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Investigation of dynamic analysis of the heat transfer

enhancement in the channel flow
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Investigation of dynamic analysis of the heat transfer enhancement in the
channel flow
Student : Jieh-Chau Huang Advisor : Wu-Shung Fu
Department of Mechanical Engineering
National Chiao Tung University

Abstract

With the improvement of the technology, the effect of heat transfer of a heat
surface is getting more seriously concern in industry. The promotion of reliability and
performance is dependent on the technology of heat transfer enhancement. So the
problem of heat transfer of a heat surface in_a convection flow is a very important
issue. First, this study investigates the problem of three-dimensional compressible
convection flow with insertion of a moving block numerically. The phenomena of
interaction between the moving « block and..channel flow are observed. The
enhancement of heat transfer is remarkable dueto destroying the boundary layers by
the moving block. Besides, the varied processes of natural convection in
three-dimensional vertical channels of single heated wall with different aspect ratios
and Rayleigh numbers from stable to unstable situation are investigated numerically.
The phenomena from laminar to unstable transition and the relationship between
Rayleigh number and heat transfer rate are observed. The results are expected to be
useful for the future study about turbulence flow induced by pure natural convection.
Therefore, this study is a foundation potentially for the heat transfer enhancement of

practical industry.
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Nomenclature

Re

Gr

Ra

Ray

Ra*

t*

dimensional width of the channel (m)

dimensional height of the channel (m)
dimensional width of the slender block (m)
dimensional length of the channel (m)

dimensional length of the slender block (m)
the distance between the inlet and the heat surface (m)

the distance between the outlet and the heat surface (m)

dimensional height of the slender block (m)
acceleration of gravity (m/s?)

thermal conductivity (W / mK )

local Mach number

pressure (Pa)
surrounding pressure ( Pa)

Reynold number

Aspect Ration

Grashof number

gas constant (J /kg/K)

Rayleigh number

Rayleigh number defined in Eq. (4-16)
Rayleigh number defined in Eq. (4-17)
time (s)

Dimensionless time

temperature (K)



X, Y,z
XY, Z

u,v,w

Nuy,
(Nu)

(Nu),

temperature of surroundings (K)

temperature of heat surface (K)

Cartesian coordinates (m)

dimensionless Cartesian coordinates

velocitiesin x,, X, and X, directions (m/s)

moving velocity of the slender block (m/s)
dimensionless velocitiesin X, Y and Z directions
dimensionless velocity of the slender block
dimensionless height of the slender block

local Nusselt number defined in Eq. (4-17)

local Nusselt number defined in Eq. (4-1)

average Nusselt number defined in Eq; (4-3)
average Nusselt number defined in Eq. (4-4)
average Nusselt number defined in Eg. (4-5)

average Nusselt number defined in Eq. (4-12)

Greek symbols

Yo,

Po

y2i

Hy

density (kg/m®)

surrounding density (kg /m?)
viscosity (N -s/m?)

Surrounding viscosity (N -s/m?*)

Xi



v specific heat ratio

0 dimensionless temperature

éEn g curvilinear coordinates
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P(i,0,k) = P(i,1,k)
u, (i,0,k) = —u,(i,1,k)

u,(i,0,k) = U, (i,1,k) (2-1)
u,(i,0,k) = —u,(i,1,k)

T(i,0,k)=T(i,1k)

B S ARG i R E 2 4o T S ETT

P(i,0,k) = P(i,1,k)

u, (i,0,k) = -u, (i,1,k)

u,(i,0,k) = —u,(i,1,k) (2-2)
u,(i,0,k) = —u,(i,1,k)

T(i,0,k) =2T, T (i,1,k)

BT, 5t BEER GUE R o 4ol 22 977 0 0 45 ghostcell » 1 5 BT AR
e o

BrEEE N RIFRNNEL LT AT
P(0, j.k)=2P(, j.k)-P(2, j.k)

u, (0, j,k) =u,

u,(0,j, k) =0 (2-3)
U;(0, j,k)=0

T(0,j,k)=T,

P(nx+1, j,k) =P,

u, (nx+1, j,k) =u,(nx, j,k)

u,(nx+1, j,k) =u,(nx, j,k) (2-4)
U, (nx+1, j, k) =u,(nx, j,k)

T(nx+1, j,k) =T(nx, j,k)
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W235- 8 #3f bAd NP BFE P - ARBEE L
BlodoM23 2 R2457m » - ERML > TRLIW > B R LW, A8
BRTLIFEF I EER U FE~ O 0 Al RPN R LR
BER Th HEEP Pz §F 4B BEAH AZERF 3-SR L0 &
BRawWs BRZhNEREF - FFFLRF FFEF L ABAR D34 E

i3

s

(Ps)> fj'*w«‘rlfﬂ?iﬁ PR B B A B BURHR RIS > B B AL e
@RV AteF K wm 14 B (Pe) T{/ﬂ%ﬁﬁ%ﬁvm“%%ﬁv TR

BEx w bAoA B TR A - B R AT WY R AP PN R

AR E S PE A GE P ORI E IR T A 70X 2w 5 streamwise 7 @y

I3 kG > Btz Lospanwise 7% B oU Vs W A W L H AR ER o

Wi

m

T3 PR R A @S ua$§i?€,:\ FEGRH] FE AL RFE 4
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FEPLRANI TR FR- Rt b ier R

GO A TETFELERLITADL BE o umEd Ao ML 2 F B IRA
o EREARHBEERRNIECRRAOUANLZ RAREF OB EFRER T S
EORARIRTE | £L 9 S L AP NI i AP NEAPIE |- T U SRS SR e Sl
DB ERINEE o TR R Sl Gde T L
w, /w, =1

w; /w, =0.05

h/w, =05

l,/w, =15

L/w =1/w =225
1, =10.5

(2-5)

T 353’;}&/%] PIRIE; SN I = it SERPINE; 22 DA |G-l g

TR 24 BAREHERSE A e
2. 1 fEimdl s 2§ 0 Bk SRR F A o SRR 5 2 4748 (Newtonian fluid) -
AR R E D ko

3. BRI HITH AT S
pLoeh ﬂﬁ; T REG Ch > B AREER T g & A 1% % (No-slip condition) » H & 5 4o

P(i,0,k) = P(i,1 k)

u, (i, 0,k) = —u, i, 1, k)

u, (i, 0,k) = —u, (i,1, k) (2-6)
u,(i,0,k) = —u, (i, 1 k)

T(i,0,k) =T (i,1 k)

@ S EEG g i e T A e

P(i,0,k) = P(i,1,k)

u, (i,0,k) =—-u,(i,1,k)

u,(i,0,k) =—u,(i,1,k) (2-7)
us(i,0,k) = —u,(i,1 k)

T(i,0,k) =2T, -T(i,1 k)

HOT, 5 e BEER AR R o e

12



B FEE N R 2P RINAE AT AT

P(0, j.k) =2P(1, j,k)=P(2, j.k)
u, (0, , k) = U
u,(0, j,k)=0
u;(0, j,k) =0
T J,k) =T,

P(nx+1, j,k) =P,
u,(nx+1, j,k) =u,(nx, j,k)
u,(nx+1, j,k) =u,(nx, j,k)
u;(nx+1, j, k) =u,(nx, j,k)
T(nx+1, j,K) =T (nx, j,k)

13
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fully-developed flow

5 7

; 5

g Z‘
EY gl 4F 1
W
—-.__3;‘_\
-1t 40 |/,
T,
Ay- o - Y
P '/F:*B +
l;
T——— Y Y

w17
I, u,

Bl 2-3 = M 4 i 4o 545 T 47 S

14



23~z adE P p AHIAF IS
AL ARG RERZAEE P RHITA AR AGEI 2T AT R
R 2 PR AR IR T o2 M E g R P IR T R Rl R
244577 > AR G- BRhEFTWHZ LT g 23 o T FRIEFR - 45
T-+F AL E R(R=h/w)> 253 R=275 40 R=3.75 # ¢ B kS (=3¢
SRIEBES 0 32— FEES LA ST, =400K 2 700K & 4 > tk® F i ¢

TR EEER b V- RIEER S EERG oA e PRBBRERA £ B

‘—HW

T_=300K ¢7 P, =101300Pa -

A E TR R B AT

1 on¥ 5 = mindg o

2. 1L BRAEZEREFH-

AT ERY LR rE BER

Ffpen= A2 5 RARF S T RAEE B R ez A N-S 2 et

B A

ouU v oF oF LG oG _s (2-9)
ot ox oy
P=pRT (2-10)

HY »U ~F ~GEShigde™ #77 !

P
u

u=|"*

yo

pE

puU
pul+P-7

F= pUV -7,

pEU+Pu— kﬁ—urXX -VT,,

OX

15



o,
pVU
G= pVE+P—T

PEV+ Pv—kﬂ—uz'yX -vz,,

0

—(p—py)9
0

—(p—py)ou

S:

p l 2 2
PR E = +=(U%+Vve) -
-y 2

% f eNARAF T B £ 0% R 42 95 Sutherland’s law 18

T.2T,+110 ]
u(T)=uo(T—0) T 7110 (2-11)
_ u(M)rR .
k(T) = O —1)Pr (2-12)

P i py =1.1842kg /m® ~ g'=9.81m/s*~ g4y =1.85%10°N -s/m’ » T, = 298.0592K >
y=14 > R=287J/kg/K &2 Pr=0.72 -

16



Outlet
Non-reflecting |
Y

P=101300Pa @ A
T. =300K

Inlet
Non-reflecting

¥ 3
Y

w

I

Bl 2-4 = ‘B3 B p AREF S ILHS

17



I S
AE L g AWRP AR alicE B AR Y i BN o F - S IR R
71 Navier-Stokes = #2.;% o #- Navier-Stokes = #2 ;% 47 f% 5 2L 45/% 78 Y 4EiF 78 -

& AENE WL &Y ROE 2> 1% ROE /2 k W24 F I il £ - 4%

ok

FZ&ALMUSCL 2> 28 57 B2 ROE 27 @ % chipf2 BFenf2 g

B
N
—

TR AR RREARFAL BT % 0 A MUSCL 234 & = Azl ¢

LS
E TR

4e ~ Minmod limiter 7z %4258 % € 24z o % w & 5 4 % Preconditioning /% >

Flo g B M@ v ORGP Bl A frg el s b ZFRE S RBRE A TP
@B FEL o AT S A AT M - 42 BEJR @ * Preconditioning 2 o B i ¥ T &
%= LUSGS Scheme > & 7 4v Pz acid & & 2 #F & av £ 4250 48 Flet 1% LUSGS
Scheme > @ #%;% ] % #i¢ * Preconditioning p# > 4 » Artificial time term p= > ¢

TR AL A25N > F) et &% Dual time stepping 4 it i@ 2 & Artificial

domain e agPF 4 v it x> T - B ER R BA P F RGEmafRE . B2 & 5
ARt AR f 5 7 R ARG SR S AR e 2 e
B ITEEG DRI BT A Rl (T F AR T A PR Y 0 MR kRt

CEFRAFALLD & BAR k GIE A fe T F]ph E S 4R iR el At &
L o & = SR IR A B R T iR R o %0 1 R R ) S L
HAAFRE PR RERSEET TSR Bal s Tt A SRR T T
BN AFRANTE I P T REEFF AL R FE P AR
BliclE b oot BB S 0 F & #- Navier-Stokes = 75547 i3 5 2LARF 58 B AR T o
1% MUSCL ;% & ' ROE ;2 #7% & thif 412§ 1 57 Minmod limiter 12
FEFARS 3 € B0 RN AFPA AL E > T8 A F T E P

Preconditioning ;* » ™ 3378 § e ® % o BT R Z P LA HEE

IR AR i R AEF IR S RIS L &2 ROE 2 o en2tARiF M08 i B R

2N

1L A
o

B E D enf12id § ok fs @ * LUSGS Scheme dp s 2 K 41T — prpgenpm o

18
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3-1~ B f250 0
AT B RIS G R AR AT 58 A F0A g - 3R 5 AL
Mg ek AR s K Z I L ARA M o

U oF G oH

—t——t—+—=
o ox oy o ”
Ho bk g
s
pu
A (3-3)
oW
PE |
_ N _
puz +P-7,
F= IDUV—‘[Xy (3_4)
PUW =T,
pEu +Pu _kg_urxx —VTxy = IF
- OX |
_ . :
pu -7,
G= pe+P-ty, (3-5)
AW—T,,
pEVHPY - k__uTYX -V, —Wz,,
_ » _
o =T,
H= -1,
,OWZ +P- 7, (3-6)
oT
PEW+PW—-K——uUr, —-Vvr, —Wr,
- 0z |
_ . .
O (3-7)
S=| =(p=po)9
0
L (p_Po)gV_

19



.
pu
U=l (3-8)
PW
L PE |
— m n
PP +P -1,
F= PUV =Ty &)
PUW — 7,
pEu+Pu—k£—urxx—VTxy—Wsz
i OX J
— m T
Pl -7y,
. 4P o, (3-10)
pVW_Tyz
PEV+PV—K-—-ur, —Vz, =Wz,
— ﬂN =
pu — T
H = pV_sz
oW +P -7 (3-11)
oT
pEW+ PW—k——UTZX_Vsz_WTzz
i 0z J
_ 0 -
. —(p;po)g (3-12)
0
—(p—p)9u |
PEHAE P LIRS cUSV I WAB L X Y 2 g B o
-1
E-_ " +1(u2+v2+wz) ’ &)
plr-1) 2

PR PARA cUSVIWALBEZ X Y Z 2w adig B o o FbF GEE R
iz #c k §1* Sutherlands’s law

T)§n+1m

/U(T):/uo(ﬁ =110

20



K(T) = HMR
(y =D Pr
Hoe
po=1.1842kg/m* » g=9.81m/s* »
11o=1.85x10°Ns/m? » T;=298.0592K -

v=1.4 » R=287J/kg/K > Pr=0.72 -
BT TR 5 AR IE B 2 ARE T

PU;,

pu U +Po

Fo = Finviscia + Fuiseia =| AUnl, + PO,
PUypUs + P35

(pe+Pu, - Aﬁ
OX.

ml
m2
m3

7 U

m=

vm=1, 2,

2D PARF T Ry S F A WALL P g

21
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3-2 ~ Roe scheme :
WY MenT EAN A RN s FH AR e 73 2ot Ay
(piecewise) ¥ #c > s A HA AR A5 K & (Riemann)FF3E - Flz He 33 248§

R FI AR E 1 EARE B St o - MMPERE S RN

%+A%—U:O » 2 ¢ A% - ¥ % Jacobian 5L - (3-17)
X

e iEE SUO =, u) e L B R AR LS 0o

K Az FpcEEri o 2 Bie £ oo

A=KAK™ » B9 AL #pcEaEesdt @ A= & . 1 |
0o .. A

K=[KY, o K™ 5 e £ 0 s AKD=2KO -

B ¥ & %W (characteristic variables ) » B #_& 4o

0U oW, U oW

W:W(t,X) s W=KPU & U = KW o Fp — =K E K
ot ot oX OX
R~ (34)58 ¢ T i
KW, +AKW, =0 > ¥ F %5 i i = ¢
W, +AW, =0 (3-18)
> 423 (3-5)# 5 canonical form £ characteristic form -
Wil b S ) E e T
W, A .o 0 flw
W, W, W. 0 .. 0w
L+ |L:0 g ? + 2 =0 (3'19)
ot OX : S |
w; |, 0 Ay || Wy )
(3-11)7 o e 42 R H L ¢
w(xt)=w(x—At)=a, x-At<O0
(=W (=i =a, x4 520

W) =wWO(x-At) = f  X-At>0

22



oo g8 B Ak B o d U =KW 7 2 {8 5
U(x,t) :ZWi(O)(X_ﬁ“lt)K(i)

U(x,t) = Za KO+ Z BK® (3-21)
i=p+1
l!fl}b z_ b BE Az A U(Xt) ¥ shjump AU
AU =U,-U, = 3 aK® (3-22)
i=1
Y g=8—-qa -

- HAMEE F4EY > 2R exactsolution s fe f2baRf R REAR Z 4% Ap
RES 2 SR e TR A R T AR X R B0 Rk
PURTRE > - Ay Rf2iT i F & R 42 (approximation Riemann problem) @ % ®
£ F 2 exact solutione A ff2ix 0% & B AP BB LR Y 92 2 5 Roe sk >
7 % L Roe scheme > H p FdeT
[ZE R R uR A

oU oF
+

ot ox

1295 chainrule » ¥ #-= 4238 (3-23):c B 4T

=0 (3-23)

oU  oF au oF
LT o 2 AU)=Z 5 3§ 2 N (3-23)F A A
o oU ox #rAU)= au LASREB)T AT
U
A(U)—= (3-24)

£ AU) A= Jacobian 2L -
@ Roe scheme -/ # 7 Jacobian &' A(U) * — ¥ # Jacobian <& AU, ,U,)
%%"* Lﬂ\j\m%ﬁ F‘;%E'P_’IXFI%A'X%IJ/%ﬁ F‘;%\
@JFA(U)@:o
OX
U(x0=U, x<0 (3-25)

Uix0)=U, x>0

23



A T R F(3-23) T R o d 1 HRIET @ ar o AT R E

R 32+ - Roe 1 * ¥ #c Jacobian &L B~ X Jp & 51 Jacobian 4B i@ = 250 d LAt

g AR TG g o T T R D] AR5 (3-18) et 11 fF o
78 KB £ 1@y #ic Jacobian 4BE 0 Jf £ 7 Roe #ri% e 3E i L

1L UEF2Z/ 5 aFREEEOm %o

oF
ou

2. $U,-U_—U » BIAU_Uy) > AU) - A
3. A(UL_UR):FL_FR

4. 3B A g o B SR

L NNt F RE Y R AN T R o R PES P T Roe A1k den
% #ic Jacobian "L % JE F F B E o HATH R e £ % R AR B o “,% #

z_eb s iEE 3P E_E 0 B & FdE = (conservation law) £ Rankine-Hugoniot i

RMEHE PR AfEfEo 7 ouE EE(3-20)5 (3-21):8 F 3] 0 U | (x/t) ehfz

+=
2

"?Juﬂ'} ?T‘im'ﬂsi&’«_—\)l.ﬁa :

_l(x/t) U +> aK® (3-26)
I+ %<0

(x/t) Uz - aK® (3-27)
A4>0

o1
Ho |+E o B R B Koo (face) o
R R RR TR PR JRITINR L PR L
U oFU)

+ _:0 s 4% 3-17 ‘\‘?/'g—,\rf'ﬁ:;\u
- ™ 195 (3-17)34 7 1

2R ETEmER > TPt T N SR A 2

IE(UR)_IE(UL):F(UR)_F(UL) (3'28)

=F

F_L

B RARAE PIE T o AT EU (0) 0 T 8 Bl R (Flux) sl o 5
i+=
2

24



F.=FU ,(0)-FUg)-FUy) (3-29)

i+=

N

FHF=AU M 27 72— % @ ¢

F, =AU ,(0)-F(U.)-AU, (3-30)

i+=
2

FA45(3-18)50 &2 (3-19) 50 7 e fn o

F,=FU)-AY. K" =FU,)-D 1'@&K" (3-31)
I+§ ﬂl>0 i=1
A&F | = F(UR)+AZo?iK“) = F(UL)+ZZ;diK“> (3-32)
I+E ﬂl>0 i=1

(3-31)#2 (3-32)#rdq e A &2 A7 A M| H_i & f e e 8 I chh fiie > 2 F L 10

Tymint R F (- H AR
i+=

2
F 1{F(umF(UL)—iW&iK‘”} (3-33)
|+E e,
Fd 387 R A F | 54T
"+
1 -
E+;=§[F(UR)+F(UL)—‘A‘AU] (3-34)
o Al 0
9 AU=U,-U -~ |A=A-A=K[AK" > A=| i " i
0 - 1l

ETRFH A

Al¢ sigenpmm s e 40n T 7]

Y- SR AP BN

U +FU), =0 (3-35)

v ] 2o
u, pu f, pu-+ap

= £2.3%(3-30) ¢ Jacobian 4B 27 H ¥4 e fic (e 2 Brpiee B 40T S1T

25



A(U):i{ o 1} (3-36)

+ ¥ £ ¥_parameter vector Q
fa] u Ve
Q= =—7= (3-37)
G, \/; pu
EHRFEUI* Q4T ¢
U | o
U= =qQ=| " (3-38)
LU, | 4,9,
e [ B o (3:39)
| f,] Loz +a’)

L7 47 4 AU & AF Z .3 averaged vector Q -

~ |G 1 1 PL T Pr
- == 3-40
Q {q } Z(QL +Qg) Z{JZUL-F ,ORUJ ( )

AU =BAQ ; AF =CAQ (3-41)

AF = (CB™M)AU (3-42)
£ 3% b wbiE 2 3 & 1115 02 Jcaobian 4B

A=CB™ (3-43)
47 % &(3-36) > 7 U LB

26



~ |29 = q 4
2 el
Q@ G 2a°q, G

£ * ~(3-30)7 #

la?-a® 20

0 % Roe averaged velocity

q= \/EUL T\ PrUR
e

Fletw o g 2 EI T HEE

<

\/ZVL +/PrVRr
el

W= N PLWL 4 Pr We

o e

K =’\¢pLHL+ PrHg

PR

a=[(y-)(H -1/ V)"

phud

\:Jl]\

<

% iE o (3-46)~(3-50): ¥ hU_ 2 % U, Bl EFI* MUSCL ;% %2

27

o

(3-44)

(3-45)

(3-46)

(3-47)

(3-48)

(3-49)

(3-50)

CWABEREAX TRy E a2 A o H S ARIA YL B



x<0

x=0

Bl 3-1 % & B AT A E 1)

28
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3-3 ~ Monotonic Upstream-Centered Scheme for Conservation Laws(MUSCL) :

A @ * F | Abalakin® i % gL E o H S g N deT

uiL+1/2 =u; +1/ 2AuiL+1/2 (3-51)

uiR+1/2 =u; -1/ ZAuiFil/z (3-52)

AU, = Q= B)(Uy —u) + B(U —U ) 16° (-u,_,+3u, —3u.,+Uu,,)

i+1 i
+6°(~u_, +3u,_, —3u. +u.,) (3-53)

Auizllz = (1_ﬂ)(ui+1 _ui)+ﬁ(ui+2 _ui+1) +6° (_ui—l +3ui =3y, +U-+2)

i+1 i

+6° (~u; +3u.,, —3u,, +U,,) (3-54)

i+2 i

H# ¥ (3-45) ~ (3-46)55 ¥ hf - 0° ~ QN iET A £ (B-1)F AE o A AT Y

FI7 i R o A e PIR F PR 0 RS e B il At
BARN P BRI RS E A RFOERT R ER AT T EMRY
AF R e MUSCL 2 4& 4 ) Re07 4258 ¢ 42 2 minmod limiter » #* kg (4% 3% 7
g AT o

] (3-51) 22 (3-52) 4 Z #c B 4T

U, =U +1/2min mod(Au.,,,) (3-55)
us,,, =U; —1/2min mod(Au’,,,) (3-56)
min mod(x, y) = Sgn(x)Max{0, Min[|x[]1, ySgn(x)} (3-57)
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# 31 MR GEKE

B 6" 9° Order
1/3 0 0 2
1/3 -1/6 0 3
1/3 0 -1/6 4
1/3 -1/10 -1/15 5
1/3 -1/10 -1/15 6

30




3-4 ~ Preconditioning /% :
® 0 B4 N-S 2 A2 M5 ARV ORSFI DI RDR B an g o Bt g it
® 3 4v preconditioning /% - & #23% # * Weiss and Smith £ preconditioning method

[29] > E B> = RAHE > B2 A0 4o

@4_%_{_@4_%:8 (3-58)
o ox oy a

PG Rds AR o B FR-ET A558 (conserved variables ) 8 % 2 3 & 8 #cA) %
(primitive variables) » H 355440

U, oF 0G oH _

M +—=
ot ox oy oz

S (3-59)

2P U =[p u v w T] > M i el

pp O O 0 pT
U ppu p 0.0 pru
P pw 0 0 “p PrW
_ppH -1 pu pv pw p:H +pCp_
op op
Ho = =
pp ap pT 8T

% #(3-59) N e BN 3k e K

1 0O 0 0 O
-u 1 0 0 O
K = -V 0O 1 0 0 (3-60)
—-W 0O 0 1 0
—(H —|V|2) -u -v -w 1
£ #-KeEM ik
_pp 0 O O pT 1
0O p 0 0 O
KM=l0 0 p 0 O (3-61)
0 0 0 p O
-1 0 0 0 pC,

31



#-(3-61) 5% F » (3-59)7¢ » @ 2 AR
op,  Opu N opVv N opW

—)+ =S 3-62
Py ( at) x oy e (3-62)
LR A MY ¥ (3-49)E & 7 =
ya (_p) opu Gpv OpW _s (3-63)
C? ot OX ay oz
#eC5 B

d (BB T UGN LERRGEET o d 0 p L (3625 g

opu N opVv N opW
ox oy oz

=S (3-64)
LT Rl 2 A5 o
B st T @R B @61 ¢ ehp o {1 § Hins & (local

Velocity ) ¢S % T NS PP T 0 Sk T e
B oo 6 HE &g B R saic(orden)4a e ok Be 3 B % T CFL G 2 e
BB ARt Bk

fI* 0B p, 35 ¢

1
= (= -—— 3-65
-z o (3-65)
-
exU,, if Ju<exC
U, = ) Ju| if £xC<|u<C (3-66)
\ C if Ju>C
BHY gh-1& | hig - 9E10° 8 2 & §* % p ok &% 26( stagnation point)

=4

ft B pEATiE o end BB (singular point) IR % o ¥ ARSI A S 0 U, 2R

< 3t on gl ey b 4caE & (local diffusion velocity ) » F1pt U, B F 4e ~ T 53241 ¢
1%
U =max(U ,—
‘ S
#-0F ~(3-61):N 18 » ¥ @I - D

nc
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6 0 0 0 p
0 p 00 O
r.={0 0 p 0 0 (3-67)
0 00 p O
-1 0 0 0 pC,
S EiRE 8 2 AN E(362)NE AT
ou,
Le— P K(a—F % %—H)— (3-68)
Z
2R362)0 il B E BEER ARSI A Ak KT
(K'T) atp %%‘; %H_SKl (3-69)
Z
19(3-62)5 » ik
6 0 0 0 P
=
6u 0.0 s
r T
r=Kr. = &v 0 p 0 _?pv (3-70)
ow 0 0 EEL
2 T
OH-1 pu pv pw __I_—/OH+,0Cp

i85 f7 3\ FE? b 4o A5 50

oU
p+ﬁ+8G+6H S (3-71)
& ox oy a

U, % primitive form[P,u,v,w,T]"/J » d * = f25% A pFFFIF SLiB e > F]M &

T AT E Roe #rd Mt K & 2 o 2(3-34)58 ¢ > BRI F 5 > 4
I2

%(F(UR)+F(UL)) v X A k4 oS0 347 i o B4R o artificial viscosity

1+ T
term E‘A‘AU #7 %8 = o 4e ~ preconditioning 77 425% £ 7 Z artificial viscosity term

ML T 0 AR E AT
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pU, OF 3G oH _

AL LY
o0 ox oy oz

ou
_p+r_l(ﬁ+§+@):r_ls
ot ox oy o

ou, ou U

+I"'(A—+B—+C @) =TS
OX oy 0z

ou, . aU ou U,
L +TH(AM —2+BM —2+CM —2)=T"'S
ot ox oy oz

gom oY

ou,

#7112 artificial viscosity terms :z B 4o

F :%(FR+FL)—%‘F‘1AM‘AUP (3-72)

i+E
# ¢ |[IAM|=KAx|DA/xKA™
fRR AL T 2 o RFRBORIFEA  AAFEA S G o o
bAoA B AP AR R S R e 2 B il £ 0T B
BARFILA S 6 TR & W IR R RIS SRR R Bl £57 0 7 A
X3 bl B325E R AR
Bl 3-2° L TN A =% Au A

1> G, j+1Kk) ;29(i+%,j,k) £33 (41 j+1K) ;

4 (i, j.k —1) ;59(i+%,j,k—l) L6 (i+1 k-1

7 G, j. k) :89(i+%,j,k) L9 (i+1 k) ;

10 (i, jk +1) ; 119(i+%,j,k+1) 125 (41 jok+1) ;
13 (i, -1k) ; 149(i+%,j—1,k) 155 (41 j 1K) :

LB RYRLA A ST 47

U _ AU _U(©)-U()

_ (3-73)
X AX AX
N AV _V()-V() (3.7
X AX AX
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W AW _W(9)-W(7)

X AX AX
U AU U@Q-UW
oY 2AY  2AY
# o U(Z)ZM ; U(14):M
BV
U@R)+UQ), U(@13)+U(@s)
ou O ) )y ru@-uas) +uas)
oY  2AY 2AY - AAY
%]
V) +V(@D), V(L3)+V(5)
v 5 ) ) v +vm-vas) +vas)
oY  2AY 2AY - 4AY
WE) +W@D), W(L3)+W(15)
aw 5 ) o We) - w @) - w a3) +W (15)
oY 2AY 2AY "1 AAY
U AU U@AD-UGE)
0Z 207 2AZ
i U(11):U(1°)“2“U(12) | U(S):U(4)42rU(6)
LY
U(L0) +U®12), U (4)+U(6)
ou O ) ) yao)+ua)-u@ +uE)
oz 2AZ 2AZ - 4NZ
%]
V(10) +V(12), V(4)+V(6)
v 5 ) ) vag+vay-v@+ve)
oz 2AZ 2AZ B 4NZ
W(10) +W(12), W (4)+W (6)

v _ ) ) wao)+w@2) -w@) + W)

0z 2AZ 2AZ 4ANZ
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(3-76)

(3-77)

(3-78)

(3-79)

(3-80)

(3-81)

(3-82)

(3-83)



Bl 3-2: 47 XM
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= #23%(3-71) ¢ =7 Navier-Stokes = %38 & PFRFF 3 > o i | i3 22> % 3 e
7 AR K E AR S R T A S E o Fpt A 4858 E 4~ dual time stepping > 7 1
AN AP EHELE S 6 R (RS AN G BEFEPFT o F A
* % R4 Navier-Stokes = A2 3% v » — i 52 [ 5 0U /07 > 4L & artificial time term -
> A Ve g e T

o oU oF oG oH

—+t—+—+—+—=S (3-84)
or ot ox oy oz

v

H ¢ ¢ W % artificial time » t 5 physical time > U % conservative form

Lo, pu, pv, oW, pe]" /3

# ¥ % artificial time term 4c > preconditioning method :
oJ
Y, U OF G H (3.85)

+—t—t—
or ot ox oy oz
B 1 ¥ artificial time termoU | /07 3% — F4 i3 XL & #47 - 4t physical time term

L OF oG oH

OU /ot % = Ff ets 78 L A~ BT i R VA E
oX oy oz
Uk+1_Uk n+l n n-1
T P P +3LJ 4U +U 1 (Fk+1 Fk+1 )+ (Gk+l Gk+11 )_,’_i(Hkﬂ L Hk+l 1) S
AT 2At AX 42k ifz KT Ay ik Lk AZ ik jk-2

BERLL N LME R

AU, 3U*+MAU )-4U"+U"™*
T P+ p

At 2At

+8,(F* + AJAU ) +6,(G* + BSAU ) +5,(H +CSAU ) =S

v o
oU P oU

p p

#¥ AU, =ukt-Ul > M=
FU=F + A AU,
Ut =U*+MAU,

£ AU Rl w25 0 BARR A i

| 1 3 -1 k k -Ipk
— 4+ M —+T"(0 +6B +5C AU =R
[Ar 2At O, o)l
k_ n n-1
s RE =g +U )-(5,F“+6,G +5,H") » | 5 H gk o 49

2At
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= v P A= oF B = oG g1 C = oH % flux Jacobian -
ou, ou,

M

P A TP
ou, ou,
k % artificial time ¥ edp ¥ =t # > n % physical time &3 & pAfic - + i > f2
. R k+1_ k . . " .
580 4 artificial time term e acfE > e Y g 0 2 gt T g w 4R B R 4D

AT

e

Navier-Stokes = #2.5% » & ¥ & F FRFRAIE > @57 U EHE LS - ATy
* LUSGS implicit j# 3+ & pF i > 2.5 (3-84) » 2 mx&m‘wr‘ Toje gk b o B

% 2 3f ¢k 0 Artificial Dissipation % § 24 42 3% Jc at ©
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3-5 ~ LUSGS implicit method :

d Yoon[26]% * # 41 LUSGS implicit method

(3-86)
"o ~i_1 ~, ~i_j|_ x, ~i_1 <.
H Ap —E(A i|/1A|I) . Bp —E(BpiMéH) . Cp —E(C i|/16|l)

Ay~ Ag > A A A~ By~ Co¥ B e o

3

Bb oz NF [L+r*1|v| —+I(5,A +6,B; +5,Ch)]AU,, =T'R"
AT 2At

H

~ ~ ~ ~ A .+_ [ + A = ) +
S,(A+A ) =5, A+5; AT=—1 A)/jp"‘l + ""*1AXA""1

Bb A

v 3 e T TN /v 1
AT 2At AX AX

B, -B,,,, B,.,-B,.,,, A-A.," C.,-C., ~1pk
’ + = ’ +—E = Jau, =T"R

v B %TEJ_%\
(L+D+U)AU, =T"'R¥
Ho

L= |: (A+)|1]k+ (B )Ijlk+ (C )Ijk1:|

L3

D=1 ME+{§[<A;>i,j,k—<l\p>i,j,k] PG C SIS [CHIC ).Jk]}

1 - 1 ~ 1 =~
U= {E (A jx +A_y(Bp )i ek +E(Cp)i,iyk+l:|
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B8 51 % (L+D)DH(D+U)AUS =T'R"
R A L L ER
1.(L+D)AU" =T 'R

#9 AU =DH(D+U)AUY,

2. (D+U)AU*, =DAU
AU =AU -D'UAUY,

k+: k
3. ut=Uf+AU,

LEFHI- 12 53 AT RT- BREEERT RE
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3-6 ~ #£F Hi+ 34 Bt (Non-Reflecting condition) :

B® & ¥ R Y50, o Poinsot £ Lele [30]# & <0 LODI(local one-dimensional
inviscid relations) ;2 & 2L F St B g * W F G DA 0 B o F AR K
preocnditioning ;& - F]p gt X x gt Y ME T ORI o 50 RALE BPIEiE
B o VRS T 0 FEATRELODI G 2R Y o T R &

Navier-Stokes = £z ;¢ :

oU, oF

arp i x 0 (3-87)
BEFERAERET
ou oF
a—r‘) +T == 0 (3-88)

He F‘lﬁ? A e doT
OX

oF oF oU U
M—=r'——f=r A1t 3-89
Ox oU, ox P ox (3-89)

#4239 (3-89)F ~ = 4754 (3-88) » i ¥ 7.3 primitive form

Uy L, Y, (390
ot A T

F DA TE4p 029 3 00 (8 3] ik B

A =KAK™ (3-91)

P EK 5 e BB A5 TOA hE B D AT RS i B o 1T

¥ Dennis % 4 [31] » HHcE T #i57 ¢

A u
A, u
A= |=| U (3-92)
Ay u'+c’
As u'—-c'
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©+Du  , JUR(O-1) +40¢?

ll'Lfit@U,:T‘ C = 2 ’—,)E—!‘:; @zlooMz °
B¥E
o 8Up
L=AK™—= (3-93)
OX
L 4= 157
or 1 oP
w2
OX py OX
L Lo
L, OX
L=|L |- a (3-94)
L OX
4 . 0P ., ou
u'+c)[—-p@U'-c'—u)—
L) |( )[ax o( )ax]
. e OP . ou
U= )N—=-pWU' +c'=u)—]
OX OX

LaEdend 32 g & 5 i1 b cndg B g R 1 o 258 o
’]‘535}7%;'%%35\:(3-92)’ |_1\ |_2\ |_3‘ L4v‘f’i.’|_5/4°\‘;<ﬁ]§\u ~uU-~Uu ‘U'-I-C'lf’i’U'—C' °

B 4238 (3-93)F » > 4254 (3-90) 0 F B A pAETE

it (3-95)
ot
B fENGB-B)ERT ERA R ERER BF R ER 0 g5l
8p [L u+c'-u)-L@u-c'-u)]=0
61
au
7og (L =0
61
ﬂ_Lszo (3-96)
ot
a—W+ L,=0
ot
oT 1 1
L+ IR L e - y) - L' = - )] =0
ot p Y

74250 (3-96) 7 £ ATAeT
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P = P - S (' - 0) - L (- - u)]
2pC

uk+1 — uk _A,(L4 _ LS)
2,C

VT = v+ LA (3-97)
Wt = wh — LAt

1y+1

T =T  —LAt+ = 2= (p** - p")

F95 B 3-3(a) o 4rk RRLACH M ALA FIRAEE S L L L L e R
w3 wAple o FEE I S NG9 e AL L~ LEL o d U -] F

PB 0 Lgeht o RIS GRS S p AR E o d TR A TRE R S F 0 4T

™ 6_p= 0 = #2;4(3-96) 4T
or

%[L4(u’+c’—u)—Ls(u’—c'—u)]=0 (3-98)

LT AT

(u"+c'—u)

T (3-99)

L5=
ipE o B 3-3(0) R & A F EB A P g e L, 4 2 4250 (3-96)E & R
@ d S 2eE B R b %o Ly e PR 5 00 L BT d 4758 (3-99)

%E' EVJ o
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aperture

channel :
— > L
y u > O _’ L, surroundings
fluid velocity — = L,
L.X - ==L
(a)
aperture
& _ _
channel L
==L
< — — | surroundings
y u < O =
fluid velocity < = L,
X ‘_ - =L

(b)

W33 L L~ L~ Ll s s o i 4§
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37~ Beifidik -

AT R RRANSREY PRTA S AN x0T R A ST
REBEEEE DN o F A @ﬁ*“%’#%{%ﬁ@%ﬁﬁ,ﬂ
P #i 1% Physical space (X,y,z) » ##%i 5 chd AU 5 SLRIH 5 Computational

space (&,77,6) © BB (25 40T ¢

7=t

&=¢4(txy,2)

n=n(xY,2) (3-100)
s=¢(t,xY,2)

= d Chainrule A (F35 5 > 7 s & B chff e O 58 4o
0.0,,0,,0, .0

ot or g Mon ac

OX X@é: 877 Xag

d d 0 (3-101)
—=&, —+n,—+¢, —

6y é:y@g 77)’677 gyag

£_§i+ 9.0

oz "o Mon Ttoc

d 8% 2 s & physical domain4r computational domain 2. & % f— B # 3% &

oo fi 5 Jacobian 4B o = Mg B e T

_ o(&,n,5) _ 1 (3-102)
a(xy,2) ch(yfzzg o ygzn) _Xn(yfzg N ygzé) + Xg(ynch B ycfzrl)

A R RRITEEG P S R R A Rende (T @ gt e Sl R R
A L

(2a+ ﬁX§+5qZ “p
Y=H = (3-103)

p+1
200 +1)(1 La
(a+)(+(ﬂ )

B (2a+1)y_2a

Log[ H ]
B (Qa+1)y 2y

n=a+(l-a) H (3-104)
Log[(ﬂ o
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FAESARGTERE S R OL A g Ry, DE o B RS R AT

L+1,1"% B+1
2H B) (2T y 1o’ Log[ 2T~
Y, == | ﬁ)(ﬂ_l 1 (“())g[ﬂ_ll] 1) (3-105)
R (e R
BHL=h B+l BHLE,
(—1+aX2a+4XZ;E) «ﬂ—1 +(ﬂ—1) ) 100
2HLog 8 (3-106)

ny =—

B¥FY Ram 25t

o oF oG oH
— e — 4 — =
ot ox oy oz
MEG RAEF B B ALLF IR > 2 AN S
o oF oG oH oF oG, oH
——F—4+—= + +
ot ox oy o0z ox oy oz
NN
or  og Mo NG
oF oF OF
+§x_+nx_+gx_
g on ds
_|_§ @4_ @4_ @
y6§ UYan gy8g
oH ~oH. _dH
Py 7, on S, oc

0 (3-107)

v (3-108)

LHS = (3-109)

+¢,

Fe 1%t RHS ¥ - ety > 8% LHS 1 2 RHS ",ﬁ% Mg AR ] S
RS deT

o1

o U

E;Qﬁ+a§J(éU+§F+éG+éHH

LHS = +i[l (Y +n,F+n,G+n,H)] (3-110)
on J

0,1
+—[- (U +¢,F +5,G+g,H)]
os J

46



0.1
%[3 (&F +6,G,+¢H,)I

RHS = 2 [l(ﬂvaJf’?vaJf’?sz)] (3-111)
onJ
0.1
+—I[=(,F +¢,G, +¢,H
ag[J(gx L, +6,G, +5,H,)]

PN AR AT ARG E TR sl 25N A B - k% * Roe scheme
kR 2ZLAEF IR 0% % > F ¥ 4~ Preconditioning ;% 12 % {8 @ * LUSGS

implicit ;% & 2 Dual-time stepping ¥ 53+ & -
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3-8~z it :
JeJBAF Fe Ak i 4 A BB R E < AR — o 5 R R BB AR

Wz 2 ‘ﬂ]‘im _a,f‘ BLR ‘5\’}’3—%& * ¥ ﬁ:%mﬁ%‘g—/\_@ '@Eﬁﬁ&Iﬁ&%ﬁ'ig » Fld i@

{

FEE FIEER o L AT 4R ¢ RLEEE (Body-fitting) i & i R 2
(Immersed boundary method) = 74 s#%g *F 2545 fein 3 - Peskin[28]4 & it &2
EIUIE LR A BRI DT ] 2 AR Y B et S B R A RS A
AR R 0 VLR L HEE AT o W A SRR N S BR2 4 RV RO RO IR
PR &7 AT AR HEREL R mRE R E R “,$ T P
SRR o P R R R E B ET R Bk L Bl o Fpt A VAR
FEIZAS TN R AR AR 2 FREFF AL R otz E R 2
S d ATIER S AN e 2RI S A R oT TR ehrh 4 S e
PN e AW L4 BT et BT e B - A 2 A R B ATk
R R IR T RTINS I I B § AR s LA /,leﬁr}gﬁ}ﬁjﬁgﬁﬁﬁlj
B EA AN o BT 4 RS AR AATS 4 31 ~ b4 3 TR Ap T
M HA BIT o A BITRAE > Aderhd SN g s Ny B al
oV i /’b/x\%ﬁl ARl e A R 5\/’sz3§§1 P2 ehit @ R iEidens iz 8

A RV oL R RFEERRY FREE on AT Y DM 2

=

d gl r A3 kA IEatE 2 AR P U HCERAE fe b ] > thdeend 3 b4 Btk

. ( : J OF, (3-112)
e éPJIEF r’T‘\’%ﬁ-f(ﬁ’ﬂ_%%E\ng
Un+1:Uﬂ +At(RhS+,DFB)=V5 (3'113)

PRt et Ry SR AR o ] 5 - PR SRR E s

ERES Rt 30D WY SR EoE- R FRUY I8 SRR RIS o
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. =£[V5—U —Rhsj (3-114)
Yo, At

FRAAL SRRV, Sin R B2 A ORHS &R AP 2 R
PR SHIRE P BN ek H N FE LS LR g B R R EEV, =0

BUFE Y PV R TR i B o
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Srd BEoH%

Al~zREE R EBBTFERPIHIE

AEFHFEFAAREROEFHFEES T EREERF P T WP 3
BEER TR BREFAFERH AL DR R VRGP EE R

REIHLERF DR TR BT DR AFTRET RS BT RE

Jo

TLEABEFEER DI AR R 4L ATT c HFREP hE > AT At
LSS RIEE G RR R E RS S RN i S ARt R

Dt E R g Flz S T S BB B

Xl XZ X3
X =L X, =22 X =2
1 Wl 2 Wl 3 Wl
Ul:i, u2=“—2, ngﬁ, vb:"_b
Uy U, u Uy
T = -1, T =298K » T. =310K
Th _Tc

T B R g 0 R T = AR B RIEE 0 4 B 5 150x30x30 ~
200x40x40 ~ 210x45x45 = fh» g L P & RATEEG Rup i B0 2 B ik
AT REEZ B bR iAo T

W,
Nu, =————| k(T )—} (4-1)
bk (T, T ){
4oB 4-1 917 0 VL T] 1560x30x30 st b H AL 5 X B i< > @ 200x40x40

22 210x45x45 chd S AR F 4RIT 0 5 B HFEPFR P LT o g S —‘th LA

o

Boiie | ¢ 200X40x40 5 HEHE IE
PR T BREARN D AR v R A B B iE S 4245 White[32]

CRTRIRE ) S CRCS T AN I ) S ERC EE A Py

(mx )
4W12 dp 0 (i-1) Wl l
U (% %) =—5(=—=) 2, (-1 * [1- e L (4-2)
o, '=1325 cosh(—zlczv) !

R 42 %57 EED > AT e i%“’k’ﬂ)]?c Fenfarfd L B 2Ed o) 0 Rk E
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PAR SN T FE A o

NTLATHAY ARG - B LT HEK20 2 FRFEESBER LV, =1/4
gk V- B AT HERK600 EFREFESFER GV, =125 % o K
FEar i wEZRHE & R quasi-steady {6 chE & Kia 4T 0 B 4-3 2% 44 5

B e B G R T e Rl B e R Hch 7 Ao
m=lj [ Nu, dx,dx, (4-3)
A .

KR 432 4-4% 5 ieS BHER GZ B Y {8 R R quasi-steady (A o

B 4-5()~® 4-5(c) 5 T #H#cs: 200 A F=EFHEHBER SV, =1/4 Ei
ARG LFHE =Y pop EEFH > N FI 20?2 BF R
XoXa B HURET LR L AR AE TSR FE RS Y S AT A
BTG hd R 4o Bl 4-5@) T 0t G poAsde B e 2 B E 0 - BRERD
FEAE 3t # R AB P2 ixoXg B IRl o7 g I d vt B BT
ROBfY i hif e WAl i B AR T d St B

-

G AL MELITEG RS e L e S E A e T
L AR I A 5o T e A B o Bl 4-5(b) % Bl 4-5(C)R 5 k1B pERE
T4 E CD &2 EF 2 e B h iR T g BIEE 2 s
DRFPLZF BEREFE e B Rz BngY RL F e adg g
T FRPFMEF G DB S G e L g R o Bl 4-6()~F 4-6(C) 5 HET o
®] 4-5(a)~ B 4-5(C)Ap I B chXoxz B & EIF S & W o B 4-6(a) 5 & W 4-5(a)
R ERT LR RIS EEF DR R RFTE R RSB GER S T
FOF o B L JATERG Gk AR EHR - ] 4-6(b) 2 B 4-6(C)R1 & ¥ 7 6 B 4-5(b)
% B 4-5(c)h® B a R 0 v g DR = RIS DI 00w o B B 2
R RF RORES S FECRFL RF TR R ER S RBRL
BIR AL fgn o B A-T(Q)~B 4-TC)R] Z HBH G AR PFIFL 2 E T ARG bR

BWEFORP DR AP LR EEARA T A » BEREFFOE A o
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PULFEAAEE 2RI e REORBE X bRk R i
oo m B R T N R kR o
R 4-8@)s EHEd v AT FE Y L EE > B E AB F 2 XX

@am%@’—%?Uémﬁw:% 7 B ehid R S - ] 4-8(b) 2 B 4-8(c)
RIG R BPRIET 2% CDE EF L 2 B o B @l > ¥ g I F +
Fe i L T EARAEE e 2 B0 B F o ink o B 4-9()~ B 4-9(0) & H Uk
o B 4-8() % B 4-8(C)tp e i B XXz B B AT X Bl o Bl 4-9(a) 5 ¥R
4-8(@)imHEERT AR BISFEF NSNS DA FR AR ATER
iﬁﬂﬁT@ F o2 RITREG ch 2 dp g o Bl 4-9(b) 2 B 4-9(c) R 5 H B
4-8(b) % Bl 4-8(C) B AA B > HAF - R B AT L in g o e B G A
ﬁi’T - BLenE AL oo B 4-10@) 3 B 4-10(C)R A ¥ PTG Ap e PEFA BT = R
TG R BRI T Y —fﬁ T HaR fsﬁdi&T B 2 ARH R LT R e 8k
Forg B chle F fio B AR SR RIRG KA X E vt o TR R D
FEAR AT AT HFR200 MR IGRAET 0 B FXF S EER
V,=1/4 5 ptcend B > Flagtiidmm 3 g F R OPE g2inig
e T B BT AT E R R B R G i R BT K g kAR s b
M FoH R e BT | ok B A o
mElA4-11@) 5 EE e 2B E T p mE 0 B E AB L S e B g n
R - T g A vt B G T AR i oy T i R
o Bl 4-11(0) 2 Bl 4-11(C)R] 5 b BFFFEF T 3 4 #1 % CD & EF 1+ = hxpa B &
SR T g R e e e RS DY L A e i o o )
4-12(a)~ @) 4-12(c) 5 # 5 B 4-11(a)~8) 4-11(C)4p fe =B XXz B & %8 7
LB o Bl 4-12) 5 R B 4-11@)m B SRR T Bl 0 - B NERIZTH
@Eﬁﬁiﬁﬁé*ﬁ%i&ﬁ*%@iﬁ%%uﬁ?%ﬁiﬁﬁ%&%%%
1P $ st - B 4-12(b) 2 B 4-12(C)R1 3 $H /B 4-11(b) 2 1 4-11(c) s g LA T R

fr%ﬁi’%‘“’ "i“éx‘-i’;ff’f" Jﬂ“iﬂé’:%‘ﬁ'u’m/ ’[‘FT‘P'JI—‘]‘J-F'&‘?L&J > EEE AR
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Brog B EISIE RO AR AL i S B A GRS T 0§ 4-13(a) 1 )
4-13(C)R] 5§ G Ap I BEFF BT R T b BRRG  R B AL T LA DI G

RIRAR L BB AR A L R Rk B Ao A f Lk

5

G B e PR ipe EF) S Aem BT OERE S L IR o
T kK 4-14(a) 2 Bl 4-14(c) 5 B s 600~ & Tl EHE B EE R S
V,=1/2 » i AR 8w Lk p, o op B @R T AR WY
ZREAR R XX B m ST B o AoB 4-14() 7T 0 2t R R D poAsde i
Eeifd0 - BREOIELE 230 B R AB L G g E e iR B e
P T ek B G OAE 0 enAR g R+ BT gd R BRI S L e + B
B R LITESA IS A e BB S v L AT
B R dm o T i R e 0 IR G G M R {5 B o B 4-14(b)
% ) 4-14(C)R) 5 Fe BRFFE T 234 £ F CD T EF F = chxoxs B 5 3B 0 B
a1 o B F R BRI 0 R 2 R I IR o [
4-15(a)~ %] 4-15(c) = ¥+ o B 4-14(Q)~ 8] 4-14(C)4p Fpr = % xpXa B o E R T
LB o B 4-15(a) = LB 4-14(@) S 3RS LB 0 ¥ g Bld 3 F Faeh
ﬁﬂ’iﬁﬁiéT%wﬁ¢Bmﬁ%Mdﬂ@ﬂé%@ﬁa%M&Mmiﬁ¢m@
HERERLGH T IEE R DN S 2 R R
Fo i 1T P S P BE o B 4-16()~B) 4-16(C)R L BT R AP e PEFF T B T

CHEER bR BRI BlY BRI S T E B 6000 A 4r ~ A E TR pE RO o
EREAT T UG AEMOE R AT A o d B 4-16()° 7
Flot B F AB 2 enafles o LB RITEE vt R EFES
Hrif R b FER LRI Y P B RS BRI R W E B @ S BT
LR R ER A - A %G PERS ezl @ B 4-16(b) 5 CD
bin R R o0 4 T R MRS 6 B 4-15(b) R A F I 2 R E 3w o B
FRBORBE > P e RTBG RFDER

AR ALT@)5 EFE S BB IEE Y L E BT AB L 2 F1xx
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Ao nFmE o - # &?«fiﬁf@?wﬁﬁ*p Pk i B o B 4-17(0) % B 4-17(c) R 5

o B ERE T 2 e R CD 22 EF b 2 choxg B BBl 0 - T g Pl G
7R 0 AR R L R T B R SR A ik
J&  ®] 4-18(a)~ ] 4-18(c) 5 ¥+ & Bl 4-17(2)~R® 4-17(C) 4P Ir =¥ chXoXg B & ¥
BT B o Bl 4-18() 5 HAEB 4-17@Q) B PE RRT B BHEHEEE
RS R R BB BRI RS 2. FATREG hE S p g
B 4-18(b) 2 B 4-18(C) R 5 %+ B 4-17(b) 2 B] 4-17(C)ch% B 54 i Bl » 47 + 7]
LN S inT BN RRA oG M F E AR
2o B 4-19(a)~B] 4-19(C)R] = ¥R o G APl PFFF 8 B T Ao B EEG e R #cA R
TG PIARE A~ T R S e Rl R B e R A R
@EW= EH LR R BTG TS EFERFE S P RFFI oA LAL
Hd- BT RF el LFEMEEFE DR > A mpERAis <2
BAT T #lRiT B et f e @SS AR ELG > n L - gk 2 X T4
cw i e R OR B Gl e 8RB RE e

@Bl 4-20@) 5 EAEd w S HED] p B TSR AB 2 XX B @

RHE] - R g Ad AR T A Bk F) chid B 3 ] 4-20(b) 2 1] 4-20(c)
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% 4-5

F I SR B R R A B 2 #B3 F vt % En (AT =100K)

Re Gr / Re? Vv, Nu En
1000 0.11 N/A 13.16 N/A
1000 0.11 1/4 14.38 9.3%
1000 0.11 12 17.32 31.6%
300 1.3 N/A 8.70 N/A
300 1.3 1/4 8.82 1.4%
300 1.3 12 9.13 5.0%
100 115 N/A 7.35 N/A
100 115 1/4 7.11 -3.2%
100 115 12 7.22 1.7%

# 4-6 7 o F B EE S de 2 iy g i En (AT =12K)

Re Gr/ Rez Vb m En
350 0.11 N/A 8.02 N/A
350 0.11 1/4 8.40 4.9%
350 0.11 1/2 8.82 10.0%
100 1.3 N/A 5.40 N/A
100 1.3 1/4 5.18 -4.0%
100 1.3 1/2 5.26 -2.6%
35 11.5 N/A 4.38 N/A
35 11.5 1/4 3.95 -9.7%
35 11.5 1/2 4.03 -8%
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105




R E 08 4 5

680
635
590
545
500
455
410
365
320

Bl 4-39 R=3.75- Ra, =1.35x10° ~ t=6.21 fy pFim s B2 £ 2 R4 7+ B

106



SR B R

680
635
590
545
500
455
410
365
320

Bl 4-40 R=3.75 - Ra, =1.35x10° ~ t=6.27 fy PFir s B2 £ 2 R4 7+ §]

107



AL E

8 4

680
635
590
545
500
455
410
365
320

Bl 4-41 R=3.75- Ra, =1.35x10° - t=6.35 #y it M Fl & £ R4 F F

108



B

680
635
590
545
500
455
410
365
320

B 4-42 R=3.75- Ra, =1.35x10° ~ t=6.4 ) PFin K B &2 % 8 R4 [

109



AL E om0 B

680
635
590
545
500
455
410
365
320

Bl 4-43 R=3.75 - Ra, =1.35x10° ~ t=6.45 fy pFim s B2 £ 8 R4 7+ §]

110



Nu, 10

04 0.
t

] 4-44 R=3.75~R 1.35x10% 4c 1k + ABC = BRAERF I 1t 2 f 30ie F #c



680
635
990
945
500
455
410
365
320

&t B F R4 E

Bl 4-45 R=2.75- Ra, =5.35x10" ~ t=6.15 #/ B/ 5L Fl &2 £ 8 50 4 # [

112




680
635
590
545
500
455
410
365
320

HRELE BB 48

Bl 4-46 R=2.75- Ra, =5.35x10" ~ t=6.2 fj i B2 % B R4 F F)

113




ik

%08 4

680
635
590
545
500
455
410
365
320

Bl 4-47 R=2.75- Ra, =5.35x10" ~ t=6.25 #) @/ 5L {22 £ 8 50 45 # [

114




|

SR FR&

Bl 4-48 R=2.75 - Ra, =5.35x10" ~ t=6.3 fj i B2 % B R4 F F)

115

680
635
590
545
500
455
410
365
320




ARRAAAALVGRARAAAAAA A LR R ARAR A SR T

-
w

B] 4-49 R=2.75 ~ Ra, =5.35x10" 4c # k25 + ABC = BLUEPF AV 5 i 2. B30 /e 3 #c

116



400
390
380
370
360
350
340
330
320

?

TR

AL N
F R

a

-

m

2.75+ Ra, =1.34x10";

B 4-50 R

117



Bl 4-51 R=2.75- Ra =1.34x10"4c# k=% + ABC = BLAgR AP (L 2 M &

#

118



FIE B
# 6

AETL A BB AL BT A E 2R S B

B2 oA 2 EE G VEE R AE R RAL RS B G DR

R Ty e

1.

bz kT HE BRI RN PEEY o N ER e

§

i

34

e 3 ER T E‘fgl'{"ﬁ%@ 3 = %ﬁr?'/ﬂ*};/‘_”;&ﬁ’d_""ﬁ [RRLT ﬁ%
=

- U B RE R N R T

R MFORGHE N MI ST AR A FE ARROZ 6P 5 R
SRDEFEBHIRET B OB FIH L FERT B R EEERE A

AR BBk > A GF EEs F I RRF h% )Y o BlT 2T 54%

rﬁé&@i\ai o pLKE = g R e s SR A R O Sk TR Q}I?cé xR %

4 R 0 A4 B RG Ed B hp AR R F g S

i FooRF ek o F 2 iR v ROGE SIS G hk B¢ > RE e

Pl o q BB E IR BARES & F AR enR Ry

e P RENOET Y RIS T HEET ORI T RET

PARHIRAEF R DR G o P 5 FI I BIEAEER FA IE e FRE
SRl R R g g A SR B RN T b Pl g R
BmHad R AT R L TN - LT G A EF S fldka
FAT UG I A HBRE S ARG o A RS TR R R
PRF R E R AR DL E R e TR AR R EFI - B

o TRAERLHILR ST O F R pARAEIRET 5 LR RS

b
g
We
&y
o
g;.;_
|
%.‘\
SH
B
e
S
3
A%
n
IS
!
gl
B
‘Er

£E ) F Bk R E

-~

119



RARTE AP RBEI D AERAET i R AT 1§ A

FEITF2ZFTRIEL o

120



=

540
M. Najam, A. Amahmid, M. Hasnaoui, M. El Alami, “Unsteady Mixed
Convection in a Horizontal Channel with Rectangular Blocks Periodically
Distributed on its Lower Wall,” Int. J. Heat Fluid Flow, 24, pp.726-735, 2003.
K. Kitamura, K. Mototani, and F. Kimura, “Heat Transfer of Combined Forced
and Natural Convection from Horizontal Cylinder to Air,” Heat Transfer, 36,
pp. 474-488, 2007.
C. Gau, K. A. Yih, W. Aung “Reversed Flow Structure and Heat Transfer
Measurements for Bouyancy Assisted Convection in a Heated Vertical Duct,”
ASME, Journal of Heat Transfer, 114, No. 4, pp.928-935, 1992.
G. Desrayaud, G. Lauriat, “Flow Reversal of Laminar Mixed Convection in
the Entry Region of Symmetrically Heated, Vertical Plate Channels,” Int. J.
Thermal Sciences, 48, pp. 2036-2045, 2009.
L. Martinez-Suastegui,-C. Trevino, “Transient Laminar Opposing Mixed
Convection in a Differentially and Asymmetrically Heated Vertical Channel of
Finite Length,” Int. J. Heat Mass Transfer, 51, pp.5991-6005, 2008.
D. D. Joye, “Comparison of Correlations and Experiment in Opposing Flow,
Mixed Convection Heat Transfer in a Vertical Tube with Grashorf Number
Variation,” Int. J. Heat Mass Transfer, 39, pp.1033-1038, 1996.
A.E. Bergles, “Recent Development in Convective Heat-transfer
Augmentation,” Applied Mechanics Reviews, vol.26, pp.675-682, 1973.
A.E. Bergles, “Survey and Evaluation of Techniques to Augment Convective
Heat and Mass Transfer,”Heat and Mass Transfer, vol.1, pp.331-424, 1969.
J.J. Hwang and T.M. Liou, “Heat Transfer Augmentation in a Rectangular
channel with Slit Rib-turbulators on Two Opposite Walls, “Journal of

Turbomachinery- Transactions of the ASME, vol.199, pp.617-623, 1997.

121



10.

11.

12.

13.

14.

15.

16.

17.

Y. Park, J.Cha, and M. Kim, “Heat Transfer Augmentation Characteristics of
Various Inserts in a Heat Exchanger Tube, “Journal of Enhanced Heat
Transfer, vol.7, pp.23-33, 2000.

Y. lida, T. Tsuyuki, T. Mashima, T. Takashima, and K. Okuyama,
“Augmentation of Boiling Heat Transfer from Horizontal Cylinder to Liquid
by Movable Particles,” KAGAKU KOGAKU RONBUNSHU, vol.26,
pp.575-580, 2000.

T. Fusegi,”Numarical Study of Turbulent Forced Convection in a Periodically
Ribbed Channel with Oscillatory Throughflow, “International Journal of
Numerical Methods in Fluid, vol.23, pp.1223-1233, 1996.

J.S. Sitter, T.J. Snyder, J.N. Chung, and P.L. Martson, “Terrestrial and
Microgravity Pool Boiling Heat Transfer from a Wire in an Acoustic Field,”
International Journal of Heat and Mass Transfer, vol.41, pp.2143-2155, 1998.
FIEAL, “Ugp ROAP ARERFREL W2 £ BFT”, R x5
Frmi#Hm=, 2001

W.S. Fu, K.N. Wang, “An Investigation of a Block Moving Back and Forth on
a Heat Plate under a Slot Jet,” Int. J. Heat Mass Transfer, 44, pp.2621-2631,
2001.

H.W. Wu and S.W. Perng, “Effect of an Oblique Plate on the Heat Transfer
Enhancement of Mixed Convection over Heated Blocks in a Horizontal
Channel,” International Journal of Heat and Mass Transfer vol.42,
pp.1217-1235, 1999.

M.Dogan and M.sivrioglu, “Experimental Investigation of Mixed Convection
Heat Transfer from Longitudinal Fins in a Horizontal Rectangular Channel,”

International Journal of Heat and Mass Transfer vol.53, pp.2149-2158, 2010.

122



18.

19.

20.

21.

22.

23.

24,

25.

M.H. Yang and R.H. Yeh, “Mixed Convective Cooling of a Fin in a Channel,”
International Journal of Heat and Mass Transfer vol.53, pp.760-771, 2010.

A. Hamouche and R. Bessaih, “Mixed Convection Air Cooling of Protruding
Heat Sources Mounted in a Horizontal Channel,” International Journal of Heat
and Mass Transfer vol.49, pp.2652-2662, 2006.

A.Dogan and M.sivrioglu, “Investigation of Mixed Convection Heat Transfer
in Horizontal Channel with Discrete Heat Sources at the Top and at the
Bottom,” International Communications in Heat and Mass Transfer vol.49,
pp.841-849, 2009.

Y. Azizi and B. Benhamou, “Buoyancy Effects on Upward and Downward
Laminar Mixed Convection Heat.and Mass Transfer in a Vertical Channel,”
International Journal of Numerical-Methods for Heat and Fluid Flow, vol.17
NO.3, pp.333-353, 2007.

W.S. Fu, C.G. Li, “An Investigation of a-High Temperature Difference Natural
Convection in a Finite Length. Channel ‘without Bossinesq Assumption,”
International Journal of Heat and Mass Transfer vol.52, pp.2571-2580, 2009.
E. Turkel, “Preconditioned Method for Solving the Incompressible and Low
Speed Compressible Equations,” Journal of Computational Physics, vol.72,
pp.277-298, 1987.

P. L. Roe, “Approximation Riemann solver, Parameter Vectors, and
Difference Schemes,” Journal of Computational Physics, vol.43, pp.357-372,
1981.

D.D. Gray, A. Giorigini, “The Validity of Boussinesq Approximation for
Liquids and Gases,” International Journal of Heat and Mass Transfer, 19,

pp.545-551, 1976.

123



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

S. Yoon, A. Jameson, “Lower-upper symmetric-Gauss-Seidel method for
Euler and Navier-Stokes equations” , AIAA Journal, 26, pp.1025-1026, 1988.
X.F. Xu, J.S. Lee and R.H. Pletcher, “ A Compressible Finite Volume
Formulation for Large Eddy Simulation of Turbulent Pipe Flows at Low Mach
Number in Cartesian Coordinates,” Journal of Computational Physics, vol.203,
pp.22-48, 2005.

C. S. Peskin, “Flow Patterns around Heart Valves: A Numerical Method.”
Journal of Computational Physics, Vol. 10, pp.252-271, 1972.

J. M. Weiss, W. A. Smith, “Preconditioning Applied to Variable and Constants
Density Flows,” AIAA, Vol.33, pp.2050-2056, 1995.

T. J. Poinsot, S. K. Lele, “Boundary Conditions for Navier-Stokes,” J.
Comput. Phys., 101, pp.104-129, 1992.

J. Dennis, P. Thomas, B. Pieter, “Recent Enhancements to OVERFLOW,”
Aerospace Sciences Meeting and Exhibit, 35", Reno, NV.

F.M. White, “Viscous Fluid Flow,” McGrawHill Co., Ltd. pp.113, 2006.

A. Bejan, “Convection Heat Transfer,” Wiley Co., 3" edtion, pp.280, 2004
S.Sathe, K.M. Karki, C. Tai, C. Lamb, S.V. Patanker, “Numerical Prediction
of Flow and Heat Transfer in an Impingement Heat Sink,” Journal of Electron
Packaging, 119, pp.58-63, 1997.

N. Yucel, R. T. Guven, “Forced-convection Cooling Enhancement of Heated
Elements in a Parallel-plate Channels Using Porous Inserts,” Numerical Heat
Transfer A, 51, pp.293-312, 2007.

Y. Zeng, K. Vafai, “An Investigation of Convective Cooling of An Array of
Channel-mounted Obstacles,” Numerical Heat Transfer A, 55, pp.967-982,

2009.

124



37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

W.S. Fu, B.H. Tong, “Numerical Investigation of Heat Transfer from a Heated
Oscillating Cylinder in a Cross Flow,” Int. J. Heat Mass Transfer, 45,
pp.3033-3043, 2005.

W.S. Fu, B.H. Tong, “Numerical Investigation of Heat Transfer Characteristics
of the Heated Blocks in the Channel with a Transversely Oscillating Cylinder,”
Int. J. Heat Mass Transfer, 47, pp.341-351, 2004.

W.S. Fu, C.C. Tseng, K.N. Wang, C.P. Huang, “An Experimental
Investigation of a Block Moving Back and Forth on a Heat Plate under a Slot
Jet”, Int. J. Heat Mass Transfer, 50, pp.3224-3233, 2007.

T. M. Huang, C. Gau, W. Aung, “Flow and Mixed Convection Heat Transfer
in a Divergent Heated Vertical Channel,” ASME, Journal of Heat Transfer,
118, No. 3, pp.605-615, 1996.

D. Choi, C. L. Metkel, “Application of Time-iterative Schemes to
Incompressible Flow,” AIAA,25(6), pp-1518-1524, 1985.

D. Choi, C. L. Merkel, “The- Application'of Preconditioning in Viscous
Flows,” J. Comput. Phys., 105, pp.207-223, 1993.

I. Abalakin, A. Dervieux, T. Kozubskaya, “A Vertex Centered High Order
MUSCL Scheme Applying to Linearized Euler Acoustics,” INRIA, No0.4459,
2002.

R. Verzicco, J. Mohd-Yusof, P. Orlandi, D. Haworth, “Les in Complex
Geometries Using Boundary Body Forces, AIAA, 38, pp.427-433, 2000.
D.G.E. Grigoriadis, J.G. Bartzis, A. Goulas, “LES of the Flow Past a
Rectangular Cylinder Using a Immersed Boundary Concept,” Int. J. Numer.
Meth. Fluids, 41, pp.615-632, 2003.

C.W. Li, L.L. Wang, “An Immersed Boundary Finite Difference Method for

125



LES of Flow around Bluff Shapes,” Int. J. Numer. Meth. Fluids, 46,

pp.85-107, 2004.

126



