Blade loading distribution for exducer (left) and inducer (right)

Regarding trail ifrog edcgee bvarseep j aregldex,seisqun,t i ng
constant wrap angle spanwise distriéegaronngotr
inducer, the wrap angle distribution at the t
di stribuwhiomh i s 3det earFmign@epde elsyent s the full S
di stribution for the baseline design.
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The structur al FEA
est stress |l ocat
on, FasgguPedmviimg
37 MPa, | uesnie nunds
Radi ver test casecte
adjusted to (37
he oaxdedamvd dt b
cer(9.b@7ade t he i
di onalFrloem gFhD), t
| hamee tandem desi
ating poi nts -taont
ci
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Figure 10- Tandem baseline design equivalent .
g gn ©d ncreased at hi
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OPTI MI ZATI ON
Optimization of the basthogbnpecde syriegrofwa n cp eraf

the desiThbe eptnmization approach | ies in perf

generating a response surface model using t he

perfor med. Candi date points are theonptdhosar i

formul ation is detail ed:

1. The i nput par amet ardee taanmadlipe disf iaed ema)jig ®Nn

2. The optimizaaiensetbj eot imies mi ze the diffu
0 O jo f, and maximize the impeller eff]i
maxi mizing i mpeller efficiency and mini miz

st age efficiency.
3. The constraint of keeping pressure ratio a

Table 3 - Input ranges for design of experiments

| nput Baseli DOE | owe¢e DOE uppe Opti mi
1oy 0.1 0.08 0.18 0.139
3_ 0 % -6 % 13.5% -7. 06 %
_ 23. 779 17. 7759 37.27%9 16. 719

A design of experiments with 32 candidates w
used to gener aber it hBOE, e ssitgrno nsgp accoer.r el at i ons b

a nidy and between diffrudeexdwsesr coteddkiclhAanan @l
optiiamal val ue appears evident at ar ouFidglOi.el 4 f
Low corbbettweemncircumferenti al cl ockAKgi g@gndgp

response sur fianc ANISsY Sa e rkibleadc b p2 DO RAt i on i s
Mu I-Qbij ecti ve Genetic Algorithm ( MOGA) .

The optimized depri @g@aerftasdbthamredh ec an abe compar e
baseline iwpuits vialh wresased, shifting some of t
neg i3verepresent®xdhbheerndapemat the shroud bei:
[ Ar representing the exducer shroud, at the

Figuxdbdows the values for diffuser | oss coeff
DOE data evaluated in CFD shows some designs
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wi tclonsi derabl e better di ffuser | oss coeffici
performed on the Kriging response surface, th
0215 s 2 . -
elnitial [DOE © R o %12—,0 . o s
0'195—0—Baselin) tandem a ! . R i o e *
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Figure 11 -Data collected from DOE procedure: &ft: >"—;>+ @gainst impeller efficiency Middle: s_Lg g 54
againstdiffuser loss coefficient Right:  f , Jjagainststage pressure ratio
Figb®bows the equivalent stress distribution
di stribution has changed in relation tonotwhe b
shifted to the inducer LE, close to the hub |
required the filt@ammrfadi visn2i7dc2mde i thederncewt | et
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Figure 12 - Diffuser loss coefficient versus impeller efficiency Left: DOE F'gléreesili'eTi?\?aelrgn?gg'szsed
data obtained from CFD; Middle: Right Optimization evaluations, including distribugt]ion'qMax — 544 MPa
pareto front, using Kriging response surface; ' B
Being the tensile strength of Titanium var
operating temperatures of the compressor, the
of aegeéerond It was verified that the LE | ean an
and constraining this parameter during optim
Besides this, the i nducer teh iad Kk mens & oatRalduly ew.
adjustment to this can also improve the struc
compromi se to aerodynamic performance.
Tabdpa esents the flow amndi gwek dghaee f3f idcei sei ngtns

order to illustrate the change in gl obal per f
to the Optimized tandem diesirgemmdsycevdh.i |l e fl ow c
Table 41 Performance parameters
Rai ve Baseline taOptimized t
FI ow coef 0. 059 0.059 0.059
Wor k coef 0.680 0.6902 0.6981
Efficien 81.05" 80.95% 81.5%
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Figure 14 - Blade angle distribution comparison between Radiver, baseline and optimized tandem designs; Left:
Hub; Right:Shroud
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Figure 15- Performance curves for Radiver test case, baseline and optimized tandem designs.
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Figure 16 - Entropy generation rate for different zones, for Radiver, baseline tandem and optimized design.
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Figure 17 - Tip leakage loss generation zoneeft: Radiver compressor right: Optimized tandem design
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Figure 18 - 3D geometry comparison between Radiver and Optimized tandem design (left); and between
Optimized and baseline tandem designs (right)
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