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A Study on Centrifugal Compressor Design Optimization
for Increasing Surge Margin
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ABSTRACT

This study presents a numerical procedure to optimize the compressor design to increase the surge
margin of compressor with response surface method (RSM). The Box-Behnken design method is used to
reduce the number of calculation for fitting the second-order response surface. In order to consider the
increase of surge margin during numerical optimization without any calculation at the surge point, the slope
of compressor characteristic curve at the design point is suggested as an objective function in the present
optimization problem. Mean line performance analysis method is used to get the design and off-design
characteristic curves of centrifugal compressor. The impeller exit angle, impeller exit height and impeller
radius are chosen as design variables. The optimum shapes show the increase of surge margin for the
surge margin optimization and increase of efficiency for the efficiency optimization in comparison with an

initial shape.
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Fig. 1 A typical compressor characteristic curve
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Table 1 Compressor design results

Design Variables Values Unit
Rotational Speed (N) 70,000 pm
Impeller Inlet Hub-Tip Ratio 0.35 -
Exit Radius(g,) 572 mm
Impeller Exit | Blade Angle(s,) -43 deg.
Height(p,) 557 mm
Vaneless . .
Diffuser Exit Radius(g,) %4 mm
Mass Flow Rate (m) 0.35 kg/s
Efficiency (y) 5.7 %
Surge Margin (SM) 409 %
1.2
T 1.02
o" g1 102 1.01
o . 1
i 1 098
3 3
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- .
& )
T s :
£ 90% N
L2 <
~ 80% N
) ‘ 5Norm;Iized ;\/Iass ::Iow Rgate ‘ b "
Fig. 2 Performance curve of reference design
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Fig. 3 Efficiency curve of reference design
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Fig. 4 Definition of design variables

Table 2 Design variables and their Ranges

Design Variable Initial | Min | Max

Impeller Exit Blade Angle(/}2) -43.0 | -44.7 | -41.3

Impeller Exit Height (By) 557 | 540 | 574

Impeller Exit Radius (R,) 572 | 555 | 589

Table 3 Design cases for Box-Behnken method

Design Case B, B, R,

1 0 0 0

2 -1 -1 0

3 1 -1 0

4 -1 1 0

5 1 1 0

6 -1 0 -1

7 1 0 -1

8 -1 0 1

9 1 0 1

10 0 -1 -1

1 0 1 -1

12 0 -1 1

13 0 1 1
™ so
n a3
% as

(:75 FRTAN
" as
5 45
w | - - : - " ” "
Test Cases
Fig. 5 Objective functions from Box-Behnken design
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Table 4 Regression coefficients by optimizations

Optimization 1 Optimization I

constant 0.757838 4.61700
8, -0.001974 -0.10738
B, 0.000897 -0.03375
R, 0.005599 -0.04962
Je:: 0.000042 0.00075
B} -0.000061 0.00200
R} -0.001289 0.01525
8,5, 0.000023 0.00275
B, R, -0.000288 0.00450
B,R, -0.000175 0.00725

o=
g2
B
Zhe 7 B9 delA ok 03%

o
& 91, 92 e o
[e]

e
e
-
=
>
1o
itV
=)
=
ox
>

FE 2oz Yegow, o o] W}
AAMGEA ALLE A A WM o AR mkA
o mx)E= Ggko] 1A 2 4 Qs Ao 7 FHAPc)
of Wl oo} Ule) FT W, HPE gow
A= v Gl Ak

HA3 FA 13 19 £ F =39 479 24
ME % SHPSE Tavle 590 et Qo 58 3
At BA AY E&ol 71E BI%NA 165%% o
]

08% T7HE3Ih &go] HHske FelM 9 AR
o2 Pt f33 o] HolM &9 gy

2 RAAse gl 43N Fg sl it

SAOIARL M11A, 25, 2008

At
& ARSI AAREAN Bdo] o
@ & 3, A Foixe o 36%7HA
o] TS ¢ U+
go] HAstd FoNMY HAH FFoE FA
st 37 o] Held =28 EnE FAdsd
=
=

E3 Fig. 9o 7 S 7 WE &
% 1% S7H)

l:o{t ]jlo [U:IO

i

o]

ol
o
il

k1
b
_O|L
a4
&

AAKFAA TRl o 1% 3HBLS & F

3

A8l % Gelolii of 36%A Egol FAEE &
% olet
@9, A28 24 1A Qo pr/ome] A7 vt

23 BAo] QIETHE dotEy] fAd, UM} 5
o Ao SAABN S TR Fg 10 el
Ao} nE AR AAR FRoR Fakdgsta A
A g dEnlg FAgsst B3 o)t o]
J90g & W, (Oapr/fome HUjssk o] AxelA,
100% 375 A FAA gEnle HAR v
0% =2 A& & 7 gtk

ol Fig. 2l EAIE 71% FAollAe MAA
Hl7F AAE the) oF 15% W Fig. 84 A9
HA 3 PAolx e ok 13%el vg 4538 =
24, o] BAFLE AT 9 M)A g7} Fo}
A3 o]& Qs MR mpde] Tt F S RAFE
ok 2y AR wRRE S A s o) AAE
Bor= F&o] Fig. 110 vehd RAAF 715 g4
B} wA Yepta ook

o)
H

&
o

-

4.70
4.66
4.60

4% 0 R
0 -1
1
B2

Fig. 6 Surface plot of dpr/dm

43



HM 3

0|9} o] HAg FA N9 AFE AAANN E
A3Ae] 718717 9 k23 AR Aol A °‘§Hl7}
g & AL ¢ F Ut o HH3 AL T 54
(Dopr/om7t 46904 4847 F71E W A= w}
40.9%0A 423%% F71EE= Ao 2 eyttt
HA35 FA DoAY 537 AX vkxle dd
We7He AW RT) Y8 -l A"
379 AAt] tisl o] BAEFe xR whRl
£ HX3}o] Fig. 1201 =A==, AR vpRlat
] & Aoz AHA spr/om7t B AFME
22 B9l Ul A vldlsks AFE Bola it
tH AR kRl AoE A (DF Z2o] AMSE

(-1

Hiﬁrlo—w

A

==

e oofe ox

of oX i

I‘

Fig. 7 Surface plot of efficiency £ 2 (2o ot A} vl o ol xjolof 9
3 Ml ke AdighellAE xpolzt QAR I A
Table 5 Optimization resuits L FAFA JEb)
olgl 22 AAZ £ W 4 QoA AT FHF
Desten Variables CTLOTL 22 393 249 SHP52A Agarid, 473
Impeller Exit Blade Angle (8 ,) | -448 | -447 of e FPAA o] YuiE A v F7}
Impeller Exit Height (£,) 54 | 57 2 A% s WHow THE 5 YL AR AR
Impeller Exit Radius (p 2) 555 589 ot
Objective Functions (f, or f,) 765 484
13
Surge Margin (SM) 402 423 12 1.01 1.02
2., T
= T S0
12 ® 1 i Lo 0.98
1.0 1.01 ‘]vAOZ 5 i 0.95
ol P 1.02 2 o o - S Ty SE
b ~._1.01 8 gl 0 e
@ ! ; U I o 3 S o8 /;" " o S o -
2. L S — / 0.8 E ! S R ’ /1/00%'N
g . Lt 308 P ’ 5. i B T~
a’ P SN S 100% N S s . 90%
% ‘\ co S 3 4 5 6 7 8 ] 80%1N 11 12
= TS A90%N Normalized Mass Flow Rate
[=} e -
Z s
al r - — = - - 8°/°1N - 4 Fig. 10 Performance curve for optimization Il
Normalized Mass Flow Rate
Fig. 8 Performance curve for optimization 1 e ,
3 A
104 o 5 1 o -] = . :
102 " . § ,%}-: ..... E - \,\ h .
5 Y - . ‘\ T \ . \
= L4 o v [ 5 «.w o
é 1 # e e/ ) * é’ A :
g o8 4 “-; &\ % g s . >
S p ' L L 100% N
g 3 § v 80% N 90% N
g B L 100% N 5 3 4 5 6 7 ] ] 1 LKl 12
# 80% N 90% N Normalized Mass Flow Rate
2 3 4 5 B 7 8 8 1 1.1 12 . . . . .
Normalized Mass Flow Rate Fig. 11 Efficiency curve for optimization Il

Fig. 9 Efficiency curve for optimization |

44 FHINHMES M11A, H25, 2008



M| il 7t 1ne?

&

[
.

2

.

Surge Margin(%)
8

. * SM-DOE
~er SM-Linear

4.4 45 45 4.6 4.6 4.7 4.7 48 4.8 4.9 4.8

(-) dprfdm

Fig. 12 Correlation between (-}dpr/dm and surge margin

5.2 2

H7) ARUAR A3 FAANG PEe A8
d, AR g SN 5 e BRe BnA 8
APERA AN S gElel 7)271E A}
3= 28 ANSL, # DAYEI)E guew 4
A34E SRR A A9 1S AR o
o 13709 ARHE 20 of FEAH 2 Ao

1
A AN BASS e 7 HAFAEAE S
AMA wio]l EHAoR FtES 4 4 it
A F23 o MR wpde] BAE £A43)
o] AA QA< °B¥EH skl el 7]17)7F A=) wpzl
3 A IS AT Aok £33 U
57) & AApTe] dd a8 H33) —rxilov% &
2 F7MIZ & YT 2 AT AAE §
&Enle 71e7] MdoE R XS ﬂﬂ.@}
A FAERA AgSTHE, AR He] i A
A cFo] uigte AA kA kg 1 5
NE Aoz Atgdrh 53] AAHAN s 2

é

& 339 REAN ARE $ARA PN E o
& BHHOR A & 9IS Aol

(1) Walsh, P. P. and Fletcher, P, 1998 “Gas
Turbine Performance,” Blackwell Science Ltd.

(2) Comey, D. H and Palmreuter, E. C, 1980,
“Improved Surge Margin Centrifugal Compressor
Program,” USAAVRADCOM-TR-80-D-23, Applied
Technology Laboratory, U. S. Army Research and
Technology ~ Laboratories(tAVRADCOM),  Fort
Eustis, Virginia 23604.

SHINAXNL:HI1A, W25, 2008

(3) Rabe, D. C. and Hah, C., 2002, “Application of
Casing Circumferential Grooves for Improved
Stall Margin in a Transonic Axial Compressor,”
ASME GT-2002-30641.

(4) Corsini, A. and Rispoli, F., 2003, “The Role of
Forward Sweep in Subsonic Axial Fan Rotor
Aerodynamics at Design and  Off-design
Operating Condition,” ASME GT2003-38671.

(5) Gravdahl, J. T. and Egeland, O., 1999, “Compressor
Surge and Rotating Stall: Modeling and Control,”
Springer—Verlag.

(6) Choi, J. H, Sung, O. S, Chen, S. B. and Lim, J. S,
2003, “Experimental and Numerical Investigations on
a High Pressure Ratio Centrifugal Compressor,”
Proceedings of ASME Turbo Expo 2005, Reno,
USA, GT2006-63679.

(7) Ahn, C. S. and Kim, K. Y., 2003, “Aerodynamic
Design Optimization of a Compressor Rotor with
Navier-Stokes Analysis,” Proceedings of The
Institution of Mechanical Engineers, Part
A-Journal of Power and Energy, Vol. 217, No. 2,
pp. 179~184.

(8) A&7 Abdus Samad, 73%, 2006, ‘Tt HS%
=59%7) £99 Stacking Line A4 A3 &

ANAAY, 98 3%, pp. 7T~13.

Bonaiuti, D., Arnone, A., Ermini M and
Baldassarre, L., 2002, “Analysis and Optimization
of Transonic Centrifugal Compressor Impellers
using the Design of Experiments Techniques,”
Proceeding of ASME Turbo Expo 2002,
Amsterdam, GT-2002-30371.

(10) Kim, S., Park, J, Ahn, K. and Baek, J, 2007,
“Optimization of a Centrifugal Compressor
Impeller Using a Response Surface Method,” The
O9th Asian International Conference on Fluid
Machinery, AICFMO9-313, Jeju, Korea.

(11) N. A. Cumpsty, 1989, “Compressor Aerodynamics,”
Longman Scientific & Technical.

(12) Wilson, D. G. and Korakianitis, T., 1998, “The
Design of High-Efficiency Turbomachinery and
Gas Turhine,” Prentice-Hall, London.

(13) Japikse, D. 1996, “Centrifugal Compressor
Design and Performance,” Concepts ETI, Inc.

(14) Concepts NREC, 2006, Compal V.7.9.30.

9

45



