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Prediction of Sodium Leakage and Combustion Phenomena (2}

Yoshiaki Qka* and Seiichi Koshizuka*

Abstract

I.eakage and combustion behavior of liquid sodium involves various phenomena of
leakage, liquid drop, impingement on blockage, dispersion, combustion, change of
compositions, air flow, sodium flow, accumulation and heat conduction on the fioor. In the
experiments in PNC, air flow and humidity are remarkably effective on the combustion. Thus,
a general method to analyze the behavior is required.

A particle method for the analysis of sodium leakage and combustion has been
developed. The particle method was originated in the University of Tokyo. It needs no grids,
so large deformation of free surfaces, liquid drop behavior, change of compositions and
accumulation can be analyzed. In the study of the last year, an experiment and a calculation
using water simulating sodium leakage were carried out. The calculation result of the
dispersed water distribution on the floor agreed with the experiment, which showed that the
present method is useful for the leakage and dispersion behavior. In the present study, three-
dimensional analysis using the particle method is focused on.

In the particle method, particle interactions are limited within the finite radius of re.
This parameter is important for calculation time and accuracy. Particularly, in three
dimensions, the number of neighboring particles for the interactions increases with red.
Therefore, optimization of r, is necessary for practical calculations. A test calculation of heat
conduction in a cube is used and r,=3.0lp is obtained as the optimum value.

Two-dimensional (2-D) and three-dimensional (3-D) sloshing problems are solved
using the particle method. The above optimum parameter is employed in the 3-D calculations.
In the 2-D study, shallow and deep tanks are vibrated by an external force to compare the
response to frequency with an experiment. The calculation result agrees well with the
experiment. Particularly, the resonance peak deviates from the linear theory in the shallow
tank, which has been also observed in the experiment. Sloshing with elastic walls on both
sides is also calculated. The resonance peak is shifted by the large deformation of the free
surface and the elastic walls. However, no experimental data to compare are available.

In the 3-D study, deep tanks of rectangular and cylindrical shapes are calculated. The
free surface is deformed as an initial condition to start the calculation. The sloshing
frequencies agree with those of the linear theory in both cases.

The present study provides that the particle method is developed to 3-D and its
accuracy is satisfactory in 3-D sloshing analysis.

* Nuclear Engineering Research Laboratory, Faculty of Engineering, The University of Tokyo
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wWaErYuETsL, EERETCOMREESFERELELT

. .
— VT +85=0 3.1
Cpp (31)

L TV VERBANFROND, TITSEHBET, 1.2W/emdt T2, TOFKRT

V)R
ERRENE RO, EAHEORLELT(LSTEESFEHES 5,
3.2.3 EHEEHM

CORT v YHER UL, BB v, 20D TR, i VWRT
TRONEFELLAHRERLZENBORDLYICHWLZ L E L,

o FREFEMA

mE LR
ST -
o = Z_Zj—_’ls—— (32)

ZIT, THEMPSEICL 2, TPIIERTH 5,

o ENEIC L B HERBOE

3KTAMT DB BT (5,5, k) 1 BVTR (3.1) BEERILT 5 & .

k' /Tipage —2Tix + Ticijx + Tije1,k — 2T + Tij—1k + Tisk+1 — 2T 4+ Tijx—1
Cpp Ax? Ay? Az?

+s)=o
(3.3)
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(v
K]
3

Ar = Ay = Az (3.4)

EFBE (15, K) 0B BIEE T 0

1 Cpp
ﬂ:jak = -'6-' (1‘;:‘{"1:3'1'& + ﬂ_lijlk + ﬂ)j'*‘llk + :I?i:j"llk + ﬂlj1k+1 +-nsj:k—1) + 6kAm2 (3'5)

Ebo COMERBIEIZL VRO FHERBNT, Ay valiz—ldbib
1546 99 FTTITo/z0 Ay vadBEWVIEY, BIZBEEIMLEST 2, LaL.,
COEFERIEIIENENPE I PRE720, NHZHEDTALERD D, 99 A v
AT o LR B L ERBOBEDRER % Fig.3.210R T, Figd.2n b X v
YaDFRBPEREL DI T, BEINELEoTWSE, 2FDMAILTS
WZoNRT, EFNERICESVWTWAE I ks, AviaBE 8525 9912LTh
0.1 db&v, TN, 99 Ry a2 TCHLAEERZERE LTHWS, ZOEHOH
OFRIRBESS AR & Fig.3.310RT o HREFTHAM 146 CE R

HEHRBLIUER

MPS &I & 2EHEIE. RFEIEHEAT0.01m T—T 15 @R FHFBA KR THT-
oo MFOMELEE L TEHE Lz BFRICEA TV 254 (MR, HTREE)
L, ARAZEE (L. AEARE) L300 25@0 iconTEEsiTo72,
- AHAIEER, BFREED, ST RESED 282 KA LU THREE Fat il
ENHRONFEBBLZODTH S, FHMEE DKW FME* Fig34ilRET, oh
3 =0 DFHETONFMETH b, FHAUBBICOWTIE, RFHEREE 1/2, 2
EH0005mZLdb (MFEIL8HE) KoL ARICHEZTo7-, STER
R% Fig.3.5 IIRT . BN ridhi FEERTH S,

BHREES LUFAHABEBEDO L5108V Th, rodi k& b 10 THE
BREL LTV, ZHE, WFEEF—CIXRBL L SHEART ARFORE
R LTw L, ZHSMRENEL 257:0THA, $7-. FEAREBEDIESIC. Te
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NS VEHIEESAE (2o TV A DR, HEAET 2 HTFHIIITL0E 4TS
H1:0TH B, Figd Sl BV TRTREE CED EBDIAEV r, = 1.2, Tid, #
EfERT DT PHRORFOLLOT, ZFEERUEEE 25, fEoT, BEE
Fig32 D15 Ay VaDBLEFLEL o Tw5h, RiT, EHBEHOEEL 1 step
) OFERBOBRE Fig3.6ilR T, /2. BRFREEDBAICBIT 2EAM
BOFEEHEERICHEDARTHOMBE Figd.TI0R T, STEREILREFEIC T
Bl, DY ELAEBOFEEr. D3 FITUHBT A LR THNS, SHEBEOEA
Do 1 =30 BENFIKRTHETIIRETHL LHUMTE 5,

3.3 4 LEREREE

CINRETIC, MPSEZAWT 2 RS LA REMEOEF BTN, BEDQERPS
BEDRVW—EPRBONTVS 280 2T, 3RTHEDOKRIEL LT, 2XTF 45
B E 3 RTTHAR L UTEIT Lz, BHERRE Figd810R T, M FMIES% 0.03cm &
L. SR FEE 4106 (9 H5AKROHTFE 450) & L7z 0.0sec~1.0sec DR % Fig.3.9175%
Yo IKOFEIDIIE DL Fig.3. 1010 T 2 RTOEHBEEEB L UERER L T 5
& MAR CRRVTO NI, 72720, HFPL I & 26 2 KTEESL L LR TH
bs LIk, BHEEOHEMZ LT WIZOWTIHEETE Ty,

23



ZE §=1.2W/cm3
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Figure 3.9: ¥ ABBEEERR (20 1)

32



0.30s
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0.50s

Figure 3.9: ¥ ABBEEIEHRE (F03)
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Figure 3.9: # AFRIBSHERE (F0 4)
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4.1 RHEEEKEICHBIFTA IOy LY
4.1.1 5tEHZR

BHEARICIE Fig. 41 ISR T L) 2ERO 2 RTAME R B, S okiE%
z = Xo(1 — coswt) : (4.1)

DERIHEVEEHHRE) % S €5, MEHRENIC X W AKHICEAFES N, Ehhf-Xay
7 DIRMBI Fig. 420 A ITRT L) ICEIEBEOKEOKE, S ENINFAE S LR L
T2 TERT 5o

ATy Y7 OFBERISER., KR r LAEDBIOL A/ UZE o TREL BT Z
ENFRILG [29] KL o THESN TS, ZICEILICL > TERSNA I/h=010D
BELI/h=06DHEND2EY OFELTE 70 STEEKRD B2 EIEIZ Table 4.1
KELDTH B,

WEBERTIR AT y ¥ v 7 OEAREEH 7,13

rgtanh (2—’,@))_% (4.2)

T1=27T( ]

TROLND,

4.1.2 FZWKEICHIT3EERRE (r/l1=0.1)

RN = 1812 1, BERIZIIEAL = 1.0 X 10-3sec DEIEE 4T 570 BV A2 S
ﬁﬁ%Mit%QK%%%KEBtmﬁwﬁwﬁ%%EyﬁtﬁToﬁﬁE#%EK@
TEE > TR L TV EBETFIS2 5, BEES T Navier-Stokes FREAD z kS

du, du, Ou, OP
p(m+%wz+%&)+”+5?“0 (43)
ZBWT
du, Ou,



ERET 5o BWAKBIIBITARAT Y V07 L3, AR KESEVEL Z ORSIEHR
DTz, EBRIGTEERTD u. R E VDI END Lo ETE LTHrEEZ
bd,

KOEIDL) RRVAETEREITR - THY [29]. BEREEOEEEF B s ¢
THONLAB Y YT OBRARBEZAZT LTV B, EBOFEIILAF Y S A2b0
T BRBEAT y Y T RICERNILELSEE L) 2 b ThE, TOBARBREE
BAICERASELE & LB SU DB THECED DS EAHSN TS,

AR L NBONLZATy VU FRHEBREL NS OEER [29] THERER 4 K
LI DEATY VT DREBIEEICOVTHREIL ) O% Figd 41278, BE
anCidy MEHREIDREES L £ ) LR 0y ¥ v 7 OB EIESE R Hw, 177 o 7B oIt
TEL, KOBVIR\ESRNDETTHE, L L. BOKEOBEEIR (4.4) DLl
W2ENZVDT, AUy VT DRBOY — 7 IEFEREICTNRS L S5 EBERH
ﬁ%éﬂfméo%ﬁﬁ%%ﬁtﬁﬁmxn§9y7®%%06—9m%%&ﬁwmfh
BEVIFERIBON, E—/ONBLR—HL TV, 2D &id Figd3h 5T
SNIFERBONRDY, EEMICORERE-FBTHEEIZLERLTVS, KD
[30] KB TERZ TR THY, BAEERPOHE L BRELHEL, EhEs
TRHBALTWE,

4.1.3 FRWIKHBIC ST BEERER (h/l = 0.6)

HALTF8 N = 3604 18, BERIZIIEAL = 1.0 x 10 3sec DEE 21T o720 VA B
IREYE MA 78 IR I oK E OB ORTF % Fig 45105 T, MEEEH T8
SNAKEORIIE, R0y Y Y7 OBRFRHOREEE HER K, *

2
W) = % (45)
L¥BE,
m@n=Aﬁm%qmu%h (4.6)
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THRAONZ, BIEERPOROLAKEDIED 13T sin (%2) DFE LT BDH Figd.5
bbb FEVIKEDFETRCAE & ERTEDOFEI /NS, BEIAEOLT
BEHOLTHELUTESL L) ITRDETFEIND, ZOOBBEROLEMER (4.4) A7
S, BV TITEHRENIC L > TREBOERREMFHRE SN EEIZLNE,

R{1=0.6 DRMICEL TS, EILS DEER [20] & AHEOREIC & 2 MR OEK
BISE LB L72b D% Figdb6llRT . FHERE CIIB O E R BB EY, 12
Z—HL T3, 727 LEROF CREBOBBEDHHERE L ) L 20 EVHIZTR
Twbe BREE LT, BIlSOERTE | BOREECKE YRR S 451, RIgHRE
BEDIFL LT ORBEEEEREEVIFEFLoTVBE VI I EREETF LR
Bo o THRIBNAE Q2 BT EICk BIETMRCHBY — 2 SBE L b 0L T
BEND, 1o, H0B LTV AEORIEOR S FSHEQH ML % o 720 Figd IORT
0. BT T L RBEORIEAE % 2,
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Table 4.1: FFEAHZH

| VKA | RV KA

KFE DR 1 1.0(m) | 0.6(m)
IKER h 0.1(m) | 0.36(m)
A IR B D HRIE X, 0.01(m) | 0.006(m)

PICEERR 1 & B B Th = 2n/w; | 2.05(sec) | 0.90(sec)
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Figure 4.1: FE&4#%

42




external force
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Figure 4.2: {RIEDER
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t = 15.0sec

t = 15.4sec

t = 15.8sec

Figure 4.3: BV RKEIZ BT BEHERERE (w = 1.14w)
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t = 6.8sec

t = 7.0sec

t = 7.2sec

Figure 4.5: SEVWKE TOFERF R (w = 1.00w;)
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4.2 B OEFIRE)

ARG EABEY ORTEETT Ve REEY 5 010, MR D RRMOE AR
@ﬁ*ﬁ‘%fﬁ:g f:o

4.2.1 EtEHR

CHEARIIFigdTIDRT LI R FELETH 5, stEBGE ARCEESZIEETR
riT 9, BHEICHV BN ELTRT.

o BEE &, =10m
o BEDBNREDHEY =64 x 1072 kg m2
o Y/ EE =338 x 10°Nm2
o Wi 2KE— A+ =833 x 10 !m?
Frie b B ORER O EFIRE) O B FATRY I
T = (12.;7135)2\@ (4.7)

TRODEND, EDBEIIT, =1.0sec ThHb,

4.2.2 EtERER

AEOHERE Figds8 17T, TREBECSNAHFLRIE, MITNICS FEENL L
I
2nt

sin (—T:) (4.8)

W2 L7205 TRt 2 EERDZ T2 2770 STEHEREOIRIOE L 1.0sec THEAT
MaFHEELEHEIC—ELTWAS,
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4.3 PEMEKECEITBAZOY LY
4.3.1 EtEHZR

FEARIGRECEGEEAE (h/l = 06) OBALF UERAETD 5, 7272 LAREORE
AEAENHEERTHERENTVD 50 LT 5, STERRO BN LR EES Tabled.2, B
WWHWEEE Tabled 3ICF LD B, ¥ 72, %"E‘iciﬁﬁe@%ﬁ@%m WTW5,

28y v vy OEARHEPGEHEEC LY T =2 () (tann(22)F Ekwon
bo KETHEDEER T = 2.6sec ThH 5o HEFbREOEFIREOIREEE LRI

2
2mly _, [Pub (4.9)

To = ey \ Er

EhETn, SAOEES. T, =2.6sec & LTATY Y7 OEGRESHEH L —FH X4,
ATy Yy OB T 5 HEEREORZE T BT L,

4.3.2 EtEFER

EHEMEAE Figd 9IlRTo ATy ¥ V7 THIE SN EICHEENF SN TER LT
HDNFW B o BEODEFRDT 0 IZHIGHE U SIREDEWER Eil Btz EL 5, Fig4.10
IERHIHRE DR BIS T A A0y O V7 ORIEE . IR & IR KAE THE L
bOERY . BEEKETEIHBETELLAEBIEL LTV EDFFIP5E, ZhER
0y Yy T BRIKEDERI o TEEMICKEDEIDNE DLz -o L B
HiL b KEMNE TOEDOEMIIHRAHAI =03m DT, [+2AlEH LVWEAETH E,
ATy Yy OEFRMEMIEIT =2.8sec L b, ZDL Zw/w, =093 T, Fig.4.10T
D MPS I L 2 BEFEILHBONE— 7 OB E R —FT 5, MR, L RIUL,
KOMMEEDORRIZL Y HEY — 7 OFERPFNE (b EEZLND,

ol



Table 4.2: EFEAZR

KEDEADIEL | 5.0(m)
K h 3.0(m)
BREYDIRIE X, | 0.05(m)
EERH T, | 2.6(sec)

Table 4.3: BEDOMH'E

B S 1, 6.0(m)
TPy 7.86 x 1072 (kg/cm?)
YU ERE 2.0 x 10M
BEE S a 3.0 x 1073 (m)
HiEmE A B T, 2.6(sec)
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Figure 4.9
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5.1 EAFFKEICHSITZIAY LT
RETBIEMPS ED 3RTICBIT L AT v ¥ VM BFORIED - D25 7

5.1.1 EtEMFER

MR Fig. 5.1ICBURT A RABOKIE TIT 2 o 720 RROEMRG2E % Tables.1
RE D, Auy Y OBREGRSES TITEBERICLD

h(22h)\ "3
T, =97 (M) (5.1)

TROLND, ZOFETEIWEARGE LTKEICERL A(z) %

Alz) = —%mmTﬁ (5.2)

DEFIZLAENoTEL b, ZORIIKEICEFREEFE L7 B4 0REAOELEETH
bo TADMMEIL 0 CEFERE L FEICTREOIRE A BET 5,

5.1.2 ETEHFR (4y=4cm)

MEADIRNE AgA¥ dem DIFEDKEDEHED DT % Fig. 5210, FEAPEBZOETFF
Fig. 5.3137R Y, BHdKEOHL % @Y BHliRE)OF M & FT 2 HIC BT 2HERTH 5.
KEOIRE) z B Eam» O BIrAcE &, HE AR, %

2
s R
At ,z) = ZA,,(:L' ) sin (wnt) (5.4)

EBo 1721 An(z) B n ROE—F OKREOWKRERT, 2 F D REIET ITKE
D A(z) DKL MER LT oo RERO AIRB vl ORI EFITAZ L1l b,
HEER>OBONIKEORIKD Fig. 5.2& Fig. 53 ET2 L4905 & D ICLEH
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o THEOBRIELEROTE MR LT TWwd, TOZLEFEIIBVWTb RO Y &
Y7 OBEEHRBFELSBERENTVWA I LERL TS,

CHARSORELHFEIKAORAS S 2EHE BTy F LAb D% Fig.
54127, MEHIZZDOREIIBT A KEDERESTH), dbot b NEIZHHT
DAREPLDHITERT Ho KEREEEDEZ o 2T TEE L2 LRE) % HKl)
%o REIOHBIRB OB EE L TRIZ—RBIRIZNTW 2 Db 25, BBER» LK
HONBAT Y Y 7 OEGIREIERL 0.65sec Th b, FHEFREL LTRONAKED
TWEIFHD ZOBEIC LI —HLTwB I EFHRALND,, ZOZ L LFEHERIRAD Y
YT OIREBEMIIOWTLEENIIRCBELTHEEER 5,

5.1.3 FTE#ER (4y=8cm)

WA DIENE AgH® 8cm DBFEDKEDIED OFEF % Fig. 5512, FEHEEBORETF %
Pig. 5.610R T COBE, BANORAFEBRTE R 2Y ., bIECHEERLETE
—¥ L%y, #HEHEH Navier-Stokes HFERD zik 5

Ou Ou, Ou, oP _
(6?5 +'u,za +u26z)+pg+3_z—0 (5.5)
BT
311,,, Ou,
. + u, ke 0 (5.6)

ERUT 720 TH Do IHOKEOERAKEVEER (5.6) RV T2 Ry, &
BUEEERL YV AE(TNBIENTFHEENS, Fig. 55& Fig. 5.6% H#T 2 L 0K
BAEBEPRICEELLEREORZ L IR R T RWVOPhR 5, BEIZE > TEIZ
UL LTVADTELREEDHELD LN EHVWMNE T TAREMVEET 5, K
HORKES EHEEZE-TT 2y M L2b D% Fig. 5.7 R T BRETE o7k
B, DB EICHEETE S L) 2BICER L TRITZHT 5 &L ) BRIBERER
R LTHRONT, 7272, REEENL 1 BB IMEERIZL 2ME T =0.65sec & & —
BHLTwa,
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Table 5.1: &4 %

KOG ! 32cm
KAEOEAT & 8cm
KEEh 24cm
AEOIRIE A, 4cm,8cm
AUy ¥y 7 OBREREEL T 0.65sec
RN 28000 1@
FERIZITRAL 1.0 x1073sec
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Figure 5.1: FTE &R
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5.2 HfFK#ECHITZIXOY T

EHGKEIIELAAT Yy Y Y IE2RTHTHY 2 RTEETIBINTE S, HiEA
BTORBEROAT YV Y 7IX3RTHTHY) 2ATEHECIHELI LV, #2T, 22T
HAGKERARAT Y Y 7O 3IRTEF B2 VWHTED 3 RTEERE S MT 5,

5.2.1 EtHE&R

EHEICHER Lz FAIRIAMEORIRE Fig. 581X7R T AR {EI Tables.2i0F L7z,
WRER D O RO SN2 AEEAMEICIBI 2 A0y ¥ 7 OEEREEIIZ

1
kq tanh (BB 77
T, =97 (%kl(ﬂ)) (5.7)

TEINS, TOFETREEEICHHESE L LTKEIZEM A(z) %

T

=) 58)

A(z) = —Agsin (

DB LT=5o TE L b RO 0 TEHEEMS b FRHC EE OIREI A 88T 5 .
ABICDYOER %5 2 728F % Fig. 59127 T '
5.2.2 EtEEER

KRE DD DT % Fig. 51012, FABBEBROBRT % Fig. 511K T, HEHER
LENANLKADOKEBELICEH L TERESFEDOEHELFEL  BAFAEERw,

= % (5.9)
i R
Alt,z) = ZA (z) sin (w,t) (5.10)

TRENDL LEFHEND, Fig5.10% Fig5.112°56 345595 & 912, FEE-> TLED
HREIEEEZHFLAT TS, AFEOBSLHENEFES 2 LCEHELTVWED
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PEDb. KEDREAES EHEEE- T/ Oy F Lz b D% Fig. 5121008 F, Hdid
Z DRI B BKEADRAB S Th o KAREEROWE Bo 73 FHE L4 HIE
BEHiT 5. MEHERD O ROONLNFHEAKEIIBIT A0y ¥ 7 ORFREEEIL

ZOBA 05TTsec Thbo SHEAERE LTBLNLATOREEL D Z0fEIC L (—F
LTWwWahAIZ EtdEALENS,
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Table 5.2: 5TEMAER

+ER 15.1cm
KR h 22.6cm
A DIRNE Ao 4.5cm
Ay OEFERED 0.577sec
WA TN 12408
R ZITEAL 1.0 x 107 3sec
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=
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O

-

R=15.1cm

Figure 5.8: [ A4l



4.5¢cm

22.6cm

I5.1cm

Figure 5.9: FHE&R (BrmE)
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Figure 5.10: TEADIREE (&ﬁ'ﬁ)

Figure 5.11: FEH# (#mE)
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6.1 X0Ovw i 7 EHEIREEEL]

HRE LT 2RTERAELE LD (Fig6.1)o EHRONITEERT v Ve VoV L

8¢ ¢

822 " 822

=0 (6.1)
EET D, BERF VY NVEERL L 2, 20BETH L, ChE
d(t,z,2) = $T(t) X () Z(2) (6.2)

LEBSEHT D, R L ERTH B, TER (6.1 IRALTHEL &, kg
LT
X(z) = Bcos(kz) + Csin (kz) (6.3)
Z(z) = D cosh (kz) + Esinh (kz) (6.4)
LET B, 722U B,C, D, BEIIRRGEM L OISR P O EL SR TH 5o o ITH L TH
WHRGEE—FOAhEH, BEEEHATLLE

X(z) = sin (kz) (6.5)

E B, EREGKEOREOBRAEMN PO ky=TTn=12,... LVIHIfEE LB L
BTELY, LT TREDRIERDE-FDAEZEX k=5,T b, Sbilz=~hDF
NKEDERT, zFAOHE u, 70 THD L) EMHEND

__coshk(z+h)
Eb, BB (6.2) IfLAT A L
o4, 2) = BT (&) sin(kz) ZPEE+ ) (6.7)

cosh kh

b,
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—7 Navier-Stokes F1ER D 2712

Ou, Ou, ou, oP
(6t+%am+ﬂz&Jﬁww+5;—0 (6.8)
BN
du, 3uz
uza_ +u, az =0 . (6_.9)
cRETHE
Ou, oP
o2 g+ 52 o (6.10)
CORZ AL THESTT 5,
d¢ 1
X +ost () =F (6.11)

BACH FERRE PR LT —BBEEDRLZV, 2=02b0KENELECLT S
EEHHRE z=(T

%) +oc=0 (612)

PHALY 5o BUOREELLHEFFLWVWET S L

& _ 8¢
Eriadrm(9) (6.13)

A (6.12) 2t THAL, Zhick (6.13) AT B L

5 2]
) +e2(¢)=0 (6.14)
PHRLNL, T TEKORLNEFELNGTH B (6.7) %’I‘UKL'CT(t) CELTEE

05k
32T
E2

b, FEDOIFFOBBTH N O EFTERILVOT, (PN THELREL

—gktanh k(¢ + )T (6.15)

tanh k(¢ + k) = tanh k(h) (6.16)
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LT A, 29758
T(t) = sin{wt) (6.17)

Elph, R lwid 2 OEFREICHTT 5 ARSI T

w® = gktanh kh (6.18)

THbdo WEMIZHEERT ¥ ¥y vid

cosh k(z + h)

cosh kh (6.19)

#(t,z,z) = ¢osin(wt)sin(kz)

LEREND,
Fig. 6.213 tanh (¢ +Ah) ¥ h=10 % A =05 COWTHE LEETH 2, ThEH

(=0MEIZonTHA L L, =10 Tid tanhn(¢ + h) DED DRV, 2O LD BIE
WA IZ BV T (6.16) DEMIIBEITH B &\ 2 5, BUEMRITIZ 2 KR AE T
/=01, Ii/h=06TBIho/d I/h=06IBF2A0y 7 OEFREEY
DK (6.18) L W kD SN AHIEEHEMIC—H L THBH ., BOWRMET LY BB L EEES
THELHEV)TFHERS—HT 5%,
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Figure 6.1: 2 RITEEIZAK A
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tanh7(C4+7 )

1.01 ' : "

1.005 : -

0.995

0.9%.1 -0.05 0 0.05 0.1

G

Figure 6.2: h =1.0 & h=0.5 DHFED tanhn(¢ + h)
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6.2 XOvw I TDER

SR CRIEDICENE S LGB 2 B ko7, BFERIL., THOREIAE
T BT WSEH RS 5 bh 245, BESE U7ze AFE T Navier-Stokes 2
ORMERE 0 & LT b, F /M FE Lagrangean 2 OT. BHEOEMLICRET 5
BRI D & LR, 22T 2 CRIEDFRET 2Bl 22583 2,

KEOBRC(z) B (6.12) & |

193¢
(=250 (6:20)

IHIZH (6.19) ZRAT B, 72 LABIWHORIEND 55587 O T sinwt ¥ coswt
TEXMZ D,
cosh &(¢ + h)

__% "
(= p coswtsin kt o (6.21)
CHS LT Ut/ sl
cosh £({ + k) ~ cosh kh + (k sinh kh (6.22)
EEPTES, hexk (6.21) IfAATERE
_ —¢ow sin kx cos wi
¢= g + ¢owk tanh kh sin kz cos wit (6.23)
L7 B o AMATHAEET L
tanh kh ~ 1 . (6.24)

THH, ZDHE3(6.18) &Y
w= \/g-_k (6.25)
Llebo I LEk=n/lThHD, TNHFEH(6.23) ITICAL T—dor/kfg= A b T B E

Agsin kz coswt

{(tyz) = ] (6.26)

1 — 742 sin kx coswt
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b, VWEz=1/2 ONET(OBERENRICEET 5, (ZRBEICEL7oy b LZDD
% Fig. 631U Y. (FLEDHENFRE BOREEMANSVEV I EREFTITHIZ L
Wb b, Bt =018 5 KEDEMIT

Apsinkz

1— 11'%0- sin kx

(6.27)

{(=)

THEEND, 2hE70y b LALD% FighdllRd, 2z KX LTHITPxHEEdoT
WinZ E&dbhirs,

FABTHo7:2RTAT Y I ¥ 7 DRVIKETH L NIEBOREGER % Fig6.5 2
T e COBRIIBOTIEUFEDFPIRIEFKE (2o TREDNFbR S, SHERER
DIRE» HTFHEND Al 0076 TH b, ZOFR, EDOEMOIRIES, &L B OEN DI
g (DI 20 L FEEND, FHEFRTIRIDEECRII 15 BEL R, EEMIC
LEVDD 5,
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Figure 6.3: (DFEEZ1L

Agcoswt

tl =
C() I—W%‘Lcoswt

A =011=10D%E4E,
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Asin(kx)
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Figure 6.4: LD ¢ 575
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Figure 6.5: T EFER DWW
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6.3 #5%. RERDDZE

APFRICBTHATy Y7 OERTEIMMEERARNZER L T2, ThoDE
DRESTHWEELB Lz, TTEYEEOKE &% Table 6.11C7R T KEDAT —
Vit im, REERD . BHGERBOWREIIKOBEEEAVTVE, ThHDEEHCT
BEDFSORE EEFEL7=0ON Table 6.2 Thdo ZNIC L 5 LMBOEIC H~SF7IH
b%%ﬁ&ﬁ%nk%wmﬁbﬁb\%ﬁ%ﬁaﬁ%%ﬁﬁfééwﬁb#%o
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Table 6.1: EPBEOKE &

& L= Xy
BEp 10% kg m~3
SRR [H R - 8.0°3 m
B u 1 m st
KERo 72.0 x 107 | Nm~!
TKTH O B BE 2% 7, 101 m
LR nu 1.0x107¢ | m2s!
Table 6.2: £IHDILEL
M | KEHRDIE | HHEE
RIT pulr=! ory? vur~?
HoKEE | 105 10t 102
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MPSIEIZ L 5 3 RTEETEOR LB EZ&RF Ui, 9. NTHHEEEHOFEEEZS 2 5
NG A—F 7 20T, 3RTTAMEEL DBEFBNNLED r, =30, PREATH5S
EORRERIZ, RIZ, MPSEIZED 2REB L3 RTDAT v ¥ ¥ 7 O ERT %
72 o7

2RTEATy ¥ 77T, Bl OoPFERTIT 2 o TERAEIIOVWTEHEZT 2V, &
BRI AT 2 EIBUSE A EER & S TIIZ—B L 77 BICBOAMICBL T, B
EHFBNL L TRBY — 7 P HRBER L D S ERAERAICRECBET 52 LIFE
CBWTHHFHREN/ . BRKEBICBWTIE, EBREFRRICERESEHNIEE Y- 7 1348
BB E—ET 55, FEICOVWTIREREOR~FHER SNz,

S 6T, HEFEEEOERAETCOAT Y ¥ I OSEZ TR - 72, IRIBILGEEMERE &
DIIBIZL Y SHICKREL LB EED I, EBYE— 7 PERBREMICRE T 52 LAFTE
SNize THUZ, BEROERIZL Y S0 KEORENR 22 L) 2FRICLE L
EZbNhb, Thbb, MPSEZHWAZ L CHHBEMPHMMUEITKE (ERTLIEE
DAV YT 2R TEHIENRINI, LPLEDL, TRIZDOWTIRERT ¥
B, EEORR L OHBRSEORMNBETH 5,

SRIETE, BB LUHFHHBROBVAKEIIBT 20y Y Y7 ORET B0
7oo MG E LTRER LZ-BHEEZ S TEHEEZRBL, ELLDERIIBNTY
RGP EEERE — BT H TR LT

AR LY MFEICL B 3IRTREFESHLENL L L DBIZ, ROv Y 7D
FICBWTEDHERENTFH D LIRENT,
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