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Abstract: Numerical simulations were performed for the internal flow inside an elbow-type exhaust
duct with a built-in output shaft tube. Given the constrained condition relating to the section contours and
locations of inlet and outlet, three geometric parameters were mainly considered to illustrate their
individual effect on the aerodynamic performances respectively, including straight diffuser angle
(a=4°—28°), bent angle (8=55°—75°) and lower guide line F value (F=0.15—0.75) of the exhaust duct.
Furthermore, an optimization and sensitivity analysis was made by using the response surface
methodology and multiobjective genetic algorithm. The results showed that the flow losses mainly

originated from the recirculating flow near inner-side bent section, the wake vortices behind the central
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tube and struts. The flow deflection inside the bent duct and the cross flow around built-in components

were coupled together to form very complicated flow fields and flow loss mechanisms. Within the present

scope, non-monotonous influencing role behaved clearly for each individual geometric effect on the total

pressure loss coefficient and the static pressure recovery coefficient. Compared with the specifically

preferred situation obtained from single-factor analysis (a=16°, f=60° and F=0.6), the optimized elbow-

type exhaust duct had a greater straight diffuser angle (a=18.36°—18.95°) and smaller lower guide line F/

value (F=0.39—0.48), with nearly consistent bent angle (8=60.2°—65°). It improved the aerodynamic

performances effectively.

Keywords: elbow-type exhaust duct; flow losses; aerodynamic performance; surrogate model;

multi-objective optimization

HEAE /AT AR A BE R ST A — > S B ST
PP, AR L L AL A X g B, (ELR TR A R 2
W RENE, LI N AT 8% F1 R sh AL — IR BT 1Y
ok HEVE IS RS F B0 R AT AR A K Bl
HLE S PR RE TG 2 vl S8 HAT 52 20 A9 82 ), 0
TR A S PLIN =, HEUEEERA Y R DI 6E
SERRRAE, DLREAR SN Jy e 58 0 R, AT R T
iR EE K L, S SIALE DR i o R,
HEAR Gk 2 B THHLAY B 22 20 AN A IR, 215
T A 5K A, RS R 7 2 £L M
wr g | R A R B

52 HIHHLZE B AT JR R L AL AM B B oK,
A A S HLHE U R 2 225 i L, X FRAY 45
FE R S O R 3 AT R 1 = R B
SRk TR, DT I BT LEh ) A% i R SR
A J5y 77 =X, HEAUE B4 PN I S e R AR B A R
RN 4 52 2 AR AR REAE o BB, 8T 30 7 O i i Y
Aii J5y, 32 B\ iy 1 b 1% Sl BILRG 22 2 2 B A 1 24, i
il e ShALHE U Bl S B B o U O ISR E A
TET B WAL MR 23 SRR 2, 18] 1(a) BIr 7R 7 B0
225 W HE U IR BB, R Sh e A o

HE SR (R DU 1 HEC 11— G 10 75

ARMEL, WE 1(b) s i THERE N EEE
G SO AN SO HE L8 A T T 1 28R
7 HL SR T 5 B 2 2% 1, TR A R HE U
VR A 2R R Bl R B A B R O AN A
FIHZ AR

T 16 363 ik 2 S ALl B AL 2 U B
gheit, EANAMIETE N G125 5 92 bR I HITTJE TR
AR ST, B R HE TR U B L g
AR A S R A G 2R LU Rt 1< 2
B X FE PR SRR AR o AR TR ALY
oA R B, N AL s A A SRR

(a) 73 XA 7Y

(b) A&

B 3 ak i & s
Fig. 1 Exhaust ducts of the turboshaft engine with rear-output
BN S AR PR 25 e s =
YO, T LI A A 2 DR O 3 K T ey S b ST
K 1 Je i sh oy B RN, S BCH 3 45 4 T N &R
Z, FAUIE I AE L THHLh J wind s A s =X gk
OB AR AR TR B AR A NP B i
1) BT AL A S0 il 2F < S AT TR, E
SOE N R S an & 2 s (B Ma F o 23 0] 2
Ih 7k ORI L R B R B0 L F 5% 45 R e I i o
LT B ZE T | 1 7 DAL 5 3 5 RS0 IR e 25 4
RS ER ™ EWRAS R AN, SR T
BEF U E 7Y ek B R B L SR W . Ding
L5 N VRS s A S SCHE A R I Bl
WHIEAT T HBUEBAY, 50 R G T HERE
T = A e T R e A RS
S HO HA SR RE A S i B AR, JR4R T A
WSS E kM . R0, BT RmEE <
STERE R R FE AL HAE B, 223 HNIRE
mi AL LA K 2 B AR AR S BT AT A RER AT IR
HHlT, 3T 2 HArm R A ik o ik e HE RS
SR BT B AR B )z P, AT BE A% S8 B
FEEAE B BT T 2 8] o B A e A (0 25 40 S8 18R
HEAE R Re b B H bR o AR SCERX 5
YT 2 ShALa i il I 2 A TR,
e F A 9T B FE AL P, g — 28 F R HE R i

20250386-2



513

T A WE ISR L HAE S ERE 1L

SOOOOOOOOO §

OO
RESDRONRNRS

(a) SHHFEL

Soooo0o00~ A
lololoobioloos
OOO OO OD
o S AR NS

(b) BJEWKE Z 8

Pl 2 T IR A SR S AR S

Fig. 2 Internal flow of the inlet for the turboshaft engine with front-output®®”

ISR AL BT TS, 1 T s P R
AR S AIL ], LS b 32 g B A ol X A HE A
iU agpitie S

1 4pigEfEs

1.1 BEAEHSESEH
iy e o A B A S CHE RS A5 E 3 s,
WAL 5y RE, BB, PO EE KX

P IEB

TG4 SM 25 1y

A

(b) LV

H,

&
<

(c) th FI T

K3 HES R A

Fig. 3 Schematic diagram of exhaust duct

M, RGGRFE I W S B G B R B Tk
PR A B mEHE S o L FE L S5 .
OHEY EEE: #0462 Dy, 3E 0 NS OB
H% D, WL HY B Ly, B B
5K AR oy @4 il B & A B HER D PG BE
B A A K OE L AR R H ST
S5 BE B E 1A % ) B L B A
HEA T SRR, H AN AR TR 0 K R H,.
i BE R W, NETE 0 25 B IR IR AR AR IR Ry,
Ry, F Rysc

g, HERE M KB Lo SRy R AR
T T B S I SR O AR Ry, A
Ry, B0 iE 26 5 P 28 1 38 55, WL 1(e) FITR o
ST 0 T 0 A K H, Ol IR AR T
Ry RN Ry, ZHN, [B S 42 [] (1) & 22N R, =0.5R,,,
Ry=15Ry. HY EEY IKME o E XY &
BLAMEE R 5 Rt B2 Z R R e f o Al B il A
JE B RE SR A B R 1) 5 O Rl R =2 TR Y

20250386-3



IR DA

a2

Fe o

6 /> SCHR T S 1 B AR AR AR HE DAL, S
OB NS B 2 () g O [ A e Y B 4 L
EE 5Bz A o R A . HER
Y A JEE Y T 3 SRR YT R BN il B e
it B Y T DA S AT Y F AR I A i 1 |
SLR, W 4(a) R o FAE R A k210 2 il
2, ®"IEAXF: axl +bx+cxy+dy* +ey+f=0, F{E
SE LR Z B DE 520 Br CD KB HUAH, 4Pl 4(b)
Jis o BRI, ) DL O SO R A L
AEFRFNRERR, DL FAERAF M2, XA SO 2
BT 51 2k, CHGR Y s BE Be A i
B G BR A, 26 A 2l Bty 1 T P ) rh
O i, G e A B R B IR A B o, A1k AN
e A i Bl i M B, RS FAE AT E T
SIS [FAE, 2 B Lol S md i
S B A E RO g BR A, 2SO A
Bty 1 om A o £ ISR o BT FAH,
FENGTE 51 TR A N T R 5 ) S 7/ 929
B I BN & AU L&, @il A
th G L RRE S F A A il B P 2
— M, MG FIEWE L Aol L4,
Bk O ARLZR RN 4 55514, R JH NURBS
(non-uniform rational B-splines ) ff I £57 A £ 1 25 fHh
Be AT o

BEMEHE R S S HNER 1 PR, 5 E U

75134

E5IS4

NeGIE227
\ gk

/L\\

THIRL&

(b) FIELHZE

K4 U R R &

Fig. 4 Schematic diagram of exhaust duct profile
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Table 1 Geometric parameters in baseline exhaust duct

SR i)
D,/D, 0.510
Ly/Dy 0.121
al/(°) 4
LJD, 0.164
L/D, 0.95
H/D, 1.05
Ry/D, 0.529
Ry,/Dy 0.265
Ry/D, 1.058
A4, 13
W,/H, 1.65
F 0.6
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Table 2 Selected design variables for current exhaust duct

S BEEH BUE
Yk a/(°) 4~28 4,10, 16,22,28
5 AR Br(°) 55~175 55, 60, 65, 70, 75
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F-values
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Fig. 20  Effects of lower guide line F-value on aerodynamic

performance of exhaust ducts
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x3 BERXRBMBERSERBUTELER
Table 3 Calculation results of total pressure loss coefficient

and static pressure recovery coefficient

K5 BERSRHH ANOVA R
Table S ANOVA results for static pressure recovery

e al/(°) BI(°) F Cp Cy
1 10 60 0.3 0.128 0.359
2 16 65 0.3 0.085 0.403
3 22 60 0.6 0.099 0.421
4 22 60 0.3 0.105 0.396
5 16 55 0.3 0.119 0.416
6 16 60 0.45 0.091 0.432
7 22 65 0.45 0.087 0.418
8 22 55 0.45 0.132 0.392
9 16 65 0.6 0.091 0.398
10 16 60 0.45 0.091 0.432
11 10 55 0.45 0.14 0.378
12 16 60 0.45 0.091 0.432
13 10 65 0.45 0.12 0.312
14 16 60 0.45 0.091 0.432
15 16 60 0.45 0.091 0.432
16 16 55 0.6 0.11 0.41
17 10 60 0.6 0.123 0.318

x4 BERKFEHD ANOVA R
Table 4 ANOVA results for total pressure loss coefficient

coefficient
A5 R N
LT V] 425
(source) SS DOF Ms Fgitd PiE
TR R [
B R 0.0227 9 0.0025 223.34 <0.0001
(model)
a 0.008 4 1 0.0084 741.97 <0.0001
B 0.0005 1 0.0005 45.06 0.000 3
F 0.0001 1 0.0001 7.89 0.0262
af 0.002 1 1 0.002 1 184.94 <0.000 1
aF 0.0011 1 0.0011 97.31 <0.0001
BF 0 1 0 0.0221 0.8859
a? 0.008 6 1 0.0086 75798 <0.0001
,32 0.000 6 1 0.000 6 52.03 0.0002
F? 0.000 7 1 0.000 7 64.35 <0.000 1
5% 2% (residual) 0.0001 7 0
ER
(lack of fit) ~ 0-0001 3 0
gz
(pure error) 0 4 0
HEIE AN
(corrected total) 00228 16

HeE R R M 0.996 5, JE#E R 2 0.991 1, Fiilll R? 4y 0.944 5

%i?f f SS DOF MS Fgit PlH
Iﬁluifi;jil%éﬁg 0.005 1 9 0.0006 131.82 <0.000 1
a 0.0010 1 0.0010 229.65 <0.0001
B 0.001 7 1 0.0017 411.17 <0.000 1
F 0.0000 1 0.0000 6.05 0.043 5
af 0.000 2 1 0.000 2 35.33 0.000 6
aF 0.000 1 1 0.000 1 0.17 0.693 5
BF 0.000 1 1 0.000 1 12.61 0.009 3
@ 0.001 8 1 0.0018 397.52 <0.0001
B 0.000 3 1 0.000 3 62.14  <0.000 1
F 0.0000 1 0.0000 4.44 0.073 1
(reﬁsji(‘jfal) 0 7 0
ERi
(lack of fit) 3 0
il
(plff;iir) 0 4 0
FEIE AT

(corrected total) 0.0051 16

B REL R 19 0.994 1, P45 R* 2y 0.986 6, Tl R? 24 0.906 1

RVTIUIN B H BHE A8 Ak i B . AR TP n] LB
F i, K RSM [ PAE/NT 0.000 1, [FIEF R* 1
ORI 2E(E/IN T 0.2, R WA SCR IR 43 H 7 1
AR . AR FGEIHE R BUE, X HERE BE
1Kk R BT R i HE P T = B R AR OE: B oL
a, X R O ZR 8 2 R HE T R = 0 R AR

WIE: . a. af.

B 21 X T HEAE BRI R B, K
& 8% CFD H A (H A1 RSM F(E Y 22 57,
JEA 2R R W RIS Z E0 S5 AN Sl £/
PR 253 ITE £0.3% . +£0.4%30 [l N, 18 B A< S pF 4
N7 % RSM BB ERf S B LT S8 o, B F XTHER
EAR SRR

BT NSGA- B 57k, JRHFRAE £ Hin
AL, & BB L ECh 100, BRI FEEECH
60, 38 XUAEFE N 0.9, £ 15 2] Pareto f# . & 20 Al
K 21 430 34 B T REAR L) B A 4645 3] /Y Pareto fi#
TEBETT2S (B H AR as 8] L i 4rAa . AR 20 AT LA
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Fig. 21 Comparison between CFD calculated values and

predicted values of response surface model

Al HERAE N = S 80— R S
[ 21 77 19 Pareto Hif iy 5 O R 152 11 A B 2 1k
T 2R, 4l d B A 0 43 BE 45 Ak B R A4S
HAReR £, BI C, F1 Cypo 4 6 25 Hh T OLILAS B 1Y
Pareto fi# 1512 80 HUE L L

&6 MUMZTSHEETERE

Table 6 Range of optimized design parameters

E 24 IR el

a/(°) 18.36~18.95

BI°) 60.2~65
F 0.39~0.48

R T B EA A 45 B AT SR, 7E Pareto fif 4R
RBEEE T A Pareto fif UE 4T B 0IE, 43 51 A Opt-A
M Opt-B, % 7411 T Opt-A. Opt-B ) CFD 344
{ECFT RSM 990 0 {7, JHL A X6 35 22 35 7 2% i [ Y,
W) BE BT . RIS, 25 7 90 TR 4% B — 454
PR 2 43 BT 1 52 19 fE A7 Ref-1, Ref-2 1 Ref-3,
Horp Ref-2 B A SCH FEMERLRY . AT DL, P9 & i i
s I SHERAE I S5 F R S s P RE R i AR
T, AR o — 235 449 PR 26 119 23 AT AR M R A5 4 oy 2R
MMt &, B, 5 Ref-1~Ref-3 14
XiF e A 1) R S AR Ref-1 AH HE, 38 1 2 H AR AR
53 2019 Opt-A BRI REOH/N T 10.5%, #i
WA FE S T 7.3%;

®7 RUOKITRHSFIERE

Table 7 Aerodynamic performance at the optimized design points

72‘?& Ctp Csp
F A
a/(°) BI(°) F CFD i+4#1H RSM i {i CFD 818 RSM Fii{#

Ref-1 16 60 0.6 0.095 0.412

Ref-2 4 60 0.6 0.213 0.079

Ref-3 4 60 0.45 0.191 0.165

Opt-A 18.74 62.39 0.473 0.085 0.084 0.442 0.436
Opt-B 18.36 60.25 0.468 0.090 0.089 0.434 0.438

o Paretofi L fft o FEAR
0.60 N

60
pIC

58

s4 6

P22 ki FrEditasa) Ly
Fig. 22 Distribution of particles in the design space
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Fig. 23 Pareto optimal solution
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Fig. 24 Local flow fields of Opt-A exhaust duct
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