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DETAILED MEASUREMENT OF FLOW FIELD
FEATURES IN THE COOLING CHANNELS WITH
PIN-FIN AND DIMPLE COOLING STRUCTURE

ABSTRACT

Cooling at the end of the gas turbine blades are always in the form of convective heat transfer.
Pin fin-dimple cooling structure, as a new type of turbine blade internal cooling structure, has a
better heat transfer performance. The content of this study is the detailed description of the flow
field characteristics in the pin fin -dimple cooling structure, specifically refers to the flow
visualization experiments with oil film method and computer numerical, under different Reynolds
number conditions, pure dimple cooling structure and pin fin-dimple cooling structure’s heat
transfer and flow friction performance. In terms of heat transfer performance, the average Nusselt
number of the passage increases with increasing Reynolds number. On the other hand, in the terms
of flow friction, the flow friction factor decrease with increasing Reynolds number and finally
maintain steady. As pin fin structure’s ability to disrupt the flow field is stronger than the dimple
structure, the overall heat transfer performance of pin fin-dimple cooling structure is better than
pure dimple structure, but the flow resistance is much larger than the pure dimple cooling
structure.

Key Words: turbine blade, cooling structure, pin fin, dimple, flow field, oil film, numerical
simulation



) ¥ ALY
%) suaniat jino Toe Usnverar B BNRDIER S £ B LR B RS ETE

T N - - 7 OO E O P OT O P R TTPSRT 1
L1 TTFFEIIIR oottt ettt ettt e et et ee et et e e e e et et ee e et et e e e et eenaenas 1
110 BT AT BN GG R TTE FEIIR oottt ettt eee et et e e ereneeeeneaneneeseeneenesneneas 1
1.1.2 TUT RV ED GE R TTE TT IR oottt ettt teseeeeeaeeeeeeeeeens 1
1.2 R T T T 2 ettt ee e ee et e et e e e et e e e e et e e et et et a e e et e e e et et e e ee et et e et eenaeeas 2

B2 B I R I oottt ettt ettt st ee e 3
2.0 R B ettt ettt ettt ettt e ettt et e ae et e e et etnaenes 3
2 L R ZR G ettt ettt ettt e et ettt ettt ettt tet et ereneeereneeaens 3
2. L 2 B T R R oottt ettt ettt e e eeeen e eneen 4
2. L3 I TR BB oottt ettt ettt ettt en e 4
2. L8 BIIEALTE ZRZE ettt ettt ettt ettt ten e enenereneenens 5
2 R L ettt ettt ettt ettt ettt eaeteteae e e e et eteeeeas 5
2.8 R B /NG ettt ettt e et et e et e e et st s ereneeenn 8

BB B B T B I ettt ettt ettt ettt et e et et et eneeee 9
B SZIGTETH oottt ettt ettt ettt ettt e e aenenenenenereneneneneeereeeeas 9
B2 I I ettt ettt ettt ettt ettt e et eteteaeteteaeeee et eneeeeas 9
3.3 BHHEALTE IR oottt ettt et et et et e et et et e e et s e eneeen s eeeenes 10
B B ettt ettt ettt ettt aenenenenenenerereaereeeeeens 11
35 G T ettt ettt ettt ettt e et ee et et e et enneenenes 12

B A B T T I TSI oottt ettt ettt et n et eereae 14
A1 TIEIB .ottt ettt ettt ettt ettt ettt ettt ettt ete s 14
A.2 TR BT IR FH I ST AE B8 oottt ettt e s eeetee s eneeeneenenes 14
4.2 L T R T IET c oottt ettt ettt ettt 14
4.2.2 THEEIEAFEITL EE oottt ettt nns 15
A.2.3 T IRTIE I oottt ettt ettt e et et e eeeseseeeeeeeeeeseeeeeeeenaeens 15
B A T I B TP ettt ettt ettt ettt ettt ennaenes 15
A3 SEIGITIR oottt ettt ettt ettt ettt ettt ettt 15
B4 SEIGEETL ettt ettt et ettt ettt 16
A AL BEITTFEAV FIGE R oottt ettt ettt e et et eeeeeees s eeeeeeeeaeeesesenaeens 16
AA.2 T B I BV I EE T oottt e et et e e e e e et eae e e eeeneens 19
A.4.3 THEEBE T T IZEAE, oottt ettt st s e en s enenaenas 21
A5 ST IINGE oottt ettt ettt ettt en e 24

5 B A R I B D A T oottt ettt 25
B L A ettt ettt ettt et et e e et et et eeeeet et eeee e et e eaeeeeeeeeenes 25
BLL L WIEEIEITRL oottt ettt ettt ettt n et ee e eneen 25
B L2 A I3 oottt ettt ettt n ettt n et en s enaeee 25
5.2 SRABEZIETIIETE oottt ettt e e e e e et e s et et s eeet s e eaeseeseeeeees 27
B 2.1 THETREETEL ettt ettt ettt ettt ettt ettt et e eneee 27
52,2 BT T B ettt ettt et et et et enenenanas 27
5.2.3 SRABTTIETIIETE oottt ettt et eeeeeeeesnesenesenanas 27

B2 B T o oottt et et ettt e e r e e s e e e e e e ee e e e e et et ee et eeeeee et eeereranaen 27



@) rAxary
/' SHANGHAI JIA0 TONG UNIVERSITY BEHMMMERE £ BRNARAEHRRINEMBETE

LT T = = ST 28
5.3. 1 VBN BH AT I AE 1T EEIBE oottt ee et enenenenas 28

5.3, 2 A A BETIEL T oo et ettt ee e e e e eeeeeeeeeeeeeeeeeeeeeeeasannes 29

B BB T B T ettt ettt ettt ettt ettt et e et et ee e eaenes 29

BB R T AR ZE R oo e e e e e s e et r et et et et et e r e e e e r s e e s er e e e s ereen 31

LI T Y0 0 I i F T 33

5,38 1 B K P 0 320 00 715 oottt e e eee et eeeeeeeteeeeanaenen 38

B R EE /N oo e et et et et r e et e e er e et et er e e e e s erseeaeser e eeserer e eereres 39

B B BB T oottt ettt et et et et et ettt e rar e s e e e e e e eaeeeseseeeeeeeeaens 40
ZE I TIRR oottt ettt ettt a et et et et et et et et e e e e et et e s eteae e et eeeeea et et et eeeueeean et eeeeeneas 41
B 3 ettt e et e et et et et et et et et et et et ettt ettt eee s eeeeae e eeeeaeeeeeeeeeens 42



EASMMbERA E =LA EHRRNENREITE

B1E &L

IR REEH LA 24 Tl -y EE RS UG, W R Aassh 7005, Bl A R s
o S HAR AP T T ig o R AL IR RN T 2 538 T 3 T 0k HELE. (RIT) 3 0)
FHOG, BE RS, PBOR R ek Bk m . DRI SR m R WL e 10t LR BE A T
IR RE AR R 2 — o (ER IR FE e T3 R 2 3 1 2 07 SR AR R, ans
BHOSREE . MR A TERESS . 94 SRR ML AR S0 e 73E RS i 1M AR I
Fho AT RRIZ— L, TR AR R, SE e bR AR i T A 5%, (HEE
N R T B R RSB HE B i AR Je it (K7 AR AT BAAE 245 T $2 i A S LI
AR SR T 1t DR T DABR R A S HLAO R RE s SN a7 (58 A AR AT AREARG i 12
JRAS s R TR SRR T L S T AR AR e AT RE A TR R A 18 FTIYIRR

578 KIHAR A B 1 DL = Fh 07 sSONREATA 21, ol 20, ARUBA R Gl DL E =i
77 SN EREFIH, r LA e B S AT R 2. Herp AT R R B Y I E 2 R H
XA TS STV Al IXIRBAR LI LR R A R, DS LI v A%
LEARZ

1.1 IR

1.1.1  SFAIAHEISE I IR

BRIV ZN 25 R4 AR AE T R 50 P74 V308 T8 3 [ 150 v S 7 22 4 0 5 v R (BRI TR R LR D o
XL A 7 18 5 A E TR R sh 7 1R B, AROKHIBRAL T XA IR RCR . B RA D
SERAR I PEBRR A T A SRS SN B TR A« AT TS R0 G350 1) PR e A A — Fol
ORI NI SN, AL TEE U 78 (A e 3 U A SAL TR B R AR s . —J7 T, %8
BRI R AR TE ST JE 7 A B AR O 8 1A A TR R, GRS RS, [
I AR ORI I 1 e i A

] P AMBE TN SO T 46 Rt T34 ED PR R (1 s e e B Re AT T KR SE8 7017
Lau 58 N FE R AT AR S b SHIDADR B SR RE L SHIDAE BRI IR . B 77
A T LT R 2R AR A X6 VA 01 B RN 5 BE 4 B 7 77 A 5 i

£ A B o5 T T e R 23 e A TR, TR L4 TR AR 5 B p (R A 3%
A 3E T #M% . Armstrong A1 Winstanley (1988) M &L, i&~F i F 5 A F L R 5
IR TFRRE P E4E R B Xt T KA, Zukauskus 15 H HAL S 3 & EECE DIAG

Metzger Fl Harley i#id SEEG 4R H, BT HERE T BEARAL IR REAR — € (U520 . IR PN
H P8 3R B A W 1784k, (E 2 8% B8 IR B B Bk T ) S 4k o 75 T s
B, FARE IR S 2R B m T AR SR, TEIRTE AT, BB ZE AR R .

Chyu Zahit M IHEAA T AT T KEVEGI I8, W RITE m R Ee s, B 505
FERRME BRI T AN HEAR ST s ABTC IR IR HEAR 7 2, T AR 5 A 1R AR OK 18 v i
[PJEF% . Coldstein i, A £ 4546 1 DX 3 [ B0 A1 T 2 () IX 4

1.1.2  [YIREAH SR T IUR

SEF R MG AR, AR AR A MR SR TT DAE — € RERE L3 s A% 24,
(B AN LR N TR F 5 R AN BE R R B B A AN 2 . Chyu S8 N RIREWTFT 1 i A7 T B 1
MHE AL ARSI R o

Moon S5, FERFERITOLT, MRS AR LE AR ah 45 4, JRaii R/ Al

F1 54T



@) X FRALY
X gy ~*‘; SHANGHAI JIAO TONG UNIVERSITY E-ﬁ%‘l‘ﬂjﬁﬂ Elﬁﬁfﬁﬁi%%ﬂ'ﬂ}%fl]%’f'@ Ijq 5)%,%”5)&“%*1]?&13'1"—%

LIRS RERY], £ Hd GEESESMBERZ /£ 1.5 AR, Wshadwn ki, #
RENLIP RN 2.1 1%, MR 0O 1.5-2 1%,

1.2 KXHMRAS

ASCVARR LI A BT AT AL v B S5 Ot FE T 5%, o A B B TR o e A 4 (7%
ENESHIEATIR T, S M PIRIASIR] (7% DS54 AR ZNBE 70 UL B AR R RE K 57t A o BTG 2L AT
A AR R

()R B8 % S B0 0 2 [V B 74 S0 4544 LURCBH-TI B R 5 v AN M i sl B AT, 9F
I T AT BIA PY B DA 1 B R U AR A Y, ISt A AN [R] (74 2 4544 P it ELTE g
X ]

()M P9 V5 U0 20 S 7 BOARIRAF A0 U1 120 A A5 A8 LA KB - 1M1 863 525 v 20 5 #2821 1 v
TG, MR PR AN ZE R N s RS, T R A A 4R

G)AIM Fluent X PIRTASE] 7% SN S5 F AT HUE AL, G215 N IimshRea A, &
HSS IR B AT, 100 A LR [ AT - T 5 S0 25 R EAT BB A, itk B iRl
AN [ R 7 A 285K P9 A A BEATR SR A PERE IR 22 52

AREE NG

BEIDIUIRE B 5 v B GEH FE — R A8 v 2G5 R4, et Mol B [T o A i e A 4 S R B4
o EFXTERIN R MR P RR VA KNSR, BTN DA IR Z RIGE R LS5 18. SH-MIBE R
Jo A ES RS G nv% EN S5 A AL NI R m B R RE, (B S AAE R sh i k. W
AT 5 v 0 AR E ) 2 il RSB MR B R RO BRATT i 0 (4 1)L o AT SR8 5 5256 K
KAV T35, ISR A B o3 A i ol A0 5 ) P R B o

b
N
=i
pies
wi
5
p=i



ay) Y FAALY
T 7 SHANGHAI JIAO TONG UNIVERSITY ﬂﬁ’é‘l‘ﬂjﬁﬂ Mﬂ’éiﬁﬂiiﬁﬁﬁ’ﬂ?@fﬂgﬂ’@ P‘] 5ﬁﬂ)ﬂ“§$ﬂ§ﬂ1ﬁi‘|‘§

F2E XRRFRARH
21 KGR E

THRN  FREE  EHE= CCDABML

[ -

=W

>7%-§-%

u%%%E@>N~/J L ﬁ?%%ﬁ/

B 2-1 XBWERGREFEE

B 2-1 J9%H I MIFE 2 A v ANEIE LI R GUR R AL RS EEAFE KRS, 7
TRERG. BBRERG. BRI AGEFH M. B 2-2 NARGELRREZCRE. T
DR A R 2 61 252 s 0 JEAT PEA A 4.

\ 5 3
-
\

211 XUA ARG

AR 28 ¢ T2 AT = AN 0 2 B A3 AT R R 1 B U A AL s T B

23T 5400



EASMMbERA E =LA EHRRNENREITE

CAR BN SIS B e BRIEZ A, 2 I 2R 4830 00458 XL T AS E Rt AR A « 0k XTI i
Ja (R 4 EHT A L KGR\ EVRTFR)N R AR A AR 12 KGR T %S #B 20 FR IR 4 A
B R B LA A I IR 22 55

G Z G TR A B R A AR L o FAEASEEG T, 75 26 2 AN T W EOR AR T it
ATV ST, T KL T UK SR BEAT R SR (R R 15, AT 3832 S0 15 AN Ld R &1 B 179,
PSR BXWUT R G, B e RBURA UL, PR T2 ARG RN
WIWEN DHEN, 23 58— A/ NURR S RO R T VI R, < Jm Il e i B A A2
IR e KHLAT R R B RS IS A A AT 10 R i 244k +— M RsE M S HoIRAS , AT
DRIFIAIAREAE » Bl 1k TR P PR P Y BB o A KT FR) 48 B BT A7 220 R PV 2 A i
e, PRI, R R R F S EE AR R

BRI R A NBEEM R A2 R NIGER TR, K4S PMMA,
HAWRBYIEL, &0, 2 THWN T, 27w 28 [ R Bas B A kL. AL
FAIRGS (o mT 280, A HY 0 B bt & LB R S B K 5% S VTR o e RAF (DG A PR REORAIE
TSR R AL AT LTS 2 R A4 XU AR, S B R

212 ESRERSR

N1 RIS R A B R I A S HL, ARSI RGO AR B Tk
JIEAT I .

U= 2 St -5 ey Y N N g 1 A e 1 DN B == 0 A i 3 i N R s == U720
Bewysm 5 2200 U RIS T F 00 i BN 1 I T R AR i AR 4

i ZE AR AR MO 2 AR TEAR &R 2 T B R &S, nTBUR T L8l
PRFI AR 5T 5 DN B M 4 TR 0 AR B3 i o LA SR B A IR A o 14 16 7038 4K, )
R A BUB T R 5 S O RS S, ITTSEBU Lt i %, E AT 8k
RS . EARMERSG Y, ZRAESMEARFAND, —in 5 KHE, 55— b5 X
N BTN ZUE S Y BEAR IS, R AN . A S, 22 IR AR AR D& )2 IR 0 22,
HRWUITE TR, ARG B 27— M sk, DR Al AR s 22 e A2 34 45 P o (19
JEZE A MR T A 5

4=—— = A \2pAp (2-1)
1-5
A §— R ERE
C—iiE A%, RIERETHE KRR A#, 7EIH 0.957

P——HA, T A RS B FH i, HAE N 0

e— MK 25 SLbRs Ma < 0.3, MO S NASIT RS, =1

A, —— DR T AR p—REE Ap—JE %

ASEES A U TR IR T KGR A BT S R Z TR . U TR R —FH

[ S T H, BARER RS, SRE (RKER 10kPa), SRS (1Pa),
HIEHER, AZEEIERERGINRGR LM, K EEA 5 R & 1 T4 7 1 AR,
RAIEEMEH U RENETHE ARSI 5 i E T H . TS )R E IR 5835
(T Ese, DERR DAL ARG, A — MR, W 5% 188 el
R B R, il R AR, s ANHERA, IR 1 e 28308 5 DN I 553,90 il A B A
PR3 KRN ETRT 20mm AXGR H 5 E 20mm.

213 KEBRERS
FEAYEH R, TR P M I3 3 S S AR 26 T (IR AT 00T, Xk T R

F 471 JL54 0

>

F*



EASMMbERA E =LA EHRRNENREITE

FH G ZEARMLNT SR B0 AR S S e 48 AT VAR 10 5%

A EGRAE RS EF AR F H 322 7] i3 1) HV-D30 5 P g /N84 3CCD ¥ it
FHHL. CCD MNLFIF HAZ Lo fF i A 43 (Charge Coupled Devices), FilF ) BRI H;
RINE THEAARE S, NN PAL #I ARG S TRt . Rl BxT 3CCD #H
B, YeLkidd =55 20 i B = AN 1 Fe T A B 2 A 3R B = AN AR RS 5, WfITE
LR BRI LA BT DL DGR B, s GO ERR I EUE . AL R L R
0.9 #rillr, BT 1.2 #valli, MiE RSN 3CCD RGB R4t, MG #+ N 13 FRiTH4
CCD, & EHN 795(V)>696(H), A MBRZ=EHN 752(V)>682(H), Bty 4.89>3.64 =
XK.

2.1.4 FHRAHE RS

FHm a3 R G A TR R s . SEI0 EUR SE(E BT IR a3k, BE . 4
MRS KBRS FEAFEHTRE R U AT BN FEARSLI T, B8 2 EARIER
PHENE S BT BT REREAN—EGHEN, B Labview FAFHATRR, dx. #5H: £
¥ 3-CCD NN EEME SN A —&1HENL, A Matlab 27 Image Acquisition 1T
ERAE .

K155 1R 1E AU/ Matlab T T E. Image Acquisition. 1% B %4 Tl LLE
A3 1) GRS NG H LA G R AE R BN MATLAB A1 Simulink. 1] DL F Bl g
{EFIECE R CEYERE . 1% T H 52 /MELET AT Wb HE R SCRE, AT DU A AR 1 2% (1
AT EL 1D P 8% B0 Sk I it B2 R T e 4%, DA AR, il SRR, JF SR 2 s 0
5% 2o

BE. MESYEERC R A LabVIEW. LabVIEW (Laboratory Virtual Instrument
Engineering Workbench) =& — Fh 4w #2115 5 FF K M58, B 3% B E K AC# A F (National
Instruments) Fk, Z—FEUT CHET R RIAEE, JTRZMHT T, AR T,
P EL O — bR e R BEE R AR A . SHAMRRE S R EARNE, RZHHE
HIAE S # R IE T SO AR 4D, 1T LabVIEW & — M EBAL I EIE S, AR R HE BE
NIRRT, ERE P rp e 1T s 8] () B4 8 1) TR 8 1 R AU 38 LA BRI AT 15 0L
LabVIEW NJFRE R T Z R, AT IS . F 7 I I S s e 2 b AT 3],
A TR AT R R AR TE 5 A B IS AR AR il PR B

2.2 LRI

ik 2-2 2 2-3 fiios, ARSI T KRR B IA B, Horh —HOeEH - R
B EIRIE, 3PN RAiUE e AR . VR TR LB 1. BN 2.

b
v
=
pies
v
D
p=i



EASMMbERA £ RIS

AERARENEMBETE

L=k

#Hih-

M

& 2-2 FE ¥4 0 G5 M SE B0 A

e ‘ I A

& 2-3 ZEMIRE A AN G KA

el 54T

N T 5 P S0 S Y S 06 R AT LGS, FEASSEIG 45 B SR AR IR AT TR R
B fERTHISCI T, BUAFERBCR T IHEAT 735 19 HEEH AN R 4G H,  Hrp et
HARYI Y 10mm. M REREEY Y 2mm, MRS G R ELAR 9 10mm. I HEEH I & i3l 7 14
3k PRy 25mm, T BT ah 7 A i E — T A P 2 IR FR Dy 25mm,  JF HAEM AN
2 18147 —ANUIRE s B R A7 A PEAHRAETIM B 2 1) B B8 th oy 25mm, 3t B 538 75 17 (11F]
FIFT R P A 2 TR PR Dy 12.5mm.

N T PRAEHT (R RE 0% i 2 eV A s B S 06 A SR A R, RTINS RO 5 SRR R
B2, PR AR AT 1 IOR, I R B4t i 5 MR A B0, 810 i 1) e s 4
ITHEE . IHUR AR ARIA 2 270mm>B86mm HIFETEAR, SRR 5.5mm, MM PRAIE REWS TR %
JBCEE AR mh I L5 58 XGIR FR RIJ E PR R 57, R I8 22 SR sl ik . 24T -1




) X EXAAE
/" SHANGHAI JIAO TONG UNIVERSITY B At IhFIMPER &L £ RS ANEMNRaINEFBETE

b = A AR T EATE 7 TR, A pror, 3 3 M A 9 4~
B, B MTRE 52 B B HEAT , BN E D 20mm, B4Ry 20mm; (Y16 FVR EE 408 4mm,
[MIBE B R ARy 20mm. #AE ALl 75 A R ) —HEEH R PI  Z [R1 B B 0 50mm, I HLAE# 4>
FHIZ 18— ARG W S Sh 7 F PRI 2 18] (PR RS 5 09 50mm, 3 B 5 sl U5 14 1Y)
[FIHEMTRE P P TR By 25mm. EAEM R v 2D il b, MR I R S5-I 2 &
MR RIAR I, HEATIR S 2 AR, SOR B A BT T B b oy B o Mk, A=A 1 36
FEMIRE, St 12 4
ARG U LUK S IR B 24
®2-1 RiRJLASHER

AR

SR L2 EFh-INIRA R G e J 451 afi W] g VA N 45 )
13878
Ke(m) 0.27 0.27
%5 (m) 0.086 0.086
7 (m) 0.02 0.2
W R (m) 0.2322 0.2322
K F1E 1% (m) 0.0324528 0.0324528
2.5 1M
HA%(m) 0.02 -
=1 (m) 0.02 -
ik 2-1
M 3 -
TR AR (m?) 0.0003142 -
] T AR (m?) 0.0012566 -
3141
5Z£:(m) 0.02 0.02
TR (m) 0.004 0.004
MY 9 12
Be52 242 (m) 0.01 0.01
K F(M?) 0.0003644 0.0003644
BERZ A (M?) 0.0003141 0.0003141
B R A (m?) 0.0000503 0.0000503
4. SNRSHY
RIRETHAR (m?) 0.027442301 0.023823186
I A (M?) 0.028384778 0.027593097
A ETHIAR (m?) 0.00172 0.00172
AU s 5 2 (m) 0.02 0.02
Je I A5 8RS (m) 0.02 0.02

K 2-3 Froas A IE R SE i, S idmigab 2

b
~
p=i
pies
v
N
=i



B) XEALAY
P/ SHANGHAI JIAO TONG UNIVERSITY ﬂﬁ%‘l’ﬂﬂ*ﬂMB’E’;I%EQE%%H"D%?ED%WWiﬁﬂ])ﬂ“%ﬂmﬁ1ﬁﬁ'§

B2-3 A frseE

ARSI BT AT A R 5 S 2 R B0 A AN [ o 2 S = ARG A i SR
B s AE SRR A 22 BB AU g (6 RT3 0 AN e B A 81 s ST 3 PR I R4 42 »
DR s BE AR FEOR O BRI W 8 o (B b KGR R SR RE T PR, RSB s g RSt
UKW QAT RE, PR R BRI A e AN U e AR o SR — SR BB AL AR AT BN
MELW, (HZ i ™ A Ja R ARSI AR, TR B AT IR, R
2 P BUIT I A BRI I AE B JFRER vh 78 73 i Jee TR LR FEE o R4 el T4 I 1M1 s
b, AERMFL G 7 T B L AN T 2L, 7 00 PR 88 S XL 320 FAD R Tt L N 5
JETE

2.3 KE N

FEBCTHSE I KR Sl F i e, R IR AR . B ey T S SR = ATHIR
B TAENS, AR RERREE ECL R, i F HEEH 8] E B 5 4 T B ) L A
x/D, VASEFIIHERIPE RS S5 AR M LA y/D, 0T LSRRI = ai i g dit, A
AL RS E, B eI T R TP AE B B

BEAh, AR XGIR A EeE b, R RGIR  T0 56 32 2R T XU N A s, D i A S #4
Jr PR B R TE — U TR 1 ISR AR, 53— O TR S R A A R, TR
BEAT T EE B, EOREF BN RIEDCIFECIIE O, S50 TR, XA AT Do
5 )R 3 EMEA RS, PRUEREAA I 3 B

BEAk, 3T KGR A AR, 7 B A A R B BT ISR ORI AR E P, FLA e
FERH T ORUE S B A2 XGRS 2 (3t 7 e 38 i AT ORUE KGR AR AT HLAE R — FL2R L.

FESEIAT s ZAT A AN S0 B IBAT TR L, A7 Ailier 5 XU 2 75 e 4 k), AL O
8. FRERR T EIE, UG RETEM, B RERRGEAMRL, £ LabVIEW 2B REW IE
WHHATHER I RE. RIFESE



EASMMbERA E =LA EHRRNENREITE

E3IE RIXR

9 T B R 974 5 25 et T35 Y BB AR S M B, 6 37— R TR T 4
SIS - B v 0 44 K DL [T B0 A0 S AT BB T S, B DR T3 38
TS

3.1 LI RIE

BN S0 R I KU T Bk 1 5 1 1 2 IR R 2, JR@ i AR H e sh B A3 1
ST, A DR TR R R ARSI T AR 5. H.Darcy 5 J.Weisbach 3t T %7
BN T STk . B E . SRR 2 WIS R T

| V2

h, =A—— (3-1)
d 29
AN, — U EEBR O, VRS I R S I R R 1 D) B 7 5] I B R R
é——ﬂﬁﬁ%
V T
V2

EE—-ﬁﬁgm%
2 2RI T AT AR T AR 1 608 BORELR2F P 7040 % FR B TR B A » DR AR Sz
A7 T A s T R 42 R T4 o i B 458 2 OB
3.2 LGS

(L M ERG, FATTLERESATR RS KR 2R A H i
MR AR A R 5 AT B R AR . IR LabVIEW BEAT 15
A 3-2 B 34 7P TS SRR L SR SRR

p=34&$a—03mf%% (3-2)
X p — BTV
O —— AR 5
T KA
D KRS

P, —— AR T R AR AR .

FARMB)JIRGE S S RBOR G (AT 5

T-T,

Tz _Tl

o ——A AR N IR B) IR
T —— 45 KRR

M=y + (ttr, — 17, (3-3)

T—ZFiERE 1, X 20C;
T,—Z%HEE 2, XHI30C;
p, —— B 1 RIA B JIHE, AL 1 =1.81x107° kg/(m-s) ;

Fou 54T



EASMMbERA E =LA EHRRNENREITE

Hy ——BHRIE 2 TR, Mo g =1.86x10°kg/(m-s) -
T-T
k=k +——1(k —k 3-4
T .I.z_.l.l(‘r2 Tl) ( )
e kR T % S AR
T SRR

T1 ZEWE 1;
T2 ZH T 2;
kB 1 PR TR R ik, =0.0259W/(m-K) ;
k —— BHIRIE 2 FRIZ TR, ik, =0.0267W/(m-K);

(2) WL RERN R ERE. ARSI = {1 R T 2R T /K ) BAR B T AU

EE ], @it 3-5 vHEAF BT STIG R AL R Y0 L R S R 5
. Re Dy M A,
qset - Dh (3'5)

A Qg — TS A 3

R%m——%?i%MWmﬁE@%%%ﬁ;

M —2FTEE T S B JTR

A, —— I B RGN T

D, —— & B RR KK 1 B AR

(3) XFsLIe & &3 TR HE. 2 LabVIEW A vi ST AR, #aiRA R . 7EL%
FEEXIEO R RERS, EMHME vi KB SOARR E R ZE, 5 XIRRE
BLHUEATELE 0 M. FURR XU 2 — AN BRI, 15 U B8 TailE, Rk
R ENTE AL E L U SRR IR R R

(4) MFEHL LG HAR - ARAR TOS I A U W T XL, (115 LabVIEW i
EIHEARLIE . 24 LabVIEW R EERe G, REFAWLE TSR, —B
I E SR LabVIEW e sSCeiiae, A 1 PREEEE it EeRidsk 20 80 ANk 7+
BCFSME. FRARE U RENENE R DR 2, Hrdst, FEZEERINE
=R/ G Gl

(5) 24— MR TR LTS, R RIEE, 5/ IR KAL) TR
R, RRERL T - MOEMREME, BRI, HEREREE.

3.3 WIEAIELR
(1) SRR I Tk I BLAR I VA
— qact Dh

€0
A,
(2) VBRI KR 1T 9T 1300

(3-6)

q act

PA,
(3) WIPAGFLUTRE L 1Pk :
P T S B IS 0 AR o O L T, TR St A — 2 WEE ), BRI R R
X BRI BO AT Y2 IR I B R G 5
WAL SR Ay

U=

10 71 4L 54 11



. m\; i ){’IF’X?
1"0., '{ SHANGHAI JIAO TONG UNIVERSITY ,E\-ﬁ’-ﬁ'l'ﬂjﬁﬂElﬁ’éfl%ﬁi%%ﬂ"ﬁ%fﬂgﬁ}f’@m5ﬁﬁﬂfm“§ﬂ§&1ﬁﬂ'§—

:ll_oéplj?—
D, 2

2 r 0 R 0 A
W REIA BR. AE ARSI Tk ) BRI s 10 <Re<10%, i T
EVCEIX . HORE B HRi2% 25 A H.Schlichting 23 26H IR 77 BB 174k

1
— =2.0lg(Re+/1)-0.8 3-8
7 g(Re/2) (3-8)

U AARE T EDY Hponlaat, I 2O Had T MG o SR FiE SO el ok o A it
GESEEECE R

AP

fric

3-7)

Re Re

2 =0.01757 +0.01425¢ %57 1+ 0.01886¢ 5%+

7210000 < Re,, < 70000 ~il-& AR5 LA E] 0.99994, FI LA AL S A5 A AWy

FLAT, T DURI 0 A 2 2R A )7 S I BRIAL 7, 1 5 SR iR B TR B 5 %
(4) TR T

¢ _2(AP-AP)D,

pu’l

(3-9)
A AP — it 1 R 2=,

AP, AR

| R R K

3.4 LIGLER

ST S0 J A5 T TR S R v 0 4 LA B S PR 3 T AR S I R R

IBESRIA T, S5ERUE
K31 =MRALHNBEERTETEERRR

B - B4 1 2 11 a7 K0 235K TR
HisRe, FEHET T | HwsRe, BEHEET [ | H#MRe, FEHEET |
10250 0.37643 12414 0.09956 11998 0.07994
17673 0.34186 17785 0.09701 20380 0.07388
23991 0.32292 24103 0.08583 30308 0.06681
30642 0.30746 30730 0.08123 40868 0.06201
34327 0.29868 34149 0.07894 51009 0.05749
37222 0.29400 37111 0.07520 61243 0.05625
40701 0.29123 40863 0.06891
44171 0.29187 44371 0.07208
47461 0.28792 47488 0.06974
51357 0.28338 51382 0.07119
54421 0.28575 54219 0.06915
57580 0.29104 57746 0.06786
61277 0.29068 61199 0.06862

A AR Tk ) BAR I A Vi B o, R4 DR A A BUAN [ v 20 S5 A PO BE 4 B 1
fih £ R B s

11

Pz

54 1



@) rEiard
I e e o BN FIMIIER % B S P B R 5

—n— P
0.35 1 —e— 4fi [V H 45
—a— BT ED 4544
0.30 4
0.25 4
0.20 H
0.15
0.10
0.054 Mﬂ—'
" 1 v 1 J 1
0 20000 40000 60000
ReDh

Bl 3-1 PEHRINTRETE W HR L i 2k
A UL T/R T EAR N R VBV Rkl ,  DATCAT Il -1 B 5 ) (R e T 8 T8 v 10 R4 I 11
DNFEMEREBEIN 1, U AT DATH 5 S8 o A 0 R4 I S 2 e AR R — BRI P . DUXANEE
AELAE Nl AT LA ] Hh AN [ #4 A 2 4 JBE R AL 5 Tt Jo- M o 4 g B 45 DR 1 [ L A

5.5 -
50 _- A\.\_‘_‘_"k_‘/‘//
45
404
3.5
1 —a— AR
«r 307 —e— AR KK
¥ 25 —a— BTNV R VA 2D R TH
2.0
15
1 0—- 09 -9 o o o o o o o ©
054
0.0
0 ' 20000 ' 40000 ' 60000
Re,,
B 3-2 AEXTEEBRE R TR AR L 4
35 FE N

12 01 45471



@Y X FAAAY
N SHANGHAI JTAG TONG UNIVERSITY B A EIFMBER LS SRS ENGEHPREIMENHRETE

i SR HARBATRT LA 2 DL T 4 i

WX ARG 2S5, TR - R S Ak, LR AE MR 2aiH,
BRI R R 2 K EAR R U B S KT R . 24 T Bk I 30000 A, RSN
THARMIEAE TRE, BUMEEALARERERIEIL T . X TEA-MR R &4 A8, 1E
EFK I EARE HEUAS] 50000 fEELE I T —@RE LIRS, (HREEAZ 5
Bo ZH B ET ORI, B v B0 IR T 2 B, X — R A B IR AR,
B AR R RO B T 2 USRI SR AL, — O T TR, £ RO
AAIE AT RER A T R IR, SO T e R VORGP R R
BEN, MR DL KGR AR B (2 shml RE N, DR S 80 T i sh BRI R, & RBUN BRI
TAE R AT BT

)X T ARSI ENR AT 047, FATAT DU BT o A3 ik 25 o n 1 3 Ay
MIBEBEA T MR AT EECT, BE-IMIRE 2 A vA SN S5 H O BE R A 514
BDCHIEIER) 5 1%, AR K0 S5 A (R E N EERE R T RO EIE N ) 1.25 5. X7
RN B RO AERI RS 1 38 TE Y RSB IRERE 77, — T3 T ol T4 B RO R R ReAE ST S 4T
W Z ARSIz S, 55— D5 T A A AE AR IR N 1 JEIE P RSB AT AR, AL AR K R
T BRI RS 7.

13 70 4Ls54 71



EASMMbERA E =LA EHRRNENREITE

F4E HRERSEREE

4.1 #ER

SR SRR, R B R R IR SR R 2 —, R TR T R s G
SR, BT RERER Rl B R A AN AT, W LA T RIS P R A B
B AAR SO0 R A B RO B, P AR R R O B A . FEAE R TR, I R R TR
BRI, BRIT B2 () R BR A TR AR R A2 36 2 5 e 24 i 53t 72
SRR 2 a5 R

4.2 SHERENN ERIB N SLIER

LSS AR A8 25 224 £ b s AR 8875 7 € PO R R SR T 1) IR PRV B 0 » 89 B0 A2 52
IR FT L WRETER AR . ERVARIG T, WRHESRMER T KRR,
BB IR R B RIS S), (ERRR - T SRR R S % . xS 5 2
Fr v B A 5 PR R 7S S 72 e T B T (KRS, FRCORHEZR . T LA At B S br BB T i
BRI 5 PG o S b IR et T et e 2 B 7 2 T ) BB I8 9 2%, R b b A PO A
SRR BN — I . (BRI 0T QB L 2 BN M) B
R EE R B FRG 1 R LR/ NE SRR, BT DA AT I A AE R SR G R 1 S
EHSIAIR/N, 76 TR RS PASE 4 RS AT o BRI BE T2 32 LA T KR, fiiss
A AT R o

4.2.1  JMIBEERE RS

72 G 46 P P v B R 6 05 DA LR AR B2

(VIR Faam 7 2% F AR ) SR T %] LE s 20 R RAE N AR, By R B
B (0 B, 5 gk b, FOMy AR Bk ELAR BCAMOK B4 38 FAE S = 700 Bk A SR R
A BB (A, TR (A, BRI (). O (). RE (RO &,
FEASI S, TR A LIS, TR R, BRI T MR 1 — ALk
FFRA . TEMEIATRER R, BRI R R, T, MEESST AR,
BTN R R el — . AT 580 A ALER St IRATE LI E B 7 8
MG, XA R R tRa e, RIS i JB P A T A Rl s 2 50, AR R ik R
BEA SN, [ AN IR S8 S S A, T AN i R S 6 3o v AR SR U 4 B B

Q)Efk: Hfd A — kT RS S SIS B RAR, BRI & Fh. T
(IR PE L BRI BK S RS 2 S I UG O TR, Rkt 7o A e AR o B, Mo
T AR R P KRR, T DATE St PR ot 8 24 2% S U R e vt O B . P F
BHG: Sl B, BRI SRR, VENE . IR 7R A S v R B S R B 4%
A S R BT RGE E3R 5 [ 25 18 21 S50 FH o R e A R RN A 328 R B R R A A 5 A R
AR, BT OHRRIE THH th 8~24 I IEMIGRFRIEMUAE A S, BTN L AR AR,
EEN PR B R BB BT 225, B AE 92~99.5% M IEMIEER . WA i b i 78
VTS BB S S 5 2o e s b PRAS 3

@)Lt FRBHLIEFRA ARG [, e — s FERE B b oG B o 3% 3k T ok
1R, A I35 P 7R A A TR R o 4% 1 5 A 4 AT PR KIS s TR A A8 T ) K/ S e s 6 i
FIZSTHIRALH, Somass i R R

14 70 454 1T



EASMMbERA E =LA EHRRNENREITE

422 JHIBEIREHRIEC

BTN [ 1 S B0t T S b R R P SR TR 7K 77 T AU B o 1 B S5 A A TR ) 2K
T2 KGR X SEIGZET IR A 1) SR T P A 2 5 I R TS AR B, [
Vb v S Rk O T L 3 — N e OB, SESG RN 5 B IR RFE I BHGRT 5258 N RIS
AL FBUATALE 1:1 2 104 JEH AR AT HrstibaE s R BB = 72
I P A 37 6 388 3 DR B LU Py 70, LTS A (%) e R B 2 LU s, T 7RI T
FERCBBOR B3 A, 380 e FEORG B L s s (Rt DD C A A ek R B R4 B AsE ik

ASLIGE R TRV HIE L 5000-60000, £t R E 2K, e R EC L A AR I
TAEARER. TR BT E N 100:20:1.

4.2.3  HBETIER

T T B U R EE A T IR A, — T T DA RN 25 S 4 i 57 0 45 B
TR /R FIRR S TE R R TR A BT, 59— 5 TR AT DUSEHTEE R ZE Skt A G 78 43 R B 1] 5 8 7 77 F
HRNE A B

FERRIA AR, B2 B B R R IR IR R ) 3R T . R B AT Re i,
HH L), TBILERATK 7R R A E ) 2 52 B BRI o R EE B i R B
R P BB A, PRS2 B, BEE s SRR R R T L, 75 KGR (i R
PR 5 17 T 02 02 Y 20y 28 AT Y AN R T o IXAEANE AT DA 4 kL, 1 L AT BAR7 1E AR 43 (1)
TR RS AT B SR, I HLAT LAy R P75 o SRR K, /DB A 2 DA
TELBE FE AN SR, W] D@ M 09 KR AR o 75— S8 SR T LA P38 R 1) 2644
TR DUR e T R SR T, SRR B SR R B0 2 T RIS IR [ 2R 2R, TX iy
TELRAME ] DL SR W3z i 11, 1 BT DURR AR Jeh 28 28 1K B Sk I Wi b B9 ) R g ()oK
/N

A SIS P R FH BRVEE JUI-TUTRE 52 v 40 65 3 BE SR VE AR LSRN B Uy B 1T 64 o) 6] PR e 3 93 A
L, R AT DA SR FH A 3R THT 4 5 iR Ml 14 54 s (EL By T R FU JU B0 2 TUT o o S AN L SR 4
T 22 (AR L3 50 PR A o

4.2.4  HIEEGERE

FEASEES TR H SZA Rl #E ) HV-D30 =y ReiE /MY 3CCD iR BAINLIEAT 4%,

FEFIH Matlab )1 EA Image Acquisition HE17 FGRKRAE I 4R A0 HE . A5 AP LRI G K4
THARKNMHENCE 213 £ 2.14 FY

4.3 SR IR

(L) B 2% . 5 SO0 HT B Je R i T FEIC B b s, FC Lo s AR TR
=100:20:1 (JFisEtl, FIBSAHVES), JoFAERIF05 AR BOT I A ERORL, A KRR
KEOITE, WA HRE 10 20 8h, 8RR A ERAE VA T 78 7 BOT, 1RG4,

()55 AR TS0 R R I B DA AR, 1 ELYE SR e R I T AR A —
5E PRI (8] 22256 TR (R ToT 25 R AE 34 Rl ek J T 06 2000 22 G AT A L () TR, ORAIEAE S 58 T vl
JEEAS 23 DRI Ay 2 SR I TR KT 452 o 72 U VIS T B S X Labview #EATARIE, 7ELRFFTE XIS
OUR TR RERSGE, FEAR vi U BT R R R ZE A, (845 KR S B AR
SELE O fiT. [FBSXF 3CCD AHMLIEAT IR, 7E Matlab "F4T 7T Image Acquisition T.HJFJi5 Tl
Yo, TAEOGREAEERE, RERHE 0 BUGIE W AT WL, I Hn D& 417 B P, SR ARt
A FOGIRHEATIE IS, 57 1A S0 6 L5 e e S R R R AR, A ORI B I 44 3%
(107 B E AP AR AR Sk RE R FA TR B (Y BB T . TS0 XU T B — AN B BCR AR, 73 U

3515 51 3L 54 T



BB SANAMPER & £ 2RAL AP B FBETTE

WA e AR, (RUFE SR N ETE A E - U TR R R R R 47

(3) VR A2 S0 T 75 L R R Ao MR S8 = A MR P 2 K O BRI TR T B
Jal, s TSRS BT S G I R 3 R B

(4) DN 52 S0 KM S T S G . AR TR (9 I EDUMEL TR T LA, {453 LabVIEW
R B R A I TR . 24 LabVIEW KIS E ISR G, (R XML TAES R A,
— BN IE] R LabVIEW it 53¢ S8 I &, (R BR U R 380 D0 et B X 3 o 1 P 7 22,
HRATIETE, AR BRI & = KB .

(G5)TEIR = A2 ¢ J5 5 81 Image Acquisition [RIsh S EIMGCREE, BEFP R+, RAE 200 ML
IR avi MR BT IR R R B RN B A EUR, FU T AR RGB #i
W, TR K BT

(6)&F S — M FIEIRIL e, RAFFTIC MBI, FEERRIETT XL TR,
IR EREE T MR EE, BRI, HEEwEmaei.

4.4 SLIGER

VL DAy PR AN [ PR 4 0 5 R AN [ ) 5 80 PR I PR o A S ) v P A 2 S5 4 )
FENANTE RN BEAT SE 3G, (HRAAE MR R 7 AR RSO AT s T aiMaE &
RGN, AFRESRIREL T, WaifEO AN, TR R B =
FEM R b T8 G i) B R, R TG id I 1) S AR 1% U R T BRI sl i 0L, A
BE A TRFE T ARTE VR T Ak TO0 T A D-MRE AR a0 g, d T/ HEUR &
MG OLN . EEHE B E KRBT, WhBEEE A TR BT AR, R
B RS HGE T d ot T .

441 Ai[MFERE IR
o T afi U A E g Ay, Hm IR sh s B I 4-1

(a)Rean=30730

#1670 dLs5a T



YELALE
SHANGHAI JIAO TONG UNIVERSITY ﬂﬁ%‘l‘ﬂﬂ*ﬂ Mﬁ'ﬁ’fﬁﬁi%ﬁﬂ"ﬁé‘\fﬂgﬁﬁ P‘] 5ﬁ£ﬁ)ﬂ“§%uﬁ1ﬁﬁ-§

b) Redn=40863

(c) Rean=51382

17 W L5470




7 < x ﬁ )3{ :@ x ;jjﬁ'
P’/ SHANGHAI JIAO TONG UNIVERSITY BASINAMERA £ R AGEHNR N EF B ETE

(d) Rean=61199
B 4-1 2iMBEAHSEMEAREES T R R RS
RFTAETTE,  FRATXS R — AU B A A LRI 0 R DUAS X 38, Wil 4-2 B
— =il 77 7]

— | b~

Mpgsh EdF  MEAERF  MEATE  MEBESNTE
B 4-2 5& XUsm A R & X

WEEZe TN GERAE A T VBT A B, AT DO R L FELR -

(WAETCRGEAET, MBRAEE S (R a8 s AR M6 (R, (H2 i id R
T Ji > 2 2 AR U6 P T R P9 s D B SRt T P B ER  20Af 2 T LR Y
M o

QFEBNFEEHERATT, WA T R AR MR P b, 2 [MIBE YR I A D S
SREEMIRE A T i A AR 2 R AN 2y, AR SE A e R AR MIFE T M i b A B

QVEBNREEHEEAT T, MNP LR AA R MR N, JCHRZ SRR
MBS Ed X2 5, = ERGEE MBI s, mAERALEE .

(AFESNEWEHRATT, MBS TS A BB RE, BRERA EAR T
R, ERRME IS TR FT UG 2, Gl e MR A T i X sh i, 2 e

18 7 dLs5a T



®)) X A XY
iy ,.,‘*‘; SHANGHAI JIAO TONG UNIVERSITY E-ﬁ%‘l’ﬂj]*ﬂ Mﬁﬁgl%&i%%m;é\fp%*@ P‘] 5ﬁ£ﬂ5ﬂ“§*u§&1ﬁi+§

Beaoh i s, FRARSEEE TS A AR — AR S .

G)EANFRI TR T, AT LR BT ERGEOR, TR Py _E T SRR A0l gl e 1 L 5
T o FEMLEE NI RE 5 T DL 2 SRS AE [MIRE A 3 A e A A e, A v T U s 3
2 EIIA Y

ML TN GERAE A T VBT MBS AT LR, BATRT USRI LR 4518

(L)FEMTRE A AR, U1 P 90 PR g vt T Pl R s T mho ) P 70 T DU A
PRI AR MR P B A 24k, IR EN.

QBB S TR, T R RE Jkos, kR, BT e T2
[TRE A e FA PR REAS oAt A8 2

Q) TR, WA R, UL, AT A

4.4.2  E-MEEE SR S5
W FEE -G R SR E S5, Fom ik sh Son U an i 4-3

(a) Reqn=23991

21971 547



HANGHAI ]r.;o TONG UNIVERSITY E\.ﬁ%‘l‘ﬂj}*ﬂ E[B’é;‘%ﬁﬂz%%ﬂ’g}%f]]gﬁﬂg A 5%%}];9!“%*[]?&13-“-%’_

768x576(100%)

b) Redh=30642

(c) Rean=40701




) X wAd LY
X s 7 SHANGHAI JIAO TONG UNIVERSITY Eﬁ%‘l‘ﬂjﬁﬂ mﬁﬁiﬁﬁﬂi%myﬁ\fﬂ%*@ W 51??.@7%']%*%&13%%

(d) Reqn=51357
B 4-3 £HRI-MBR &R SRS R

WS EN GRS B RSN i B, JRATT T OS2I DL RIS

(OIS TIELCN, MR A RSN iR, IR & R
g X, SR B3 AWML AT e (R im, SEFIIRFE— e EE S, BER (At
ATV EES); FEEE DRI, A TR AR, HRBEE T A S KM E .
B (R MR R T R 9 B AN R A0 R e B B0 1 a5 4R, S alilv Fa il J g5 #2548l

Q) TE IR, MFEAN NI REX A B R A T, EEEF LA F,
TR0 IR AT Rz BB U AT AE AL &

() F =7 5 Gl N 5 1) =g == = AL o N 6 ey S A = Az P 5 =X e 8 = AL

ek, ol e, = 30042 oo i, 85— D TR TR X

(g —FB 73, 100 5 DU B e DB U1 £ R b DX g 2 ] DA 21 2 0 A0 i A TS P it T A

@etsrhi g, oo, > 30000 e o S E, I
T 20mm BT TR by AR R SRR 02 LA A 5

SVHF A K K A BT T BT A IR, TR LAZ 1L F 5

(LT 74 T 25 5 T s KD 2 2K

(QYEFI LI F7Bek, T R R K3 B, e i b I A &R
R

QYEHIN IR ILIOE TR0, 3 B2 B R, TR T A2t A=A R AN
i,

@ RIBIT A WS 4, ELE S T, A M I -
EAETE, PO A I TR T ) A B T B G

4.4.3  JHERER (A )AL

2171 54



fx,"s: 5 ;ﬁiﬁ}t;ﬂg
e/ SHANGHAI J1AO TONG UNIVERSITY BB EIAMMBERL £ RS EANSHRREINEMBETE

Y S v e JIBE PR TSR 2 Bt 5 ) R T R AR AR Ak, RIS AR e i L RARAR AT LAE B T
MRS A B REs), DR SRR sh s e B8 2 3 T - R S A A ds kg rh
WAL 30642 1 LA RS 6 MG, EUEEIRE 0.2 #b, 4nl&l 4-4, W% IR BE & I TR] AR
A

(D)MIBE X S B s 3. BRI A A 220 1 2%, 95 150 1R R I — B XSk 47404, 1t
X P B AR X B A 170 18 2%, BRI AETA T 220 1B K, 8 T 58 HE M = HEMIBE 5B
3 X3

Bl 4-4 11T PA) s e T 22 1 PR
XM AT B AR5 T G Bz, T 64 i FRD A A T P9 R T 1l 17 PR RE BRI o

B 4-5 [UTRE A R B 5
Q)EF I3 MM NI (325 BRI K 150 1825, 9% 150 18 21— H XIS AT 4047,
P IX e B 4T R X I, 30 R 80 153, BRI 390 42, LA T = HE K PUHEMIIE LL
F S VUHER A 3R 4 X 4. [RIREBURI R A 0.2 FPH 6 it % i ] 4-6:

& 4-6 [41 [ P vl AL i B () 2R 4L 1)

SRR AT CAE . BT EFRIAELE, TMIRE A SRR Sh 7 1/ R AR T A8k, AR I T A
B, Halgs e 77 160 5 b A S, AT IR M R N R S A T BRI R
i

#2270 k54T



2y X FAAA %
e/ SHANGHAI JIAO TONG UNIVERSITY ﬂﬁﬁﬂﬂ%ﬂlﬂﬂ’éiﬁﬂii%ﬁﬂ@%\fﬂ%ﬁWiﬁﬁﬁ}ﬂﬂﬁﬂﬁlﬁﬂ'ﬁ

Bl 4-7 THTRE P Yo R TR B 3
Qe &R X Sy ¥z 5l . BB R A 250 483, 9 150 183 1) — B IX St A7 434,
S DX I B A A X i B 160 133K, BERS A A 5T0 183, B8 188 —HEAGE = HEMIRE
a3 X 5

B 4-8 &t fh )5 i B RE A R 2R 10
BRI T T A L, ol B AL, (B4 &SR b s, JRAram
MG b A X AT AT DASS HE e DX B3Rt s 1 L an T B P s -

& 4-9 $thhJE R AES
25 UL B JUAS DO B S ah 16 0, PT DAKEUAY T I3l A (1 AR s i e an 1 1B e
Hrbiids 2 BRI

3|

#2370 dLsa T



) SHANGHAI JTAQ TONG UNIVERSITY BESAMERA £ EBEAAERRRSINEFMEETE

B 4-10 BHD-MIFER AN ST BB S

4.5 REING

AN T JE L BRI A s S, A B TR - [IRE B A v AN A R AN AR B v A S5 A R IR
Wy AiEE, JEREAT TR EE T, NGB AR RERE . SR ALE LSRRI, XX
PIRIA EN AR AT PR o

L5 BTN SR T TG Y, 2B MIRE v 20 S5 R I P T 0 20 A B85, BRAR IMTBE 1Y
AR E e R B BN 7 im i e, (B2 3 UTRE A IS 0 i TP ARG 0, R
BEABH T BOR, PRl B AR T IR B R . T T - B R AR H 45, H T
IAFEAE, XPBEAN G MEAT T RIEGE . — 2B NIRRT R 1 i W i am iR,
MGG 1 HEANA EN AR AR e, AT AIAEAE ORI G I T i B RE , £HAI
JEURAT RIFRR T TUTRES P 0 i v P (X3 A 11T DX s e A BE 0 1 o o (B K A7 A
WAEAF RSB IR RGN, B -[MIBE R AR AN A 3l EE 2 R 1 2 6T iliE 1) 3.5
Vi, ARGV AN 25K A BE S TR 7 R A DG IEIE 1 1.25 £ PRI e kR 23—
IR

%2471 H54 70



EASMMbERA E =LA EHRRNENREITE

B5EF RAGHHHESRUESH

HUE AU SRR UL, Al LTSN TR, B v 50 TR i &)
A BT FC 5. H RTEUE RN A Cae) 2 R T A AR A Bk e, T
GRADSEIRAE ST HIAN AL o LEPAR S AR TN, BRI BB ] O AH R B R, SR
BEAT RS R 73 AR B, AR5 ARAE B B M S AR A ACE R, B T REALIF HEAT SR, Bk
(CEIRE bR S

BT BT, ARSORE 73 A - R 2 G v i S Al TR v N 5 A BEAT BB A,
AMEZBEAT TR, IEEAG R — AR AL I PERESE R, TS P 45 44 F) S A 3
AL BNE BEBEAT SEIR AT T o

5.1 E&

5.1.1 #pHpiAy

T ARAIE IR B A T 5 45 S R A R B T S SR, T SR R T B AR S R A | AT —
SEMINEE . TR RSO A B, BRI AR gambit F ELIEREAT LA AR . Gambit £ 1F
R —FhTH 1A CFD & VAT B AR fF, AL AT i LA g Re 1y, BEWT DAY SR P B EAT
RERTR VAL RIE A, W] AN FREBEA S LA AR . Gambit 58K
F DR ) 43 T BT DA L B R K B CFD A%, TGrid 2541043 75 SURAIEFE R N
5324 AT DX S A % B B R0 e R R A AR S5 R AL RS, IS & T CFD T ARG SO

T ARAEBE AR BRI T AR5 T 0 R R, 75 e T (0 B 5 S — 5 K
BN VR 1, AR 2000 1 P8 B M K 1) BLAR I 6 4, S5 &t NS AT HH AR A
PRAE ) R ERAS, B T 52 AR R BE PR AT U 3t 4% 1 m K B2 Dy 300mm F R e . PN
HN G5 R R 3 ) o R 5 R s

5.1.2 M4

NTIREEEIR R, AR N EA RS, B NIRRT N
TEIUT B£8R IR BRI, 58 =840 AR B, IXRE AT LA = AN R 454 43 BIREAT A R 1Y
WK oAb B . T SN A MIRE 454, SRR TGrid #% 3R MM, X FERI 45 H R A XA AT DA
FH RS S Fluent V1520 R LR, TR R T A S AL TR o TG IV 4540 E s B %
FEK B T A (K 7 1, DRI 43 3SR Cooper #%20A0 Map 4% 3UHEAT ARG K11 43 o S G
(3L B TR 354 HEAT BN 25 SR ] Gambit [ 45 (30 7L 2 RH%, B R

R 5-1 TR EMERI S E

ZH (]
First row 0.5
Growth Factor 1.2
Row 5
Depth 3.7208

2ot SE R RS W ] 5-1 P

2550 k54T



@) Y FRALY
o o Tone ety B BAILIER S RS AN R B A

(@) (b)
& 5-1 THEARAY KRR RIS
AR A% F) Bl 2 4012 o
R 5-2 FRARRAEMRIS MR IRES R
- LT 20 D 5 A RSP 1]
[ 4 EL 451 B 2 Eq1]
0~0.1 425660 68.78 911328 77.15
0.1~0.2 93562 15.12 141318 11.96
0.2~0.3 42143 6.81 54810 4.84
0.3~0.4 28667 4.63 36458 3.09
0.4~0.5 18194 2.94 22674 1.92
0.5~0.6 9599 1.55 12371 1.05
0.6~0.7 864 0.14 2181 0.18
0.7-0.8 147 0.02 151 0.01
0.8~0.9 3 0.00 0
0.9-1.0 0 0.00 0

ALAEH, PSR ASTEAE Skewness>0.97 I MIHE, MRS & R IF. BT A5 i AR 75
BLAE Fluent B THE rbms R BT YHAOESK . KIHOK MRS TS SN Fluent #EAT 012515,
TSR] 4 20 25 4 AR TR - 45 21 AR BETHT Y+ 10 20 A7 W B 2 B s

Wall yplus Wall yplus

4.5
4.25

(b)

& 5-2

26 71 5471



EASMMbERA E =LA EHRRNENREITE

KPR, BEMY+EEALEO-BYEH A, ~FEMEELA AT, FEATT & 4 5 B i R 4O Ty +
MR (Y+>1), Pt IO Z AT A Fluent T 55K fif 1O 225K

5.2 KR HUF R A R HF

5.2.1 ViimAE A

K—&mim g Wt th 2 5, —BEAEN TR R EEml THY —. BE—A
Z AR, NS I G b 2 2 R . BT R 1 RS B IE 7 Rl R T T R S
B3, FEHE TR R B SR BB B AR B . 18 K — & BRI 3R 1
BT TSI K — & BT, o SPAR R B 37 5 % 1k R P T B RS 1, 7 L T
WERETRAN . S B BE I 2R B TRBh A BRI IR B, R A B oty
SR AT Sz K — & B A0 FE ) b b

52.2 i A

FAE T AT, ) B ) P ) = 2RI 4R 2 o

(D KA, G Eiaf BRER RN 51

(2) F B REM, L TR ERREE

(3) BN A, RIS il — M3 3 R BN e AR AR IR I

BT A9 o 7 ZEREAT IS I AME RIS 2 BTN S8 AT X R, IF Bk T A AR U E
AU NS, BRI AL T T H 58 2% 18, 61 F SRR r B oy G 10 A 26— S S 4% AR
TERETH, BEIR 330K), 7ESI6 A ks pE AT b SN B WIS SR, HSRREURK, #
PR AT LLZRE AT, RAL Tt SR (5 58, B i 2R 1 R 3R T v 4 fiids 5 5%
£, JEMAR BT B TR AN AT REREA T N,  HLyiE oA AL 5, R bt e
Y IRID T oA

5.2.3  RETTIERILER

7E N-S JrRERR g, N B 12 IR 77158 SIMPLE 572 (Semi-Implicit Method for
Pressure-Linked Equation), =2 MEE IR E TR R E . 3T R F 2P RN
LA IR S35 P
2R MGEREAFRUERU . V. W
3K f p’
aitsp=p +p
SHEEBIEAR, Hu'v V. WilEu. v. w

T SIMPLE kMo 7 2 F 345 SIMPLER (f81THJ SIMPLE %) Al SIMPLEC
(SIMPLE-Consistent). =i 57 SAER ML FE H KB, AEBE R — DB R AE
B R JMERA AR, (EH&mg R RE/NT. @it SIMPLEC 77 £ T, mIBUiniE
THEE RIS, D TR EA, R T AR 18, 4k F R A SIMPLEC 532

524 BEHUOTRE

TEHUE AR B v 30 RS R 5T T S il T XA Pe 20T 0 1 S5 SICEU B A H IR
), 30 XK 20 SCRT PAGy S — B )k R il KUk 2, b, — Bl KU U S 3R AN
TRETA PRI Ae o LB R 23 A2 8 4 25 PR DR T LA — 5 A B3OV E L BN RS 1 o Stk 5] N il
MR, XRREECAT ARG B AR, T B AR . FEARRI R R FE. TR AR
T AR FE R IR i B X

2700 HLs4 T



) X FEAALE
T sanciial o Tong UniveRsTY BB IIMMERE £ B HNERRREINEMRIETE

5.3ELER

7E Fluent T 43 S5 I S00 1 S0 6 AE WL BN LI B, AT, 0ot 7 o Wl
T AR % N TP 030 B A5 4k, B % U SR P IR SICA 1, 45580 P 55 SR T Tecplot
360 AT FE AL,

53.1 WaHRIEES e
1 TR S B 3R o R B 5 W S 1 2 ) — S FRE B, 1R IX R B th AR AE I
M, BN, FRCEESE SRR, T BT B IE. B I
R T R R
% 53 ARAAHNEHERARFTER T EERTLRERSHELSRNEER

AR LI EER AR
I -TU s v 20 £

10250 0.42754 0.29789
20400 0.36700 0.27717
30642 0.34947 0.22577
40701 0.33108 0.21295
51357 0.32225 0.21040
61277 0.33076 0.22153
2B v J 2

10068 0.09956 0.10637
20370 0.08583 0.06983
30730 0.08123 0.06218
40863 0.06891 0.05934
51382 0.07119 0.05481
61199 0.06862 0.05506

R 1 2R 2 BE R TR A2 S8 55 BB 5 (Rox bE i e 2n T P s

—a— 2l [f-exp
0.45 - —eo— Zfi [V ffi-sim
. —a— BV fE-exp
0.40 + —v— &M Ff-sim
0.35
0.30 4 -
. ‘\\
0.25 - .
Gy : \V v
0.20 .
0.15
o l\:\'zg\—zk‘a
0.05 T —
N I v I » I
0 20000 40000 60000
Re

Dh

B 5-3 BRI T HISL i B R ERIM G R i 2%
FTUAE Y, 6 T A ID-IM R S04 K, T REIR 5 SRia af RAHZZBOR,  TowS T-20 M4

28 71 4L 54 11



) X FEAALE
T sanciial o Tong UniveRsTY BB IIMMERE £ B HNERRREINEMRIETE

NG, TSRS S A RO G . XTSI s rh, XA B fF 1
SR BAFAEAE TR T B S IR B S A, TR S BT A O B I R T TSR
1.

5.3.2 fEHMERERELER
TR T I T AL I AR T 2 5% 2R B

£ 5-4 ARARNEHEAR TR T FHEFRELRERETHHE RN R

I -TUIRE S A v BS54 AR V4 KN 7
R TSR AR Rk )1
10249 75.16397 10068 74.93869
20400 123.2569 20370 79.5524
30641 168.6407 30730 102.6851
40701 207.6658 40862 125.2677
51356 241.5032 51382 149.7621
61277 273.1945 61198 170.8147

—a— B - 1B R A S

300 ~ —e— 4 [V HI 5K

200 —
3
2]
=
7,

100 —

v I 4 I Y I
0 20000 40000 60000
Re

Dh

& 5-4 FITEFIRBBERAN th £k

W RT DU Y, Bl o RO iGN, ANV DA A (T 4 55 3% R Bl A AR PERE I,
LA - [T RE 14 20 45 A4 ¥ 2% B8 /R OB A v T2 TR v A 4544

533 imalfits

T AN BE R T B K v T 22 S i R BRI 12, AR R B IR TR bR .
FEm B RE SR I T PR TR BLAZEE it oi, 5 TR B9 BIOF B8 Simift A4 A% FARR A, 7T DA S
ENREENK OIS, PRI AL Ak RERLRAT o AR A T VR 50T B - 1M1 215 v A S 4 LA S 2
M%ﬁﬂ%%%%ﬁ%%ﬁﬁ%@ﬂ%%@ﬂ%ﬁﬁR%E%RO%%M%WH%M%%@
REEAT 08T (s = B ot R & -

29 71 4L54 11



VY FXALY
e/ SHANGHAL JIAO TONG UNIVERSITY B A EIFMBER LS SRS ENGEHPREIMENHRETE

Turbulent Kinetic Energy

2.5
24
2.3

o]
o)

—

e T e e L LI ™ |
—hNWhmm~ DO

oo o
- 00 O

o000 oo
[NUTR I S S ) e s B

0.
&l 5-5 Rean 30730 LI T 2E[MI K&+ A 45440 3h Ae 3% =
AT R LR B
(DFEMIFEAL, i sh BE W1 DA B AR DRI AR — 2%, BARMIBE AR AL ARG K, I
EHEEZ N, ERAE MIRE DX AR I B I AT 15 B N5
(QFESA MRS M X3, sl ReER, WARNIBIRE ARG, FIF &

TUEE Reon 30642 BT R R v AN SR R B RE 7 AR 5 BREAT 20 AT

#3070 dLs5a T



X S 47302 1 A 325 230 = R 2 3
2/ SHANGHAL JIAO TONG UNIVERSITY BB EIAMMBERL £ RS EANSHRREINEMBETE

Turbulent Kinetic Energy

py.
20
18

& 5-6 Rean30642 1L T 4TAI-MFGA H EMaims e = B
] DLE H
(1) SV A ZNEE R ML, IRA BN EEFIZEET R IR X A R, M1 RE P3G i 5 e 38 44
iy N R LI (S A
(2)i Bh RE BRI X IRATI SR 43 A 2E MR A0 RO X, IR0 B T R A T AR 3,
B A AL B N, (H2 SR e RE AT .
QeI R IRIX BT a 3z, K bimsh e H B EAK, H2 S 5m 3K TR .
5.3.4 JEEE IR
B AR R RS B R B e SUN
Nu = 4B
(Tw,loc _Tair,x)k

T — Tout _Tin X+Tin
L

FEA T, o —— 24 Hb BT i

T x—— SRR T, 5 T O 2 A 15

K— kB S AR, AW/ (m-K)

q— s, BrW/(m?)

SEIURFUR I T PRI XA B J7 3RS, S5 TR B0, T2 T 0 % B R
A 6 T T80T A - 3 4 0 0 A A T 4 40 0 40 £ 3 5% B R 3 A = FEL UL I

#3177 dLsa T



X EXALE
SHANGHAI JIAO TONG UNIVERSITY BB EIAMMBERL £ RS EANSHRREINEMBETE

ol
.
% 3
e

%ouTH%%ﬁR%%W%%%M%%H%W%E%%ﬁ%ﬁ%ﬁ@ﬁﬁﬁﬁ:

MNu

360
344
328
312
2496
280
264
248
232
216
200
184
168
152
136
120
104
88

72

o6

40

B 5-7 Rean 30730 LI FAEM FEHAEI£4 /L R /R B = B

STz AT LS

(1) 2 TEAA IR 338 N e 37 B 5% B8 R BB 3 K038 4%, T LA BIE BN P 55 28 /R ST
G A S MR LT REIR B DA G o FEMMIRE N B0 X0, S5 38 R SR FA, iR SRS R b
B, MTEMFEPN T, SFREEBR, A G A RE BT

QERTERIR, B FER M IR B P B A T AN RS . 7R X 58 5t
A TE 2 Yo S50 Ry I 4k 2 1) R IR BN AL B o AT SR A 5 TR A R E S L T B
LE

o 1 TREON 230642 161 -1 2 Vo K045 10 5 B 58 A6 P i 4
i+

3270 L5470



B Y FEXArE
Y K AL
‘*cf e oo T EESMMMERL BRSNS ARREINEMBETE

MNu

550
525
500
475
450
425
400
arh
350
325
a00
275
250
225
200
175
150
125
100
75

80

B 5-8 Regn 30642 T T4Hl-MFaW 21 2514 BB SR RH = A

T AT LA

U)X FEHh R, R R TS S5 R TR ZI S e, S538REEER K. 1
TEEFREIAIX, 3R BT /N, WAL B TR AT, R ERAK, W T Rk
IO S

Q)X TR, HESFER KA S Al VIR A F G5 RS, AE TR P9 B3 (X 5% 3R BN,
[T PN T T 5% B R BRI, DR R ISR o, FLBE AR I B iR A EL B TR A )
SEMTF B T BORIERE 3T .

5.35 JEJ10Ai
ANTE B VBT BT - R 2 A v 25 4 LA S Al [ R A D 25 R 0 K 7100 A o B LB %

PAF RO Reon30730 (RIZ0 U1 6 74 50 S5 A4 1) T 7 93 BEAT 20 # -

#3377 454



@) Y FRALY
o o Tone ety B RIS A 4 B A G el B R

Pressure

38
34
a0
26
22
18
14
10

& 5-9 Redn 30730 LA N4 M M4 MR E K 1= E
(1)JE B TAR T 124 H R RH RS, X5 AR — o .
Q)N T BN IR G5 M TT »  TUTRE P 3 DX 1 0 B3z 1 1 T P i 0 A5 T T
SNFIIE S ARE /N, B E 0T DA BB R K I A

LR 0t TREON 30642 (- K 2 ¥ KD s T 99 A5 L 43 4

3470 L5470



X EXALE
SHANGHAI JIAO TONG UNIVERSITY ﬂﬁ’é‘l‘ﬂb%ﬂ IEIB’E’;I%EE%%H"])%fﬂgEM W 5ﬁ£ﬂ5ﬂ“§*u&1ﬁi+§

ol
.
% 3
e

Pressure

250
225
200
175
150
125
100
75
50
25
0
-25
-50
-75
-100
-125
-150
-175
-200
-225
-250

& 5-10 Regn 30730 AL T 4TAT-MFEA HEHMRE K 1= B

M BT LA

(1) 7B AL v R DB WA, AT S i i — oA .

(QTEFH AR AT 1 B R X o XA e R X AT CAS WA 20T JH 2 iy F4 1T 4544
PRLE IV DY B3 P R 2 ol T I O R AR R R 2SR

@) iR TR, TR A IR s 77 70 AT AR 5 AU B v EDES RS AL, R il X 1A s
A -3l U1 &Y Wb S PO ] B 1P N 1 D RS 5 NS

TH S50 5 B T SR EE R

b e AL e SIE Ay A P Dt o e N e |- o S N S P N 6 2 10 s
¥

TH

35 70 L5470



@) Y FRALY
o o Tone ety B RIS A 4 B A G el B R

JRHRSE R IR EL
Bl 5-11 [ RE ¥ AN G5 BB RS SERrah R xt Hh
i He A A

(OAE SRR ARy, AR IR SRS . X T af MR v 20454, EINI0E A
R XIS N, PRI AR A e AR RN MR N BN N B A s s i E)
SN, IR Y A T Bl AE AU -

QT4 TR RS, FUERER TSI TR AR TR, iR
BT P #5084 J) P8 5% B8 R AR T FiAts DXtk (RN I 68 P 1 90 DX, e 3 1 7 s 1 THT g b
X DR 2 0 GO TR, KT A A 2 A T A 9 DX A A0 ) e
REIE, MIMEMFEAN TR R EE, [FIBERIUN R 55 38 /R MO AR T HA X 5

b e R I =R e S ETey (AP | Dl B S N S P NS 716 ] < N

RE &

%36 71 L5470



B) X EAALY
S 47302 1 A 325 230 = R 2 3
- o SHANGHAI JIAO TONG UNIVERSITY ﬂﬁ%‘l‘ﬂjﬁﬂMﬁa,ﬁ&‘i%ﬁﬂ’ﬂ/vi‘\llé.ﬂ:.:*’tillﬂumﬁﬂlﬂ'lsﬂﬁﬁﬁ'%

BIIRE
Bl 5-12 & ih-MIFa R A+ M S BB S RISt tL
IR LERT A, BR T AR A EDES R RS BB R G v R SE IR B AT DL

37 W L5470



VY)Y A X AAE
Smcﬁuﬁogﬁi BASINFIMIER A £ RS AEMR RN K ETE
TR

ORI R AR R AR K, R iR AR RS T P X 577,
TR BORAA T S BEFEAR, 7 B TR AR AN, AL AR REAH LE AR X I8 A i T B,
PRI A T J 155 B R AR T At R X3

() GeAT R h (AR A U B R R A AR 2 T — € e, dishne /iagsm, el
fE Bl 1 58

QVEHIIFIAFAERS IR T RN TUE N AL R SRR, (A BRI T B2 R, RS
FORBIE R, WL LRI 98 7 I8 IE A R GE . (HR B IEENRBIH ISR, S
REJIHIN B, AIRet PR REt 2232 B — E I .

536 AELHNKINL RN

X BT 55 v A A K A M v AN e, BRAN T B B JER T 9 0.5mm 1) s FE V- i
BN 30 MR, WEHAIN AL [ LSRR R Ao A, 4 BT

V1T ] X VT T 7 T% 1
_ ok A A‘ FC"‘"‘ | l“““ ,\‘\}'\ i ‘o “5 “ﬂA‘ “
/ | \ I [ \‘\‘ [ 111 I
FA\ AN f \\ [/ I
W AT T e
| ‘ |
( |
\‘ ‘\‘ / 1| 1l
| Ii ()

()P4 &
5-13 A A KT

X ELH RSB SR8 1 20 B LS o S S5 30 R B R

3871 L5470



b - x ﬁ )){ :@ X ;jj\g
P/ SHANGHAI JIAO TONG UNIVERSITY BESAMERA £ EBEAAERRRSINEFMEETE

Bl 5-14 SHh-IMIFER NG54 M IR LR I SE K- 5 BUE AN EE
UG, ATHE AR S I 5 RARL. thA AR AT AE ARG BT SR sk
LT LML, AR 1l A o R RO SIS B TR AR B, [R5 A
WA R IPEEL TIEIEN s, B980T imin L, H9m 7SR Hdiee
RS E 01T v K0 5 A o K — AN R N R BEAT IRORLEE, AT LA BIan R iR 2 A

C—— e

& 5-15 [MIFE PN BT e B E AR S R
R DA Y, 2 BE T A U S RIS o BB el A MR Y T X3 I 4R S al,
R AT MIRE Y Ty XK AR A 2R T R ER B IE, IR 1 e AR RE, RIRE
55 i B S A P 4 R A S BB T SR 25 R A £

5.4 RE /2K

A% 5 JE L FUEASADL ) T 20T W A A IE P9 IS B A 5T T IRAIE, 0T IEIE P SR 7T
IR ENRETI AT SR RS B ARBOHAT TR, I R PR A AT

b e A ] e R ST Fry 8 P e s a1 [V e i B 0110 e 1 WA 20 S = NP P ) o
BAIRMERE M PETHIFANII S TS TEHRI-IM B B S A, BT eI IAAE, SEBAS A
GRIREAT TS KIECE . — D5 B AR R T i P IR AR, AT o 1 A%
KNGS R AR RS, —RAT I AIAFEAE R R RIHE I TRt I RS, EHAIII R AT RO shs 1
[T 53 A s 77 o ) DX 43R, 1T PAY 8 DX 3 PRI SRR A4S 28 7 T3 S T S 15 110 DX 3l ) e FAv e
Jiigas, (BEHIIR R IX 85 FRRBOAR, BN 1R AN EN S 55

XIARTR 7% N R FEAN R T 80 R AT 5 5, AT LURBILRE & 3 v A 0 o, S8 A 1)
T Bl e R 85 B8 /R Bl e Bl M I, 7 VA 80 v e T P e AP b

#3917 454



EASMMbERA E =LA EHRRNENREITE

BT FHig

ZRE I b S R BMARUA R, H& T DG R 4518

(DR —ADNEEECT, SHI-RE R 504 A5 R I A% Ak RE L 35 v T2l MIBE v 2D 4544

QFEFR—ANFEVEECT, BEN-IMBE 5 20 G544 IR B BE ) 2 e T 2B MR v 20454 5

@)X F AR K% 2045, BB =B R KR, 3538 R Bt = il 2
N

()26 [MIRE v RN S5 A R e R E e 2 2R PRAE MR X3k, BARZ AL 3R I ARG, it
FEXEIN, AEZ R S 73 AT AL AR RE T B

(S)EH A L BT AE IX ST I B BEE K, T sh BE R MR (& e BB B (1 BE /758,
DR St A RE T

(6)EH a1 B R i AN - IR R A% 3, (AT DACRE VTR N AR A sl ke itk - B S
MBS I EE 5 A AR AN Sk RU3EAT — %€ IR A

40 U1 3L 54 T



B IEVS-
SHANGHAI JIAO TONG UNIVERSITY E-ﬁ’-ﬁ‘l‘ﬂjﬁl] Elﬁﬁf%?ii%%ﬂ'\]?’%ﬁﬂ%’f'@ Ijq 5ﬁﬁj]5)n\“%*ﬂ ;& 1E-H_§—

SE MK

[ E 3 B EORMLAE 5 E 7 Dol ik, 2002.

21k A, REN KREBESIREEH A EI R [0]. #4688 5) /) T.#£.2008,01:  1-7

[BUAMIE, HE, JAFE, 5 &, 2 e KM R a5 1% PeReEBUE T 5T 0]
R HHIAR.2011,3: 25-31

[4]4:BH. Labview E 54 R4 H 1) R FH D13 I LVR 28 Tl 2 B 2412 2006,12:  11-14

[5] Satomi Nishidal,Akira Murata, Hiroshi Saito, and Kaoru lwamoto. Measurement of Heat and

Fluid Flow on Surface with Teardrop-Shaped Dimples[J].Proceedings of the Asian Congress on
Gas Turbines.2009,8

[61E 85 5%, S AAR B ot J B R R[]k 10k 1977,02: 52-57

[7Ix0E 5L, B, sko= T, XU, BMIGTEE [ WS 21 A ME F & 53 W oR [DHERERR.
2009,2: 41-45

[BIFRIRE, BRELI, REEMN, RV 2 R A K I U 1) R [OVL 95 T2 e 524k
1990,11: 43-49

[O1E HE#k, ZOtst, 2%, mEfh. AR ETERE TR 2) 546 R 0] TR
PEH%.2009,4: 621-624

[101%%5%, MU F- ImFe I Fr N e I U B 155 G vA 2 4 ). R A N RN
[¥.200910053749.1.20094E11 H 18 H

[11]553%, QR30S A [D1PR BHAL T2, 1993,2: 13-17

(12114, AR 38 R AL B 2 LR At

[13]Han, J. C., Dutta, S.,and Ekkad, S., Gas Turbine Heat Transfer and Cooling Technology[M],
2011.

[14]Armstrong J. and Winstanley D., A review of staggered array pin fin heat transfer for turbine
cooling applications[J]. ASME Journal of Turbomachinery, 1998(110):94-103

[15]Metzger D.E., Berry R.A. and Bronson J.P., Developing heat transfer in rectangular ducts with
staggered arrays of short pin fin[J]

[16]Metzger D.E., Fan Z.X. and Shepard W.B., Pressure loss and heat transfer through multiple
rows of short pin fins[J], Heat transfer, Hemisphere, Washington, 1982(3):137-142

[17]Chyu M.K., Heat transfer and pressure drop for short pin-fin arrays with pin-endwall fillet[J],
Journal of Heat Transfer, 1990(112):926-932.

[18] T#HZR, WA 1% Ch) [M], m553E Hihiit:, 2003:134-140

417 L5471



YL ALE -
"iﬁ:)“xf B AIRMINER S 4 A IR B RS

Bt 3%

42T

Pz

54 1



12y X #F KAt
g i ~
SHANGHAI JIAO TONG UN[V'EPﬁdl-TY ﬂﬁ%‘l’ﬂj}*u Mﬁﬁiﬁﬁigﬁm;é\fugﬁm Ij\] 5ﬁ£ﬁ5ﬂ“§%uﬁ1ﬁi+%

BT 1T B 4 0 54 o T JRI 4%

s
O
O

0‘sz o0'sz o'se

%43 71 54 70




B) X FAArE
SHANGHAI JTAQ TONG UNIVERSITY BESAMERA £ EBEAAERRRSINEFMEETE

208 U1 v 2 45 A n T B4R

M
| R - N
m
12,5 12,5
"T]
|
=
— o e
m m
: i _
:}l
i I Y = 1 |
) '  ‘| ut “'
/ ‘\7_7 -O J
N S [ s (7 o T S, [ o i
(&) -Ul 4
[\J‘ ‘I
~J J
- - @)
o
¥ | |
86 _] 5.5
reall — - —————

44T 54T



S
N
1.

A
T

AN

41

Ay

Wy

¥

WEMBEHE

EAH A MbER A E 3 E0LANERRRE

£
El
E
z
g
=
3
:
2

28 TR v 2 45 A it B BE AT 2 1

Turbulent Kinetic Energy

Turbulent Kinetic Energy

Turbulent Kinetic Energy

025
024
023
022
021
“ 02
] 019 — — ~
=] 018 [e) o N~
=] 017 (o)) N~ N
0.18 o o —d
0.15 N <t [{e]
0.14 1l 1l 1
013 = = =
0.12 [a) [a) o
011 <5} <5} D
0.1 [a'd a4 ad
009
008
007
0.08
005
004
003
002
0.01
Turbulent Kinetic Energy Turbulent Kinetic Energy Turbulent Kinetic Energy
019 08
018 085
017 08
0.16 075
“ 015 07
] 014 085
= 013 08
= 012 EOu 055 Q W
on o 05 © o
01 o 045 o «—
0.08 — 04 o™ L
0.08 1] 035 1] 1
007 = 03 = =
0.08 [a] 025 [a] o
005 (&) 02 (5] ()
0.04 x 0.15 x [ag
003 01
002 005
0ot

245 71 3L 54 7T



@) ¥ a4y

s/ SHANGHAI JIAO TONG UNIVERSITY

BB SANAMPER & £ 2RAL AP B FBETTE

BE-IU R v AN 5 R T s BE o A 2 P

133 INaU| JUBINGIN L

Repn=10068

au3 anau| uaNGINL

Repr=24103

13U3 AU JUANGINL

Repn=30730

13u3 3n3auD) JuANGINL

Reph=40863

AB1au3 ajauny uBNGINL

Repn=51382

6.13u3 anaun) JuaNGINL

Repn=61199

46 T 54T



(il - %
: 5 b

;: }‘ ﬁ j‘\ “'@x d-
"’”% ,v.nv“‘g SHANGHAI JIAO TONG UNIVERSITY

BB SANAMPER & £ 2RAL AP B FBETTE

IR v JN 5 A I 50 A = 1

Repn=23991

Reph=30642

Repn=40701

aaaaaaaaaaaaaaaaaaaaaa

Repn=51357

@
aaaaaaaaaaaaaaaaaaaaaa

Repn=61277

2647 7T L5471



WEMBEHE

S
N
1.

EAH A MbER A E 3 E0LANERRRE

4

4
SHANGHAI JIAO TONG UNIVERSITY

!

X EA

3

®

%
e

BHIDINIRE S5 v NG5 15 0 o3 A =

Pressure
Pressure
120
1 el Pressure
1 450
L 400
= 350
» 300
“ a “ 250
%0 ™ =] 200
40 o 1 R4
30 — 1o 3 3
20 < " 8 3
10 N ; S 3
! 0 -50 < b
% L -100 11 Y
g a -150 = I}
20 ) 200 8 5
& [a)
40 o -250 (3]
“a 300 o o
a0 -350
i -400
bt -450
g -500
-100
110
-120
Pressure
Pressure
30
2 = Pressure
» 20 800
2 e 720
I e
1 150
: “ 160 ] 480
; © o i ] 400
i be] 75 o . 2
2 < I ™ 240 AN
a S 2 =~ 160 o]
0 S 2 P 80 [ap]
i T -25 (ap] : o
22 = 20 I bt i
= = 20 L -160 I
2 & 18 a -240 <=
o 125 ) - 5
42 o 400 o)
-t 480 o
200 o
20 -840
2 -720
-800

48 TU F54 7T



IEFHEHE

7

N
1.

EAH A MbER A E 3 E0LANERRRE

4

5 ‘a
HANGHAI JIAO TONG UNIVERSITY

!

X EA

ol
.
% 3
e

Nu
280
270
260 :
’ 300
i 288 "
B 276
o 264 .
- ] 7 520
i ) : 500
_wc » : 480
180 ™ m; s i
170 ~N - E T
160 1l : g E
ac h y S ] 400 ~
140 o i i E :
_8 e - : 360 N
1 $ 144 5 - i
:a ; L 320 ©
_8 - 3 300 J!
: 108 o = :
i ; 260 nw
: : 240
; - 20 o
: : 200
: 180
180
140
120
100
80
60
Nu
260
250
240 :
- 360
| 220 i
E 328 :
I m: 480
190 : :
B D :
:c . = 420
aa e . N 400
: ; - o 380
140 1l 2 2 :
. ; 200 o E 3
sa j 5 2 320 Lo
- = 168 11 = 5
100 o . : : 1
: - L 260 Lo
: : z 240 1
- 104 o = 3
; L 200 S
: : 180 <L
: ; 180 o
8 z 140
: 120
100
80
60

49 71 3L 54 7T



BB SANAMPER & £ 2RAL AP B FBETTE

£

SHANGHAI JIAO TONG UNIVERSITY

!

X EAA

3

Tl

.

S
e

N

Repr=24103

Repr=40863

=61199

Repn

BRI R 4 2 454 Ja B85 38 K B

T T

Repn=30730

NN

Reph=

51382

250 71 3L 54 7T



EASMMbERA E =LA EHRRNENREITE

i

[EHZ R AR USRI G, Sl B2 SIS e — K, TR R BIR BRI 1 —
Ko U IUGERPTA LR ) AT Th B R .

H RN R S EER BTN R T I EAT LR FE S DA A R, X
A I A AR, BREAMIRZ KLY, A5 S BHREE IR 58 M. PIAER BRI
fEEAR bgy TRIRZ IR T, ERALE DS T RA-=Hzh )1, AEAERA S ORI IE H
EAREE T £ X E ARG T R

FRA A KA IR R 45 T 1 FAR K H B, JEHGZAE LabVIEW A1 Matlab ff3 I 145
TERIRZ 2. Tl A BB T IR 2 B R, I B i 2RI, J1oRkEE—
DB R, X B PI A RKEE H R

SN BT R ) Pl £ [, 8 B BCR A7 T2 - 310 78 By SIS A BE T 23 WA

BT BAXIRRE I Z I, WIS 2 TR A B MIRK AR T e 7200 RETTE
Jiis A, RATIEZIN . SRR S @I TR AR T AR A2 T2 B i ]
2, AEFIE B S SR IR A1 RS2 BT L2 TR A RR 7> B

I RE AR RS AU R B N, RS XU

5101 54T



A Y EXALY
SrANHAL o Tone Unaza B BIMLIBERE RIS AR B R AT

DETAILED MEASUREMENT OF FLOW FIELD
FEATURES IN THE COOLING CHANNELS WITH
PIN-FIN AND DIMPLE COOLING STRUCTURE

As the most significant power engine in the world, gas turbine is widely used in aeroengine,
electric generating equipments and many other industry fields. The thermal efficiency and power
output of gas turbine is closely related to RIT, the higher RIT is, the higher thermal efficiency and
power output gas turbine has. So it is very important to raise up RIT to improve the overall
performance of gas turbine. But RIT could not be increased without limitation. It is restricted by
many aspects such as the strength of turbine blades material, heat resistance of this material and so
on. As the RIT applied in most gas turbines in the world has already exceeded the melting point of
turbine blade material, it is very necessary to put turbine cooling technology into use. Turbine
cooling technology can enhance the performance of gas turbine in many ways. Higher RIT allows
higher thermal efficiency and power output, which improve the overall the performance. Also
cooling structure decrease the weight of machines and production cost.

At the present time, there are three methods of cooling the turbine blades that are wildly used
all over the world: convection cooling, gaseous film cooling and impingement fooling. A
comprehensive utilization of these cooling methods can efficiently enhance the performance of
blades in the entrance of gas turbine. Convection cooling is defined as decreasing the surface
temperature of the turbine blades with the help of internal convection effect. This method has
already been put into use for more than half a century. With the development of gas turbine, this
has become one of the most important techniques of gas turbine production.

Previously, many researchers have done many studies focusing how pin fin cooling structure
influenced the heat transfer performance and flow behavior in the cooling passage. Lau and others
announced that many geometrical factor of pin fin have influence on the cooling performance and
flow friction, such as the ratio of diameter and height, the shape of pin-fin transversal surface,
arrangement of pin fins. Also the heat transfer performance of pin fin’s material itself also
influences the cooling effect of the whole structure.

Since the existence of pin fin occupied part of the heat exchange surface, so the new heat
exchange surface should be reconsidered, including the surface area of pin fins. Armstrong and
Winstanley observed that the cooling structure with shorter pin fin has lower average coefficient
of heat transfer than long pin fins. Zukauskus Also point out that Reynolds number has a close
effect on heat transfer performance of long pin fin.

Chyu did a large amount of researchs on how the arrangement of pin fins affect the cooling
performance. Based on abundant data, he summarized that under high Reynolds number condition,
the heat transfer performance and flow behavior of stagger arranged pin fin cooling structure is
much more better than in-line arranged pin fin structure. But both these two kinds of structure
greatly increase the pressure drop in the flow channel for the existence of pin fin. Coldstein
pointed out that flow channel without fins has much lower pressure drop than those with fins in it.

So we can see, although the pin fin channel has improved heat transfer performance of flow
channel, but it increase the flow resistance on the other hand. Metzger and Chyu indicated that the
pin fin array with the streamwise and spanwise spacings of 2.5 can achieve a heat transfer
enhancement of 2-4 times than smooth flow channel, but it also increase the friction factor by
20-30 times depending on the Reynolds number.

Compared with pin fin structure, dimples on the heat exchange surface can enhance the
convective heat transfer while do not significantly increase the pressure lose, which means friction
factors. Chyu, Moon, Mahmodd, and others studied on this kind of cooling structure and showed
that compared to smooth flow channel, the channel with dimple structures can improve the Nusselt
number by 2-3 times while the increase of friction factor is 1.3-2.9 times.

My bachelor thesis will discuss heat transfer performance, flow behavior and some other
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aspects of two different kind of turbine blade cooling structure. One is a surface with stagger
arranged pin fins and dimples and the other is a surface with only dimples stagger arranged on it.
In. my study | will try different kinds of experimental or numerical methods to discuss the
performance of different kinds of cooling structures. First of all | will measure the pressure lose of
different structure under different Reynolds number condition and calculate the friction factor,
describe how the friction factor change along with the Reynolds number. Then | will visualize the
flow field in these two kinds of structures by oil film experiment to show the flow field structure
and compare the difference of pin fins and dimples. Finally, numerical simulation is considered in
my bachelor thesis. With the visualized graphic result, we can further analyze the flow behavior
and heat transfer performance in these two structures

For the flow resistance measurement experiment, compared to the smooth flow channel, both
the pin fin-dimple structure and the pure dimple structure get a higher pressure lose in different
Reynolds number condition, and according to Figure - we can easily find that as Reynolds number
increases, the average friction factor both drop down. When Reynolds grows up to 30000, the
friction factor is tending towards stability, which well fits the Moody's diagram. Separately
analyze these two kinds of structures, we can see the average friction factor of pin fin dimple
cooling structure is much higher than that of pure dimple, the former is 5 times the factor of
smooth channel while the latter is 1.25 times. So we can get a conclusion that the pin fin structure
greatly influence the flow field and increase the flow resistance. This is because the pin fin has the
same height as cooling passage, all of the fluid cannot flow directly through the channel, it could
only flow between one cylinder and another, thus the average distance of unit mass of fluid
flowing through the channel increase, greatly increasing the flow resistance of the cooling
structure.

Oil film method is one of the earliest flow field visualization technologies in history. It is
mainly applied in the near wall flow field visualization, belongs to a basic tracer method. By
survey and analyzing the oil film, we can find out the flow behavior in this flow field, such as the
position airflow separated from surface, or the position vortex or shock wave formed. In my
experiment, we use titanium dioxide, liquid paraffin and oleic acid and mix them with mass ratio
20:100:1 as the oil used. Analyzing the oil film under different Reynolds numbers, and combined
with the flow resistance measurement experiment, we can see the pressure distribution in pure
dimple cooling structure is not very chaotic. Although the existence of dimples increase the scale
of turbulence but the pressure distribution in dimple's upwind area and downwind area is so stable
that it might be hard for flows taking away the heat in dimple method, which may lead to the
lower heat transfer efficiency in these area. The existence of pin fin significantly changes the
pressure distribute in the cooling channel, which lead to a great change in flow behavior. Pin fins
changes the flow field in two aspects. First the 20-mm-height pin fin increases the heat exchange
area, so it enhanced the cooling performance of the whole channel. Secondly the existence of pin
fin has increase the scale of turbulence noteworthy. The wake flow field after pin fins can break
the high-pressure area in dimples that enhance the whole energy exchange performance. But on
the other hand, pin fins also increase the flow resistance in the cooling channel. As | mentioned
before, the friction factor of pin fin dimple structure is up to 3 times of that of pure dimple
structure, which may negatively affect the heat transfer performance.

Through numerical simulation method, | conducted verification of the flow resistance of the
two cooling channels and calculated the pressure distribution, turbulent Kinetic energy distribution
and local Nusselt number, then further analyze the two kinds of cooling structure.

For pure dimple cooling structure, as the pressure inner the dimple is higher than at the flat
part, so the airflow is a little hard to flow from the flat part into the dimple and vortex existing in
the dimple also influences the heat transfer. So enhancement of the heat transfer performance is
not obvious. For pin fin-dimple cooling structure, Due to the existence of pin fin, the heat transfer
performance of this kind of cooling structure has been enhanced in two major aspects: on the one
hand, the presence of the pin fin increases the heat transfer area of the flow field, thereby
enhancing the entire cooling heat transfer performance of the structure, on the other hand, the
presence of pin fin greatly increase the turbulence intensity of the flow field, the pin fin structure
broke the area of high pressure in the dimple, the flow performance in the internal region in the
dimples are improved, thereby making the recessed area of the heat transfer capacity enhancement,
Nusselt number in the region behind the pin fins is too low, has become a weakness of this cooling
structure.
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Inspect the same cooling structure in a different Reynolds number, we can be found that the
turbulent kinetic energy within the channel and the local Nusselt number will increase as the
Reynolds number increases, the higher the Reynolds number, the channel heat exchange
performed stronger.
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