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Application of Pressure Correction Method to CFD Work
for 8 Centrifugal Compressor Impellers '

JongSik Oh, SooHyuk Ro, Yonglk Hyun

Key Words: Centrifugal Compressor(-44J¢}3>)), Pressure Correction Method( ¢}8 2 -3 %)

ABSTRACT

Two representative finite volume methods, ie, the time marching method and the pressure correction
method, were applied to 8 centrifugal compressor impeller flows, with low to very high level of pressure
ratio, among which 7 impellers’ experimental performance is given in the open literature. The present study
is focused on the prediction differences from both methods, developed by the authors, in the pressure
correction method’s point of view. In all cases, the time marching method gives a satifactory solution, but
the pressure correction method does not. Up to about 18% less level of total-to-total pressure ratio is
predicted by the pressure correction method as the level of the impeller pressure ratio increases up to about
10. The drop of total pressure ratio is caused by the underestimation of static pressure rise which seems to
be attributed to inappropriate linearization and discretization of the pressure/density coupling terms in the

pressure correction equation.
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Fig. 1 Meridional view of 8 centrifugal

compressor impellers
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Table 1

Information of 8 centrifugal compressor impeliers

Parameter Unit Iml()zl)ler Im;()gl)ler Im;()gl)ler Im;()gl)ler Im;()f:l)ler Irm()}e?l)ler Im;()él)ler Im?ﬁl;er
Stage Prossupe Retio -1 | 208 | 35 | 41 | a2 | 6 7 8
Rotational Speed rom | 14000 | 14000 | 51500 | 22360 | 21789 | 68334 | 40000 | 75000
Design Mass Flow Rate  |ke/s | 45¢ | 531 | 1577 | 4 |4539 | 1038 | 181 | 0907
Number of Blades -1 » 0 | 99 | 2 [w1Bas | 19 [ | 19
Exit Radius mm| 20 | 20 | 85 | 20 |2573 | 805 | 1374 | 797
Exit Blade Angle(+) deg | 60 %0 7 60 40 56 &0 60
Design Tip Clearance(*+)  {mm { 05 05 | o232 | o2 | o2 | 0191 | 08 | 024
C(aécifzﬁ;d‘ﬁcg;‘; %":ﬂ(‘;" mm | 0501 | 0501 | 0223 | 0202 | 0204 | 0191 | 028 | 028
gfi?ﬁ?&iggogﬁzh“ﬁ) mm| 05 | o5 |oz2 | o2 | o3 | o | 03 | 024
C?ri“;;ﬁo&mari;ﬁy;g‘é;;) — omxaneas |mxoaxes [ooxonas |oaxenxas [ooxaixes |9ax2sx25 |o1x2ox23 |91x2xes
(gzﬁﬁ(ﬁiﬁnsﬂm) - loxanx32 |91x31xt |96xa0x32 |o0x31x31 |91xdlx3l |91x31x32 |06x37x30 |91x31x32
i i Came
(1989) | (1%7) 3 | (1980)

(*  measured from tangential
(=) at the impeller exit
(=) (streamwise)x(pitchwise)x(spanwise)

Mo AR dde WEAREE ANFeEn &
A3 Agdas ok Faz FYPE ARAPY
AdER} T3 Mz HugesH dHBAYY A
et S Fetatnal @t o7 AE-F 2742 CFD
U4 2R £ AR 98 JY A2E in-house 2

=4S WeE

2. SXIsHA W

Agd ALY AdYETY Oh(199)F
Oh(1999)ell M AHg-3 TdF Adbdyelrt. 3314 &

o]EZ H ¥ Navier-Stokes U7 —l% Add FEA=
Fd5E HY AAA HEREY S oz WG
8l 4944 Runge- Kutta #4934} 23/473 AFHA

#¢ AHgch Baldwin- Lomax R ds Yue)

H3eg AHgslged, dddy g3 498 A
of ety HelAe FA7 00 He Hluy
o3 g AEEY
% Aol &) A dBRAYPL gRrEY 4
o] A}-&8= SIMPLEC(SIMPLE- Consistent)
& Adgsiged, ot 71&9 SIMPLEY H|
73*“’1}"1 B gL ¥¢ o ndve
AsAdME AY vzt & F
Atk ‘l"u"] ]"d Holx= HT Navier-Stokes A
2S99 FAH 3 FAais AR
AR} F 2F3e AL AR ‘I‘é.‘—”o‘%’%%
Rhie and Chow(1982)¢] XE-HgE& o] 834l
(transport) #7412 Raithby(1976)¢] SUDS (Skewed
Upwind Differencing Scheme)& # &390 =
Van Doormaal et al.(1987)¢]  PAC(Physical
Advection Correction)8& F713ld &9 23 A=

-228-



o Test
Time Marching
——— Pressure Correction

g
n
| S

[N
3
T

2 2 2
5] = I 3
-4 [ [
g A g
a =1 [~ =3
a 2 2 2k 0005 pp 00 a2 2k
2 >, E Lo g
& ks & o T T T ~
g F s E
S & 5 F ]
st =15 B
A (a) Near Surge (b) Design Point (c) Near Choke
N T TN RN | P NS FRREY S | PP NI DU e
025 05 075 1 025 05 075 1 025 05 075 1
Normalized Distance from Casing Normalized Distance from Casing Normalized Distance from Casing

Fig. 3 Total pressure ratio distributions of Impeller(A)

€ ZZE v dFRd=Es
Spalding(1974)¢] ¥ k-epsilon A g8t
UHAQ ¥EgLE ASEAY. AMEARAE 08 o
F EEAAE AETezA ddze YitE oY
Aol Edlol= g¥Ae F<(trailing-edge) FA4-S A
A 2R ZAE

Launder and

[o]
e

Table 12 & A7olA A didoz 42
o AALE7] Yo g V1EHA HRE ok
o ¥oFm gk %
(total-to~total pressure ratio)<] 517]
AA dHeiEA eMHeE
gho] Motzue xgy_}ﬂ AL o]
d < 1009 7 A
5 ¢ F 0 7*%“38 %%"] o357 A8 o
HAH(CO)& A & 7 :
Aag sl ﬂﬂiﬂ AEA
Aol A dde]e] =) =37) 3 Az Y
& dAAH T JHH (O d
uhg BB sy 44
‘434?37‘1]4 Al dulel A dea

\5]’ o‘lq(iz_ﬂ 94 2000). ©
7] 44 o W wg3

olz 7]

gl

NE.

2 Q)
Faded, 929
= a* o} 22% 3

r'_] =

ES 87)H OJA\oLx

% ‘?4 2ol 27 Fig.

LY

at r/r==1.075

13} Fig. 291 AA=HS glew, A7)
&3} FY3d BE
ek 10UP7H AT Az 74zt AAgstn Jdy

o gt= % a3tk & 8709 oy HA
R Rt EHEH A(choke)F- ol A A2 (surge)Fr %

AR T s A 7

77t oF 8-1070e) ¢l el A AN S 2717
o= Fysan

4. 2ot 3 1E

4.1 E(A)

Fig. 3¢ ol=lgjel 25274 oish 1075w )2
e A ﬂoﬂ"i H 22 MHtotal pressure) BEES

btk dAHAE gAYl AlEA e 1|
3 k7k &‘% #e Holu FMAMAME BT H%
3 BE¥XE ®Bo31 gt Figde #Ae-9-E(shroud)
Aolds wet FHHUWFom HTET A Y(static
pressure) B X & HolFEd), AZPEHo] ozt o A
dxlo 2Ps ZAE RAFa ok ¢HERAYHL
Zyk o|TREE 7 IHew HAAE E¥XE Ho
T Ueh

4.2 4E(B)

-229 -



1.6
i o Test at Design Point
B ° Test near Choke
Time Marching
4= ——.- Pressure Correction
ER
o 12
£ i
7 |
<
5 B
< | E
Gl
£
[=%
0.8

|||||rl‘

0.6 INETT INURT INET1 FRATY ANAN1 SWATE PANE ATAT
02 0 0204 06 08 1 12

Normalized Meridional Distance

Fig.4 Static pressure rise
along shroud for Impeller(A)

Fig. 5% Fig. 3% vha7lAz gdeje] £33 73
el 1.075u0) st AEAA B 4 AYER
£ BoZ). AAHY MA(surge) 2HANME ¢

Aol ozt W& FE HoAM Ar|eELR B

(choke) MM e &9 Aol7t Atz AU

4.3 H2(C)

Fig. 6& 8H9= Aol g wet dgges 3
T AYEXE BT, 4HRAUY e ¢
ol A Fedte Bl vlmy =AFHLE H
AANE E&oZ) UYedn g&5e ¢ & Atk

4.4 E3(D)

Fig. 7% 94 #gh$E Aol4g uel Huwge
2 WEY AYLITE nAFed, ANTAY 4A%
o4 ROE 233X 44 FFRAYY ANAE
Bgol Assn ok Figse AAAEoA el Agt
SRS, Gelugde NBARY] Wk 2
wEoz ¢ 3% AE e AY2H|E =8l 9]
G 22880 AN 4A04 Ao 25 49
Az s 2 olft »AYY B(leading edge)
wugo] o8 YAae] Bthroat)AH F717h AAR
o 27hi7] Wl

4.5 LEH(E)

Fig. 9& 9= Aolde wet JALgez 4

W A wgd sFoz AZFY Y 23 79 AYERIE BoFbd, oA gEuAgel mo|
3 3 3’
[ 0 Test i [
| Time Marching | B
© 25k | —ommem Pressure Correction o25p % 25 N
§ [ 5 2 - [
o Jm} ® g A
2 o> e ° 9% 2 2 2fo0o 00600 -9
£E £ S B
g F g [ gk
=Sk s FsE
(@) Near Surge (b) Design Point (c) Near Choke
) PN W WA e T T | PR FWETY NIRRT R
025 05 075 1 1 0% 05 o’ 1 025 05 0715 |
Normalized Distance from Casing Norrmalized Distance from Casing Normalized Distance from Casing

Fig.5 Total pressure ratio distributions of Impeller(B) at 1/r>=1.075

-230-



3
[ ——— Time Marching .
———————— Pressure Correction /«/
25 [ o© Test ol
T I
£ R
2°F
8§ [
Q
8 sk
t [
i1
P
-
O'SPlIllllllllLlllJlll
-0.5 0 0.5 1 15

Normalized Meridional Distance

Fig. 6 Static pressure rise along shroud
of Impeller(C)

RN
L

rflo

@ GHEE} @9k

™

4.6 AH2(F)

Fig. 102 AAgxFqA 2 Hetz &
EA43AE dehled, dERgEe ARgy
18] thek 86% A= ALZHHE AA 435z ¢
< ¢+ U0

59

6

= L

5 L

3 sk

a

E

E

Q

2 s

2 F

o |

5 -

@ -

8

= I

=

) =

o -

g

e I

‘g 2 ___ (o] Test

= 5 Time Marching

- —_—— Pressure Correction

| FETSY TV FUTUN INUUT FWOUE TURUT U IV
2 25 3 35 4 45 5 55 6

Mass Flow Rate (kg/s)

Fig.8 Pressure ratio map of Impeller(D)

4.7 dEIH(G)

4.8 L (H)

L 0 T
4 4r 35f Time Marching
3 E o Test B Pressure Correction
. Time Marching .
- 35 N —_ [
33 b—-——— f——— =~ Pressure Correction =5 3ir 7
F r ES r (c) Near Choke L/
3 3 F @5k g
g - E [ {b) Design Point ,5 25 :
22k 225k LN
qa 2 S F
(5 " Q N Cﬁ [
8 2r | 7F asf
s g
[~ o [ [
aisp alspE E
IE‘ 1 oshie 190 i
[ 3 05 0 05 1 1.5
I | IS NEWHE BEww JWEEE SUNEE RSN | F . - g .
%5 0 05 ] 15 R — 05 1 Ts Normalized Meridional Distance
Normalized Meridional Distance Normalized Meridional Distance Krain-B

Fig. 7 Static pressure rise along shroud of Impeller(D)

-231-



Total-to-Total Pressure Ratio

Fig. 12v AAMAA A= Aoy wet 3
Ygoz FTH YYREES HelZh, gHnAyY

[ o] Test
5 Time Marching ;-
R Pressure Correction /
= 3F
< |-
= F
FasE
@ N
<
N
] 2pF
3 F
S
LS
F
[
05 Load, | el ' I T | I | S |
-0.5 0 0.5 1

Normalized Meridional Distance

1.5

Fig.9 Stalic pressure rise long shroud of

Impeller(E)

3 © 5050 5N Jos
- B T o] _f
- [e} E
£y —;
U 3
6F E
sk 3
4F 3
3 :_ o Test é
C Time Marching E
2 F——-—-- Pressure Correction 3
ST B ST | E
]0.8 0.9 1 1.1

Corrected Mass Flow Rate (kg/s)

Fig. 10 Performance map of tmpelier(F)

9e YRS 2ol oA By Hg

1

© o
~ o

o
»
Total-to-Total Isentropic Efficiency

FICALR

91
: :
3 Om\ Joo 2
E asgele] 3 2
E 200080 Jos &
- f'e) E o
£ q07 o
o 3 8-
3 406
3 E -
- 3 o
9F E =
E = 3
=] P 3 o
5 - = N
X Tk - 3 .?
o 3 = hof
E ] 5]
2 o 3 k]
3 E E =
& SF 3
S 4F 3
5] =
= F o Test 3
3 . =
$ [ Time Marching © E
E 22— Pressure Correction =
g l‘;JJJ'III]J_I_III.IlIIlIlI'lIlLllllllll;

1 12 14 16 18 2 22 24
Mass Flow Rate (kg/s)

Fig. 11 Performance map of Impeller(G)

o] Test

Time Marching
——————— Pressure Correction

4.5

LBN WARI

35

2.5

p/p,, at casing wall

&
W
<

0.5 1
Normalized Meridional Distance

Fig.12 Static pressure rise along shroud of
impelier(H)

3 Aol7h e A5ET o ket Fig 132 A
Az Aol & ALt GE Eg«l E454€ Ye
e, 48Ry Ad Ayl va] g 18% 7
= AgFHE HA dsn A%—% st

-232-



0.9
08
0.7
0.6

Total-to-Total Isentropic Efficiency

ABLILELE JLELELELE [EALNLISS BLELELELE ILELELINN SLELELELE SLELELAL

O
: [e]
o]
- (0]
[&)]
IVET YRTEY CUTNE [UVUY (UTHY FUUTY TVUYY RUVY FURY] AVUTY AVURY SYNTY JUOTY IO

Total-to-Total Pressure Ratio

6
o] Test

sF Time Marching

- Pressure Correction

| —-—a—-— Pressure Correction(Upwind)
2

J_LJIJ_LIIJ_LllAl_LlIlIIL]_Ll
0.5 0.6 0.7 0.8 0.9 t
Mass Flow Rate (kg/s)

Fig.13 Performance map of Impeller(H)

2 oo, 49 B)Y B9 2o
B2 FA G AT 402 Al
AAHez by dart 494 aga A
Aol AEA st Az F dAGin & ')F
ay JH@eje) AgEn)s) Atﬁ %10 A
A FAE A, dERAEe Az

A o 18% Axo T—ﬂ:”}xl =
A}t ols Zol S A dFshe
Aol g7t FARSE AEQ.

Agel S gAejef A9 Aol
A oln] FAFUY W AUYE 5
2 HA% 59} 2%l A, M £A3
R R P

-9

}-ﬂ
fo,
9 >§:9
A o r&

=
O
-

_>l: oo o fo (K o o2 v 2 N

2

10

2l

o

e xﬁ

Z 2
oo o

Q
o W
o 2

2
N

"

o,
fr o

==
o
jid

r
n&
mlo
J‘&
s
_OL
3
>
2
P
2,

ANPYAA B 02 TEBE A9 Ao
€ AFAAA B S0 nan. deuyyal

rlm
Ow

W3 convec ~tion terms)®] XH27¥e| w
< 297 98 g derEa FARE
differenc~ ing)7198< A Eslod 74 Folrt A o
HHMel F712 ALdBoity 1 297} Figl39
A4Y =P dehd s, 71E Axel A9
Hazt &g gasiych

2 Az Asjo] waw, ¢En)s) Ax] g 9

e WEFS dal SHRAYUE o|F3to AN
A A dre] FEe] ARET A vehie
olft  dEHRAW AL SiERA WA
(pressure correction equation)S A&sA 0|k}
(discretization)3}#] X317) W&olth vIYEA F%
d ASde 2, 4FA4 FEol g gEHRA 3
Ae Ao wigery 712 A s gE/ ARty
couplingo] ZA&) o}& 7|&Y A=A & £F
AlZ171 HEiM e E 4 & 3H(linearization) 9+ o] Ak
3} BHo] oA Aok BE IFACeEY HE
£) HEA fEdNE Adddy 23AANME
UAE AL AAxALE FALY o Y

A At ol A ”‘o‘?"ré—.aﬁi 1 °“*°] At

o3l
o
o
2 ox |0
o,
X,
n
rir
=
=
olr
ol
ﬁ
2
I8
e
ol
3
[o
L.I

N g0 A0 sy @O B
o to fL 2 o ox i 2 i o

HU_%

e P off o2
lo NI
oX
oz 2 o
N
o N
pre 2
O
=2 X
2oe B
0 & e
o @ =
Y
o o
Hﬁé e
. 22
]
EE
i hul
° o

LR g i 2
)

2

jusy

@ %oz
i ° 4
> T
o 2
ofrt =
=2,

=

:Oé

=

38

[

2

A

g

o

offt

o

=

L)

>

=)

riz

o,

e

o,

%9,

I

=

\

o

o

L moo =
L I 1
ol o 4z Y oox g O o

z2
A 12,
=

e
-
o
B
7o)
8.8
B
o
B
%.
5
=
o
V) —{O
T &
2 rir

Ptk 15& SIMPLE Afole &3tAnt A3 =
A EY PISOE ol43ldn dHEd =3 &
k-epsilon 2d¢] obd A A& o]&2F k-epsilon
mdg A3k

2 A7 EHBAYAMAE dEEA w3
2re  Ee  Foz  HAE e
Newton-Raphson %8 78S HEadx, olatst
£ $)3) PAC(Physical Advection Correc- tion)E ©]
48 skew 7I1HE& AHEIATE IRAE BFEtn @
ooy e 4 Rsigen, o i 2o HA
g A7t F7tE Aegsojol 3 Aoz v}

-233 -



5.4 B

< gEHA w§ 2L v ekd &

874 AUV el dis] MR gdg £A34

B AR E 4ERAYe HLdo Mg

43 tgat 2e 4EE du

(1) AZRPPL ZE F9d g wEgws A3
g o338y

Q) ¢ERAYe Jde] A¢Sust A ok 10 A
=9 FENA FHE A, AA PP vlslo
Hol o 18% HE FE7A AYFeE FHA
E L pi=d

() AHRAYY AY HA2e2e HYD YR F
Fo] AArd FA =597 QEojr)

(4) g4gugdyo] YA UxE FA 2 olf

HHER BgAUY ¢=/AE couplingdl ©

g RS Ayste} ojitslel e Aoz B

o, ¥F k-epsilon Zdof i XL o}gd &

T

rir

1 28

Ao

Baldwin,B. and LomaxH. 1978 Thin Layer
Approximation and Algebraic Model for Separated
Turbulent Flows, AIAA Paper 78-257.

Came,PM. and HerbertM.V., 1980Design and
Experimental Performance of Some High Pressure
Ratio Centrifugal Compressors, AGARD CP-282.
Chorin,A J., 1967.A Numerical Method for Solving

Incompressible Viscous Flow Problems, Journal of

Computational Physics, Vol.2, pp.12-26.
Dawes,W.N.,1988 Development of 3D Navier-Stokes
Solver for Application to All  Types of
Turbomachinery, ASME Paper 83-GT-70.
Dolan,FX. and Runstadlier,P.W. 1979 Design,
Development and Test of a Laser Velocimeter for a
Small 81 Pressure Ratio Centrifugal Compressor,
NASA CR-134781.

Eckardt D., 1980 Flow Field Analysis of Radial
and Backswept Centrifugal Compressor Impellers,
Performance Prediction of Centrifugal Pumps and
Compressors, ASME.

Fagan,]J.R. and Fleeter,S., 1991 Impeller Flow Field
Measurement and Analysis, Transactions of the
ASME, Journal of Turbomachinery, Vol.113,
pp.670-679. ‘

HahC., Bryans,A.C, Moussa,Z. And
TomshoM.E., 1988, Application of Viscous Flow
Computations for the Aerodynamic Performance of a
Backswept Impeller at Various Operating Conditions,
Transactions of the ASME, Journal of
Turbomachinery, Vol.110, pp.303-311.

Hah,C. and KrainH., 1990 Secondary Flows and
Vortex Motion in a High-Efficiency Backswept
Impeller at Design and Off-Design Conditions,
Transactions of the ASME, Jourmal of
Turbomachinery, Vol.112, pp.7-13.

HallLE.]J. and Delaney,R.A., 1995Investigation of
Advanced Counterrotation Blade Configuration
Concepts for High Speed Turboprop Systems : Task
VII-ADPAC Users Manual, NASA CR 195472.
Hirsch,C., Kang,S. and Pointel,G.,, 1996,A
Numerically Supported Investigation of The 3D Flow
in Centrifugal Impellers, ASME Paper 96-GT-151.
Jameson,A., Schmidt,W. and TurkelE.,
1981 Numerical Solutions of the Euler Equations by
Finite Volume Methods Using Runge-Kutta
Time-Stepping Schemes, AIAA Paper 81-1259.
Krain, H. and Hoffman W., 1989 ,Verification of
an Impeller Design by Laser Measurements and

3D-Viscous Flow Calculations, ASME Paper
89-GT-159.
Kunz,R.F. and Lakshminarayana,B.,

1992, Three~Dimensional Navier-Stokes Computation
of Turbomachinery Flows Using an Explicit
Numerical Procedure and a Coupled k-epsilon
Turbulence Model, Transactions of the ASME,
Journal of Turbomachinery, Vol.114, pp.627-642.
Launder,BE. and Spalding,DB., 1974, The
Numerical Computation of Turbulent Flows, Comp.
Method in Applied Mech Eng., Vol.3, pp.269-289.
McKrain, T .F. and Holbrook,G.J., 1997,
Coordinates for a High Performance 41 Pressure
Ratio Centrifugal Compressor, NASA CR-204134.
Moore,]. and Moore,].G., 1980Calculation of

-234 -



Three-Dimensional  Viscous Flow and Wake
Development in a Centrifugal Impeller, Performance
Prediction of Centrifugal Pumps and Compressors,
ASME.

Oh ].S., 1998 , Numerical Investigation of Internal
Flow Field for Modified Design of Eckardt
Backswept Impeller, ASME Paper 98-GT-296.

Oh JS, 199 Blade Loading and Numerical Slip
Factor of Centrifugal Compressor Impellers, ASME
FED-Vol.250, pp.107-113.

JongSik Oh, SooHyuk Ro, 2000,“Application of
Time  Marching Method to  Incompressible
Centrifugal Pump Flow”, The 1st National Congress
on Fluids Engineering, Korea.

23F4, oTA, 39, 2000, ‘Mg HrxA ¢
AdE718 AsHd N, FAZIAAE A3F Al

3, pp43-50.
Patankar,S.V. and  Spalding,D.D.,, 1972 A
Calculation Procedure for Heat, Mass and

Momentum Transfer in Three-Dimensional Parabolic
Flows, Inter. J. Heat and Mass Transfer, Vol.15,
pp.1787-1806.

Perrone,G.L.., Holbrook, MR. and McVaugh,J.M.,
1973 Backswept Impeller and Vane-Island Diffuser
and Shroud for NASA  Advanced-Concepts
Compressor Test Rig, NASA CR-120942.
Raithby,G.D., 1976, Skew Upstream Differencing
Schemes for Problems Involving Fluid Flow, Comp.
Method in Applied Mech Eng., Vol9, pp.153-164.
Rhie,CM. and Chow,WL. 1982A Numerical
Study of the Turbulent Flow Past an Isolated Airfoil
with Trailing Edge Separation, ATAA Paper 82-0998.
Rhie,CM,, 1983 Basic Calibration of a
Partially-Parabolic Procedure Aimed at Centrifugal
Impeller Analysis, AIAA Paper 83-0260.

Van Doormal,J.P., Turan,A. and Raithby,GD.,
1987, Evaluation of New Techniques for the
Calculation of Intemal Recirculating Flows, AIAA
Paper 87-0059.

Walker,P.J. and Dawes W.N., 1990, The Extention
Three-Dimensional
Time-Marching Analyses to Incompressible
Turbomachinery Flows, Transactions of the ASME,
Journal of Turbomachinery, Vol.112, pp.385-390.

and Application of

-235-



