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Abstract: As for the effect of uncertain upstream distortion on the aerodynamic performance of
in-service centrifugal compressors, this paper proposes a parametrization model of uncertain inlet
radial total pressure distortion in the centrifugal compressor. Based on this model, the study
adopts non-intrusive polynomial chaos and Sobol sensitivity analysis methods to perform the
uncertainty quantification of Radiver, a transonic centrifugal compressor. The influence of two
types of inlet total pressure distortion, i. e. , tip distortion and hub distortion uncertainties on the
aerodynamic performance of the compressor is investigated, the most influential uncertain factor

is obtained, and the flow mechanism under influence of uncertainties on the aerodynamic
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performance is analyzed. The results show that, compared with the uniform inflow, the
considered two types of inlet total pressure distortion decrease the stage polytropic efficiency by
nearly 1. 0%, and the hub distortion and tip distortion have a significant impact on the stage total
pressure ratio and the diffuser total pressure loss coefficient, respectively. The stage polytropic
efficiency declines by 1. 4% due to hub distortion and the loss coefficient increases by 11. 0% due
to tip distortion. The aerodynamic performance of the compressor is more sensitive to the
magnitude of distortion peaks than to the relative position between distortion peaks in two sides
(hub side and tip side). The performance degradation of the compressor induced by the two types
of distortion is closely related to the flow separation caused by the non-uniform incidence
distribution at the leading edge of the diffuser vane. The study highlights the importance of inlet
distortion uncertainty in the uncertainty analysis of centrifugal compressors, and is of important

academic and engineering application significance to the future robust optimization design of

58 &

centrifugal compressors.
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Table 2 Geometrical parameters of Radiver compressor
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Fig. 1 Parametric models for radial total pressure distortion
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Table 3 Statistical law of uncertainty random variables for
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Table 4 Results of grid independence examination

4 4 FIAR R/ 7 R 2B ROCR/ VMR SR T
H1E 98 91. 63 4.43
HoE 118 91. 36 4.31
RS 139 91. 36 4.31

Shy 30 I 80 (ASE 400 445 2R 1) o B 1 R AT R L B X
80 20 55T A4 6 I HE 7 AT 36 E , %) LE &5 R AN 18T 3 B
/R B TR R C AR R A PE R T B IR R B
HHEAR SRR S 8. Kb P sk 80X

e T 10 B o RO L AR SCHIE RS R is AT T
30pF
“ B N
2.5 t A
P, “a
.‘\,
RN ) \
e A S »
2.0
a o CFD \
A
1.5F
A
10 Il 1 1 ]
1.60 1.75 1.90 2.05 2.20
JR R/ (kg + ™)
Bl 3 SR CFD A5 52 50 B X L
Fig. 3 Comparison of total pressure ratio between

CFD simulation and experimental data




o508 1

TRAHE 45« B0 IEAHLIE O A2 1

7 e 728 AN B 7 A 3 3

2.2 FHASTAREE
VB Ry — TS B 5 Mo A v AR A N2 I
TR JH 72 (non-intrusive polynomial chaos, NIPC) A

AR JBT 2 B 2% 4 0 I i R B A BE AL A [R] N AT 2
i T, B
Q
U= D g (® (D
nlo!

AU g 5 G000 R 4t s ¢ (8) iy Bifi BIL A £ %68 10 1Y
B Z I 5w, Ry 2 R Q w45, i Bl
BLAR 5 1) 4 32 A 22 3 =X B B PR 1 5 e D B BIL 72 S 1Y
HEFE 50 R I 22 300 X B i B B0 AR SCR T 3 48 3
M2 ui,
X F 2D R w, WK AR R B/
L1925 (least square approximation, LSA),

—Rik
/b
e T L) 12 1 JEL AR R o 0 5 45 SRR S B 4 2R 1 BB

5 /M DT AR 4GNS i 58 5 v 1) R e . sl
RIK AR K

L

Dyou =U (3)

K@y BT @ (O R T HE R, Ny il B
FEA B, M Sy Z2 351 X e TF 480 08 20 4%, SR il ok 7
D T AR N =400 HEER M R 800 U
SRy ZR 8 0 0 [ g, RN BT G T Y R AL B P RE 4R
bro RN PR MR u
u= (@& "HP'U

AN E T 45 R 518

€Y)

K HL T #SL R FEVE (latin hypercube sampling,
LHS) A 40 MEA XA FEAR BEFT CFD BB 15
LIRSS A 3 4 3 By NIPC JEat, gy KWL sh ik

AE 55 AN Bff 2 A8 Sk [ PR IR G R, AR Y R AR OG
BB A 2 B ROR g REBROE .

u"‘%/é\}itt €ix
B Y Feds

HEBEL el FNYT R AR SRR R
FEPR REA E U

A= b5 — pi

ps — bs

Kf.p, AV RS HED LT pr AP RAH D
FE s ps MY R ASSE O . & XTI 2 i AR R4S )’z‘ﬂﬁ
AR &S REEE 2 0 NTPC J 2100 T 0 25 J7 A 5 22
RMSE #] {8 43 5] & 0. 003 1,0. 000 5, i BH fr £
NIPC Ji 30 B A7 5 v 1 TUHS £
3.1 SERRITIWMER

£ T NIPC J& X F 5 45 R B B4 (Monte Carlo
simulation, MCS) J7 %, 314 7, e A TE M R I 722
FVEE B0 728 5 T R GE T o0 A L an 18] 4.5 Fio
Hodr MCS EEAR%H 10 000,

Hi 18 4.5 AL, Toie 52 i e AR
2R, P 3 Y G 2 A8 O g R L €
PEp i S AR . P 90 22 A8 R 52 R
M R R 1. 3%, 32 He B M R R 1,190 e
b 52 -2 Wi Wi B8 RE /N N 00190, %2
BT R R LAY X T R Ay SRR R
B, I 2 Mg 728 il 3 2R AR BRI FE 1 =1 (11, 090D L T 4%

(5

M 2 F % W A
sollnd

ISA
g 5

=
AR

7R K
5

a2 W A AR R B/ (2. 9%0), P R IR
R B O He SHLAR B P RE I JR AN At 1 4 T R .
— Wy R — SRR — By fig
—l&JrM AR l’J1|| —LMMM\ P uEi’JﬂL —luL*)LH/ix JEi’JﬂL
- i PR AR 900 = -y e AL 1 R -y P AR M
900 1200
800 | 800
700 700
600 | 600 800 F
® 500 = 500 =
K a00} K00t B
300 F 300 400 b
200 | 200
100 100 |
0 PP 0 i 0
0.855 0.865 0.875 0.885 0.895 2.60 261 262 263 264 265 0.14 0.16 0.18 020 022 024
Mps & A
(a) . (b)e, (e)A
B 4 RS R R RS LR S AR MCS 4iit 4%

Fig. 4 MCS statistical results of compressor aerodynamics performance under the influence of tip distortion

http: // zkxb. xjtu. edu. cn




74 (LA - S Y NI S SO 4 58 %
— sk IL — BsRp R — WAk i
—l‘:JrM /M it 2 — BENLAEA M uEi/Jm —lUr)Ur At rti’Jm,
- PEmG AR P R -~ iff i P WA P - iy MW AR M g
700 1 900 - 1500
600 800 |
i 700
PURE ‘ 600 | 1000 |
w4001 f i 500 | Ex)
K I = =
300} ; =400 R
f
o0k | 300 F 500
1 200 }
1 100
0 " 11/ NN E— 0 0 1 1 J
0.81 0.85 086 0.87 088 089 0.90 250 255 260 265 270 013 014 015 016 0.17 0.18
s & A
(@), (bye! (A

5 ReEmiAY

Fig. 5 MCS statistical results of compressor aerodynami

it — 2 HUB R SOHL 8l 1 B 52 W A A ) A 1
FR 52 M i HE AT I 4 ) 1

g=2m+p
/umc

K0, MCS HEAR B BRAE 25 5 poc H MCS HEA Y
VA, 3 WA 8K, 38 W1 52 ey 728 AN 2 PRS2 ) 1Y
B P R B 43 O B B AR A5 1R Y T e
PR 22 5 8 O MCS FEA I 14 RE 0 5 38 50 38 Ui 4 14
TP AR 2 E] Y 2. SR A N R 2208 X p=
e ptu | /e s pre BB A E R B BE L HE B
BB K L 3% B A2 W A8 0% X 52 il K. XF MCS 48
RS N ¢ AT AL SR WA 6 TR,
E 6 T LLE H L PR R AR e R A 7R BT A

(6)

RETE A b 1Y 52 52 e A B2 o K, HL 2 W A2 1Y S 1 4
REBZVMBEE R ERTREWZ, HIL. 755
SE1Y NI S 40 B ol B AUOCTE Y R AR A2 R AR Y
S
0.16
==
B o, Su,
[m I N
0.12 AV ¥ 1R
590.08
0.04
0
1y s & & 2
Bl 6 ESMLATERER WA T ¢ A4S

Fig. 6 Calculation results for influence factor ¢ of

each performance quantity

http: // zkxb. xjtu. edu. cn

I S B RE MCS 4145 3

cs performance under the influence of hub distortion

3.2 ETF Sobol I5E BB M S

Shy ik — 2 PG W A 4% A R AL B M RE 1Y
S A SCAH ] Sobol 48 B A AL fE T R ik
P Hr

X F—AHEHLE R £(E) €L QY. p(E)) AFAE
Sobol & =X 1 bR it H o g e U F

1& = Z A

ST {1.2,-

Arfres h— %ﬂ%ﬁm%mwﬂmiﬁ % 4k
DU & M4E L E = (& .6 6 ), Hf n=
[s|E fo=fos fo (&) RBENLAS B & X 17 9 Z2 T 2K,
T A BERL B B 0 bR v = £ (E) T 4%
17 2545 5 2 v o 10 L9 K A ik U FR BE L Sobol
Fe B 5E K

D

an FHEDp(ENdE,
| @i

Sobol F5 54 1T H R I MCS 3%, % F HA
BaRFEBEAM NIPC B, Kt £xXh

Dl e

k€K

Qo
PR

k=0

Aob K, A8 bR g, 2 Ir ik B2 3 =0 B Y 4R B A
MRS . AR EE T MCS %Al NIPC f#
BriZi Xt Sobol 81t 45 R &l 7 frow, Al F1 =
HIHESREAY G, - LSBT 3.1 WET
MCS &5 5 1 a5

BT R O S AR NIPC X, th =X (9) Xt
B RS ML S PEBER Sobol 8 8 i 171157 L 45

S, (8

>
S, &~ S, = €))




5% 8 3

BE 8 s, K Sobol 8% S B Fhr 1.2.3 43
ol 3% 7% I R a0 W L 0 R K/ L B 5 2k
) e A 0 2 ] ) A R A B S T 2 ) e A 0 KK {
K/NIX 3 AR EER ZR . 45 R R 41X I W
A HE—B Sobol #8 8 (S, S.» S:),S:.S; ¥R
T S, UL e A8 S5 1 T . R AL B PEfg £ %
32 WAy 72 W B TR/ IN 149 55 W) T X 79 00 W A 0 22 1] 1
AERT AL B AN R 5 T %o 0 A8 R 7, 7 20 TR SHL Y T
AR BERE T, Sy ¥ d K Ul WM RE 52 5 I 48 2 )
WA A8 DRI /N e ) 2 . PR, N TR e AR L B
AT e A0 X i 78 0 1 R /N e R S s AL A3l 1 i
MEEHNE,

0.7 0.6T
0.6 0.5
£ 0.4
0.4
& = 03
0.3
0.2
0.2
0.1 0.1
0

W 0.4

(de!
8 FEAMLAE AL P 2 A8 15 L T 1% Sobol 48 %1

Fig. 8 Sobol indexes of compressor performance under two types of distortion

BT FRGETHRAE o3 B USRS A 45 2R S
SLY ) 51 W R R DG a7 A 2 A e 8 0 Xof
JE A N I 7 B 5 o 53 B P 4 Wi 748 R e 28 IR 78 Ay ok
SR 1Y 5 [R] DL K e A% I i A8 4k
3.3 ARBAW

BE X i 52 5 i B BRI 4, e i
TG B T Y AR PERE 152 MR . F T AR M AR
Ve A3 R 728 1) ff e AROHL 0 22 78 A0 38 R 6 T L
A% s S o7 53 A 280 R T i B 8 3 B e e 2 1Y) BB 46

http: // zkxb. xjtu. edu. cn

PRAHE 25 B0 B ML O 428 1) i H TR 738 S 0 E Y 20 A 7
08
- ——— e e
06k -=-=-8,,PCi ik
’ —e— S5, MCSJjik
----8,, PCJii:
—e— S,, MCSJj ik
“0alb S, PCJT ik
0.4 —o— S5, MCSJ5ik
0.2
0 2500 5000 7500 10 000

FEA
B 7 NIPC i Bk Fl MCS 2 (14 30000 45 5 L %5
Fig. 7 Comparison of prediction results between

NIPC analytic method and MCS method

O ) s 0.6
(o

e 2

(e)Ad

F1500T , 5 ¥ 50 K 410 R AT AT L

REY ESFE DR SEG AL VK
fi ik E 8 5 1) R R b A AR 3 Sk 1 S R
JE Ty CVFy W 3 1) B389 () R0 v 8 ) O S 1)
A B 20 A & 9,10 Fron . M 9,10 0] LA
A AREUT A 1) A3 A, 2 W AR N 4% e R X IR
B S HO0 I T 1) B A3 AR R RS I R O 1 3. iR
B 9(b) .10 Ch) AT T, FH 48 35 50 O i, I 42 W A% A
B W AR X 6E R A 2E O U R O I ) A A




76 W % oz M

PN

58 &

EE ¢

ST A A I R R R A A N
S TS YO 23 A g L 8] A AR L TR 2

110
100
90
80| .

F/(m * s

is3
X

70

i )

s 60

50

Ty

40

30

4 6 8 10 12 14 16 18 20 22
JA T $ /)

() J& 7] 43 A

Wap 72 7 A F) 52 Wi A 55, AN 3 R A S T e R O A O
HS R A B

130 -

120
110
"2 100
90
80

—— BB

P51 45/ (m

70 —— IR
60 —— KRB
50
40
30

0 01 02 03 04 05 06 07 08 09 1.0
TR

(o) i J5 [ 43 A7

B9 PR as I 034 07 B Y o3 Al

Fig. 9 Meridional velocity distributions at the diffuser inlet

—— WAk
/E&A

TR S 113048 /(%)
(=)
‘ﬁ//‘,’?;‘:.{.f:" ’

-4 D
4 6 8 10 12 14 1‘6 18 20 22
L $15E/C°)
Ca) Ja] 17 43 A

<
£
O
% —— 5k
B -5 —— IR
= —e— Fe Az
-10
-15 !

0 01 02 03 04 05 06 07 08 09 1.0
TN

(b) M55 77 1] 43 A

B 10 ¥ &P A Y oA

Fig. 10 Incidence distributions at the diffuser inlet
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Fig. 13 Streamlines in middle section at 10% span of diffuser
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