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abstract

The objectives of the present study are to improve coordinate transformation method for gravity
term in Navier-Stokes equation and to disclose coordinate transformation program based on tensor
analysis. Coordinate transformation is the effective tool for theoretical and numerical analysis from
the perspective that analysis of physical phenomena on appropriate coordinate system makes its es-
sential physical mechanism intelligible and makes treatment of boundary condition simple. However
coordinate transformation accompany with a number of complex, difficult and time-consuming cal-
culations. Traditional coordinate transformation method of gravity terms especially requires compli-
cated calculation procedure. This study improves coordinate transformation idea by putting concept
of gravity potential in use and makes its calculation much easier. In addition, whole coordinate
transformation procedures of Navier-Stokes equation are programmed based on tensor analysis and
this makes it possible to calculate a lot of coordinate transformation computation instantly.
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Fig. 1 Coordinate transformation program based on tensor analysis
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4.1 MJINCIH 9 B MBEELRAO NS Ji#E 0 M2 it

#AH =75 Mathematica & Fl w72 84830 70 75 2 (Fig. 1) 10 & 5 NS A OEIEEREIEORN
ZLUTFIORT. BRI T 7V R S ES IR R N L, R OEHE# T Fig. 3, Fig. 412
R R LERMMIEEROS A, T = (81,7%,7%) = (Sq,Na, 2a) FEATHHEEROMTZHTH Y,
TR L & R E O S IR T IISHRE OIS - Tl - 72 BEEE % 21, IR LR O M T T &
T2, ARICEEIC 2 LEHT L. of = (2, 22,2%) = (2,y,2) BT AV MEEOMT AR TH L. FEEEME
FREI IH AR D JRST 250 % FERE O MST 25 B0 By LTk (22), (23), (24) @ L H 2@ & T 5 (BEELER
077 SEATE [4]).

il
i (/ cos 0dit — 55%2’716‘) cosa + 7 sina (22)
0
(i}l
z° = / sin 0dzt + 73 cos a (23)
0
Z1
3= — (/ cos 0dz' — 7% sin 9) sina + &3 cos a (24)
0

A S A o i 21, 72 T AT O, KRS OHEE a & L, F RO B ERITEICE
0 B E AR OB 0 1%, 7RI 2 ot LT () LEw S (Fig. 3, Fig. 4 ).

TN BB R OB 6, R — I8 2 BRI .OM 0 2 EBAEK 0 (2') ThH Y,
FAOV NS L INCH D O BR (22), (23), (24) 2L LTRALTY, EBROMIERIZES
EEoTVRVETHS. hEo T, BIERIRE ~EICED S EEAER 0 (T1) RAEEMEE LT, MR
(22), (23), (24) &\ CHEEIEZH A7) 2 & C, HBEEHHE O HRNIE, BERORE T b iflhicg Az
o Tl % RN 5. EBOBIEEREEE T 5 720 QB O HRER T O%H 0 (1) 12, T
AT IR A ) BB AT L.

—J, R0 7S AT, R (22), (23), (24) 1&, FRFRETE [4] 12T (25), (26), (27)
&, Mathematica 2B 2 FILTEICBWTRREINTVLD, BHHENBELZLOATH ) BAHZF0F
FRWENTVD, 2L, BEEHRTOZ T ARICBWTIE, T[] RIAEEROEMMERE S LT
7%, 3 (22), (23), (24) KU Fig. 3, Fig. 4 fCHMLCw2 & = (21,22, 2%) 1&, #HERO LM 2
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BThHabZ LB LENH 5.

Z[1] = = = (Integrate[Cos[th[sal]], {sal, 0, sa}]
— naSin[th[sa]]) Cos[al] + zaSin[al] (25)

Z[2] = y = Integrate[Sin[th[sal]], {sal, 0, sa}]
+ naCos[th[sa]] (26)

Z[3] = z = —(Integrate[Cos[th[sal]], {sal, 0,sa}]

— naSin[th[sa]])Sin[al] + zaCos|al] (27)
g[1] = sa (28)
g2] =na (29)
gl3] = za (30)
rule = rulel (31)

& (28), (29), (30) &, WEEADEMMYARE EHIERL T0AH, F 725k (31) RERARATTI A
% 2 FRo Bk % AR BRI O FETRFICEEICHARAA TV E O 2 OEMIZEEHI N TV A,

DR, A2 70 7T L OFEFFIEFE Ao CEME AT T 810k ) KERHE 7~ Vv IV oRHE (4756 [9]-
[11]), SezitiEs v VORHE (9478 (12)-[13]), Jacobian MFtSE (JATHS [14]), 827 ) A R T =
FE DR (FATER [15]-[17]) ZMRKF L, K% TR 5. WINSH D B MGEEADY &, FATH
[O]-[11] 1= & b KERET >V Mid

(1-2248)° 0 0
éjm = 0 1 0 (32)
0 0 1

DEHIEE SN, RERRT ¥ Y VOZEGDTEREND. 7272 LK (32) 0F£R- AT EEEH T 10 7T 4
NOFIRERL B,

$7:, WEHET Y YNVERERET Y VLD T v E LTEE SN, 24786 [12)-[13]) 12 X v =X (33)
RS EBA E NG, 72720, 2HEORERIET >V IV OgGE, % 1 FHORTIPHEITORT %, %
2HRBORTFAFMINOFR S LT DET 5.

1

N R

G = 0 10 (33)
0 0 1

KIa (32) TEENDREMET » VL OEBSOFTIIRO 2 Tl % 7154 5 F475 [14] 12 £ D Jacobian

_ 54—
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PERHEEND . KEWET ¥ VUV G OFFIRE G B L

G =|Gij
B ox™ ox™
| 97t 9%
B ox™ |?
| 97
(1-342)° 0 0
= 0 1 0
0 0 1
L, do\?

L, BEERICBIILZYICT Y JIEG AV TRO LD ICEHESR D,

J\/5<15;2d9) (35)

dzt
KAZEFFE [15]-[17] 12BWT, H2H7 ) A 7 2 ViSOG HUTO L) ICEEsh, Mhshs.

L i
1—;;;41 _1—53% 0
=1 . d.;t, T
Do =1 —- ;_grj% 0 0 (36)
0 0 0
4o =2 (.do\?2
dzr — () 00
[%,, = 0 0 0 (37)
0 0 0
000
r,=1 0 o0 o0 (38)
0 0 O

DED XA, 72V IVRITIC BT 5 BARMEE SEEER 70 7 F JZ X WREEICIT NS, 20k, H2 %
IR L727 ¥V VIERTICHED < NS HREROBEAIEFEICAIY , NS HRXOKHAHEE L LTERI 5.

FATH (18] 12 B CHEkE OB S N, FEATE [19] CEEBFDIRITIHEEEOF 5 LK (7) 125D
FERSND. S HIZFETHS [20] 1BV TEIIAEEHD (17) 12O SER SN TBY, FE47H [21] TH
HHFEA (8) ICEDEEREND. DOREET V VIVITETES [22] 1I2BW TR (21) ICED X EFR SR,
FATHS (23] 12 BV TR OB EORIA 73 3 > & LCRRIERR 0 = o), = 0 0@k s, 55612
ST ) WHSFEATER [24] 1I2BVTH (2) ICX W EF SN D, BBICETE [25] 1I0BWT, EHEEOHRREE
TR A ) B CRICHEMS 2 L7200 7 >~ v IVIEDS, 3(20) 13X (B) 2L 72l TSN 5.

Z0Dtk, NS HRRDOFHEIZT >V IVEEICES &, FATE [28]-[32] 2B W CTHEBICEHRE S, M1Ehs.
ZOWORIEOMIIHE, FATH [26) 23BN L 72 & ICIIRET ¥V VST, FAT [27) % 3BIR L 725
FIWEE ST E NS,

COXHNT, AT O YT Lo TIRKEHHZ4T) 2 L12& b, Rfms NS HRAOFE R T
75 [35]-[37] Tii b, Fig. 5 IR SN B WM 5RO K10 NS JBRAA ) SN b (BEER 7T 7
T4 [37) OTAR). 7272 LEZS MBI RN QAR CTIIMTEI S HE L 20T, TlEAKL TV5.



INHERt HE OE

Navierstokesequation[1] -
1

1 th [sal ( goCos[th[sa]] Sin|al] + cwb[t, sa, na, za] ub®"°**/ [t, sa, na, za +pvb[t, sa, na, za] ub®**° [t, sa, na, za] + p{>**° [t, sa, na, za] +
¢ (-1l+na ' [sa])

oublt, sa, na, za] ub®*°*'[t, sa, na, za] + pub"*°*'[t, sa, na, za] oth'[sa] (ub[t, sa, na, za] vb[t, sa, na, za] +
na (-gCos|th[sal] Sinfal] +wb[t, sa, na, za] ub'®"°"°"!' |t, sa, na, za] + vb[t, sa, na, za] ub®**°[t, sa, na, za] +ub'*"°"°° [t, sa, na, za])))

. . X . ub(t, sa, na, za]? th'[sa] (0,0,0,1
Navierstokesequation[2]= gSinfal] Sin[th[sa]] + l—th[l +wb[t, sa, na, zal vb'>"*°'' [t, sa, na, za] +
-nath[sa

p'®-°1-°[t, sa, na, za] . . ub[t, sa, na, za] vb/®/*°° [t, sa, na, za]
- ivblt, sa, na, za] vb'*"*!** [t, sa, na, za] +

+vb!1%% % £, sa, na, zal
e 1 nath’[sal

. . p'®°° ! [t, sa, na, za] (0,0,0,1)
Navierstokesequation[3/- gCosjal]+ ——  ———— +wb[t, sa, na, za] wb'"""""""''[t, sa, na, za +
c
ub[t, sa, na, za] wb'*"***°'[t, sa, na, za]
vb[t, sa, na, zal wb(®°° [, sa, na, za] + il T nathiea il +wb!1®% % [t sa, na, za]

Fig. 5 NS equation transformed from Cartesian coordinate to orthogonal curvilinear coordinate system
(no viscous term, physical component)

Fig. 5 10 p \SHAHIE, g ZENIGERE, P EEHE, thsa] = 2205l = 20 yb (00D sa na, za] =
%{’M THbH. %72, Navierstokesequation[i](i = 1,2,3) IZ3FNZN s.(= 21) FAl, na(=3%)
M, zo(=2%) HOBEBH X THL I LARLTND

# o= (i,5,3%) = (500100, 20) OBIRL D, BB 075 6= 0 M)y S0, HHEALE 4iMs L7 NS
72 (Fig. 5) % = (21,3%,7%) THILL2Z LR (39), (40), (41) ThL. F7z, X (42) FiNc
9 ERHAVEERIC BT 58 TH .

Ou' 4 1_~2d_0 - 1a_ul+ 28_u1+ 36_u1
ot ) Yom Yo Y o

do\ " do
—ulu? (1 — deﬁ&) P — gcosfsina

Ao\ "'10P
_ ~2
(1 i ) pEE =0 (39)

out (e dONT G0t L0 0w
di! al oz " 95

do do
—(u ) <1~2d551> d1+gsmﬁsmo¢

+—5= =0 (40)

ou? N (1 2 do ) L o0ud S oud Joud

ot di? ozt " om0
1 0P
—|—gcosa—|—;% 0 (41)
out 0 o d0\
Fr *w{(l‘ P )“}
ou?
— ~2 =
+<1 i dil) s =0 (42)

ZOLHICLT, FEETHE T LB REMEFIEESLEL 22T ¥V IVINTICEED BIELH %,
K77 T2 EHNBLZEIZEY, #1124 (CPU:1. 6 GHz, Memory:1GB RAM Ol PC) THT¥ 5
ZENURETH 5.
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Navier-Stokes J5 230D —f (LI AN O IEEAAR T L R 70 7 7 L OR%E (2)

77V b EEESRD & IEEREESRAND NS iR D HEA R
BRI T 0 7 T BRI T v VIEITICIED BRI L LC, EHTLR OB 4 &I S s
FERERAN O BRI AR Y. PURIERER & T TSR O T &

=5 S

77 <

LiE, BERORIRZIEERE LT

MY M2 & T, BREGOREVEDH THLE VI FIENH L. MHEEROZEMMT K (r,0,2) £ 7%
b N EERE A DRI S (2, y, 2) DiEFE % Fig. 6 12RT.

A FTERE (MAEIREER) oM 2% g(1], 9[2], 3] * HwTUTFo L1

HEREASHE 7 10 7 5 212 B THEATES [5] (MR R) 2
i=1,

[1]

Z[2] = y = rSin[6];
3] =z =z

gl =r;
y[2] = 6;

g3 =z

rule = rule2;

ROBEBREFESH 2 L2 L), R §li(
B. 72751, NS i ORMIEIZEH LT 2,

Navierstokesequation[1l]-= wb[t, r, 6, z] ub'®%%V ¢, r, 5, 2 +

.
o

—

T

TV b EEREA D & PIARERR AN D FER AR T I8 L TS, THERIER (750 b R

e
NyEE

(&

+5 (9478 [5).

Fig. 6 Definition of cylindrical coordinate system

01,00 4 v g o
P [t, r, 0, 2] +ublt, 1, 6, z) ub0rL:0:0
e}
. . 1
Navierstokesequation[2]= —
rp

(P

Navierstokesequation|[3]=

vbit, r, 6, z] wb' @O0 (£ r o,z

(0,0,1,0)

(vb[t, r, 6, 2] + rvb(0:1/0:0 b(1:0:0.0

[t, r, 6, 2]) +rVl

p! "% t, r, 9, 2]
o)

g+ +wb[t,

r

oA T[1], 2[2]2 (3]

RL, 790 N EERER A & PR R~ NS /i
2,3) 10 NS /A2 Fig. 70 & 5 121 J) S h

vb(t, r, 6, 2] (-vb[t, r, 6, 2] +ub@%LO £, r, g, 2])

[t,r,6,2]))

r, 6, z] wb(0/0/0/D

it, r, 0, 2] +ub%%¢, r, 6, 2]

r

[ty r, 6,2]+

+ub[t, r, 6, 2] wp'0:1:0/0 [t, r, 6, 2] + wb1/0/0:0) [t, r, 6,2

+

t, r,0, z]+p (rwb[t, r, 6, 2] vb' OO0V ¢t r o,z +vb[t, r, 6, 2] v OO0 ¢, r, 0, 2] +ub[t, T, 6, 2]

Fig. 7 NS equation transformed from Cartesian coordinate to cylindrical coordinate system
(no viscous term, physical component)
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Fig. 8 Definition of sperical coordinate system

1 N
Navierstokesequation|1]= ;(ao vb[t, r, 6, ¢1*-cwb[t, r, 6, g]*+cCscleé wb[t, r, 8, ¢] ub® >Vt r, 8, ¢l +

ovblt, r, 6, ¢l ub® " [t, r, 6,0 +xr (p" """ [t, r, 6, w] +c (gCOS[E] +ublt, ¥, 6, ¢] ub® % [t, r, &, ¢] +ub " [t, xr, 8, ¢]}))

Navierstokesequation|2]= r%( greSin[e] cCot[e] wb[t, r, 6, ¢]?+cCsc[6] wb[t, r, 6, ¢l vb> " [t, r, 6, ¢] +
c
p®*t Y t, r, 6, vl +ovblt, ¥, 6,01 Vb [t, r, 6, 0] +oublt, £, 6, 0] (Vb[t, ¥, 6, 0] +xvb® " [t, r,6,¢]) sTovD (L, £, 6, 0])
Navierstokesequation|3]- %(p vbit, r, 6, ] (Cot[6] wbit, r, 8, ¢] +wb > [t, r, 8, ¢]) +
oublt, r, 8, ¢] (wbit, r, 6, ¢] + xwb'® ™% [t, r, 6, ¢]) + Csc[a] (p'* """ [t, r, 6, 0] +pwblt, ¥, 6, 0] wb!> " [t, r, 6, ¢ +rpSin[a]wb' " [t, r, 8, ¢]))

Fig. 9 NS equation transformed from Cartesian coordinate to sperical coordinate system
(no viscous term, physical component)

4.3 TV D EEER D O BREERAD NS JifE o W25 1

JEREZR T T 7T KR AT T 2V OVIRITIC A D BEZIRGI L LT, TV MEEER D O BRERLRANO NS
TR OBEEE R 2 R . BRI RA DM R (r,0,0) & 7 H )V NEEROITZEH (v, y,2) DERE
Fig. 8 IZ/RT.

F ANV SRS S BRI RN O EEARUI BT 5 IH - HEEMOBRRKIE, 70 N EEROMN K
Z[1], 2[2]%[3] % FrHERE (BRIEEAER) oM 2%k g1, 9(2], 93] ZHWTUT O L ) IZEHT 5.

rule = rule2;
72721, (r,0,0) ZL—V —HEFE L 2 HEEIC B 2 BB AR TH L. LR T O ST LBV THE
1756 [6]) (BREERER) A BIRL, T 7 NERERPERIERR~O NS FRAOMEELREFHT L2108
A gli](i = 1,2,3) F1o NS HHEXA Fig. 9 o L) icHhsns, 72721, NS iR oREIE
BhE LT\ 5,

4.4 T hNV PEELRN O o BESRAND NS Hf o a2

JEREZSR T 0 7T AR AWT, THhV MEERD L REGEOREEICBVWTHWONL Z LS, o
JEREFRAND NS FREADEELESZ LT, o BERITHEZORKEZ EERICIY AAT, £ibFmohEE
T RUER S & L CH R AR S 2 O SR 5 I & R % IS FEE RIEAE R TH A, Fig. 10 12 o FERER D
M EROER T RT.
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Z=h,
L
wk| .
Ty /’u‘[l
ui
.
e
Z
4z /Vg
h(gz,ts)
2=0 X

Fig. 10 Definition of o coordinate system

FHN N RS o EEANOBEASIC BT, [HEEROMY A % #(1), 5[2)7[3], HEmomy
3% g[1],9[2),5[3] £ LC, KX LI IESNL.

Ill=z=gz

2l =y =ts

73] = » = YO Mentel) 4 ploy ts]

yll] = gz

y[2] = ts

yl3] =yt

rule = rule2
o JEERIZBU B 22 BB AR (g92,ts,yt) TH Y, gz B L ts BUIMIEIARITH S L9 ICE#Sh 5.

AR T 0 7T DB TEITER 7] (0 FBER) 2 BINL, BEEROFETIEICH > CRIHEEETT 5
ZEICLY, BmRMIZFig. 110X ICH &N D, 7272 UKMIEOEZERIZ B W TR IER IS S RO EHE
L%7:%, ililixdmlL T\,

Fig. 11 X 0, FHV MNEERDS 0 EEANOEEERE T O 77 Ak HW75IEICB W TE, 4T
THERA S BT 2 FRORBLEATSEEV TV W0, EETEES 2 FESER S NTIE s Tw
LRI, WBOEWMNTHDLEEZLDL. LPLENS, TV VBN B EEEREY $TXTANTEET LT
MBI nE, 7282 2 FROBEICHLZE L7 Fig. 11 O IR TH o TOHHENTH L EFE R B,

4.5 TV b EEESRD O ERHEESRAND NS 75 R 0 HEEEA

JEREZEIRGE) & LTV bR A S AESHE R AN D NS AR 0 RS % R 3. AEAHE R 0 22 i 7.
R (SasNas 2a) & T 7V NEERDOMVZER (x,y,2) DEF% Fig. 12 ([IRT.

T b B R SAARHEREL AN O MBI B LT, IHEER (770 bR ) By 258 (1], 2[2]2[3)
BRI (BREERER) O g1, 9[2], 93] #HWTUTO LI IZD L) ITEHRT 5.

Z[1] = = saCos|a] + zaSin[«]
Z[2] =y =na

Z[3] = z = —saSin[a] + zaCos|q]
g[l] = sa

g[2] = na

i3] = 7a

rule = rule2
JEREZEMA 71 7T 2T B THETER [8] 3B L, T4V NEERD SAEFHEZER~D NS o ML
ZERMET A 2 2L, RIIC gl (i = 1,2,3) Ko NS KA Fig. 130k icHsns. 72721,
NS HBEXPOMMEHIZEE L T 5.
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ho? (hO-ye)lub (e, gz, ts, ye P G D [gz, es] KPP [gz, £5]  RORD[gz, es] p00W (1, gz, £2, yr]
Havierst on[l]= - +
coef[l] (RO? + th0-¥e)? R gz, £s]?)? h0peceef[l] -pooef[l] higz, ts]

vt h® D [gz, £5] p @0 e, gz, £s, yE] howb[t, gz, ts, ye]wb N0 (£ gn, £s, ¥5) vb[t, gz, ts, ye] ub® 0D e gz, ts, yo]
- + .

2, oogrp @ nCe M gy by ? L P AT P TR I L L AT TT
coef[l] (hO-h[gz, :s]JJim . coef[l],JM QL R lueeta) JM Syt g B

hOpcoef[l] - pcoef[l] hlgz, ts)

p-00 (2, gz, ts, ¥E]
poosf[l]

hO? 4+ (ki -ye)2hO-D [gz, t=]?

o L P

+ [w (e, gz, ts, ye] | (ho - ye) wb(c, gz, £=, Yt]J

2, - EPRCEES v ba)? 2, - 2 (L0 = tal?
(b0 - b5z, ts]) {—(hn—yt)’vb[t.n;z,cs,srt]h“-“’[gz,cs]h“-"[gz,tsl+b”’\/” Lo J” ey il Bigr el gy @208 (5, gz,':s,yt-]]

= /

ho? + (hi - y£) T heh D [ga, t5]? B0+ (W0 -ye)? b D gz, 6s]? ]“’ up 0D e gm, s, yh]
+

hocoef[l] (h0-h[gs, ts ,\/
11] ¢ho - hlgz, ©=]) T o

20d oyt 20D e ta

cosf[l]

ho? (hi - yt)?wb[t, gz, ts, ve]* W@V [gs, £s] hP [gz, £5]  hOh®D[gz, £5] p 0D (£, gz, s, ¥vo]  yehOD gz, £5] pO00Y [k, gz, £, wE]
Havierstokesequation[Z]= = + +
coef[2] (hO? + (k- vt)? G- [gz, £s]?)° hipeoef[Z] —peoef[Z] higs, ts] W0pcoef[2] - peooef[Z] hige, ts]

howb[t, gz, t5, ye] vb 00D (g, gz, £5, ¥E] p@ 000 (e, gz, £5, yE]
-
peoef[Z]

+|vblt, gz, ts, yt] | (MO - yo) wb[E, g3, s, ¥u] B [z, ts)

J h0? 4 (a0 - 7212 B0 gz, k=]?
N e a
Rt

coef[2] (b0 -h(gs, £s])

(h0 -h[gz, ts])

+ hD-, 2 g ka)? - AW e rag?
~h0-ye)?uble, gz, ts, o] RO gz, £5] ROV [z, £5] mn’,‘/”’ 2020 %D Jaxcba) 1/”’ 20 in D Blgmtal” @0t e gz, ks, yn]]

=0 /

hi coef[2] (b0 -h[gz, ©s]) [

10?4 (b0 - ye)  hOY [gz, ©s]? J”’ J 10?4 (hi - y£)? he-0 [gz, ©s]? ]

n0? ho?
ub(t, gz, ts, ye] v 00 (e, gz, 2, yr] wbh @000 gz, £, yr)
+
EP TR PR LR ST 2. bty 2320 a ks
CDEf[Z]J 1024 chllpty n’;: D gz, ta) 'JM an m;;: " gz, k3] coef[z]

1 h0? (k0 -wt) (hO-h(gz, ts]) wb[t, gz, ts, yo] hi gz, ts]
coef[2] (h0-hlgz, ts])? h0? + (W0 -ye)? W3 [gz, ©s]?

Havierstokesequation|[3]=

(h0 -hlgz, £5]) wb[t, gz, &5, v6] h@®D [gz, t5] (h07+ (hO - y£) *h D [gz, £5]7)

5 + (W0 -h[gz, £s])

ho?wb[t, gz, ts, vt]

B+ Gl -yedTROD [gz EelF gy o (0 -Blgz, £e]) (WO e WO - yedhED [gz, £e) D Wb @00 v, gz, ke, i) m/

2z (ho - h0 -h[gz, ts]) ub[t, gz, ts, J
( e [gz, ts]) ub[t, gz, ts, ¥t] presS 50

h0? (RO - yt) (hO -h[gs, t3]) ub[t, g5, ts, ¥&] bW [gz, 5]
h0? 4 (hO - yt) Th-D [gz, ts]?

Jhn=+ (h0 - &) PR gz, £s]?
w03

[ho? + (10 - 5£) R [gm, bs]’)] + (h0-h[gz, £5])

houblt, gz, ts, yo] (-wb[t, gz, £5, yo] hD gz, t=] + (hi-higz, £=]) wb@ 300 o, gz c=, yo]) 1
Pl
s

2 a.m

ot

((p0°+ mo-ye)* B [gz, £51” + mO-ye) B P gz, £5]7) p™ P [, gz, ts, y5] -hlgs, £5) (gh0p+ (-h0+ y8) R gz, £s] 2™ (5, gz, 6=, yu] +
-h0+ye) WP gz, es]p@ D (e, gz, ve, yE]) 4RO (gh0p + RO pub(t, gz, t5, el Wb (e, gz, e, ye] 4 (RO +ye) ROV [gz, s p @D (e, gz, s, ve] -

RO P gz, es] p NP e, gz, vs, yel e ye RO P gz, e pO N U e, gz ks, vl 4 p WO -hlyz, e e T e gz, s, D)

Fig. 11 NS equation transformed from Cartesian coordinate to o coordinate system
(no viscous term, physical component)

Fig. 12 Definition of constant gradient coordinate system
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Navierstokesequation[1l]- gSin[a] +wb[t, sa, na, za] ub®°°? [t, sa, na, za’ +

p'°1:%% [t, sa, na, za] .
vb[t, sa, na, za] ub'®°'"° [t, sa, na, za] + +ub[t, sa, na, za ub'®*°° [t, sa, na, za] +ub'*"°"°° [t, sa, na, za]
ol

pl°°-1.% 1t, sa, na, zal

Navierstokesequation[2]- wb[t, sa, na, za] vb!°"°**) [t, sa, na, za] +
0
vb[t, sa, na, za] vb!°®"°*°) [t, sa, na, za] + ub[t, sa, na, za] vb*'*'*° [t, sa, na, za] + vb*'*°° [t, sa, na, za]
) . p*°°*[t, sa, na, zal 0.0.0.1 ;
Navierstokesequation[3]= gCos[a] + +wb[t, sa, na, za] wb'"'""°"''[t, sa, na, za] +

e}
vb[t, sa, na, za] wb'®'°''° [t, sa, na, za] +ub[t, sa, na, za] wb'®"*® [t, sa, na, za] +wb*"*°% [t, sa, na, za]

Fig. 13 NS equation transformed from Cartesian coordinate to constant gradient coordinate system
(no viscous term, physical component)
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7o (EZ AR RN D LR DG E).
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