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(2) KB T AR R 22 e i A o e A, TE v e B R G AN o PEARRALE;

(3) KL FSFA VNS 2R RGBT WS, A RERET IR T RS0 ) R 5 RIS

i, V22 AN 1) R 07 E 53 B — R B A T Bl ] 5 B el 2% R T T SRR R 5 g Ay 22 A
A G A 1] ) A7 L 53 ) R A R TR VA A T PS5 R 48 AR R BRI e (R 400 T B I i e L
oy ARG TS AR T, TR B 2R o ST I SO DAL R MUREE A« A3l AR AL
SEAHRENAETT I BOR [0] R SRT, BEABOR K AN S e A% i R 20 AT, B 2 R R G
A AF AR S R EENE. AT, O 7 RREH s 2™ I VERE, AR A 20 R I A < — AR &
- GG Wish - SRS SR RGBS . Bk, R R O SR R R SR
T CRBM RS (system of systems, SoS)”, THEIMAIRH 2 BB /04T BT AL T4
RESERAH G MR RE . TSR FI R AE (durability).

AR S TR ARFF KA T ER EEEEE T BRI (model-based), RIFEAILRZ] (model-
driven). FTEA, 257 ST AR R U 22 2 R AR T V5 | R A PRI R N ] AR ) I — R
T RAIE AR, 2 RG] 708 BRI BRI B RIE RR R A . et 0.
1 S0 AN PR A e R 75 B SRR S A TR AR L MV BRI e 23 b 5 vt R SIS
2. N, B K ANUIREE I A SN B AL E TUA S AR S L R AR R IR AR
Bl LA S SR B A 22 2 R AR R T R I T ) — SRR B e 5t 2 HE R A1 AT R0t 2 57
E R 2 R . MBSE J7 V% A] DAR G 38 BN H R G K A= fn A 3 (system development
life cycle, SDLC) N 1% 2RA5 A,

Montgomery ! (2013) A& 48 R 40 LR & SCRY AN AR IR AN 1Y, i id 1 B AR R G K 1
MBSE % 7 874 4 A i JA BB RGBS SoS RGALEG /i Wik APl 4E. MBSE 773K
FIECT AR AU B AR SCRY, ] DU B TH I R 38 Z T IIAE IR, PRI s AU A 1 2 4t o o (2
I, MBSE J5 3ARPRAE & FhRE AT 785 HORTT AR, 45 ) 2 A2 2% i i) 5 SR D 7 T 45 21 T A
IVA;ER

FL, 36 [ [ By 7 2 A 2% W] R A C4ISR (command, control, communications and com-
puters intelligence surveillance and reconnaissance) HIFEM M), J5 K4 N DoDAF (department of
defense architectural framework) f&7 424, DoDAF #ER ZER AT LAE Rt s MBSE J/77% Bl DoDAF
FREAR B R T TR VaAE 8 L 2 485 0 T T RT I 1) B A7 495 95 41 U AFL S () MIBSE -5, #ilr, 15 [
RiRH R MBSE 773k 2 R I R0, PR B, A R & B et filis . 1847 Mgedr 44 dn A
SRR . T RO R TS R & Wt 5 R B ) Ak, 56 [ By AR & SR G R () SR 4
ST B HOR U HMET &, FIME RBOR S MBSE 7572 B

HIR RGN B HE K& AL R4, R EHLSVE 2 2R TR HIFL.  O'Neil
45 61 (2013) R MBSE JEWIL T 2R RGOSR H LK HIBAAE TLLL K AWLAE B4 1)
LA IE HEAT T E. BERE VR T B MBSE 7574 AT DUR m 2R R R R A
AR RE AR 0 Rk, MBSE 75 2 A e g il 2 82, OB & mh R . i e
RGBT E G WHAFEAT YES S5 10 4 AE A R AR SR A,

ARV MBSE 5B et R A Ei i it i /g, L RG24 BY4Eiidr 2y
BRI AL R4 RGN K ENHLIK Re B AR BB A, B IR S RE AN B e e e 9 LR RE. i
FeEAE OUHE T ) RN RS AR S A B0 ) s B R BB A, LA A 55, R
kR i 2 R 2 —. MBSE J7 iR AR B Fe - v EE5 1 v i R 1 2 2 R Y AR B, 4 47 3
I HTRE BEF B TR A K
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2 R RIRANERDIRITE) MBSE 152

TR R R ERE SRS E A (SME) Bt B R A A ST PR 4, ASSCHIE U e g
Wi fE 2 R ROR . B KRN = AL 20 M S5 e R A 2 R B L 2 e S b 2 v A EE L
I Braytom JEIRJFER, $2 w02 K Sh L4 2 Lt oo 2R s E A 3R S48, B8 <044 16 4 L An
TRECHTIRLEE. HAr, mHEmE =S R ML e BT I SRS OB 7 M R MR 2 SZ AR PR, 1 HLATY
SRAEANWTIE N, I v PR AR AT CIRLPE AL A0 /K P ) AT LA 4 AR S AR AR L R e B Ak, 51T AR
i AR LGOI RS A RO A, B T TR AN R . T LARITL UK 2 AR A
AR FEAR TR 6 P 465 W 5L R RV P o P KT, ARAIE SR 6 T B0 T S e AT R

A7 i R G T A E S IE ) R Gk R AR, DU S L R R F G B S I A PR, PR
T BOR . 2 DAY S R GEAME R FE, IEen A H S5 M B TR 35 ZE A A R SN
FIAE S B aUS DA K D)2 5. ARG IR A BE, IRe it i S0 S5 L v R R R0 5 i AR R 4
HE WA AT B, A A AT AR L AR R 2 SRR T A AR . A 1
FioR, BATRH SysML 18 & 8L T iRFemt i A S 5/ g v R ) 2R A I H R IR 2 18] 2

MBSE J7 i3 5 B 37 2 SRR A 1 H T 2 R R R, fEES R Z S 55
ARAFUS AR (1) 5 % 77 S o, SR R SEB MBSE J7i A% EOR 1, 42 247 B i) 350 H 3R L
AL (CAD HE8Y) 53R M 251, K FH 2B /BT (CAE B8 5 Bor A= fh i PERE. BTk
T RE I AN A TREIT A SV R[], CAD #ERFT CAE R 2 [ 78 R 0 SR, S 808+ KUK
Kk, CAD #85 CAE fAY L2 — MEMA EMMER H#. MBSE 7740 LA4E A CAD/CAE
PRSI LA HE 2 A A AT B SR 2 A W AN B RE 9. AR SCR A MBSE ik, R T —
Pl T S B S R (1 T L2 5 22 ) B A R 4 1 7 V.

W 2 FroR, A e @ &SRR e R A H 5K T U RS ) (8 i i el SRS,
AR FHHEBED ATVER DT (delaunay triangulation) vE4 AL ML MG, B % S: IS HUAL T LT AR
St S B A P P B B AT 13— D 7E B U A P AR A LA A R SR TS K, A
NEEAL Y EIA EERRY (A0A BRI, S A6, MR R REIR TS R EA R
Fra FPEECE & ) S, LA RV IR PE R E LR AR AE . PRIk, A REAR R B B B R e B 1120 AT
IEFRI TR AR R PR e S A

YIRS RS Ay M I R P AR KR B PR R A (B AnE R . He SR B A ), AT DA 45 1
BATHERRTEbR. MR PERE T A 2126 % (1 LA 25 A A B — ANl () Wi B, LR 7R T3
SRR AT 5584 2 30 TR ANAEAE R 8 PRI G 2. BRI, JRATT R RER FARERASE A (surrogate models)
VE R R gl Sk B BRI B 5 T AT AR Y. — MmT DUR I SEES WAl MBSE 45 & 7 @ S r AR BEAR
B 1O HyF NPEREFE bR A B LT S E0EE & 2 (A Rl ol g b B 0 A 4 77 s QS BR, ddei F v
KGR R %5 N TR REAREE S I R RS G, e, N T KRRt it H1 4504 2 8}
Pk veit, FATERIBAL S U AL (835N T 2 B AR AL

TEIRECI A EN SR BT, & Ml B A AN R A G AT B (LT 3% 5 I i
B, AR TR AR AL TR AN — B, R, 48 MBSE AL T AU E S, JF B2 ] DLAERR
¥y, LA AT LA E B e A 2 (e A —EokE L AR T 2 R S5t 772, R b 2 %)
PRI 27 [A] A — 3501, S B 2 BOa R ) L 1 (120131,
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Figure 1 (Color online) The MBSE model framework for designing turbine blade cooling structures
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JURBE BRI T 52 2% 7= M T 7 &8, 2 2 /0 5 M e R A I B mt. LT AL 7E 22 4 23 )
TR S EA TR IR AL . TR AR DL % R R LT IR S AR BN R R. B2 i
BETt e R 7 BRI P R A AR S 2 SR (R LA R AR, R, B TR B e
ARG EZ TR SR,
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Figure 2 (Color online) Multi-discipline model integration based on parameter mapping
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Figure 3 (Color online) (a) 2D parametric modeling of film-cooling holes; (b) 3D parametric modeling of film-cooling
holes

RSB JINLERAT 5T, AATRORT TR B A AN ROR S WA TR AEdE S i e . UL
(RUE S TR RLEMSA L) ¥ E A e E M 2 70 A1 55 7 22 DR 3R 9% DA~ 16 BRIk, et 1 v 203
T — A B A B T B & 2R UL A SN BCER I e Ak 3 Bow, RATESL T RISL. #i
FLANSR R LA 2 P s 0UBEAL I M = ZE S B,

I A S V& 0 R R Bl 7E I B PN 51 NTA S0 R TE N BE BEAT WP IRT e FA0A 21, B e IftIE J LT AR
HA 7> BB L. e A AIE AT DR =08 « SRR AR 2 M LIDRAR, I B 2
RS AR, W 4 s, BATRM B Hii4 () #4iE 7 2 MiiE S0, 5 Bg 78z
BB AN 2 2 BE JAE R 2 B R v B TE (1 S B AR B LT S 8 B AR 10224, il it 46
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(a)
4 (MEMFE) (a) ZHRESHUWRE; (b) Z4RESHUER; (o) ZERRREER

Figure 4 (Color online) (a) 2D parametric modeling of coolant flow channels; (b) 3D parametric modeling of coolant flow
channels; (c) parametric modeling of multi-layer baffled coolant flow channels

(a) (®) (©

5 (MERFEE) (a) HREISENK; (b) MRHESHUER,; (o) KEHMBESHURE
Figure 5 (Color online) (a) parametric modeling of ribs; (b) parametric modeling of pins; (c¢) parametric modeling of
teardrop pins

NS U R P Fe A K A

N T PRV HRER, Ve ANE Z BB 7 2 R TS HI A RE R, SeI S5 )7 i A7 B JE 2R
VB PR BE 45 I EAR R E L 52m 1 v AN CR AT il B 0 AT . SRR B A R 7 22 5 e
dr LAY T R S R AR . A AN LTI 70 3R 0 VST — i DLUATE B TR g Bk i

N T SRV EIRCR, RE T A VA B — 2D R A b i SN T s AL A RIHOR. el Wt
FoE KM E B, FR Han 55 U7 (1991) RBURHYI LE I LD A4S SE 47 s04R v DR BN I e i 7. i
SR TAER AR SE (Wi 5) RO EL BRI 7R 5 v 2D RCR TT i A R3S 81 TRk, AT
KHASHAEBR T AR 2 R LT (0 5(a) o). JFH, BATES TR (B 5(b))
KT (B 5(c)) & Z PR SEERY,; PURAE T DR THA 14 BUE iR i R G i 45t

PR TR, ASCAHPRAAUA HAB S T R U, B2, SR EREE | R 82 Y
BUE P FANEREBCUE LA, R T e I v R G5 BT R AV BEAL KT

3.2 BEELIIREREY

— B JURPRE IR T — N RS T T B TR R R VR VR 2 R R BN RE L W]
FEVERRE ANESE, BRI R A Bt 7 5. W STl EER T BUE AU B 5 P BE SR8 PR R
AR Bl ARG H Bl 7177 55 2 W BB AR AU T BOR BB AL AR 5T i T AR R E S R 4
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PN TAREOT B HUR S, B, JES M S8 ) LA AL 0 500y S R B B0 B UL B 8o,
EHUL R RICEE SR T B R G T SO

AR TR WA K1) 23 B3R 20 4 FEE SR AK)  LATASE 2 80 Rl A I 4 P58 R A ) B T B 5, R T8
AL B R — e m] rp, oI R — R, B2k —4Esial i, Lo el =
FCAIUIAHE, Bl DRI A 2 0. =4E2sia)d, BoeREEACK F DY i AR AN AR, Bl gk
FTLTEARSE TR B B BRI A S — A MRS L A5 7R 8 e 80 e 24 P2 ) L AT A6 Y el f it
2. WA 6 fros, 4B Eb e (nlumig) s 7 EREBL It (=M71) M43
BT (ZRBY).

TREE I Fr v AN EE A BT G B L e SNSRI AR R 4 T IS DA B AR A AR Bl
SRR B IO S SO X B ) ) B A A4 — 4 TR ) = A A DU S e e A, g HL £
35 = 22 8] (0 DU T AR /N T A B e AR R PR ) B R AN OO ) LT 5 W B AR iR A
oK, T ELSE i SUEAS AL 0 AT R SRS EEAN K.

4 BRI EIRE

SR S ISAT IS AR B 2 A B S REAMA 7 SOSE (AniRe), A SC IR B B S o R ) Py
TR, Y RG (IR BRSNS Ky B R b st B sy AE & sr i L Re S AU
WE 7 B, P1E R g5 WECETE R AR TR R G T2 (governing equations),
RGN AR, /2 MBSE RSt @i fi b, a] DR FH 18I [r) 0 MR 2 22 R Gedss il 07 2 X 43
MR A w5 7 A (RS RO FR) PO R sk oy T RS (N ik s 3 RO ) R 22 2 i 1l 4
TIE (nPah i i),

TER G TR A E, P RGBS IO R, TR E R R SR (8
HAh &%) MYR . shEMaeE L. B8R, £ LIRSS R 400 fe & 2 PPl 5%, H2 W EL
A BRI LUAYA 3 2K, B Dirichlet, Neumann £ Robin 2514, #7382 G405 07 70 75 2245 € &
GAVGEAIRAS AR %A, R AR FR AT 46 144E 7] B (initial boundary problems).

A A BN G BTt I SR B 1 AR Ei D) 3 R B BB AR S 0 B A
SRR IREE T A EIH AR 50— R T S AL BRI AR SN I R N AMEE TG AR, DL R
R EEH N L S R X EERIE AL AR — RSB R (B TR ) B R T RR AR, 45 B R R
HOARIL Tl 3 AT 45 IR 5 IX LI 3 S 8 E i F ok A, RS Gk At 3 ) L S Rt
FITE— M BBE T Wy S5 R il B2 o AT ARG S Rt A AR IR A R M R s e, PR T SRR R, 5
Ab, BINIRE L TAE N 1 S v SO, AR PR AR B e @ i 4E S, 4 LAy — B —4E iR s) 1)
BEATACBE. A TR SRR R A GBSO S T R AN R R B . R 2R R
A BLREN, CAAH: ke B (e TR AR S ) A T HAE ST T X e B g TR R S S AR .

TRBN RGO = AN AE I FE 7 7R (Navier-Stokes equations, fij#% NS 77 #2), it
MRS — BT LR =4 NS 7Rk, B2, S TiREemt R 2045 Bt (0 3 R SRAG v 46
PRI P AT, 0 m] DURE A S BB 2 7 A il 572 BB ALY A Fr N 74 A0 A B FE LR,
ATLLCR AT R SE NS 2. BUA WS 7 VB A6 P VA A0 J5T L 30 17 A6 9 IR AA P 28 A 28 b 8K
SEMATHSORE B2 AN 6] R0 BT AR HE s IR R T B8 ST, i VR B G B R MR A B A S PR I
Waed). BAR, BEAEENS RS BEWERFF S8, (H2 5PNt w 477 (Reynolds
averaged Navier Stokes equations, RANS) B H4& TFESZ M. RANS 7Ef 2 & SN B BT LLS 0L
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R 2508 S0k [19). A% SCEE RS A IR BIFT K R T RANS ke BUMAN b BUR A
R,
TENE Jr AR FE AT T, — AR FIIE T Fourier S HGEHEIE M1 I 72

pcpOoT = 0;(kO;T) + gs, (1)

Hrp pr MBVERE ¢ BIREEH, T: R, b FIEREL, 0 WHIA.

FEFAIHTRERL (1) AR & —FhRE R S T FE, MBSE @A 7732 1 LUK JL S A6 R AT AR
RV AL AR R BN EAL PR AL et 15 AR L VAL FAMSEAY 1) 1 TR 2% A R B 3 3 R 02 75 B R B AR
. B RGEAETTRE (1) Fefll b, SR S AT A A A [F) PR 558 6 e 2 (1) 2 b 7 =X

Py v RN AR BT B R B R PRl — 2 A 2 R &, lan <8 SR . SRR S48
PR TR i, AR SCANTRT B iR 3 I IR SRR AR & A 74 (conjugate heat transfer, CHT) [a] @ Ji it S A%,
BT A RARFITVE (finite volume method, FVM) LA K f##8 AIZE T4 5 6 )77 (boundary element
method, BEM) [ /& F R ARA, IR B0F8 G A& #v i) B n] DR R RA RS & i AASK AR 20, X2 H T L
PR B A QU 3 SR F ) — b 07 vk, A0 s 2 T LR 70 U AT B B RR AR AR, AN T A8 B SR A 4
FLoh SR A SEMHL B Z IR &, AT BLER, AT REAN IS,

A NEEAR BN A FE R T AR & SRR T, RIS MRS -E R 0 M B2 R A T B2 T e &1
TR R SR A7 Tt S50 AT AR ] A PR R A A e . 1 P v B0 B B0 T AR FH 2 B A 1L
FAH R s NS J7fedhidk, B

div; =0, (2)

p(Oov; + v;0jv;) — 0;[(0;v; + Oivj) — pdis| + pfi = 0, (3)

Oo(pe) + 0;(pe) = —0;q; — pO;v; + 730514, (4)

Hor, v EEDE, pr L, i SIFHAEREL, po JR58, fi: WD, e WHE, ¢ BIRE, 70 BT
Iy

W B S BB SRR R D B e RIEESLNE TR (2) BRI (3) SRAFHEE A K
5, SRR IBRLR R RE RIS (4) KB ARRER TR (1), XRh AR G ISR AR 5 V2 75 BEAEUE F i s
RE RSP AT 20, BB S A AR B . 9 & MU AR 75 B FR T BRI s, TR A =, (H
F ] DS gy v 20 FE A T BRORS BE L WSt A AR e . ARG B BB S AT AR B PR
TRE S SRR s it R BE AT R BB RE AT < JR I R YA R IR L R HIHCR | Stanton
A Prandtl BT Nusselt £ Ais%. 23 GNP B0E 1 iFert i Shai ) 2 AR s i
BLfi.

5 ZEMRHHKRE

TREE I Ve AN ESRTT IBOR PR A AL AT LA 20 VE e ZORARAL H AR, BESRVA HIHAR R
i IR A AT SRR AN A A, (H R ARG R T R G INECR B TERE R B BN BUS SHLAR S A
SEAE NV A R G IR A R I R ATV 10, FEAI T s A S LB LA HK, ¥ 20 5
SIRRBIRIE M AN ah R PE A AR AL, A7 AT REREARIM 7 (B PERE. T HL, M A ESIAE Pt
ARG E PE T BERR IR RARCE. 5=, MR A G hRiE . fLE AR AR T RS — e b
T SN B R RIS g 4 R A8 T, AT T I e o PR 2 g i RE AN T S
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FURG, e 7 v s R A (RERAR) AR 2 KRR RE EAIRH T I B BRI BE ST R 1Y
k. N T IR RGINECER, LIRSS A W] SEPEANT ANERTRTHR T, R R B ARV 00 BTt
B OFTEL, AR A A SR BT A AR IR e 1k BE SR AR AN T SRR AR AR, JF HLE A N A RR A X
B, Z Hbr Bt U R n] AR BRI D e 3% — LIRS LT S5 (WdiiiE . SLiiihAn
FUBALIEIREE) NIRRT X = 2, € R, e FHR—HREE 2 (i =1,2,...,n), 5 —4HHIRE
o/ ME, RI

min f;(X) j=1,2,...,m. (5)

A v J S5 R BT AN 7R B2 PR AL AN BN S5 7 MR REFR AR, I8 0 Z0 45 5 4 e 45 4 50 B
(structural integrity) f&#¥r. H T, WA @ H 45 0L 81t B brek 2 2L FE X s PEREi3)
AN E . BORIRE . S E SR KT IEH, IR R 2 M A w75 2205
B EHE LR EA, 73 ERLRAAEAL R,

hi(z;) =0, 1=1,2,3,...,
gj(z;) <0, 1=12,3,..., (6)
xfgxigxiﬂ =1,2,3,...,n.

e RS EE KBTS, 22RB0H I FR L SV BRI 2 M RI4ERE. BTEL, A
TGURIT 7t 75 BRI 0 M BOR VPG Py % SN S5 SRR R L IR Sl A 9 M 57 3 L 1)
SRR L IR PRRURRISE e (1 LA 25 M 2 KU DR R AR B ST v BN S A LA BE T 1 H s e RN 2 3R

AR SRS BT T DA B IE I 7 v A rp A [ R 5 i) L R AS B d e B, SCHp i a2 A8 W]
5 P PR AT A 7R 8 o [ TR AR SRR Wi 2 T Ry 50 A QR A T DA Rt B AR T SR b SRR 7T
e LT R BB (2 00) AN REREALAN IS & UL, SRRt TR,

6 /I

BUAEAN AR RARAC I S P, B X e 4 A R 8 AR AR A 22 R B LT A B R B Do BoR 22— i
¥ EREE R BT 2 — > SoS ARG LRE M, B8 LA H I L I ShaBiiids . Waliidz . I &5
PG MRS 2 2P M . B8 i v 2D S5 A ek T I AR TR R BOR 5K iy T SE AN
KAF A AR IR T AR A Py G5 A AR, SR vt PR R b JU) SR v A9 T B

N T RIR IR R GER G VEREIR IR iR AL, et 7 4 AN F BT A JR e AL A% GE 1) 352 B By
BT I, R RS TR R B SC I 2 R ARG 00T . 2R 2 B Rtk itit. MBSE J5&R]
PATEGE — RGBSR N (37 2 SRR, S I 1) Tl PR, AT A2 2% R G0 4 2 o JA A 2.
UE, 1IN MBSE J5ik 5 20 TREROR (04 & R MR AR Fr v A a5 e it [l ek g1z, 1k
HHE MBSE J5i3R A2t 2 2 RO & BUE 0 th M2 2RI B A RS, ATBLER S iR Rk & R 4t
ibjelR e

SRk

1 Montgomery P R. Model-based system integration (MBSI) — key attributes of MBSE from the system integrator’s
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MBSE-based multidisciplinary modeling for designing turbine
blade cooling structures
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Abstract Complex engineering design requires building a considerable number of multidisciplinary models,
among which a plethora of “isolated islands” and description inconsistencies were created by conventional engi-
neering design approaches. To enhance the global performance measures of a complex engineering system, en-
gineers must bridge these isolated models, eliminate model inconsistencies, and effectively analyze system-model
interactions. Systems engineering approaches appear to be essential to multidisciplinary design optimization of
complex engineering systems. Here, unified multidisciplinary modeling of complex engineering systems is ad-
dressed by using the model-based systems engineering (MBSE) methodology. Following the MBSE principles,
this work builds up an integrated hierarchy of geometric, aerodynamics, heat transfer, structure dynamics, and
design optimization models, which are used to support the development of turbine blade cooling structures. MBSE
approaches break through traditional disciplinary boundaries and adopt a standard modeling language to build
coherent models describing various disciplinary phenomena of interest. Implementations of MBSE approaches in
conjunction with SysML models are expected to identify and eliminate readily the model inconsistencies, boost
integration of multidisciplinary models, and increase engineering design efficiency significantly.
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