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Title
Optimization of Thermophysical Property Measurement System under Microgravity Condition Using a
Parabolic Flight of a Jet Plane
- Numerical Simulation of Fluid around a High Temperature Body under Variable Gravity Field -

Abstract

In order to reveal the dependence of oxygen partial pressure on molten metal surface tension, we
measure that adopting the droplet vibration method to the electromagnetic levitated droplet under
oxygen partial pressure controlled condition. For the electromagnetic levitation method, droplet
deforms to egged-shape thus frequency analysis becomes difficult. Therefore measurement under
microgravity condition is needed which the droplet can be sphere as an initial shape. Our research
group carries out the surface tension measurement under microgravity condition using a parabolic
flight of a jut plane (PFLEX experiment; Parabolic Flight Levitation EXperiment al facility). In this
study, we optimize the PFLEX experiment which is carried out in the limited condition by system
engineering concept. And we analyze how the gravity change affects the oxygen partial pressure
control by CFD (Computational Fluid Dynamics), which is particular phenomenon in a parabolic flight
experiment because of the control of the pitch angle of an aircraft. As a result, we suggest the oxygen
partial pressure control method which can adopt to the any condition of PFLEX experiment; under 1.5
G and microgravity conditions.

Chapter 1, surface tension measurement method and needs of PFLEX experiment are mentioned.

Chapter 2 is described the optimization of the PFLEX experiment from the system engineering
viewpoint. Because we obtain only 20 seconds microgravity condition in PFLEX experiment. As a
result, it is found that optimization of the oxygen partial pressure control leads the optimization of
whole PFLEX experiment system.

Chapter 3 deals with the verification of the oxygen partial pressure control using CFD. Then the
present control is not enough to control and observe that. Furthermore, we suggest the new control
method and verify that. As a result, it is found that the oxygen partial pressure control assures under
appropriate condition; inlet gas speed range is within 0.05 m/s to 0.5 m/s.

Chapter 4, the results of Chapter 2 and 3are discussed and optimize the PFLEX experiment system.
And it is found that the calculation program is possible to be verified with ground-based experiment
result. The ratio of Grashof number and square of Reynolds number enables us to decide the
appropriate inlet gas speed. If the program is verified, we can predict the fluid behavior aboard the
aircraft.

Chapter 5, the results of study are arranged by Vee model. As a future work, we should verify the
calculation program with the ground-based experiment.

Key Word(5 words)
Optimization of operation, Microgravity experiment, Thermophysical Property Measurement, Surface
tension, Computational Fluid Dynamics
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Fifgk7) (o @ J/m?2) 1%, K& KUEOEFUAAAET 5 BfLiffE & 72 ¥ @ Helmholtz @
HHZRLF—Ths. EMREAIITRO LD ICHMIATE D 5 RIENEO S F1E, BWVWOs5)
FHATEFENTT S EY EVART 22> TODEN, [ LET D013, WEOS
FAZHARTEZORFRNERLTND., ZOZXAF—RNEHENTHLH. —KIZ, K
B EREDOMEITRELS, @IRICRDI1TE, REENDOMITNEL 5.

AR B O£ E KL, A OEN (Contamination) [ZHUKTHDH. 5 16 HELHEIL,
EBREITS L TCRETEETTE L 0D, FIZ, BIRTRAEE LTHEET 2WFEIT, BWRle
BORMFEIEZIBOTHEEDMLERITTHE THDH. Szyszkowski 1L, Langmuir DR
WENXE Gibbs ORAEFIRAND, MEWAEIZ L H2XKERDOE T ZHRmAICLLTO X S
WET UL LT

oc=0" —RTIIA In(l+ K ,a,). (1.1)

72720, o [IN/m2 JRRERS KO Poo IIKAF L72REES), or[N/m?2] 1Z8EHESEDR
EEF e wERmES, RI[I/m2] 130 A, TIK] I3EE, 7SAT [mol/m2] (X fafnizd %
i, Kaa 1 ZFEFRWAE TR, a 1TEFIERELRT. 2 2T, Sleverts OIEHNZHED &,
FEFIEE a0 X, WRlESBEFOBE NS EE Po2 L T2 &,

a, o« 4/Po, (1.2)

EWVWOBBNENND. Lo T, K (1.1) OFLE 2 I, BER I OEEENEOHER
BThHDHZERDOND.

INETRBORENL, WEEWERIIREIKFEL TWD EERBRENRRINT
. oL, ZOWET —ZITMEFIC L > TRERIELDE R o7, TOBAT,
&RFE O FHAKEENEDOEETH-T-. &EOFHRBE D IENFEIENCEEE K
FFZ &iERX (1) TR D K91, HFmIICAHbLNTWE. LL, HIICBEUERR
R JTEIZB W TCRAREBE S EE 2y b — L LEER#ETH . Z07=Hiz, K

(1.1) [T~ TeRMEEMEDRIEL, RS T a7z

L AV, Wle R A Mo E g S IR E IR 2 RET DI S
T2l kY, Hnad U REmBEIED FIREIC 2 o 1o, BTl 4 FZBL4 5 Fik
D—FETH b Bl (EML: Electromagnetic Levitation Method) 35 & QN R IEE) 14



ERWEREEAORNE FEEZAWD Z LT, REEDOFHEKERSE Y AR TEN FZ5REY
(ZHEDND BTz V.

Figure 1.1 |[ZSROBE ORI OWRELREL - FRPHREE R EAFIE 2 JIE LR R %
. BIHKERESENMEWVEA (Po2=1021Pa), REENIEE EFICE b0 ER
N HFRBAD T 5. W2, FEKBREIENEWGES (P2 = 102 Pa), KimENITRE L
HIZE bW T = AT RO 24 <. ZOMRIL, SRERICHFET HME S F DR
BB CLOBATES.

—RIZ, BRFESTHAREICRE - MET DL, EEREFHOREZ L —NEHT 5.
GREBEICMRESFVPRET DL, RETRXALX =D T5H, RETRLX—N, BHE
DT EDREEIMEONDTZOTHD. —FH, @BRENOBESTRMAET D&, FHEIT
O TVWIERE T RALF—NRY, RETRLF =0T 5. WELBEL @FE
AR IR L, IBEN ERT D065 T, BiET 5. Figure 1.1 12515, Poz=102Pa
OFER (T —RAT v 1—7) OBFE, BXZ 1200K 75 1500 K O#ifH T EFRoJf I
o TNDZ WD ; IRE EFIZE b, BES TS L, TORREERENN
ML TWaS. LarL, 1500 K #8272 IR EEIRCIE, RE EFICE 7220, REgEO
B LD, Ziuk, BLZ 1500 K I2BWT, &EEmN»SERHEY TN EaIcht
AL, TR, RE A E b RVERE TR LF—PINT 5 2 &30 -dThHD.
BEE BRI E B2, REEDOMENED L TCOSEBE, b9~ OME (Pz=1021 Pa
DA OFEIC LV FHHTE D, Po2=102Pa OFROLA, SREHEEKICHE O CRE
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Figure 1.1: The surface tension dependence on oxygen partial pressure?).
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RAOMD, HFRED LD, ZiuE, SIREERKICBWT, BIEORENRL, Wb
X, MR REIRDOFEEZ R L TNWD Z L2k D ; REENL, KETIEREL, &l
TV eV S PEE.

RKERS)DOWRE - BRSEEREEEZHAOLNICT L2 LT, &R E o0 ) EHEL
BORBBIZEMEH 5. Lu bi, FHKBIESIENEWEGE, W7 — /IR 20,
FREER T EMEWG A ICIXEE T — g b 2 &%%%%LTLK@E@R12@
%, B RARBE LT G2 THEDBOBODOEE T — NV OWEHX EZ R, 7T—7
EHEOEMAL, MoPLTHY, ZbmiREsd. £, MFDFE a 226 {120 I
L7eRoTC, BESENEL RoTWD. a b d T, BIENIENEL RDITLER

, WEET— VBRLS 72 o TV D BRESIEMENGE (a) X, REER L & BICRRm
%ﬁﬁﬁwﬁékb,%ﬁ&&57—7&%ﬁﬁ%%%ﬁ%ﬁ®ﬁwﬁt&é.%@kb
Befi R LA OARIE O sl 2 [ 5> CEm O AL E 95 (Figure 1.2 (b)-(a) ). —J7, BHE
SIEREWGE (d) 1F, RE LR L L BICRERDPEMNT 5720, @ik D7 —7
BRI OREBEBNOE R ERD. TO, Bt OEROKIROTEIL, 7—
7 BRI 2> TN % (Figure 1.2 (b)-(b) ). e BLO f OFEIE, T ETICRE
L7ZJRER TR o2 2. ZORHEIE, b OO/ R, 48 F m B L
RSN TNDT2®, BEORE - MEICLDUMHANERE LSRN L2k d. Zhvd
OFERIT, FREKBEDTEOa hu— kb, BET—LVOBREaY he—LTX
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Figure 1.2: The surface tension dependence on oxygen partial pressure?.
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9 5 IEfERRERENERFEANH/ONTWVWD ZENRUETHD. 07, Kuik o
MRDEREMELZMAT 52 L1E, BEROHL LD THLLEFERD.

1.2. ®ERARESE

1.2.1. #koOERmEEHIEE

FHEEIORIEITE L HBATONTEL, JIEEE LT, #iEE (Sessile drop method) ,
WL, EHAER ENH D, 7ok ZTEEE L IL, RO RIZERE A2 OY, ORI
R b EIFENZRETLHETHD. ZOHFEOFEE LTE, WEERNES T,
FHRBEREDEORIEN R TH DL Z ENFET oNnd. —F, RAE LT, HET LK
By & MR L TN D72, IRVREFEE TORMIBAREN TET RN ERET BN
L. R D, WEASEIRICRIIE, L (LS TREIMR S, ERERRmES
DIEPRRETE RN L5, ZiuE, %1 (Contamination) (ZHURK 7R 2% 5= J1HI1E 1
BWT, BmRREERD.

T IT, SRR EOMOMIRE AT D Z LR HEERITR O T EDREEND. LITIZ,
TGS & R IRENE 2 W e R RS OWE FEZ R~ 5.

122, BB L BHEDAE AV RERNMEE S

BRI E L1, =LY NI EESREREALESY, YVa— VWLV eREE
RIRSEHHINCTH DH. Figure 1.3 1Z/R-T L 212, SFERAE FHICHE Iz aA VcHE
JER A AT 2 &2 k0, BRI mEE RS A TR ST D, EOREE, &
SRR REIITMER SRS N D . EEROMERIL, TNLEZ SN, FEED
2, @RERME L —7RoERERT 2 80D, ZO/RRE, aA VTV IERISHh

Fa

Stabilization Coil

¥ 1 B /
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Figure 1.3: Schematic of electromagnetic levitation method.
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Tehids & M)A EoEROr— L oY NI X0 &BRENRIET 5. £, BEReRIC
FHEBIRNDIEND ZLITEY, YVa—VEORECHMEGRLD.

R IREh A &1, WEERIER OREIRB 28N+ 52 LT, RmEHeHEHT 55k
Tho. Rk, BReEEE, BReBORBALKLZZALh y [Nm2], Mlkgl, v,
[s1&+2L, RumEH y FRATHLDLIND Y ;

2 1(1-11+2) o

, where leZ. (1.3)
3z M

72720, fEBED 112X L |m| =1 OIEE Y — U DN FET D0, RBEIOGMED =012,
REIT—2ICHER T2, I 0 122620 1 OF/MElX 2 THY, ZOREDE
%% Rayleigh fEEHEHE EMES. Z oA, K (1.3) 12 1=2 2fRAL, 2T D L,

3,

e 8 VR (1.4)

255, ZoOXREHOIUL, EREER X OZORBEEEEZNET 22 LT, REED
DEHEINDZ LD,

EZAN, vy OBNTHAEMNRREDO H L TORAETHL E VI HIKNS 5 ; IKEho
2O DOETNINBRRESIORTHL Z LB THL EERT L. Thbh, HHOE
BENE vy B0 OEEERIUCHHE L CTWALERS H. BB ON LY,
RENDOFIHPRREDR R DT D &, TN EN L5 2, MREHRT 52
EMTERV. Z2oizw, X (1.3) ZHWTERERENZHET D2 LN TE HB8EE, M
—, MENRETHDLLNZD.

Figure 1.2 ®OFEIE, M ETITONERTH L7120, REOHGREZMHR T HZ &8 T
P, WEZM LR THS. X (1.4) > Rayleigh IRENEREIL, ERKA IHLHE &
T LW OREE I Th 2 ; HIx InRERENOHOGEITHEMAARETHD. Lo T,
BN L VIO WHIRIENINE & 72 BRI T, MHRZMERCE V. 2070, #HHK
B SN D IRENE R E D, LT OMIERE VT Rayleigh HEB)E 1% iR E X,
X (14) ZHONTEREEAZHEH LTS 9

87 v,

12 z, )’ g
Vé _ g szz,m _Vt2 19_12(?} where zZ, = - (1.5)
m=-2

72720, vem ZEKEFHFABEEICHK T 5 1=2 & — NOWREYE R, o FEOBEHIRSE)ER
5, a IFEROLGEORERER TH D, Cummings H 9 23EW 230 (1.5) 1%, FFmAICE
PIZATH Y, TOERBRMIBEETIVEZR2 S TR0,



time line 0 / I im/2 2

Figure 1.4: Air view of levitated droplets that oscillate each one cycle of =2, m =0,
[1], 12| modes.
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Figure 1.5: Top view of levitated droplets that oscillate each one cycle of 1=2, m =0,
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HERXRZHW W TRERNZE T 5 2 & LOMIERXDEEIEOHA DD, Uk
BEAORE T CEREZITO ZENEE LW, RUIETIE, EED HMNE)FERFEO )
5, Mz E W T-UNEJRE T T, RER) ORISR ZIET 5.

WUNE DB 2 V23R (WUNEAER) FRE LT, BEEREFIHEAT—Y a3 (ISS:
International Space Station), A-~X—Z I ¥ hL, /NRIBIHIC 7> N, fiZ2ek, & FE4%
WD FENEL SN TWA. ISS 1F, & 500 km 3 O HIEKERI#LE 21T L TV,
WIZHHBE T L, MUNENREZ/GTND. A= % ML, NI e 7> g 1SS &
FIREIS, Wb RREMZBW TR Z BH%E T S EBM/NENRRELZHETHD. —7,
Wzekk s VT2 EBRTIE, ISS 72 & LiE, KRB THIKZ fEE S5 Z LI &
DIUNENEREZRETWD. T7hbb, EXEIEZ T RN OMUNENREEZGE TV,
WA AW EBR T, BERS LI A TSN EOR %2, HEAEZHEE L
77BN BRE L, SONTMUNEERE FCEREIT.

Table 1.1 1%, 216 5 DOFEOFE - REZHELIEZETHD. T DRITLLT
DEBYTHD.

a. ENEEOHME  JROFET, BHROHENNEEZELZELSE, TOREFT
KERSFIRENE D 1,

b. AKX 2EBBE RO FEICI T 2R, ERIELE DG & & bIcHR
L, FEBREEDRDLO S THDHNE I,

c. H:/BONDHENIHEE DM,

d. BERR : 15O ENNERE T CRER AT RE/2 R,

e. HHIRERE  HHTIOIEBRGMOKRE &,

a. EANEHEOBRIETIE, MEEROLNBRERRETH LS. ML, KERITL TS
flzet e N s, ez LICBETHD 2B Z LI L0 BRRIT 21T o TWD . 2D
e, WEORANAEZEZDZ LT, BIFKIZAEL 2K BEL, EHINEEZE
fbEELHZLENTED.

Table 1.1: Comparison between ways of microgravity experiment from 6 viewpoints.

ISS AR—=ZT ¥kl INEIOS YR fnZEtg ETIE
FAINRE DR Fa ) ) a] Fa
AT & BRI A A 2= A A = A
= <104G ~104G <104G  102~10°G <10“G
B 7E B i e 7~148 6~15%) 20 # 3~10%
BHEERE 150 m3 2.5m3 3ms3 1ms3 0.1 m3




b. AT & 2 EBREAETIE, ISS, AR—Z 1 % FL, MZEHEIC L 2 ERTHEETH 5.
IHOEANEERTIE, FEBREEL L HICERBYZ NSRRI L LENTETHING
Ths. Flme LT, EREYENMUNE DR PICEREN TR ThE, Bk h
ﬁ&v~VayiD%@%T%wﬁﬁ%ﬁk#ﬁ&v—yayﬁﬂ%k&é:kﬁ&ﬁa

—HREELT, ADAMANICLY, ERARVL— 3 URNEHECRY, HIEDFES

_ﬁbf)xy%ﬁo_k@%i%ﬂé.

BT, BIECE2ERP RS RERWMNENRREZG2 Z L1 TE, Mlzelic k
DEBRVPEOGENEN. W FHICLIFERNRORBETH LML, EREELHEZ2H T
T SEM/NENRREEZSS 28T, thOFETIIEAT 2 2 LR TERWESEHIZ K
MWEDZLNTEDLLEOTHD. BREMOEELZT 5 NENERTEIL, KKEN
THHE T2 T2MEMEANZLODOHRTHD. TO7, FTINMEEOE M S
THEL.

d. HIERRI T, ISS NEUEENOERRNAIRETH DH. —J7, % FEIT 3-10 BFREE,
WLZERgIE 20 BOREEE LMV NEIBRBE 2152 Z E N TE RV, ZoRIER OfFIE, H
TR LR R & ORI ET D RERFIKDO—D2>TH 5.

e. HEHUCEEARETIE, ISS 2 150 m8 & DEBEEWATFAL TWDHDICKL, % FHET
1%, 0.1m3 EHNNH 5.

ZOHT, MizEE AV IZERE, ENEE OB I X OMIE R O Tl o FEICS
200D, EOVIFATITICBNWTHENRT UV ADRWEETHDL LEZD.

1.4. i F 2B & P HRER DT S

M b SEBR L e SRR CIE, BIERERD, BN, HNT S u—L oY), EESE
ay hr—WERRe D RERERNE, HESEBRTIE, B O A — 2 — TERM AR
HY, MZEEERTIET, 20 BDREEORM LGS\, EAMEEL, #EERTIE ¢
=1G (G=981m/s?) ThV, MZHIFRTIE, g=102G RETHD. EHMHED

a)

Figure 1.6: Method for changing the new sample after a parabolic flight. The 16
samples have been placed at the 16 sample holders.
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EWMZE B, T x&ae—L oY hg, MEERTEIENEHETLIETOoe—1
VY NEHEZBRTNT LT, MIEEERTIE, 1ZEHE2RTHEE. 272 L, REoR
Vra=ry s oEHIl, —EOR—LVYYEEZ TS, BESIEO L hr— A
BWTIE, Figure 1.6 I[IRTEWAH D, HiEEE (Figure 1.6 (2)) TiE, #EFRARR
FoEEarybe— L3570, a4 VNIHTIAEEELEBL, EFnbary ha—b
SNTHAERLTND., —J, MizEER (Figure 1.6 (b)) TiX, A LOIMllE =
Yhue— L EINEHAERL, A VNCHLIEAEED Y OFRAREBESEE 2 ha—
LLTWD. ZORREIE, MZEEERICBIT 24—y a3 CoRlRICHERT 5.

WLZeRESEBRIY, —EERERE L T B ERET S £ TIZ 16 BIOBMRITEIT O 5 KR
DOWPEN 16 FHTZ 5. 2D, HAINIZT ¥ N —ANDEEEES (Sample holder)
WZHOHNUD 16 HORBI AR BE L, L —ZDORZ AMET, REHEomEEE, ko=
A NHFD~OBENZ{T72> T D (Figure 1.7). 2O X512, FHBICREIZZHBEZIT
7elz, BURO/NABED A VL, M EERO L SICH T AELZ LB T IR TERY
REE L aMNARTFWT DD, ZORBELLTas /WMl ay he—rsiuiz i
A HWREAT DM (RS AT 28R LT\ s,

I 4 ooEV (JIERR, EOMEE, m—Lv ), RESKBRIEa ha—
JVIE) I T LM EEBRICE T ARIETENRZD O TR, TO, HZEkHE
BRIZBIT AMUNENREEZ O CTREELTZY, HiEY I 2 —va v EHWTRIELZY
TOMENRHD. EIIHEDEWZ L D84 225258 (m— L o J)R050E O INELRE [ 72
L) ORGEEIR, FEEICHIZERE R OB RBR S H PERAICREEZ TR > TV D ;) &R
B2 BREEIEZ LT L B EEEO KN ZEL b D7, MADOEIESTE ORI 1T,
AN O BHIZ X2 MEERN R EEEORm NS DI 0155, —JF, FRKREBHESEa S b

New sample will be placed at the center
of the coil after a parabolic flight

La?ff-

| Rotate the sample holder in
| order to change the sample
IR

Figure 1.7: Method for changing the new sample after a parabolic flight. The 16

samples has been placed at the 16 sample holders.
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o —/WEOREFL, MIZEHEERICBWLWTHH FICBWTHLRIER R SN TE O, BaEn
VERBEFZEOD—D>ThbHEET LS.

1.5.#%B1

KimXDOHWE, UTFD25THD ;
1D ZAVE TR 22 ST E T MIZEHEER o A T A D RGEIE & fRHTHOICIRGT L,
R RS OFRRFE L ERFEORERE RN ER S AT AN TEHTEDL D
DTHLNE I a5 L. $4bb, BRmEzEmkl, hL—
PEV T 425252 LIk, FEEMEL®mD DI & Verification,
2) MREEDOFER, WERFHICK L CTRE(LA PR CTh 25, £ DiEbFiEL
#2475 Z & ; Optimization.
%12, Figure 1.8 I[ZAMFFEDHIZE S )V —TF N TDH% Vee model (21> TR
W7 V—T7 2RO R L, RiEEDOBRE S ERGEEZRAT L2 ThHD. £
AU B SRR LR SEER D D System ICL VAT HLO LT D, I HIT, ML
FEhE, EBREECHETIEEWV D o0 Subsystem [ZfELT-. Fhb o2 3ET
Ly e LT, BFESEa Y he—/EE R L7z,
MELEBBZESEO L b —VFEEX, BHEII 2L —va VXY KREET S
(Verification). & 512, #E L2y b — LV FENEBOEREBEICEAT 208 90
DORRFEIIMZEHEEBRIC L W BGE SN D (Verification). fx#I2, ETFETEON-EHE
JIOfEE M EEBRO S O L L, 242 W% (Validation) .

Requirement:
1. Reveal the dependence of oxygen partial
pressure on surface tension

System: Validation:
1. Ground- based experiment 1. Comparison the result obtained by verified
2. Microgravity experiment method to obtained by calibration
Subsystem: Verification:
1. Facility 1. Experiment on microgravity condition the
2. Measurement method resnlt of numerical simulation
Component: Verification:
1. Control of the oxygen partial pressure 1. Analysis the simmlation result from

the fluid dynamics viewpoint

Nummv]ﬂaﬁon ‘

Figure 1.8: Vee model of the PFLEX system design.
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2 « PFLEX BRI A TLTHALS Y

AREETIL, W2 BIRTRAT 2 D 7o B 3 E 325, ; PFLEX (Parabolic Flight
Levitation Experimental Facility) %3 A7 Az V=71V v 7 O&EEHWTH#ATL,
RREZATVY, FE{bORHO AL R 5.

XU ®IZ, PFLEX EBRTHWAEEL LOMEOME AR L, KRIZ, £ 6 ZEH N
JED Viewpoint 2> HFENT L, HRGE - Fedifb 2574 5.

2.1.PFLEX =B

PFLEX (Parabolic Flight Levitation Experiment Facility) ZE§k & 1%, MiZEpo iy
FRIRAT 2 W TR MU NE B T C, SERFIEEZ W CREE N 2 1E 3 5 FEBROM
WTH5.

B2t DFRRTRATIC L 0 UM D BRIR 2584 S8 5 % Figure 2.1 127, £/
ZEREIE, URRATRAT 24T 9 IC R DR E 2155 72012, #6152 TP IE 3 % (Shallow down) .
ZOt%k, WEz LT (156G REZERT LI LICRD), BMBRITICAS. 2L,
Tl 20G ETHEHIMEENKE < R2oTWD ; #HiZti, Shallow down DE%E =22
b= 25Z 828D, BIBMIRITEADBONEEZ = b — /L TE L0, £DIk
DITIE, WE LT OBROMENRE LS 20, ERERICRESSEELG 5. K 20 R

g’é‘;o FRITEL O
45° picth UP -35° picth DOWN
28,000 p D

26,000 ~

21,000 +
a,
0 20 Sec
A4y ha=
FFGoE(L

206G

1.0G

0G
- 570
-80 -30 -20 0 20 40 (Sec)

Figure 2.1: Principle of obtaining the microgravity condition using a parabolic flight

of a jet plane (©Diamond Air Service) .
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FEDIFRIAT D%, BIKZ KFERAT R 720, iz BT 5 (Level out).

Figure 2.3 |ZHIZSEER TRV S TR CTOERE 2777 5 HI2eICBf T 2 EE D9 T
Td 5. Control box 1%, TOMODIEEDT X TEay br—LT58 &G THS. Cooling
system (%, FFEICH WD ZEH A VNIZKEZRL, 24 VOHAICH LS. EML
Chamber %, #PAIN/-ZEMINT, LM EER L RARICEMTIEZIT ) EETHD.
Vacuum pump %, Chamber WD 5 X & RNEVET A TEBT H7-DIC—EEES & T 57
WOIEETHS. Power supply 1L, A MCEEEAZIREREHT2OOEETHD.
High speed camera [33lEIOIRENZ A DRE T 5720 DEE TH 5. Pyrometer I3,
B OIRE 2T T 570 DETH 5. Oxygen pump 1E, REHE DY OFHKEEE DT
EHET 5701, v hr— LSRN AZTTIZ0, BLOFHKEERE 2 1ET
HIZHODIEETHH.

MZEERTIX, DT X TOLEBENEFIIHEHN TE 2017 TRV, MZEHE
Ped 2BRIIZT N COERMEM TE T, EBENEX RV, Thb5, o7 ERYERE 4
ITABRVWEE, MUNENRE F TOERICEALZRTIUIZR O ; i EERTIX, +5
IR FEBRVERE AR T, WETHZENTED. PRI, Ewﬁﬁf‘é?ﬂ%%ﬁODﬂ'/\c’ L—yark
ReRFNIh» CRtib U, S ORMOGEZ R T D2 MERH D 5 Wi, KERmEIE
KT D2 ENMETH .

i?i, W/NENERE T COEBROBRIEOT R THMETENRZ D EIFRE 2. 28

, FEERITEDINEEL I EELZIT 20O T, H ETORIENZ O E EM/NE T BRE
TICBTDMIEE 72T 2 ENTES. LrL, ENNMEEORELZ T EEZLND
PR R IR ED = b —/UW, UNEBREE T CORGENLIEL 0D, D RIZ,
MEEDLECHHER ML, ZORGEMEEERT OILERD D.

|| Control box | High speed camera E Power supply

a|! N

| ‘ li"' EMLZhen:be! '

5‘ Vacuum pump :

> |

Sample holder

Coolingsystem (& 1 *100cm

Figure 2.2: The equipment for microgravity experiment; a) whole facility: control
box, cooling system, chamber, vacuum pump, power unit, and b) detail of the
chamber.
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2.2. gl nEAMEEDEL

XTI, 1 EFEERR & MR O KR X 728N Th 2 ERRL, TEHMEELIZ OV THL
HT 5.

Figure 2.3 1%, MUNENBRERAFROEINRE DA EZ R LIS T 7 ThDH. B
MEEDOEALIFIRELS ST TLOobD. —DlF, M/INENRKEEAEMICAELT D
“Transition” CH Y, & 9 —2%, W/NEANEE FTAEL 2 ENDIEEOM N WIRE)
“oitter” T 2.

“Transition” & EOF ML, MUNENREZBEIE L0 OMEKEOFEIHH D, P,
BEHREZ G720, MZERITERER 2B 270 0. HHRETIZZEAT 572D
ZERIIIME L, EOWREN DAL EH SH DB LE 156G OMMEERELD. 0
%, HWHMRATICRAL, SMICBUNENRREEZG D120, AT v TR E I INEE O
¥ “Transition” 234U 5.

“grjitter” B AE DR X, HWRRATIRFICHUZEREDS © 1 D =& Pc L 2D, =Y d
BEVBS E I NVN—Dx 727 77 4 BT 41D, MLZEHIE, KK Z #Es) L)
BHREZED720I, ERBEPLEFITZTR2B6RITLTND . M2k o K& 21857
DO, =7 B IFBHRRATE EBLL TV D50, I 71, ZERUEHE 0T v 7Y
VT DORBENET D, E, BMUNENREAREZ S 2y NOBEREO KL TN D
7o, ERICEERMNENRREZES Z LIXTE RV BWHBEBOBEOKED > F
A OEHEZ L > TiX, SRE FTMEOIMEERREL 2D, AOWNENREZHGL Z LI1Z

Transition |

15

Gravity, misfs

g-jitter

el A M s o e T O i o T IS
0 20 40 60 80 100 120
Time, s

Figure 2.3: Gravitational acceleration transition at entering to a microgravity
condition and during a microgravity condition.
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ﬁé(gmmr®%¢m'g:10“ﬁ IHIZ, ZUVUDRMRINN—DT 7T 4 BT

WCEDIEHD, “giitter’ 2 E L S EDIFINE 72> TN D,

ZDOXE DI, WUNEHERTIE, HENRBUNENREZ(ET D Z LN TERWD,
AR ATREZR IR 2 EBREH A AA R, BE L iuE e s, RS, MIZERESERR Tl
BONDPNENEREN 20 BEETH D LW ) RGN FAET S« Z OflFx
WZEMEERICBIT DR MRy 7 ThHDH. ZOR MRy 7 USMT, EBRIFRE 25260 5 il
KIMBRNWZ ENEE L. 20RO DIT, ERA L — 3 O ATV, iiZek
WZEBHR MRy 7 UADR MRy 7 OFBEZEZRT 5 BBz Rk 5.

2.3.PFLEX System Df#

2.3.1. PFLEX EBROA R I/—*‘/ avFry—F
Figure 2.6 1%, MIZEHEORBIZE bR o TEMT KA X FOREEZ R LM TH

% BAREITIE, “ESIEEE”, “$/J?§T” AT m=" GURMLE”, BN, CvRilET, Gt
WEEE”, “F—HINE”, “EREYNE” ThDH. MEEOREIX, A ey MR EOE
yFMEa br— LT 5L TREIND. 20D, ARTHNL, Moy FO
e 2 BENCERET & TH DA, /31 1 b ORERHE & MIZEEOIRIEIT 1 5F 1 xS T 5728
MBITZR V. LUF, MZEITIRET 248 hrx oy 7 LIS \-@ﬁﬁfﬁﬁfiﬁﬁﬂrﬁ'ﬂﬂébéb%ﬁﬁ@‘
Loz, FEBRASLL—v g vERlRT 5.

PFLEX system 1%, £ 5 -2® Subsystem ([Z0fiEd 5 Z LN TE 5 ; “Jet plane”,
“Power unit”, “Chamber”, “Measurement system”, “Human activity”. Zil15
subsystem %, i1 MECE 72BifR & 72> CTEY, S HIZ Architecture #3525 Z
ENRTED. IILOIC, ZNEND subsystem O PFLEX system (2331} 5 335 % BAfEL
L, mi{bORME R+ 2 E2 T 5.

“Jet plane” 1%, MIZEREDIRECIEROFERICHKT H subsystem THDH. I HIT,
A subsystem (%, “Attitude of the jet plane” & “Gravity” &\9 component (Z/)fi#
T& 5. “Attitude of the jet plane” 1%, PFLEX system (23575 Input TH Y, BHL M,
WCARFGEEZ AR RV Ry 7 Th D, Fiz, TOREFR E LT “Gravity” ZE#£K TX 5. “Gravity”
%, WIZEHEOIRRENERERINT 537 A =2 TH Y, “Attitude of the jet plane” DZEHA L
L7-%%, PFLEX system OME—OMSI AL 70%. Z @ “Gravity” 25 {td Input &
™Y, i MﬂTT%&T%wz/afké

“Power unit” 1%, HEEICHFGT HERT X TERMY L D subsystem THDH. “Power
unit” 1%, “Power” &\ 9 component ([Z/7fETE 5. “Power” 1%, FEHZLE - TAHEIZ
PLL 70 % 5 JE I BT CFHERR OB ED T DI Wb N D T2, REEZLEL L T 5D
Component TH5HEWNZX 5.

“Chamber” 1%, #EEOHFLETH HEZE Chamber DY AT L%k H 51T Subsystem
Thb. “Chamber” 1%, “Gas Flow”, “Sample position”, “Heating”, “Levitation” T
fREAD. “Gas Flow” 1%, SESRFXIEHESEL 2 e —/L 3 2HEOREBLZ R LT
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HLDOTH 5. “Sample position” %, 4 Parabolic Flight (ZBWTxitG &R ER E 2
WZALE LTV b &7xd Component T 5. “Heating” 1%, B INEAT 2 M IR RE
Z %9 Component # KL T\ 5. “Levitation” (%, HiFICE D D RRDOINEL KT
Component Th 5D ; =2 A V&G, A NVIBIR, =4 NVALE.

“Measurement System” %, 7 —Z[UEICEED HHEI L O — X INEE A RICH KT
% Subsystem T& 5. “Measurement System” [, “Measurement Facility” 35 X O “Data
acquisition” (20 X5 . “Measurement Facility” 1%, 7 — X INEZRM D ARETH
HMERLIEZHOTHD. “Data acquisition” X, T DR EATT —XIERRENE 5 1k
HLIZLDOTHD.

“Human activity” 1%, MIZHEICHEREL TWAERHELEYFORELZH LD L TS,

“Human Activity” (%, “Experimenter” (23 S 41, SEERIEYFE OILEEIEATREMEZ &

HHOLTWD. 7o b 2L, BERERpC 2R YL, IERICKVEFELRRE ST 6N TED,
HOPLEAENTERUVIRREICH D, £z, MUNEDEREFEZEAERNL, #AKIC 156G 0H
TIIMEENRAET D728, WEENEIEDNFIRENS.

2.3.2. PFLEX EBRO7—*XTIF~v

UtoXoiz, BOBDD Component (%, TNENEDLY EWRHD. ZD L7
MES AT NERITT 572912, PFLEX B Component @ Architecture % 7tk L,

BT 2.
Figure 2.4 1%, PFLEX BT 27 LD Component D7 —FX%7 7 F ¥ ThbhH. BDOE

Control

Control

Power supply Lorentz force Force Output
Current
I
—
Heating

q Joule heat
Substantial Input orenes
Pow Control

Controller Gas flow -
I Capability
Power supply

Capability

| Sample position Jé | Dataacquisition |

Control

Creation

Constraint Control

Figure 2.4: Architecture of PFLEX experimental system; Concern with components
of PFLEX system.
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D@ Component 235 ZF DD Component & DEMRZEFIHRL TWAE. ZDT —F%7
7 F % H T H Z LT, PFLEX ZEBR T AT AOMNIEB EWEREB DR SN2, i
WAL DHIWT DS HED IR S DIT/R D

“Attitude of the jet plane” & “Gravity” O BfRIZ, WS AH EEBEB ORI H 5
EjﬂJDLT#@U’VIﬁ “Gravity” 1%, MIZEFEDIREE “Attitude of the jet plane” (ZIK1F9 5.
7o & Z01E, AOERATRRICIZENE T X112 9.81 m/s?2 OFENIEEN LS X, BMUNEIBR
BN ITIIHERATO T D OO E HIFIc kY 1.6 G OFE ML T 6 <.
X o T, Ak “Attitude of the jet plane” NME—DMSIEMTH LD, ZOMETHS

“Gravity” ZH7-72ME—DMNIEEEZEZ D LN TE D,
“Power” %, “Gravity” & [FAIFEIZ, “Attitude of the jet plane” IZIKFT A% TH 5. “Power”
WZEREBERERF (2R A2 OFF [ LR IR DR WEN S 2 DR T, ZOMTITHE

\Z ON OIRRETW B D . “Power” 1E, “Gravity” & [AIERIZ, “Attitude of the jet plane”
NOHEMIZEIN DB TH L0, “OHOMNERE LT ZenTED. BT
DOEELSNE, TRTIND OOMNEIERETH 5.

2.3.3. EEAELGARY FOETFE

PLE 2 SDOMSIEE % A7 L5O Input & L7854, Figure 2.4 25512850k 957
Output BHTL 20 &E 2 5.

PFLEX System % F#E&IZ Decompose L7ofER, A bRy 7 Otz 3~ & 85
DV L7-. 3725, Figure 2.6 128175 Component TH 5. Zi 5 Component 73,
WUNENRERZ RO DR VR 7 2R DGLINE I DERETL, ZORELERET S.
Z O, “Gravity” 78 PFLEX System @ Input T®h 575, “Gravity Viewpoint” 725,
ZNZE D Component D it rIREME & w3 ALIX L V.

“Attitude of the jet plane” 3 X “Gravity” 1%, w#E{LOXRTH 5 PFLEX System
® Input THDLIND, FELEBZ 20TV, KL TE V. 2876, b
IR TR AT O ECORMERETH Y, RAMRRN MRy 7 THLINETHD.

“Power” 1%, fEift - B2 & DEMLRHL LOEDORREIEKFTDH. Z09H, &Eit -

EIXE IR B EZ T 720D T, A MRy 7 ORGP OHERTE 5. BRI,
%@E#E“C BIRAFENTE 20 E D DDA ERIZ L > TIREESN D Z &2 fiT ; t& R

X, WUZEBEBERERFIXEIR A T T OFF IC LR id e b n e nsfilind 5. BREIC
X% “Power” DOfilFL, MZEMEOBEREIHZER Z OFF 2 L2 banl Lok
Thy, BUNENRFRICEREEELZ 525 2 £330, @212, “Power” ZAR LRy
ORFHENGHERTE 5.

“Chamber” 1%, BEHMEEIZKGFT 5. “Levitation” [LEJNLEE L@ L-n—L
Y NOBRETH DD, EINEEDORELZZ T 5.

“Heating” 1%, #BHE L COMBRFIHZEED 1.6 G IR L, MUNEEREEIZZEA
L72BRI, BIE LI WIRE £ CRBE L LA S 2700, BEHIEE DR ﬁ“%‘:x i7 5. “Sample
position” 1%, “Levitation” OFERTH L7280, BEHNEEDOKEEZZ T 5. “Gas flow”
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X, BEO/NSWTAZRNG L LTSI, BEANEEREEZZ T RNE S Tho,
Y 1000 K #HZ HIREZHT D720, ZORHRORENEE THDLEEXLND.
ZFOT, EIIEEDORBEEZIT5.

“Measurement System” %, BIROUAGITIKFT 5. EIRIE, MUEHESKERITIZSE
ALTHBERTE D720, ThéFEIC “Measurement System” (Xl RE L 72 5.
2D, WNENBREEARNC ol EE LcEE, #EEiskis LN TE5S.
EoT, Ry 7 OMFEENSHERTE 5.

ﬂmmmamww”m‘Amm@oﬁmmewe”’@&%ﬁ#é.@@ﬁf%&m
REFE UL, BEREOOBE & M B TRATICEAT S 156G BRE T Th 5. i, B/ L -
REEDDTHS. it,%%@%i%ﬁuﬁﬁﬁﬁﬁéﬂTW@“t@ BRYEA AT RE
THoTHERELR SRV, 1.5 G BE IS wfﬁﬁﬂﬁ@éﬂéﬁmi FEBRAH Y A
1.5 G ORANIIMZ THIEN TE AW TH D, Lo T, 77— X IUER L ORI D& #il X
LM}%ﬁ%Am®m$ﬂﬁ%;ﬁbﬂé.@%,wﬁ_%bfi,Lm}ﬁﬁTﬁ6Mﬁ
T5Z LT, EREMEZANIERATDLZENTEDRDT->TWD ; IIER - FlE D BfE
X, B LICEERRETH LD, 1.5 G BREOREL B CEZITTICHEDL. L ELD,

“Human activity” 1%, 8 MRy 7 ORFHEENGHFRTE 5.
LEXY, ERFECEDL OB I OMFESE=a s hr— PFLEX EBRIZKIT 5
RV Rw 7 ERVEDLZENHB L. 2095, ERFEICED %S “Sample position”

Data acquisition

Strength of magnetic field - Oscillation
Displacement

Buoyancy convection

Heating

Sample position

Advection Convective force
Gasflow

Collision - Disturb
Coil Po, control

Figure 2.5: Architecture of PFLEX experimental system; Concern with components
of PFLEX system.
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B LW “Heating” 1%, M2 ECTHREED2 SN TWNWD. LrL, TAOREFFIFIZX HEE
FoEary hr—E, #EICBWTHRIENR R INTE LT, £V RERMREED L2
NohbEEZ25 (Figure 2.7).

2.4 . BESEIY FO—LEOBRIEEHETILORE

PFLEX ZEBRIZEWT, EHINREDOZE(LLSNDOR MRy 708, FRpE= s hr—L
B CThoZ LN LT.. Z0RHIX
1) BURoOBEFE/SE 2> b a—E0 Verification 2372 SN TWRNT &,
2) WREFHFHTAN—ERZEMZ LBV GREmMICEET I 25202 L.
Thb.

— O HOHEMBIX, BRFEYERIED Validation ([ZFEEE 52 5. FEEROGEHEMEMERO D
\Z, Ru[K7; Verification TH 5.

ZOROEMIE, ERASL—T g URELORMERT. BEHINEEO LB LU=
vk — BRSNS, EOIEEOZNTIE, 7 “Transition” ORELZZET L
VERHDH. wEHT 1000K 222 KIBETH L7120, HUNEDEREEARED 1.5G 5
BRFICBWTKREREBENINHREAE LD, TOD, REMT T AR TRICERIND
%L<i%%%ﬂévkﬁ%ﬁéﬂé.?@b%,%%ﬁﬁﬁxm#ﬁﬁ%m%ﬁ%@%
SEE Y b — L L TWAITEE P, T OIHEHMENE I MINE R % 5k 5 e
Db, Fiz, “giitter” OFELEETLIMLENH LS. b, RIRELFFOREE D
DKH,@ﬁﬁm#ﬁft,%@m&#k%wt , NS IRETIIEEOEL T H R
ZTDHEEZLNDNLTHS.

BUR O R E 2 EAL, REMIT T ANRREME LB &, BLY, BHRRIZED
MESE =L EZH TN THWLARERHDLZEThD. LoT, 2D~ PA%E
Mz TmENEErary be— L3528, BIW, EHOEIZ L Tr AR MEE
Lo MR —LVETANRMLETHS. LEXY, BROoa s he—LEFT LD
Verification & #i7z722y ha— WIEDIRENPLETHS.
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Subsystem

Event

Component

Human activity H

Experimenter ‘

Measursilrgtzm | Data acquisition |
" Measurementfacility |

Chamber | Levitation |

| Heating |

| Sample position |

| Gas flow |

Power unit | Power |
Jetplane | Gravity |

Attitude of the jet plane ‘

Unable to operate

Able to operate

I

Unable to operate

T T

Non-levitation

Sample holder |

OFF | Prepare
ON
OFF |
Non-levitation
Non-heating
Sample holder
0 ¢/min 0.2 ¢/min |
ON

ON
T | OFF
1G

15G

be /

Hanger | Apron | Takeoff | Climb | Horizon | Climb |lPafabolall Levelout | Horizon | On-ground

0

30

40

50

70

100

130

Figure 2.6: PFLEX experimental operation with a state of the jet plane.
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Event |
Subsystem Component 1sorder [
‘ Data acquisition ‘ OFF | Prepare
- 0.2 {/min
Heating ‘ Gasflow‘
Placed - > =~
Coil | - HICRZAGWRZ
On
‘ Po, control ‘
Sample position ‘ Displacement‘
‘ Heating ‘ Non-heating Non-heating |
Sampleposition‘ Sample holder Sample holder |
: 1G
Jetplane ‘ Gravity ‘
‘ Attitude of the jet plane‘ Horizon | Levelout | Horizon |
100 130 (min)

Figure 2.7: PFLEX experimental operation with a state of the jet plane.
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3 « IERRAT

PFLEX ZEBRIZBITAWMFE Ty ba—/iElX, 50 &L ZARIES I TRV, RET
%, BURET VORGERS L OMEET VOMGEEZ B 272\, @R REAmEE =2 b
0 — )WEERET 5.

3.1.8=

3.1.1. BRROBFESFEIY FO—ILiE

HATOMESE > ba—VFEE, EVERICay ba—aERmEn, #4550,
Bz LB THESEE L Fr— L L TNDHI L, aA NN LRET TS
Z&, SREIANCAE L DR ARICH L CEREICREFIT WD Z &, REtx iS5
ZEEBET DD, KITEEZRDPLTNWRNZ EThS.

BIZEM & & B> TREIREICREIEST 2 0 A%, WEMIF AT 2AENLIHHTEH A L
—DbHD LBV, T, BRREICBIT HFLOST KLV ARSI RM D H
AR L, WEAHTF T AOMBEEZLSE TV L ARERH LN TH D.

A NN D I F R L SN T RAEREFT L5603 b r— ORI O
RIZIX, ERIZED2 DL aAf NIHT oD bORHIT LD, T RENS T AN
HEN DL, WhwLREIERET AL THY, T7AENLIHER, WK (Jet) %
BT 2. Wl L7e W 20%, ERGICEFRORmE R LR b EET L. 612, =
ANDAY v ME 8mm LS, EHROMWIX, AV >y M ETFTOaAf VZ@ELTWbHET
HTx5.

RO B EIX, PFLEX FEBRY AT AMIBWCHHIEE TH 5. IA4IRIE, 1000 K
AL KIBEELZFFS. KoT, g=2102G FEO/NSWENIEE FIZBWTH, #xt
MOEBEBPTEXRNEEZ LND. BRI 2 A2 -/ NE S EBR T, WMUNES
BRIEAZSDT-OIZ, ZOEANZ 1.6 G REIZEATIHKINSH S, 1.5 G BEFTIE, K
X RIRSIRHRN AT B 7280, REMTHAOEE L EMEIC 2D L TREINS.

MEOHIFITIE, RKEEEZRT I ENTERNWI ERHIT NS, EDD, BRI
IR AE U235, NS IRARE T, RHOBKEDEE 2 ba— LT 5HICE
HlanwkEZ D,

UL EDRR A RGET 272018, BUROBERESEa S e — L2 L2 BES I 21—
va vEFER L. BEANICE, T oSNNI R TCEERETIIE LV, GRS
B, BIXORAT 4 7T RIBEETHHT-0IC, a4 VNEZET UL, Fv¥ o _"—%F
TIALT 2 DIZHAE R ET V&2 W THREEEZ T - 72,

Figure 3.1 \ZFHEET VAT, B SNZMEAFMCEEO@IREKEZRET 5. R
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SUCTION

FLOW

Figure 3.1: Numerical model; gas flows to a sample surface and is sucked out.

BHERZ D &L, MEEEEZ 25D BLUOMHAERmS % 825 D & Lz, MORHIDNLE
TDPENCRA Yy RERT, REMIT T AOFAL L OREERTE O T A DY 5| & 1 L.

IR, b b0 LU L TWD . SRR, X 4.15) 726 (4.18) TH 5.
Fio, HEEILTEOBRIEO LD LR U THD. BoEEkiE, (N, N, N) = (40, 24, 40)
? 38400 A THD. REFEZRY v MO OWAEE 0.05 m/s , WFRE I ZREHER
D=4mm Lt L, TIWVIUHRAERASED. Re ¥, Gr #%, Pr I 85, 14700,
0.71 TH 5.

Figure 3.2 IZEIHEMERZ T, 72120, EFREELEL LN TE R0, {1
FRIHAF LTz, EFRREA~OEBIREZFHREERE LTHWS. a) 1%, g=102G 12k
FHRFEMERTHY, b) 1T g=1.5G RETFICBIHEBRTHS. £=102G 2B
T, REMTTARREZBEB>TWDHZ EBbnd. 72, W TR LEEOBES
Mo & iz, —EREMEZRNZHTAD, W3S THAHEAZRL TN, 72720,

Rise
Suction : Suetions

EECTEEE

Figure 3.2: Velocity and temperature fields around (a) the high temperature sphere

under microgravity and (b) 1.5 G condition.
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R & HT T 181D 7 A DERSE 7 A~BIEE L 72 DO ADOFINTR TR, g=15G BRET
TlX, BUWRHITROEET, WEFITHT AR, BREF~BHRINTWAZ Enbnd
ZO, REMFHAO—IL, BAMKICSZETONT, EEERS Sh TV 5 e
N 5.

PLEDFERDNG, g=102G TiE, 4T L EFEMAKBESIER 2 hr—/L I Tunen
LIEE A0, L L, KHEORHRSME, VARKELZHEETCIRATLIZ ETHS.
ZFDRw, A VR TOREOEENE 2 5N TELS, EHEMICRITS. £/2, =24
VAT OB BAZTEME D RIS NS, s, 7 A (BT 2AE) HhoOWk5IH
BT, S AVFROAAZLTLBREIT 5 EIEE 2T, B L-TiE, EEDOKH
DT AZWBTHMEZES. Z0ih, S5IC, BEMEZ BT AZWF| LT
WhHTo, RiiEFENITE (REMBFRRE) EWSIOM-RN—ET H00b0 b 7220,

kXY, BATORESE 2 e —)/WETHE, EENIZTEH D2, 2 he—/LT
ETCWVWDELIEFFERARY. 22T, EMMICEFEEOSWVREET L BEUTOHDITKT S
RER) o0, BEHEI P —LOBREZEEY I 2L — 3 IR DITH. &
HIZ, KIREZRFOERE DD OWRIIGOMNT ORI 2GR A2 G71%, FE, BUTOmRSE
SEaY b — WEEBET D,

3.2.z8xx50

Table 3.1 128\ T, BATOET MBI D 4 DORBERZ RIS HIREET-o7. T/
bbh, avba— L EN7 AR, B @%ﬁéif_,&5~<% cE L85
Zl, HAEEN AL NVOFEIEEEZ T RNl as Vi CRIIREBR 5L E 2
vha—T 52l BARTE O _,%Eﬁﬁ?ﬁ% IH AT Z L, LRk
WP HEIZ 5B % RAE S 72N K 9 SR T M DN HED FTIRAT A DFBR R SL HICTH &
Thd.

PLEXY, M EFEBRICPTZET AV EZRETHAZER b LU THL EE 2D, 12772

Table 3.1: Suggestion of the new Foz control model.

RITOETIL REEETIL
HADHERELESS HAMNEFRAERZELEE D
AL D oRRE T a4 LA THRESF T
FhARRARESFITARE | FARBRARESHT T ARE
FEHEIZELD EITIZELD
RKREFHRELHVGERHLE | KREFHRE > GERHLED
D1=H) 1=8)
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Figure 3.3: Difference of oxygen partial pressure control method on PFLEX
experiment. The current model and suggested model.

L, BESEay ha— )L UGEEESEL2 LT, UF 25D ML — RTINS ETS.
1) HATOaANERTIE, HEEBROLIICH T RAEELZBT ZENTEXRWE
W, af NVNEERELTHI L,

2) WEHE L OTFWER <z, MEBEORICHEARELSTLH L.

UL, WEDFRREEEORMEZRZETT VN TEE R D Z LI, a/ LR
DIERIZHBHIE S Th D &2 b5, LT, HEERET VIHEEZRET L (Figure
3.3) T, MizepIzBrer A OE I INEE DO EAb A2 I U7 fi#fr 217 5 .

Figure 3.4 |2, $EEMOFFKAMHKE S ED L bu— L HEEZETT /MELEZ LD ERT.

50 mm

——%‘I'f 4.0 mm

20 mm

Figure 3.4: Numerical model; a sphere is placed at center of the cylinder.
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KT AEE, B 10mm, @S 50mm THY, ETFELEKINTWD. BN, B
4.0 mm C, EREAE L, JEFEGREN S ORELZ T T, HIDREBEZROL O L ET 5.
Figure 3.4 (b) (FERF L% & B2 W OILKIXTH H.

FHOBOE»HIE, BESEDO I b — )L SN AREFHIHRALTEBY, T
FOBAOEITAEERR CHDH. MAEEIL, 0.5 m/s BLWD 0.05 m/s DA EMNTT 5.
MAREIL 300K , WiAN ADERRREIL, 1.0X1015 mo/l ThH 5.

AR, WRleE (R LRFRIE (R ITHMEICEESOREEZ KT LE D2, K
AT CIE, RSB LEAREKREEL, Tzl 2. bbb, ROBEIIERIIC
1500 K & L, MO OBMREEE 2 720,

3.3, xmHEs

3.3.1. AXRXEBEAER

AFEHTCIX, FEEMMERARZIET S, £70, BEICLIBEEEZDOT-DITF N EEET
HLENH D, FDT=%, Navier-Stokes HEERXDOANIEIZB T, BEOMEEIIKT
T HIE D Boussinesq Wl ZEH T 5. WEY, REGITHEIC L DG L IEBE B E
T5. LEXY, 02 FRRITUTO L5125 ;

Equation of continuity
V.u=0, (3.1

Navier-Stokes equation

p%“=—pv-(uu)+yv2u—Vp+pﬂo(T -T, )9, (3.2)
Energy equation
p%Tz—pcpv-(uT)Hva, (3.3)
Advection-diffusion equation of concentration

3.3.2. Boussinesq izl

Boussinesq #Tf8l & 1%, Navier-Stokes 2 DA JJIRIZ IV T O B E OIRFERFIEE
EBETHHDTHS. Boussinesq Tl & T 51D Navier-Stokes 2T,
ou
pE:—pV-(uu)+,uV2u—Vp+pg, (3.5)

Thb. 22T, X (44) OFEH p ZUTOLIICERTS ;
p=p,+p". (3.6)
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7L, po, P IXENEIERE T 2B 22038 1L L CWBIREEDIE ), WA FAEL
722 EICED pp MOBDEE G THD. ZDOLE, po & To ITBIFTAEESLL, KX (3.5)
WZEFIEIRIEZ DR EZRATHE ;u=0,

VP, =p,9, (3.7)
218%. Thbb,

Vp=V(p, + p')=p,g+Vp'. (3.8)
L, Navier-Stokes HEROENES LOENEE, PFOL> CEXESND |

~Vp+pg=—p,g—Vp'+pg=-Vp'+(p—p, 9. (3.9)

Sbiz, X B9 DpZE T 2HNTHLDT. WE T'=T T, WIEOKRE V
%, BEREER B ZHWT UTFoRXTEEEND ;

V=V, +aV,(T-T,). (3.10)

Fz, MEEE o, WMKREE m, WEKE VoORIZE, m= oV OBERH LMD,
A (3.10) oV THIVY, x5 ;

po =+ B, (T-T,))p. (3.11)
A (38.11) &3 (3.9) [TfCAT D &, Navier-Stokes HFER D)L TH & B /JIHITRAD L
il tE 5, X (8.2) 255

_Vp_|_m=_Vp'+(p—po)g=—vp'+pﬁo(T _To)' (3.12)
3.33. MRaXEAHERX

AEE Uk LORBHER D 2 W TERTT 21T o7z, 15 bz ke sl e
RELLTIORT

Equation of continuity

V-u=0, (3.13)
Navier-Stokes equation

ou 1 _, Gr

—=-V-(uu)+—Vu-Vp+ Tg, 3.14

= (uu)+ = p+—7T9 (3.14)
Energy equation

g:_v. (uT)+ 1 VT , (3.15)

ot Re - Pr

Advection-diffusion equation of concentration

oc
#Z—V-(UCA)+

me S vZc,. (3.16)

ZZT, Re, Gr, Pr, Sc 1214 Reynolds #, Grashof %, Prandtl #, Schmidt
BThd. Rett (=UD/ v) %, BEAOWEMEIOLEH DT, Gr¥k (=g Bo [
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TP v2) 1%, BhEMMENOESLDT. Pri (= v [ o) (TR EBIHED
aH BT, Sc $5 (= v/ D)%, ¥t L FIlB Ok ZH BT, £i2, Grl Re? 13,
BB IO EH ST,

7e& 2%, 300K OFE p=1.6kg/m3 , MR 1 =227 X106Pa-s , EJLHIR
¥} a=21 X105m?s , JEHREE Da=1.8 X105 m%s OT /L2 H AN, i A#HE U=
0.5m/s THATHHA, REES D=4mm , REHEE T:=1500K &9TNIE, Re ¥,
Gr &, Pr ¥, Sc#IIZThThUTEBVHETES ;

_UD  05x4x10° _

= ~ (3.17)
v 227x107°/1.6

Re

’

 gB,ATD®  9.8x1/300x (1500 — 300)x (4.0x107* f

or ~12514,  (3.18)
v (22.7x107°/1.6)
-6
pr_ ¥ _227x10°/16 o (3.19)
a 2.1x10°°
v 227x10°/1.6
sc=2 = ~0.78.
D, 1810 (3.20)
3.4 . 5554

HWEOBRSLMEITRO X H12h 2 7. MfE EmOEFRSF ML, $hE N h & I ERooH
-1 Oo—#RiE EFRIICE %, 5 MICIE Non-slip b4 5 2 7=. & OVER S
MIZ1%, Sommerfeld ORI GMA G 2, FHRMEED LT REERE L, BT
21X Non-slip &4 5 2 72. MEMIEOER T AICIE, HEXROTHE 0 52, #H)
MZ1% Non-slip ScfF% 5 2 72, BEIOBEREIITIE, 20 T —B%E e BRNER &
OAMBIZENENANT— 0 BLO 1 5%, BAER ETERINDLHEIZT T DA
N7 —ORENEE) &R U CTHE L L.

REEDERSMHITIRO X S22 7. MfE Emicix, \mEOTRE 0 25 7. MK
(121X, Neumann FFEAFEL, FHEMEIED GERICERN S ZUE Lo, A&,
Neumann L7 ; FHRFEMGETHDH 10, ZXAF—OFZITR. RELOHER &
fH2iE, RIS E R TRE 1 2527,

BREDOERSMHITIRO L5125 27, MfE L, BE 1 OWENEFHICIAT S
FFEAER L7z, MAEERIZIE, Neumann SFEZFRL, FHRGED O BERICEER S 0F 4k
E L7, MfEMmEICIE, Neumann §4F25R L7z IREABRN 2 <, B2, 3B
BREMIZIE, Neumann b4 5 270 SBEHIEERZ{E L T\ D728, IREABLI 7R
<, I FOBENRWEEZR L.

WEE DS, BRI KO I # REE (w=u, =0), @7 mIZHERT
WANEED 99% OEEEZ G 272 (u,=-0.99). EEOHMRMITIE, FRNENICIT R
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G,102G,-102G @ 3 OENIMEE L 52 72 %d OFH R 21T - 1. R ITL O BRI
BIFD Gr 3, H B2 2 REESIEE go=9.81 THH L7273, Navier-Stokes 7
RO IR CEIINEE (g/ g) ZFL DD, FEMNL Gr #E, Case T &
\ZHER D, 20, [RHHEICEEN R EL 52D Gr Z3TH LTz, £72, Gr & Re
D_FD Grl R 1%, BHEBHENOLEHLDLTHIETHY, RET /BN THE
TRNTG A—RTHDHI-0, FRICEHE LT ; Grl Re2 78 1 X0 RE WA XEHY,
1 X0/ EWGEEIXBEEN DX RTHL ZEEH LT,

UbzELHT, FHHE/T A —%% Table 3.2 (25T, ABFETIE, CaseA 205 F @
6 FEEICK LTt Z{To72. Case A 705 C £TIX, Re=141 ©O%H & T, EAOINEE %
EFNEN g=15G, 102G, 102G ELTCHELEZLDOTHSD. Case D v F £ TiF,
Re=14 O & T, BEHNEEZZTNZEN g=15G, 102G, -102G & LCERELELD
Tho. 1ZUDIZ, & Case IZBWT, EFIREBA~OIURZHWT 5. KIZ, CaseA 1D
Case C IZBWTHELL, X512 CaseD 705 Case F IZBWTERT L. KkIZ, Re £
DENNCLDHEREEH25.

3.6.1. EHERBADIVEHIM

Case A 7°H F OF_XTUZBWT, EFRRE~OLORZHWT 5. ARFHHERTIE, &K
REOfRZ & o THRIT 21T 5 . FHE OB TIX, RRETICE bRVIEREY, RES,
WY, ENGHITEFRE~DOIURZ B LT L LTS, FEEARET 1o, 2
NOEEOELITNE L 720, FEMICITON TEINR L 25 ZORENEFKRE
ThbH. LL, 2D 0 1272 F IR FHERBALEIC /RS, I 5IZ, ik

a)

Figure 3.6: Position for judgment of steady state; a) the sections of cylinder, b) detail
of the sections and defined lines for steady state at section Ss.
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YEDT=®, BEIZ 0 IBURT 205> L IFIFBRENTH D,

& ZCARMZETIL, BRERD ORS EEE, R, IREICEH TS, MREEE L6,
SR T ADRA L TWD T8, HIxiiOAIZ L 63, T (M@ FA) 1247<1
L7eid o TEFIRBBAS~OIURITELS 725 & PHETE 5 B/t E»/ b, k
T BN EFREBAR L, B0 BErRRELS Th, RO OEIT TR
~NMrbb.

Figure 3.6 (2”9 L 912, ERAFULD Tt 2 D OFEEICH 5Wim S (28 WT, 0=
/2 OMFEEERS (D) IZEMBICEE S -BEm 2R 4 R EowEEo2{bEt $ > T
EHRARBA~DOIORZ T 5. & Re BET VLR Re #E7 /L CTIXERDNLIE N FTR 273,
EHIZ, ERPLDL TR 2D OFEBECH Sl S EOERE 1 I THIETT 5.

Figure 3.7 7»% Figure 3.12 1%, Case A 7°6 F OZnZFIcE 525 Wi S EDER
1 12381) % 4 DOFHli s CORIT MR, IREE, REDKRETIZE bR IHBEZRLIED
DTHDH. TXTD Case I[ZBWT, EFREBAOIR AR TE 573, Case A DL
25 23 H ORIZIIT DG A E OFE ) TR TE 2V (Figure 3.7). LU, FHHERF
M OHK L, [ CRHlRICI T DIRE L RENEFIREBADOEL TS Z &b, EFIR
RE~DIR TV Er L, EFEIREBORRLE LTHWDS Z &35, FRELT, 3
To Case [ZBWT, MRTHT 12 U/ D UL EORARGE L2 b O & EFIRIE & A
L.

3.6.2. Re =141 MfEF#Hr (Case A-Case C)

Case A 7»5H C ETIHET AT Re=141 DR TH Y, AHEAITEIIEEDENDIT
b5, FREIAWEARERS DITT N THRERTHELL, TI 0 ANPIIEERE T A &
ANBHE U CHMASHELET LV THD. Lo T, EIHMEEDEN, 372053 E Grashof
¥ Grs DEWVOIHN, Case A "D C OEFEWVERD.

Figure 3.13 Case A 7°5 Case C £ Tid, Re=141 [ZBWTENDIEEZZNZH 1.5
G, 102G, 102G 2 EETLGAEOEFIREBOWMHRX TH L. §XTD Case 1T
WTIA G ANZIAEN RN TWD Z D o0nsd . ERPICEAET 5L, Case A TEL,
ZAUTHAT Case B BL W C THEW. IRELEZE L 2WGEE ToHIUL, ENMEEDE
Bz iz, Eo Case OifibE L <72 5. Johnson HIZLiUE, REAZBE L
WERED D OFLNICENT, Re =150 T, iMOLIIIEKF LD 1.6 D OALEE TH
ETLHEVIBREE TS, REEMREOLGS, Case A TlE, 5D £T, CaseB BX&
N C TiE 15D OIEETREL TS, Thbb, EHIEEN g =102 OB,
RES OB 2 ITEETE LM REHL. £z, EIMEER g=15 G OL&E, i
FEGNMEREIE DL RS, REGOREICLY, EKEDIITERE LR & o))
KRBT AEL TS, BRET T, TOXRITIRAT AT LV HZE SN TWDA, KT
T, RESZE ZROIGEICRAET HIMOMmE LA & ORE~Y FL (PO s o~
7 hV) AZETIRTRAIND Y, MR ELIZEZEZHND.

Figure 3.14 Case A 7»H C F TIE, TR & AR D /T A —Z BT 5 EFIREDIRE
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B ChbH. TXTOD Case IZBWTIMAFPUTRENBIRS L TWNWD Z LD, KT
WMOWRELOIRIL, Case A THiliz HMIRFEUZ 4303, Case B BN C IXEARDY
W FIE~MHONTV D, Case B B LY C T, T L 2 AKIEFEE D & OIREDOREFAN 720,
—7J7, CaseA T, (KIEFIE DIRELSBEI L, TEFORENMEL 2o TN5.
Figure 3.15 Case A 76 C £ TIE, Witk & [AERD /T A —HZIZH1T 5 EFIRIEOIRE
B CThDH. T3TOH Case ICBWTHARED FIR~SBIRSNTWDZ ERbnd. RE
B L RIRRIS, ERTFOBEL ORI, Case A Tz H LI FRIZ Sy, CaseB B
L C IHERMICTIHAMEORTNS. Case B BELO C TiZ, iz K 2RE DB
72, PIEHRENEI G~ 2 283/ hEv. —J5, Case A TiX, #IHHRENMIZEY
LB~ S AL D728, R T, PIHIRE OGN ERITHS.

3.6.3. Re=14 MfE#r (Case D - Case F)

CaseD 7°H F £TIET T Re=14 OFZRTH Y, FHERITESNHE DOE VDAL TH
L. FREICHOWIERER S DITTRTERERTEHELLS, 7T APIIIEET A A
WE U THRASELET IV THD. Lo T, EHMEHEDEN, 370055 E Grashof
Grs DEVOHN, CaseD D F OFEWERD.

Figure 3.13 Case D 75 Case F £TiX, Re=14 [ZBWCTENMEELZZNEN 1.5
G, 102G, -102G LS ELGAEDOEFREOIMRM THSH. Case D TiE, 7RVVE
JIRHRDOREET, HEFITEHE LM E ORE RGP STV S. Case D [IMHeE—,
GriRe>1 OF%THY, NI A—=FO3T LBV FIRRN BN RERN GO, —
75, Case E BELONF 1E, ERFIMICIBBER SN TE LT, 1ZEA SRS Ko,

Figure 3.14 Case D 75 F FTiE, WK & RO/ T XA —2 28T 2 EFIREOIR
ELTHD., TX3CH CaseD TIiE, SHE LA SITEELEBHEL TWHDHDIZXL, Case
E BLWF T, MAFAICIRERBIKSNTNDZ ERbnD. E£iz, Case D TIY,
FNRNEDIMABER E TEIFEL WD 2 ERnbnsd. AR TIE, MARERI= ha—
AR Y 22— ANOFHRFERICE O THREIICHEZ 52 T D72, R EFITH5 7222/
ERERTAIUE, KV EFETIRESNRBET L ENTHETE L.

Figure 3.15 Case D 725 F FTIE, WK EFEERD/XT A —=ZITBIT 5 EFIREBOR
FESTh%. Case D TiE, #IHNRENE IxiicBRI, MARELEIS>TWnWbsHZ L
Nbonsd. —7F, Case E BLO F 1L, BRI ZMAREICBBDONL TS Z ERNbnb.
ZOHEHIL, Case E BLW F ITBWT, EKFWICHBENIZE A EEL TWRNTZHIZ,
F7o, FIROREPRD TNS WD TH L.

3.6.4. Re BB WL HHLE

T_XTD Case ZatHEFEEND, CaseA, CaseB 8L C, CaseD, CaseE BX
N F O4FEHIIOIFDLZENTES., 207N T, Case A & D FHALNITIILD /I
— VWL, —J, Case B BXWO C & Case E BLW F 1%, ez z sl T
L. BHEEVT, ERTIROWMOBAEDOFE, KNRICBITLRES THL. b T

31



TIZHA T 2 ME L, RESG O FIICHIT 2B F M~ “ISRY” Ths. CaseB B
LUV C Tig, Case E BEO F ITHAT, BRBIFBA~D “IKBD” /NS, IREOHE
BAREITT X TD Case TRILARDT, Re FDiE (RAHEDEN) IZLDHD00, b
LLIZMOFRIZLHENTHD. 512, Case B BEL C ITBITHWMHNG, g= =
102 G OEIINEE Z 5 2 72/ERIT, BELZBR LR2WEEIEEL TWD Z &b
S TWNWD. 207, ERTFMOIRESADOENE, Re HOBENMILDENZD.
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Table 3.2: Given and resultant flow parameters.

Gravitatio_ nal Inlet velocity Reynolds Grashof Slgztsa;]n;]ial Prandtl Schmidt Buir?g/;ir:y
acceleration number number number number number ratio
g U Re Gr Gr Pr Sc Gr/Re?
Case  x9.81m/s? m's - - - - - -

A 1.5 0.5 141 1.25 x 10 1.88 x 10° 0.67 0.78 0.946
B 1072 0.5 141 1.25 x 10* 1.25 x 107 0.67 0.78 0.00629
C 21072 0.5 141 1.25 x 10* -1.25 x 10? 0.67 0.78 -0.00629
D 15 0.05 14 1.25 x 10* 1.88 x 10* 0.67 0.78 94.6
E 107 0.05 14 1.25 x 10* 1.25 x 10° 0.67 0.78 0.629
F 21072 0.05 14 1.25x 10* -1.25 x 10? 0.67 0.78 -0.629
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Figure 3.7: Distribution of velocity, temperature, concentration and pressure at 11 and 12 on section S1 to Ss.
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Figure 4.1Axial velocity above the sphere 1 Dby Gr /Re2 for the each case of CFD result. The
buoyancy convection will occur in range of axial velocity by characteristic velocity >
0.
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Figure 5.1: Vee model of PFLEX system.
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Figure 5.2: Vee model of PFLEX system.
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Appendix 1. HSMAC %

HSMAC £ (Highly Simplified Marker and Cell method) &%, MAC RfifEiED—>
T, #HEOR L Navier-Stokes HFFEXDOH v 7V 7L, HE L ENZFKICEET 5 F
WEThs ;[ /D Poisson FEERZMNTICEET S - LT, FHERROEHKENTETH
5. TR, —RENCET ARFEREE IS oB S e AREEERICE T S 2 a0
HSMAC EOfifEA T 5.

WE, #EEOR & Navier-Stokes HFRERAZLL O XL 9 IZEFKRT D ;

Equation of continuity

V-u=0, (A4.1)
Navier-Stokes equation

ou

E=_vp+f(u,g,T). (A4.2)

72721, f(u,g,T)ix Navier-Stokes HH23UICI51F 2 /I, KitkiE, 454 E L w71
THD.
e DX Z LU0 K9 IZHER L5

(V . u)n+1
n+1 n+1
_ i (rur)i+1/2,j,k _(rur)i—l/z,j,k
r Ar, (A4.3)
n+l n+l n+1 n+l
+ l u&i,j+]/2,k - uei,j-]/z,k n uzi,j,k+1/2 - uzi,j,k—]/Z
I Ab; Az,

Navier-Stokes FFEXZ FEZFRICIKRD XL 5 IZBEBULT 5 ;

1 1 1
u:i::l/z,j,k _U:m/z,j,k _ piTl,j,k - pin,}r,k N fr?+l,j,k - fr?,j,k (A4.4)
At Ar, Ar, ’
n+l n+l n n
1 Pk — Pk fiwj— Fiix
urni:J/Z,j,k = Urnm/z,j,k "‘A{_ ~ JAr e JAr = ] (A4.5)
i i

RIS, JAJ518, 5 Al BERE I 5 ;

n+l n+l f n

pi '+1k_pi'k a,j+1.k
Ui o = Ugyn o + AL ——I55 1 4 GJ=
G+, j+1/2,k G+1/2,j .k I‘AH rA¢9

! J ! ]

_fﬂ¢kJ, (A4.6)
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p.“Tl — p.”Tl fro N
unﬂ — un. ) + At — i,jk+1 i,jk + zi, j,k+1 zi, j,k )
zi, j,k+1/2 zi, j,k+1/2 Azk AZk (A4.7)

X (AB), (A6), (A7) = (A3) ITIRAL, BT DL,

(V . u)n+l

1 1
_ 1 N YL Pk — P N fr?+1/2,j,k - fr?+1/2,j,k
rAr i+1/2| Yri+y2,j,k Ar Ar

1 1
Cr ur LAt - pir,]}r,k - pin—+1,j,k N fr?—J/Z,j,k - fr?+]/2,j,k
i-2| Uricyz,jk Ar Ar
i1 i1

n+l n+l n n
[_ pi,j+1,k - pi,j,k + fai,j+]/2,k - fﬂ,j,k}

AG. AG.

J J

ETL Y Pk~ Pijak N faivox = Tajx
a,j-12k A@H A49H

: P~ P L filiiewe =
+A_I:u;]i,j,k+]/2 +At(— Pijbca ~ Pijk L hikj2 T Tijk
% Az, Az,

n+1 n+l n n
U2 s —At(— Piix = Pijka N Faikz = Faii J]

(A4.8)

Az, Az,

&%, X (A8) DIES) prtt FHL, Kz T5 L,

e

V . u)n+l
- (v-u)

B 1 1 1 1
LAt fiy2 pin,}—,k - piTi,j,k B fi_yo pin:ij,k - pirj}r,k
r Ar? r AFAT

AL pirj}r,lk - pirjﬁl,k B pirjil,k - pirj}—,lk (A4.9)
K*AG; NN

n+1 n+l n+1 n+l |

I Pijk = Pijka  Pijxa = Pijk

+ At 5
Az, Az, Az, |

+g(f”)

LA 2L, g 1F, X (A8) ITBWTENICER LA WEEZ L OH-ETHD.
A (A9 20 IR T D E2ITHELD prtt ZRETIITE L.
=T, X (A9 ZUTOLHIC prtt ITHTEHHBRR AR LML L E2EZ2D

46



(V-u)* =h(prt)=o0. (A4.10)

AREETIE, & (A10) 2 Newton EZXHWTHEL « HFREROEEMEIZHB VT, Newton
TEIZIOR A,

Newton £ & 1%, — O FHENX fx)=0 I2BWT, ROWLRIZL - T AR 25 FiE
Thod;

f(x,)

) (A4.11)
)

Xn+1 = Xn - f'(X

n

X (A4.11) O x Z pll, £ % h ITEEHZLZ L TRAEHED ;

( n+l)
m+l AN+l _ m . n+l p'lk

Pi,jx= pljk_anT) (A4.12)
i,k

72771, & (A4.11) ITBFA ATy 7 A2 n 1%, K (A4.12) ITBWTERS Ty 7 A
m & L7~
T, X (A4.12) OFBIE2HEOSRHIIUTO LY ICEBTE 5 ;

m n+l
mh/(pn+l )_ 0 h(pl i k)

e Py ik
(A4.13)
—A |+1/22 -1/2 " 21 . " . 1 n 12 n 1
I Ar; LARAr, T, A@i r, AHJ.AQH Az, Az, Az, ,
B, HEEg - chhiE, X (A4.13) U TFORITREEEIND ;
h(prt) 1 1 1
"h'(p/ —L = 2At + + . (A4.14)
(p"’k) opr, Ar?  rPAG? Azl

ZC, X (A412) ZUTOXIICEERT D ;

n+1

i p|n1+1k mpun]rlk - mh'(izl.n?l;) mp'n1+1k mpln]rlk (A4.15)

n A7 v 7ETHREEZRZTVDEL, ntl AT v 7OBEY, JENHERDLZ L%
Zx2%. A (A45), (A46), (A4LT) ® uw BLO fd IZFNFN n AT v 7FICHBITS
EERATSDE, utl BEO prt OBEFRABBFLNS. E5HIT, prl IZ1E, n AT v
BT B pr AL, ROMES; wt 55, prt (Tpn Z{RAT 52 & T, unt
DIEIIEDL DN, BIESNTWEEL TH L0, WERMEEZSLLEIXRN. 22T
BoNEEELEAOEKTHLOT, JEHLFRRRICEEL, #0274+ ETY
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Appendix 2. 8EETILORE

—ERUE IS BN ERO BRI, S E S ERMNONZ — BB 5. — I, Re
MR HIE, BITITER - iR A TER T 5. Re Fdm T UL, %BikiTIEEH - IRkt
IR ZTERRT 5. BRIKD/Z — A K> TRHETREEENZENT 5729, Re L 5%
TANZ— DRI BDLETHD.

Johnson™ &%, BKE OV DAL % FEREY - BUERIZ T L7z, T ORERICE 5 &, Re=20
ICHRWTHBERET, MBMPTER S, Re=200 F£TiE, MBI EF G IO
L%, 61T, Re=211 [ZBWTIHHIRIFRA~ER L, Re=270 B2 2 L IFEH I ~E
B125. bbb, Re=270 £TIE, EWME/HEL. 7272L, RER I ZHKERE, RFEH
ExERHEE L, Re H2HHT 5.

Johnson L OFERIC L B &, Re=150 TiZ, BRSNS ERBERD 6 EFFEER 7 £ Tilmn
FHET D, WAMHERE TRET L L, FARRBRNUIGEZIRT 2R H 5. ot
25, WMHmOEES L, 2> b — bR 2 —AOMHANT VR EMIRT HT-D1Z,
TCOMESGZMIE L2 b DIC D, ZOBERICETMARET L L, BEMOBONT b
WG, 2y br— R Y 2 — LD ANT U A ZMRT H72012, RARRRT ML
BCHIIEEND. Ko T, UTOFEELDILENRDD ;

D WoRELY bRERay ba— AR 2 —LEMHIRT D

2) KA A A RO & b 72> TN 5.
1) oarybr—/RY 2—AOPKRE, MERZBERICEDLZ, HEOBBEEZZ &N
ARETH SH. LaL, FHEETATIE, BB LSRN £ CORBEN RO b TE
D, HREETNVERRDIHBEEZITIZLICRD. 2) ORFMAIAOEETIX, WHERIE
T D EH T R LA O EE IS AR LI L7, BHRORBBA S ZENTE S,
2L, R A A RN S LSS, FHERRRISERICHENT 5720, RREETO
T, CFL 451 (Courant-Friedrichs-Lewy condition) 35 J O J5 (Al O HEBOHEE 2 515 L,
ZDR/NMEERHIZ 2 & T HMER D D, FRCAFHE TIE, Ep it e L TiAIC X
DIRNLAIME I AR T D . D72, B/t OB 218 E L CRERZ A% —iE
WCRET H Z &I LV, R A2 K& < Uil X CHEN T 2 TaetE, #ilo/hs<
Ui & CIRERIFE S 22 032 AT L 72 W RTBEME DN B B I A A FHE AT » 7 T &2k
WHZET, ZOLDRREEZERTE S

CFL &ff& i3, w % 1 FMOKEE, Axi & 1 FROKHEE, At ZFRRZIA L L,
KAWL THLLENDHTHS ;

AX

1. (A5.1)

F7o, 1 FANCET D808 Di ZRAUC L > TH oI, 0.5 LLTOEE & 2 %LE)N
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H5.

1 At
P = <05. (A5.1)

'TReAX?
PLEZEETLHE, 2T v TOREZ A Aty 1X, HONUHO IO REMA A Ate 200
2T, UFORXTEFHRTS ;

. [ AX
At = mm(ﬁ,O.Sx ReAxf,AtC]. (A5.2)

7272 L, CFL &R X OYEEHEEOEEBICEBWT, TN 80% DfEx FfRE L TAty &
EDTZ

[ui |

. AX,
At = mln[0.8 x i 0.8x0.5x Re AXZ, Atcj . (A5.9)

FRAEBREL, SHRET VIREDTD OEMEFERZIT>7-. Re=141 OHEIX, FI1%f
A AR THAIS X 2 RHED AL T, RBIOFIEN EMICH_TFRICEREL 52 5. £
D=, WEHEHFEOE T E T TR, I BR~EE L, FROMmEARERRY 3
SRICHBLL, MHERCB T 2 RARMEEZ D7 5T NVERESET 5 ; “High Re model”
L XE5. ET2, Rem14.1 OLEIE, MMEORENKRE 2, BB OMFEN BRI bR
PBILFELOTLS AT, RABEZPLICEB LTS ALEZIRERT 5 ; “Low Re model”
L XA
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Appendix 3. ¥{EETILDEEMRET

KR THN T v 77 ATIELSWEBRRZHHE TE TV LN ERGRET 5. L,
WFRE T HET M, OB EAHCL, BRALET L0, BLY, BEFOE
BRAG S, BEHEMAREHKRT 2L OTHS.

FEHTIC WA 5L, (N, Ny, No) = (32, 36, 100) TH 5 (Low mesh). &1
R 2 ffes8 3 572012, (N, Ny, No) = (40, 40, 150) 128 ZH5HE#EE 1 (High mesh)
LR, MEET D, BERICIE, Re=14, g=15G O Re TFTVEHANWD. BT Ok
ToBEEICBIT D EFIREBAFRE L, W, R, RESMEHKRT S ; MEEm»DS 10
D OALEIZET D R FGFER RN T, Wig O, IR, BESME T 5.

Figure A5.1 |Z High mesh @4 & Low mesh OHAFNZE I T D EFED 420K
BT D a) fFrEE, b) IRE, o RESMEZTRT. T XTOWEEIZBWCHEAIX
—EHLTWD. Lal, BAMEERS TIIRK 50 % OEWNRS Y, IRESAR ClERK
33% DEWVRH Y, BESMATITHRK 18% OEWRHDH. TOHBEO—D L LT, A4fF
JECBIT DL o & bEMERRNGZFHE L TS RB LY, EFIRE~OIRNELR T
BN ENRBEZBND. £z, TNENOHEKMEICKT D2HETHIVUE, 7 mEE R
T 20% DOFEWAH Y, BEDATIE 33% OFEWADH Y, BESHTIE 13 % DOEFEN
5. wAEIZK L TOEWIDR L, REWITIFBRSEEZ L L X TWDAREERH 5.

Figure A5.2 |Z, High mesh 35 L O Low mesh EFIREICKITHEES 2T, Z DK
T, KEMCBEOBTCIEROBEMIE—H L TWb Enxd. ko, AKFHEOEHE
PEZEWEIEE 220, KRB RBGIREICT S Th D B2 5.
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Figure A3.1: Comparison of axial velocity, temperature and concentration between

high mesh and low mesh.
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Figure A3.2: Concentration distribution for a) high mesh and b) low mesh.
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