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Abstract: This paper discusses a one-way fluid structural interaction (FSI) analysis and shape optimization of the
impeller blades for a 15,000 HP centrifugal compressor using the response surface method (RSM). Because both the
aerodynamic performance and the structural safety of the impeller are affected by the shape of its blades, shape
optimization is necessary using the FSI analysis, which includes a structural analysis for the induced fluid pressure and
centrifugal force. The FSI analysis is performed in ANSYS Workbench: ANSYS CFX is used for the flow field and
ANSYS Mechanical is used for the structural field. The response surfaces for the FSI results (efficiency, pressure ratio,
maximum stress, etc.) generated based on the design of experiments (DOE) are used to find an optimal shape for the
impeller blades, which provides the maximum aerodynamic performance subject to the structural safety constraints.
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Table 1 Design variables and their three levels 66.71

Design - .| Level 1 | Level 2 | Level 3 60.00
variable Description | Unit (Initial)

X1 Point 1 ° 53 58 63 2 50.00 1

X Point 2 © 8 63 68 e

X3 Point 3 : 13 18 23 B 40.00

X4 Point 4 : 5 10 15 -

Xs Points | ° | 30 35 40 %30'00

Blade << ¥
% thickness | ™™ 2 24 28 20.00 s P3
»'Pa
[ Rotational direction | 6.29

000 013 025 038 050 063 075 0.94
M-Prime (LE to TE)
Fig. 2 Distribution of control points at shroud
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(a) Impeller mesh

(b) Diffuser mesh
Fig. 3 Meshes for CFD analysis

P(t) = iBfl P, = i[?}ﬂ _ t)n—itiPi

i=0 i=0

:(l—t)"Po+(Tj(l—t)"_1tP1+-~- (1)
n n-1 n

+ 1(l—t)t P_ +t"P,, 0<t<lI
n—

ol Pi= A, B(= EHAI
Table 1> H@AA L HAA ARGH 2F 3
T HEbdth 2719820 level 2 7]ERES F

sel Aatalct.

22 Fa5lA

58142 ANSYS CFXE AH83191 L, 814 4
] o] dHE HiEA e ET7HA ol Al
F71E AHgste] 42 Ell 8l A (steady-state analysis)
gotglom, dREAS FA7A Aol A H
WA A3t kS 7= ww”]¥He] SST(shear stress
transport) LS ALEEATEIY AA AR =
7%k & (total pressure)?} - I(total temperature)E A1
Aetalal, == A % (mass flow rate) =71
S Agsdn. 1 9o Bl H &2 (no-slip
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Table 2 CFD conditions in CFX

CFD conditions

Rotational velocity 11,417 RPM
Fluid Air ideal gas
Turbulence model Shear stress transport
Inlet Pressure 237.3 kPa
Temperature 318 K
Outlet
Mass flow rate 29.7 kg/s

Interface Frozen rotor
Convergence criteria le-4
Velocity
. 513
461
410

359
308
[ 256
205
154
103
51

0
[m s"-1]

(a) Velocity in span 50 plane

Pressure
520
500
480
460
440
420
400
380
360
340
320
300
280
260
240
220
200

[kPa]

(b) Pressure in meridional plane

Fig. 4 Results of CFD for the initial impeller

condition)& -5t o, ddejet tFAe] B
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(a) Structural mesh

(b) Imported pressure

Fig. 5 Preprocessing of FSI analysis

450.07 Max
40021
35034
30048
25061
20075
150.88
101.02
51151
1.2853 Min

(a) Equivalent stress (MPa)

1.2141 Max
10792
094429
080939
067449
053959
04047
02698
01349
0 Min

(b) Total deformation (mm)

Fig. 6 Results of FSI analysis
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Table 3 DOE table

Stress Efficiency | Pressure

X1 *2 3 *4 Xs *6 (MPa) (%) ratio

1 62 59 17.56 10.22 33.22 2.7 423 86.51 1.904

2 [ 5301 | 6344 2 1244 | 3389 | 242 459 86.82 1.898

3 | 5733 | 6411 | 1489 | 1222 | 3011 | 265 426 87.06 1.901

4 53.56 62.33 16.22 9.78 30.78 2.24 398 85.73 1.870

5 59.11 66.78 16.44 5.11 34.33 2.22 447 87.04 1.905

6 57.11 60.33 15.78 7.11 37.89 2.77 435 87.43 1.899

7 | 5644 | 6522 | 1301 | 956 | 3411 | 208 437 86.87 1.896

8 | 6222 | 6144 | 17718 | 622 39 245 486 86.96 1.904

9 | 6244 | 6589 | 1956 | 867 | 3544 | 274 497 86.64 1.901

10 54.44 66.56 19.33 7.56 30.56 247 426 86.5 1.892
11 58.89 62.11 22.89 7.33 31.44 2.58 424 86.96 1.902
12 | 5578 | 5944 | 1733 | 1467 | 3278 | 251 434 86.83 1.894
13 | 6133 | 5856 16 1333 35 226 463 86.99 1.904
14 | 5867 | 6744 | 1978 12 37.67 2.1 558 86.55 1.907
15 60.89 63.67 16.67 12.89 32.56 2.01 463 86.46 1.902
16 59.33 60.11 18.44 6 36.33 2.04 451 87.03 1.901
17 | 5680 | 6456 | 2133 | 578 | 3744 | 267 464 86.83 1.895
18 | 62.67 63 1511 | 933 | 3811 | 213 492 86.42 1.906
19 [ 5622 67 1689 | 1489 | 3367 | 228 478 86.67 1.895
20 61.11 65.67 18 8 30.33 231 431 86.58 1.909
21 54.67 60.56 17.11 13.11 39.22 2.6 471 86.49 1.885
22 53.33 66.11 20 10.44 38.78 2.38 500 86.27 1.898
23 58 65 1444 | 1378 | 3967 | 233 524 86.85 1.892
24 | 5489 | 5980 | 1867 | 8.89 33 2.76 413 86.73 1.889
25 59.78 61.22 21.78 14.44 31.22 2.35 466 86.71 1.895
26 57.78 59.67 21.11 10 32.33 2.03 443 86.97 1.898
27 58.44 67.67 15.56 8.22 38.56 2.56 496 86.97 1.910
28 | 5667 | 6078 | 2044 | 1178 | 3944 | 2.12 511 86.42 1.894
20 | 5822 | 5833 | 1822 | 533 | 3167 | 236 404 87.16 1.896
30 57.56 66.33 22.22 11.11 31.89 2.15 471 86.49 1.909
31 55.11 63.22 15.33 6.89 39.89 2.19 466 86.86 1.895
32 60.44 59.22 22.44 9.11 37.22 2.52 488 87.07 1.909
33 | 6067 | 6478 | 2267 | 667 | 3611 22 401 86.66 1.900
34 | 5533 | 5878 | 1467 | 1133 | 3567 | 2.17 431 87.04 1.894
35 | 6178 | 6722 | 1422 | 1156 | 3344 | 254 469 86.81 1.907
36 60.22 65.44 20.89 14 32.11 2.68 489 86.71 1.898
37 61.56 62.56 21.56 13.56 38.33 2.29 562 86.59 1.906
38 | 6289 | 6278 14 1067 | 3678 | 261 477 86.78 1.906
30 | 5422 | 6433 | 1356 | 1267 | 3589 | 2.63 434 86.40 1.900
40 56 6789 | 1889 | 1089 | 3478 | 2.79 477 86.20 1.900
41 55.56 61.89 13.78 5.56 34.56 2.49 411 86.93 1.890
42 60 61 13.33 7.78 31 2.44 408 87.17 1.894
43 54 58.11 20.67 8.44 36.56 24 440 86.94 1.885
44 | 5378 | 6389 | 1901 | 644 | 3522 [ 2.06 444 86.60 1.890
45 | 5956 | 6167 | 2022 | 1422 37 272 514 86.66 1.900

Nonparametric regression”] ' Kriging 7|3 & mean square error)E AF-8-3F 31 T

g AAES FekA ¥ X}EETEJ ol 11 2} B
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(noise)g X]ﬂ 5‘5{— A AA 7 o, o2 <l
Hop dxsel A6k
TR Adg.?

k2l u= e} Z—]b‘]—t uﬂ7}.‘:
g oA AAksE gk 33 FH=

2] (6)2] RMSE(root ObA Ar gk npel o] A e] FSI Al S
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(a) Initial model

(b) Optimal model

Fig. 8 Velocity field at span 50
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Fig. 10 Pressure on diffuser meridional plane
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Table 4 Comparison between results using Kriging and NPR methods

Stress . Pressure

Method X; | Xo | X3 | X4 | X5 | Xg (MPa) Efficiency ratio

o 4357 88.06" 1.8947

Kriging [60.1/59.4| 13 | 5 |37.6/2.45 " " "

423 87.27 1.896

402" 87.17" 1.897"

NPR  |58.8/58.8/17.7/5.83/32.3/2.35 . . .

402 87.25 1.897

T: results using RSM  *: result using FEM
Table 5 Comparison between initial and optimal models

X o | x| x| xe | x Stress Efficienc Pressure

! 2 3 407 6 (MPa) Y ratio

Initial” 5863|1810 |35|24 450 86.2 1.894

Optimal* 58.8|58.8|17.7|5.83|32.3|2.35 402 87.2 1.897

*: result using FEM
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