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: Cartesian 0 O O (Cartesian coordinates) [m]

: 00 (density) [kg/m?]

&
<

: 00000 (accommodation coefficient for nucleation)
: 000 (ratio of specific heats) [-]

: 00 (vorticity) [/s]

: 000000 (coefficient of surface tension)
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: 000000 (general coordinates)
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: 020000 (coefficient of second-viscosity) [Pa - s]
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01 : 0000 (stagnation point)

0 : D00 (local point)

a 0000 (air)

f 00 (frozen)

I 00 (liquid)

m 00 (mixed)

v 000 (vapour)

s 00 (saturation)
w00 (wall)

oo : 0000 (plane surface)
— : 000 (dimensional)

* . 000 (non-dimensional)

! : 00 (laminer)
t 00 (turblence)
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Heating
Parameter Subsonic Ma < 1 Supersonic Ma > 1
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Static temperature T v
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Total pressure Do decrease decrease
Total temperature  Tj increase increase
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Mg Runi My Runi
— Ma Ttuni = Mo Ttuni
Pa=y g, TV N,
0ooo
me/V  my/ V>
- Rouni T 2.10
P (A@ T ) (2.10)

O0D00OR,ODODOOOOCDOODOO
ooooboboboo Mp,0bobgbooobobobbobooobboobDobobLDobUoLo
gboboobuooooooboobuoooboobbobbodd m=mg+m, 0000

m Runi m My \ Runi
— quT — a v uan 2'11
=y, <v4_v>Mﬁ (2.11)

Eq(2.10) 0 Eq(2.11)0001/M,, 0000000000

(md N &) I mg/V N my/V

vV  V |M, M, M,
( n ) 1 My n My
Mg+ My) — = — + —
¢ My, M, M,

1 Mg 1 My 1

_ =y (2.12)
M, mqi+my, M, mg+my, M,

0000000000000 00000 Eq(24)00000 Eq(2.12)00

My )L-F My L

= 1—7
( Mg +my M, mg+v M,

1
My,

® 0000 (Molecular transport)--- 000 0000000000000 0000000O0000000O0OOO00O00
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[Dooooooo0]
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(2.16)
O000Eq((2.8)00
g=""_ ™ (2.17)
m Mg + My + My

00 (00)0000(00)000000000000 (my+m =my) 0000

My + My wor
m m

(2.18)

000000 Eq(28)000 Eq(2.17)00000000O0OEq(2.12) 00000000000 (0O
00)0000mDOD0O0O0OO0OO0OOOO
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M,, " m—my; M,
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— 2.19
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= Rum T 2.22
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My My
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cpo1 = (1 — wo1)cpan1 + wWo1Cpuo1 (2.25)
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oooboog Prp0bO0b00ODbODODOOODOO

mo1 = (1 — wo1)mao1 + wormyo1 (2.26)
po1 = (1 = wor)ao1 + wor fvo1 (2.27)
Prop = (1 = wo1)Praot + worPryot (2.28)
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000000000000000000000000C00000O00O000O0O0OOO00O0O0B00O0
00000000000000000000O000000O000O000O0O0O0O0OO0O00B00O0
00000000000000 FDS (Flux Difference Splitting) 00000000 Euler D00 OO
00ooooooo

00000 (0o0)

doodoolgoooooon
oU  OE

ot Tor
Jdo0o0odoooo0oo0 U000 oo EDODODOogoog

0 (4.6)

p pu
E; (Es + p)u

000000001000 Ewer000 Eq4.6)0000000000 (00000000000
0o)oo

oU OB _9U U _

ot Vor = o Th9r 70 (48)
OE

A= 4.

50 (4.9)

gooboobopoooboobobooobooboboobooboboooboobobbobobooboon
A(=0E/0U)00000000O00 (flux Jacobian matrix) 00000000000 A;;0 OE;/0U;
O000OO00obDoooog A0

0 1 0
A= — 320042 B-v)u -1 (4.10)
(2t? — Hyu H—(y—Du®  ~ou

1
H:h—|—§u2 , h=e+p/p

AhOO00DO0OD0O0ODOAHDODODODODODOO

0000000000000000
E =AU (4.11)

goboodoboooboobobobbooboboobbooboobboobooooon

“A 1 0
A= e B-oyu-A -1 |=0 (4.12)

(VOT_luQ—H)u H— (yo—Du? ~you—\
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goooooon
(u—\) ((u )2 709> =0 (4.13)
p
000000000 «0000000a=yp/p00000030000000
M=u—a , X=u , AM=u+ta (4.14)

ggod

000000000003 0000(000000)000D0Eq46)0000000ODDOO
(0D00O0Eq4.1)) 00000000000 ADODOOOOOOOOODOOODOOODOOODOOO
00000000100 EkEuer00000O0OOO00ODODO3000D0O0000O0O0O0ODODODOO ACO
goooobobooboobobopooobobooboobobooooobo3oobonoon
gbooboobbooobooobbuooboosbbobbuoooboboobbooobobooobobag
M ODO0O0ODODOOODOOODODOO

0000000000000000000000 TOODOO0O0000000000T'000 A
00000 AODOODOOOOOOOOOTO T 'O000000

1 1 1

T = u—a U u+a (4.15)
H—ua v?/2 H+wua

(b1 +u/a)/2 —(uba+1/a)/2 be/2
T ' = 1—b bou —by (4.16)
(b1 —u/a)/2 —(uby—1/a)/2 be/2

by = (o — Du?/2)/a* | by = (y0—1)/a®
god ADDDDD(DDDDD)DDDDDDDDEQ(4.8)DDDDDDDD Tloooooo
doodooooooogood

o, L W OW

it T ATOL (') = 2% LAY 41

A 9 T U = G+ A, =0 (4.17)
wW=T""'U (4.18)

ADTOT'00000000000ADDOODD (0000000 MOX0X000)0000
oo0ooOoOO00obOOoOowioOOOoooAOODODOOOODOOODODOODOOODODDOOODOO
gooogo

obvboooboboboowgbuobooobobooboooboooooooo ouog
ooobobovuvnoboooboboboon
ooowioooooooogoog

W = W = A(E ) — By ) (4.19)
E0WOOODOO0OOODOOOEq(4.11)0 Eq4.18)000000
E =T 'E (4.20)
O000O0O0O0O0Eq4.199 0000000

W =W — NT'E; 1) — T'E;_y)2) (4.21)
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000 Eq4.21))0000000Eq43) 00000000000

1
fix12 = 5[(fz‘+1 + fi) = lal(wiy1 — u;)] (4.22)
goooooooooooboooon T_lEi_H/QDD

(AT 172 = SIATU)ips + (AT, — (AT Uy — U] (4.23)

0000 (00000 Eq4.11)000000ooon)o
W=T"'U00 Eq(421)0000 TODODDOD UOO0OO0O0000000OO

UM =UP = MEjj1)0 — Eio1)0) (4.24)
O000AN=At/Axz0000000000O Ei+1/2DDDDD Eq(423) 0000 TOOOODOO
1
(TAT HUjy)p = 5((TAT_1)Uz‘+1 +(TAT U, - T|A|T Uy - Uy))
D0000000D0Eq4.11)0 E=AU=(TAT-H)UDOOOOO0O0ODO0O

1 _
Ei+1/2 = §(Ei+1 + Ez — T’A|T I(Ui—i—l — Uz)) (425)

1
Eip1/p = 5(Bin1 + Ei — Aipy p(Uin = Ui)) (4.26)

000000 100000000 (Eq(4.26)) 0000 Flux Diffrence Splitting (FDS) D00 OO
god
o00O0OO0grFDSOO0O00DOO0ODOOOOOO0ODOO0OODOOOOOODOOODODOODOOOOOO
ooMUSCLOODODOOOOOODOOODOOODOOODOODODOOOODOODOO

1
Eij10 = §[E(U2L1/2) +E(Uf,,5) — [Ali1/2(Uf o — Ul ) (4.27)

000 rFDSOO0O0O0OOOODOODO0O0O00OODODOO0O0O0OODODODOODOOO00O0ODOO Harten-
YeeO 2000000 TVDOOODOODOODOO MUSCLOOODOODOODOOOOODOOOOO
gboooobooooo
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MUSCL approach

10000 FDSOOO0O0O0OO0O0DO0OODOODOODO0ODO0ODONDDONDON0NDONNnOono
0ooo00oTo00 ¢,4,,00000000000

1 , .
Eif1p= §[Ez‘+1 + E; + TP 0] (4.28)
O0000000ooooMUSCLOODOOOO
1 ,
Eij10= §[E(Uf‘11/2) +E(U4j9) + Tdi410] (4.29)

R L R L
ODO0O00E(UE, ,)E(UL, ,)0000000 UR,, UL, ,0000000

1

Uﬁl/g =Ujp1 — Z[(l =) Aiyz2 + (1 +17)Ai112] (4.30)

UﬁUQ:[L+3K1—WAFLQ+(L+WAHUQ (4.31)
ooooooooooo Ul ,ulh,,0000000

UE}—I/Q =Uit1 — i[(l —MA g0+ (L + DA ) (4.32)

Uz‘L+1/2 =U; + i[(l —MAZ o + (1 + M)A /o] (4.33)

gbobodpd0b0o0b0bOo0bo0ooooobooonbooon

7=-1 : 200000000000
n=20 Fromm OO0 O

n=1 300000000000
=1 200000000000

n
oooooooDA*A*™00000000000DODO0DODO00COO0ODOO00OO0OODbOOOOOO
ooobooobooobooobiod minmodOODOOODOO

A* = minmod(Ai; 1 /2, BA_1/2) (4.34)
A™ = minmod(Ai; 12, BAi+3/2) (4.35)
ooo,
minmod(z, 3y) = sgn(z)J max{0, min[|z|, sgn(z)03y]} (4.36)
goooooon
Ait12=Uipn — U; (4.37)
Aip=U; = Ui, (4.38)

000000 40,0000000000000000000000000

1<B§%}— (4.39)

il B

000000000 TOOUR, ,0 U, ),

gboboobuoonoooobooboooo

00000000000 JacobianO O A =90E/0U

Tz‘-|—1/2 = T(Uﬁ1/27 UiL—f—l/Q) = T((Uff—l/Q + Uz‘L+1/2)/2) (4'40)

79



00006, ,(100 Buer0000001=1,---,3)00000000 $544,00

‘f’§+1/2 = —¢(5\§+1/2)0’é§+1/2 (4.41)
000000 4¢3, ,)00
| 2| |z = e
(z) =1 (2se) (4.42)
5o, | 2z |< &1

00000090 |2|0000000000000O0O0O0O0O0ODO0OOOz|=00000000O
ooboooobooobobboobboooobbooobboooobooooobooooo
e 000000000000000 (HartenO (1983)) 0000000

0.1 <& <0.001 (4.43)

gobobodbbbg0boooobboobboooobboobbbooobboobbd
goboobooobooboobuoboobooboboobb0obOU smearing0 ODO0O0D0OOOOO
0000000000000 00g =e(U,\)000000000000O0O0ODOOOO0ODOOO
gobooboopoooogosiboobuooboboboboooobobonobobbooboobon
gboobooobooboooooooboonobooboo
gbooboooboonoooooboonog

l
M = N(UR 0, Ul o) (4.44)
l L
Qit1/2 = z+1/2(U’L+1/2 Ui+1/2) (4.45)
M1 jpdly,,, 00000 Jacobian 00 ADDO000000000000 Eq4.14)000000
D0000000000000 VR, ,0U,,,000000000000

00000 (00)

gobooobogoobooboobobboboboobbooboobooobooonog

aU LOEOF 1 (R 08) .
4.4
Tt oy, Re()(@f >+Q (4.46)

gogoooooooo
Ul = U™ — AS(BY ir1/2,5 E?—I/Q,j) - )‘H(F?j+1/2 - F?,j—l/2)
+ —{)\ (R} ir1/2,5 R?—I/Q,‘]) + A" (S”+1/2 SZj—l/Q)}—i'AtQZj (4.47)

D000N=At/AE , \"=At/An0000
0000 Ei1/9,00

A

1
Eit1/05 = 5{(yn)i+1/2[E(Uz+1/2) +E(Uf )]
—(@p)is1/2[F (U1 2) + F(UL )] + T, +1/2‘I’ ir1/2 iv1/2} (4.48)
goooooooooggo® ’i+1/2,j" o ’i—l—l/?" goooono Ji+1/2DD yp O,
1
(Yn)ig1/2 = 5[(1/77)@3’ + (Yn)i+1,4] (4.49)

1
Jiv1je = 5(Jij + Jivrg) (4.50)
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gboobooboonoooon

E(U, »)E(U},, ) 0 Eq(4.33)0Eq(4.33) 0000000000 Uf

L
i+1/2 i+1/27U

L,,0000000

1 — * — *ok
UE}—I/Q =Ujp1, — Z[(l — M)A 5/ + (1 +MAZ /o]
1

Uz‘L+1/2 =U;; + Z[(l — AL o+ (1 + 7)Ao

DDDDDDDD??:%DDDDD J0o0ooobooooobooboobooboog

A* A* 0 Eq(4.35)0Eq(4.35)0Eq(4.36) 0 0000000
A* = minmod (A1 /2, BA_12)
A™ = minmod (A4 1 /2, BA;13)2)

minmod(x,ﬁ_y):sgn(ac)l]max{o,min[]x\,sgn(ac)Dﬁ_y]}
D0000000000,f7=.000Eq439)001<3<4000000000000 =4
goo0oooooogoooooono ﬁ:%D B:4DDDDDDDDDDDDDDDDDDDDDDD
oo ooououoogggooog TDDUR

L
) ) ) ’i—l—l/QD Ui—l—l/QDD o
0000000 Jacobian OO AzaE/aUDDDDDDDDDDDDDDDDDD
Tii1n = Te(UR | UL ) (4.51)
i+1/2 E\Vir1/2 Yit1/2

sl
DDD,‘I’i+1/2(DDDDDDD 200 Navier-Stokes 00O OO0 [ =1,---,8) 00000000

b, 1100
51 5l ~1
(I)i+1/2 = —¢(Ai+1/2)0¢z‘+1/2 (4.52)

51
000000 %Ay 00

2] |z]za
b(2) = { (2% +€3)

5o | 2z |< &1

goboboobooooboooooobobboboooobooboosbbobbooboboon
b0, 000000000000 b0b0o0b0obo0ooobobDoooboboboboboobon
gboobooboooobobobooobooobooboobobobobpooboobobon 3o
gboobooobooboobgoobopooobboobooboobooobobobobooooobooo
goooobbooobooobbuoobibidgbbo0o0obbobbidbbibdegx 01000
gbobooobooobooobbobboobb smearing 00000000000 O0ODOOO0OO
0000000000000 00000 g =0.010000000000000000090O |20
gooboooboboooobbooobbibgobboooboboooobbobooobbd

01> >0001000000000
Sl

; 51
DDD)\HI/Q,OQHI/QDDDDDD JacobianO0 0O AODO0OODOOOOOOOOOOOOOOOOO

00000000000000 Uk, ,0U%,,000000000000
51
{ X
)‘i+1/2 = )‘E(Uzj‘il/% Uz‘L+1/2) (4-53)
51 > 1
Qip1/2 = Ti+1/2(U£|—1/2 - UzL+1/2) (4.54)

000o0o0o0oo00o0o00oO0oO0o0o0O0000D0OOU00 (boUo)ooUooooooobUoooo
Roe(1981) 00000000000 UO0O0DODODODODOOOOD0OOODODOODOODODODO ReedO
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000 (0000 Yee(1987)) 000 00000000000000Ree0 000000000000
0000000000000000000000000000000000000000(@O000)
000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000
00000000 ¥F;,;,,000000000E,;,,;0000000000000000000
O000ROSOO020000000000000
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4.2 Riemann [ [

4.2.1 Riemann O[O

gobooobogoboobboboboobobobbooboboobba

n+1 n
Uij —Uij

Vig At

+ (Ei+1/2,j - Ei—1/2,j) + (Fi,j+1/2 - Fi,j—l/Q)

1 1
E(Ri—f—l/Q,j - Ri—1/2,j) + E(Si,j—f—l/Q - Si,j—l/Q)

00000000000000000000000000 (Numerical Flux)E;,,01 000000
00o0000000O00b0O00«0++10000000000000ODOO0ODOOO 0O 1/20
0000000000000 00000O000++1/2000000000 RiemannOOOO0OO0O
ooooooo

Riemann 00000000 O0O0O0O0DOOOCOOO0ODOOOOO0O0OODOOOOOODOOOOO
O0b000oo0oo0o0o0oooOO0o000oObO0000DO0Ob00000RIemann 0000000
00002000000 ((0000000)00000000ODO0ODO (DO0O0OOO)00DOOOO
O0DRemann 00000000 OCO0O0O0O0ODODOOOOODOOOOO0OOCOOOO0OOOOOOO
o0oo00ooooooooood

Riemann O00O0000D00O0O0O0O0DOOOCOOO0ODOOOOO0O0OODOOOOOODOOOOO
00000 200000000000 GodunovOODOOOOOOOOODODODODO Roe OO
Riemann 0 00 OO OHarten- Yeed TVDOOOODOODOQO Chakravarthy- Osher0 TVD O OO
00 RoeJ OO Riemann 0O OO 00O 1000 FDS(Flux Difference Splitting) 00 000000
0000000000 GodunovO0OD0OOO0OO0O0DODOOOO NewtonOODOOOODODOO
000000000000 000D0000000D0O00000000000D0D00O00000 Riemann
O0o0o0ooooooooood

00 Riemann 00000000000 90000

1.Roe000OO0O0DOOOODOOODOOORoedODO

Ooo0oooooooo

00 Roe00D0DO0D00O0ODOOOOOOReedDO00DODODODO!DO0DODOODOODO
O Flux Difference Splitting MethodO FDSO OO OODOO

00000000 Flux Difference Splitting Method FDS[O (102
oddodoooooooooooooooboooouooooooooooooooooon
odddooooooooooooooooooodoouoooooooouooooooog
oddoddoooodooooooooooooouoooooooooooooooooon
oddodoooooodooooobooooouooooouoooooooooooon
ogoooad

2.0000000000Flux Vector Splitting MethodD FVSO (102
oddodoooooodooooobooooooooooooouooooooooooon
oddodooooobooooouoooboooouooooouoooooooooooon

'Jpoo0 ---000000000000 0 Flux Difference Splitting Methodd FDSO OO OO 0000 00O Flux
Vector Splitting MethodO FVSOO DO OooQ (02
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goboboobooobobobooobooobobobbooobooboboboboobonoag
goboobbobboobobobboboboobboobd

4.2.2 Roel OO Riemann O[O

100b00booobooboooboobobobbonon

u+ f-=0 (f=au,al 0)
O000c«cU00000000000OUOOo0oooooooouooooooa

n+1
U,

= ui = vl — fita2)

O000v=At/Az0000000CFLOOOOOOOOOOOOOOOOOOOOODOOOO
0000000000000 0b00000000oDoo0000DO0oO0O0gCFLO 1.0000000
godoooooooooooooooboooodoooooooouoooooooooooon
szz_l/gm l1000dodooooooooooooan

Faje = 3l — ) — lal(uis — )

oo 100b00b0b0ob00oUUbUEdderD00 00000 0DI00 EulerODOQd
gbooooboonooooobooobog

Qt+Fx:0
ooon
P pu
Q=1 pu |, E=| pu*+p
e u(e +p)

Euler OO0OO0OOOO0OO0ODOODOOOODOODOOOOOODO0OOOOOOOOOOOOOOO
ooo
oOF
AQ, =0 (A= —
000D A000D0O0OD0DO0O0ODODOODDOO0O0O0O0ODDOO00 Ewler0D000D0OOO0DOOODOO
Jacobian matrix 0 000000000 D0O0 ROODOODOODOOR'0D0D0OOOOOOOODOO

A = R7YAR = diag(a')

0000000 JO00000000000001000000e¢*  =u—c,a®=u,a®=u+ c(cO
00)0000000000000 R'0O0000000W =R'QUOOOOOODODOOO0
ooooag

Wi+ AW, =0

gobooobooooboboboooobosbobooboobobooboboboboooon
googbooobobooboboboboobobbol1boobooboboooboobonbooon
ooobooodbooboobuoboobobobobobotberbdbb1ooobboooo g
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oooooobbbobOorFbSO000b0bOOb0ObO0O0O0O00OO0 FDSOLODOODOO FyppOOOO
god

1
Fij10 = 5[(Fz‘+1 — F;) = |Aliy12(Qiv1 — Qi)

O000A=RAR'0D00D0DO0O

Oé:R;Lll/g(QiH—Q’i)
O0000«0000000000000 jumpO0O0O0O0O0O0C0COOO
|Al;+1,,000000000000004+1/200000000000000000000000
0000000 Roed RoeOO (Roe’s average) 1000000000 O0O0DO RoeOd OO Riemann
000000000000 “0RoeD A;41/2(A(Qi11,Q:)) 000000000 Riemann 0000
O00000000000000000000CCO0OO00000 RiemannOOO0O0O0OO0OO0O0O0OO
0000000000000 00000C0O

Roe000O0O0O0O0O0O0OCOOOOOOOOOOCOOOOOOOOOOOOOOOOOOO0OO
0000000000000 00D000 ++1/200000000000000000Eq(4.26)0
A2 (AU, U;)) 00DDOO Ree000DDO0DDOO0DDOODOO

1.A(U;;1,U;) 00000000 UOD0000000 E0DO000000O000OOOO0000
2. A(U,U)— A(U) 000000
3.0004i00000AUin,U) X (Ui —U;))=E;11— E; 000000

4. AU,,,U;) 0000000000000

0oobooob0ooobob0obi0obU Ree OO oeooooLoQ

Duitr,j + uiy

Uiy1/2,5 = DAl (4.55)

Vig1/2,5 = DQ}Z%_’:% (4.56)

Hit1p95 = w (4.57)

sz+1/2,j = (-1 [Hi—l—l/Q,j - %(u?_Fl/Q’j + vz~2+1/27j) (4.58)
D= \/ Pi+1,5/Pisj (4.59)

H= P | Lop 2 (4.60)

goboodboobobonpU0bO0o0oboooboobbonon
ooooobo Tvboooooooboboobooboboooooobooboobooboboo

OO0 Roe0D0OODOOOODOD (DO ReeD)0ODUDODOUOODOOOD AtODODODOODODODOOO
gooond
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4.3 JacobianUOOOOUOOOO

00oobobob0obobO Jacobian OO ODOODOODODOODOODODODODO

4.3.1 0OD0O0OO0OOOd

Jacobian 00 (Pulliam O 0000)

0D00D00 Jacobian 0000000000000 OODOODOOODOODOODOOOOODODOO
0000000000000 000000000000000000000000 LOROOOO
0000 000000000 A=8E/U, B=90F/pU000O0000O0O0O0,A BOOOOO
D000 kO&EnODOOD0

0 K

I —ub + ky? 0— (G — 1k,

AorB = ub+ kaf ( Jeau
—v0 + ky¢? kv — Gkyu

0262 — (G +1)¢] k,[(G+ 1) — ¢?] — Gub

k, 0
kyu — Gk, k.G
vt ! (4.61)
0 — (G —1)kyv k,G
ky[(G+ 1) —¢°] = Gud (G +1)8
0000p000000000e000000000000000OOOOOO
0 = kyu + kyv (4.62)
2 1 2 2
o7 = §G(u + v*) (4.63)
0000
G=rm—1 (4.64)

0000000000000 0000000 w,v0000000000D00O0O000O U, V)OO
goobooooo

U= &u+ &

V = nzu+nyv

goobogooggoog

Jacobian OO O ODOOODODODOOODODLOOOOOOOOOOLOOOObLDOOObLDOOObODO

o=t s 1 =t o R
V2a V2pa R N ey

0 = kyu+ kyv R=¢? W = ¢? (4.65)
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O00b0«0D00D00OD00ODUOD0ODbODOD JacobianOD OO OOOoOO

N

Ag = ng\gj—’g_l Bg = Tﬂj\ﬂ 77_1 (4.66)

00000000AO0A, 000000 A, BOOODODODOOO000000000A, A,0T, 77"
00000000000

googogoogg

Ae =D[U, U U+ a\/€2 + &2,U — a\ /€2 + €2

U 0 0 0

_ 0 U 0 0 (467)
0 0 U+ay/e2+&2 0
0 0 0 U—a/&+¢2

An = DIV, V,V4a\/n2 +n2,V —a\/n% +n2] (4.68)

Yop
_ 4.69
P (4.69)

oood
a? = (G +1)

I3

gobooobogpbOd

(4.70)
oood
ogoooooon
1 0 o «
7\ — u l%i,p a(v+ l:ﬁxa) a(u — l%xa) (4.71)
v —kzp a(v + kya) a(u — kya)
e p(kyu — kyv) a(RJEf2 + af) a(R+“2 ab)
ogoooooon
1—Wa™2 Ga %u Ga v —Ga™?
. —p Y kyu — ky kyp~t —kyp! 0
ol (kyu / v) oyp —hp (4.72)
B(W — ab) B(kga — Gu)  B(kya — Gv) 8G
B(W + af) —B(kya + Gu) —ﬁ(l%ya +Gv) BG
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4.3.2 000000

Jacobian 00 (PulliamO0000)

0000000808000 0N0NNNONNNONNONONDNONDNONNNONDNONNNONDOA=9dE/dU,
B=0F/oUD00O0000O000OD,ABOODOOOOOOOD kKO&nOOOO

0 ke k,
—uf) + ki (6% + pmgK) 0 — (G — Dkyu kyu — Gkzv
—v0 + ky (% + pmgK) kyv — Gkyu 6 — (G —1)kyv
IR — G+ k[(G+ 1) — @ Kyf(G+1)em — ¢
AorB = +pmgK — Ggl) +GgL] — Gub +GgL] — Gvb
—g0 kag kyg
—D16 k. D1 ky Dy
—Ds0 kyDo kyDo
N kD3 kyDs
0 0 00 0]
koG —ke(pmK —GL) 0 0 0
k,G  —ky(pmK —GL) 0 0 0
(G+1)0  OGL—pnK) 0 0 0
0 0 0 0 O
0 0 0 0 0
0 0 0 0 0
0 0 00 0]

U000p,000000000e, 000000 DOODODOODODOODODOODODO

0 = kyu + kyv (4.73)
o 1.9 9
® :§G(u +v7) (4.74)
noo,
M, 1 M,
= 1— 4.
¢ ( ng>/<vo—1+ng> .
oooooogo Koo
1
K = Zlem — §pm(u2 +0?) + pmgL] (4.76)
gogn )
1 M, 1 M,
7 — 1 m 2 m 4.
((%-ﬁ )Mv>/<pm<vo—1+ng>) -
gogn
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goobogooggoog

Jacobian OO OO OOOD0OODLOOOODOOODOOOOOO0OLOOOODLOOOObLDOOObODO

Pm

o= —
2a

00«0 Oond

k
O

0= mu—l—l{yv

g

1
a ﬂpma

i S

R =¢? — GgL

@:——ﬁu—
N RN

W =6+ pugK
O000000000 JacobianOOOOOOOOOO

(4.78)

(4.79)

00000000AO0A, 000000 A, BOOODODODOO0O000000000A, A,0T, 77"
00000000000

googgogg

ggod

Ae =D[U, U, U+ a\ /€2 + 2,U — a\ /€2 + €2, U, U, U, U]

SO O O o o o o d

o o o o o o d o

U—ay/62+ &2

0
0
0
0

o o o d o o o o

0
0
0
0
0
U
0
0

0
0
0
0
0
0
U
0

T o o o o o o o

A, = D[V, V.V tay/n2+n2,V —ay/n2+n2,V,V,V,V]

gobooobogpbOd

ggod

a?=(G+1

1
p=G [Es - §pm(u2 + 'U2) + pmgL]
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000000000D00ON-SO0O0 (000000000 00)0b00000b00000D0O0
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00000000000 ooobob0oOooooooooooooooa
O00000000000000000D0O (mixing length theory) 000000000000 0O0O0O
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oooooooooonond

(11t)outer = KCcp - p - FwakE - FKLEB(Yn) (5.2)
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000000000 Table 6.2 0 Table 6.3 020

Table 6.1 Physical properties
(The value same at all cases)

Identification Symbol Unit Vapour Air
Molecular weight M kg /kmol 18.0152 | 28.95
Avogadro’s number Na 1/mol 6.022045 x 1023
General gas constants Runi J/(kmol - K) 8314.41
Boltzmann constant k J/K 1.380622 x 10723
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Table 6.2 Physical properties

(The value changes with each cases)

(a) Laval nozzle flow using the porous wall with a cavity
(Initial temparature Tp; = 303 KO Initial pressure po;= 101.3 kPa)

Identification Symbol Unit Vapour Air
Laminer Plandtl number Pry — 1.0032 0.7173
Turblence Plandtl number Pr, — 0.9

Specific heat at constant pressure p J/(kgOK) | 1.875x 103 | 1.00722 x 103
Dynamic viscosity m Pal's 10.007 x 1076 | 18.781 x 1076

(b) Laval nozzle flow using the slotted nozzle
(Initial temparature Tp; = 303 KO Initial pressure pg;= 101.3 kPa)

Identification Symbol Unit Vapour Air
Laminer Plandtl number Pry — 1.0032 0.7173
Turblence Plandtl number Pr, — 0.9

Specific heat at constant pressure p J/(kgOK) | 1.875x 10% | 1.00722 x 103
Dynamic viscosity m Pal's 10.007 x 1076 | 18.781 x 1076

(c) Effect of nonequilibrium condensation on transonic bump flow

(Initial temparature Tp;= 298 KO Initial pressure pg;= 102 kPa)

Identification Symbol Unit Vapour Air
Laminer Plandtl number Pry — 1.0068 0.7173
Turblence Plandtl number Pr, — 0.9

Specific heat at constant pressure p J/(kgO K) | 1.8704 x 103 | 1.0070355 x 103
Dynamic viscosity U Pals 9.864 x 1076 | 18.5165618 x 1076

(d) Transonic bump flow using the porous wall with a cavity

(Initial temparature Tp;= 298 KO Initial pressure pg;= 102 kPa)

Identification Symbol Unit Vapour Air
Laminer Plandtl number Pr; — 1.0068 0.7173
Turblence Plandtl number Pr, — 0.9

Specific heat at constant pressure p J/(kgO K) | 1.8704 x 10® | 1.0070355 x 103
Dynamic viscosity U Pals 9.864 x 1076 | 18.5165618 x 1076
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Table 6.3 Condensate properties

(a) Laval nozzle flow using the porous wall with a cavity

Identification Symbol

Coefficient of surface tension ¢ 1.22
Accommodation coeficient for nucleation r 106
Coefficient of condensation & 0.1

(b) Laval nozzle flow using the slotted nozzle

Identification Symbol

Coefficient of surface tension ¢ 0.92
Accommodation coeficient for nucleation r 1.0
Coefficient of condensation & 0.1

(c) Effect of nonequilibrium condensation on transonic bump flow

Identification Symbol

Coefficient of surface tension ¢ 1.29
Accommodation coeficient for nucleation r 106
Coefficient of condensation & 0.9

(d) Transonic bump flow using the porous wall with a cavity

Identification Symbol

Coefficient of surface tension ¢ 1.0
Accommodation coeficient for nucleation r 1.0
Coefficient of condensation & 1.0
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