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ABSTRACT

Solid-liquid Two-phase Flow Simulation of TBAB Clathrate Hydrate
Slurry using for Latent Heat Transportation

Wen-ji Song (Thermal Engineering)
Directed by Prof. Zi-ping Feng

ABSTRACT

The Tetra-n-Butyl-Ammonium Bromide (TBAB) Clathrate Hydrate Slurry (CHS) is
one of promising media for latent heat transportation.It can be used as substitute
secondary coolant in centralized air-conditioning systems and district cooling systems.
Because CHS releases its latent heat during phase change at atmosphere pressure in
the temperature range of 5~12°C, it can carry more cold energy per unit. Based on
that, CHS latent heat transportation could cut energy consumption of pumps because

of downsizing pipeline diameters, and then realize the aim of energy saving.

There are six main parts in this paper. Firstly, the related references about the latent
heat transportation applications of TBAB CHS were summarized and analyzed
comprehensively. And it shows that the fundamental researches about momentum
transfer and heat transfer mechanism are still not exhaustive. One theoretical model
for CHS flow and heat transfer, from the aspect of solid-liquid two-phase flow, will be

significant supplement.

Secondly, based on above, one 3-D theoretical model for CHS flow in horizontal pipe
was established, which could give better expression to the solid-liquid two-phase flow
characteristics. In the model, the effect gravity forced on solid particles was included,
and slip velocity between particles and liquid was used to describe interphase forces.
Solid viscosity expression made control equations complete. Turbulent flow was
based on RNG k-¢ model, and two different expressions were used for laminar
sublayer and vigorous turbulent region separately. One simplified 2-D theoretical
model for CHS convective heat transfer with constant heat flux in horizontal pipe was
established. Mass transfer and heat transfer between solid and liquid phase were
coupled with source items in continuity equations and energy equation. Source
enhancement and field coordination theory, deduced from energy equation, could give

better explanation to heat transfer enhancement phenomenon for TBAB CHS.
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Then, in order to verify our numerical calculation, one experiment stand was set up,
and pressure drop and mean convective heat transfer characteristics of CHS in pipe
flow were investigated experimentally. Comparison between experimental and
numerical results in the range of y<30%, show that 3-D model for CHS flow
behaviors and 2-D model for CHS convective heat transfer characteristics present

good agreement within a maximum error equal to +12%.

After that, the flow behaviors of CHS were analyzed in detailed from the aspect of
solid-liquid two-phase flow. The velocity profile shows a flow pattern transform
tendency from shear flow to plug flow with the increasing of solid fraction in laminar
flow region, which can owe to its non-Newtonian as single phase fluid. The solid
concentration distribution profiles indicate that obvious stratified flow appears in
sublayer at laminar flow region, and it disappears when flow velocity increases. Based
on the results of orthogonal analysis, mean flow velocity is the most important factor
for flow resistant of CHS, solid fraction is the second and pipe diameter is the last. In
the range of CHS particle size distribution, particle diameters show little effects on

pressure drop of CHS pipe flow, and it can be neglected.

Meanwhile, the convective heat transfer characteristics of CHS pipe flow were
discussed comprehensively. Contrast to TBAB aqueous solution (y=0), CHS could
enhance heat transfer up to 1.5~3.5 times. The section temperature profiles express
thermal transfer process from tube wall to fluids. In laminar region, conductivity is
the main way for thermal transfer, and the releasing of latent heat of CHS particles
increases temperature difference along radial direction. In turbulent region, turbulent
kinetic enhances heat transfer in core flow region and its thermal resistant
concentrates in sublays, and the releasing of latent heat decreases wall temperature.
Along axis direction, there exist three regions—non-melting region, melting region
and melted region, and boundaries among them were obtained. Among parametric
variations effecting CHS convective heat transfer, the mean flow velocity is the most
crucial factor, solid fraction and latent heat value are second class, and heat flux
shows little effect on heat transfer coefficient. In the range of CHS particle size
distribution, particle diameters show a bit better effect in turbulent region than that in

laminar region.

Lastly, two main applications in latent heat transportation were introduced by use of
the established solid-liquid two-phase model. Critical deposition velocities, which

stand for transformation from moving bed flow to heterogeneous flow, were obtained

v



ABSTRACT

for type A and type B CHS separately. These could ensure the safe transportation for
CHS. Another application is optimizing pump power consumption by adjusting solid
fraction in CHS and flow velocity. For type B CHS, contrast to cold water, there
exists an optimum solid fraction range (around ¥=26%), in which the power

consumption for transportation could be minimum.

Keywords: TBAB Clathrate Hydrate Slurry; Latent heat transportation; Solid-liquid

two-phase flow simulation; Flow; Heat transfer
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It S W e i Uk s = Atk 2h, 70 7 AT 5 0RNX, HPRER
Kotk XERRKRE T MR UM LI T 54k S a2 AL S RTE A T8
45, VEWAR 12 P it T e S sk oy 1AM A4 750

%12 DY T I AL R

WL EMEE R g Al W Fl e A
7y 13 Iy TR §eh) (g/cm?) (kJ/kg)
(C,H,),NF VYT R 24.9 1.032
(C,Hy).NCl1 VY T AR 15.7 1.026
(C;Hy),NBr VU1 R AL B 12.5 1.080 192

(C,Hy),NCH;CO, DU IEREMREY 15.1 1.040 209

(C,Ho),NHCO; VU T T R 17.8 1.038

[(C,H,),N],CrO, YT R IR 13.6 1.059

[(CHo)NLWO, DU T LA pRes 15.1 1.131

[(C.Ho)N],C,O,  WUT AL PRE% 16.8 1.043

[(C,Ho) N1, HPO, VYT JLMmzsk 17.2 1.059

(C:Hs),NCHO, VU] R 12.5 184

FELL EVUSKE D, B O 2 S DU SRR A 57, KRB T
Sl b 0 BRI LA S WIAEAR 22 5 TS AT 1A e o R A A R (K DA F5e:

(1) AHARERER K. LR a8 A 5 W AR AR 8 0 — ICERHE 200 kI/kg 2244,
HARAS R K- 7K AR AR P 0, (EAR 6T TE A AR A /K 1) B ROk Ui B2 K )
.

Q) AMPETREE S . S SR B A A WA R — AR AE 0°C L L, =
LA, Sz 2ge )z N 0 EGA TR+ VU, XFERL
{EAFAEA BRI A Hh el R S5/ s 0 HEH B % & WA K
8 A AT RE .

(3) BN 2SR L. LA KD RER AR 2 R HAARKED), G0 Fh
B E ARG . fEREREN L, S ARG UIAAAE VL W i sk 5. b,
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TBAB L4 A0 S 5% 18 PRI 1) [ 0 AR U ) 5 A VgL

SRR I A B R L g, T HL— R B I R PR, ik
ARG EEORRE s (ML ve 15, 15 WU Far i i i v gl 2 Y B OO Al A
ARG HEIERL I K RIE I o i T DU T S8 SR e /K P R R MR B, A5 4%
A S A 2R G I T RAAOK S R, DT R S s S
WIZERG Al ARl Re— MRAE R R TR R BT S8

(4) (ETEERE. HEh OG5 R KU Ta] AR 5 2l — AR, 4
/N A AARIORE L5 8 IR RE S AE B I 18] PR EFIY ) A s IR A, 1Kt 18
ROt A

(5) VEFUAGIE o B SR B a8 A MDA I 3 A R Rt e 1 e R o A - s P I B
AHAR B AL PR /N, PeVF 2 38 R e OBk . Lhtn, 7241 (NapSO4-10H,0)
T2l P A0 RO MR AR B B AL S L P R 2 s A B 5 A A T B ) 34
Jon i G R R

(6) XIELALS. b et SR AP o KR EAZ L BT A E A,

DA E A n Aol 7 6 B0, 2% A G W A 3 R ok 2 U AR ) v 2 9 R
ML SRE AR VO A A AR ORI, R 127 el LUE Y, DY) A ik
RLEAL B W e AT S5 AR by v 2 P P IR AA R, 8 FH T BIAT 1 o s i sl X el AR
AR R, DU T IR VRAL B 1 95 SC 44 Bk N Tetra-n-Butyl Ammonium Bromide, & #5
TBAB, H 7K ¥ 5 AH A2 I A2 ple R T -- VTR & ) —— B0 45 4k & W) 9K Clathrate
Hydrate Slurry, fAiF#RCHS . H R, HA . VEE | A E 2512435 48 CU R I XS T TBAB
L8 W) IR 1) v s T P A A6 N T BRI Rl R (R IF 97 - TBAB CHS L& %
Shy o R A AR DX A v 0 Y B A ) e I A A R

1.3 TBAB B4 SR BIMIEF AR RIHE

ARAT— TR B EAEARR) ) 2Z N F  SR AL = AR T AR, BIURPRL Lt
SR S FHSRHLBE RIS LA AN AR B T o X =ANTT IR N A A X, HoA
Bt o et SV ARTIE SR M A B P P AL HE ™[RI 275 B ik = AR 1
J o B X R IR AE A ORI A RSt AL 22 R I, 2 R
SV AL B 8 G AL EEAL LA T AT 9T, 38 =2 I FH B R v i s
R FR AR AR 48 Canvg #4048 ) AR BN ] T & . K] TBAB
CHS 104 75 AVE AR B BB PSR, 2 — TR A 6 e 2 U A X3l
Pve RGUAE TR M $2 A1 BERT B . — LRV R G NIE AT 41 2R 78 /e W%
BOREAT) R i R RSt (287 1 DR B R AL BT IEAT — € (e, L
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1 it

R LR S AL 1 i 2 A2 8 R BB AT TR IS4, X BOR BT E BIRUE |
PACIZAT I ZER . B EPT A TP B BOE SIS T2 10, 25 =B B2 RN
JAEY =TT = P = N i I O (B G5 S SR S i W T R I £ o AR o
kA

SCHRRIR AT I, 76 TBAB RS20 54 S CHS ¥ gt £ A R F Ak,
H A AT M A, w1 K i S B L 5 125 ] A b ] 5 8 b DX AF DCRIE T 40

1.3.1 TBAB CHS #&#it $i RIS AL

TBABZ L TAT N AR 25 A F (K — P AL, 2K S Wk ol T et
SRR EDIAE RS P 1997 SEHANKK A | (HAME RS, BC
[ H A IR IR AIFE) 75— “OKFIY T REZS A WF90Ii H st
FLTBAB CHSHE Sy — Pl B AA N T ez i R/ geh P10, I TBAB{E IT
B 15 1T 52 1) A BRSO B 22 (VAT 7 38 6 FLAE D 25 T v R 4 LK — T K F 3& 11
WYITE, IFRILETF T — RAUNAR SR F SR 9T T4

JFE B /TR X TBAB 45 AL G ) (ML R B KA ST, JFEAS T
VP2 BRI SER AR U CR . BJR, T tihed 90 AEACRIIRNITT4h S AL
70 ol IR A ES LR BB R ATERE . LA
Je CHS A R i ik RGO BENE S S i s ATk gE . IR, HA
FARBUM AIST R F7— 20K R RHTH LI B S U SR 45 T TBAB W&k ik fy
WY AH DS AYIBR PR T 5. 3 H AT 11, TBAB S&LAWIAE T RS R G
I BT FUAN T e 3 e LA T
(1) CHSHERBFAYHLE BT

EEAUHFASCHSIA 531 GRS 17200 AP 17 2 s R s
Ll 172328 Qg B L R R SRR AT 2% A R B

At BEVE TR IR0, R4S TR 2 HEMTESEL, BRI BEE T 1%
S AL

[l 1-4 TBABWA AL AMIETEIRSY 4540 1 1-5 TBABERAL &R ASME
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TBAB L4 A0 S 5% 18 PRI 1) [ 0 AR U ) 5 A VgL

TBABRZEAL W) RTE BN 7 e R 55 UK AR TE SR 23 el R+ 0 AR, 0
HsbA S 0~12 CHIMBESAT NREAT, RIS A AR # . rTRUHI(1. )%
ANE R, AR BB S, BB, eSS YR
I, RO, Horhn B4 S PI K-S 5.

(C4H, ), NBr +nH,0 <> (C,H, ), NBr-nH,0 + 0, (1.1)

% 1-3 A BUF1 B %Y TBAB B84k & W) 4k 2 X

AR AR B /!
21 (C4Hy) ;NBr-26H,0 (C4Hy) ;NBr-38H,0
TBAB iifE &5 40.8% 32.0%

MR TR AR S5 M AN E], TBAB H&ALSWAFAEM PR, Bl A
A B A, K 1-5 PRI AR B F o
(2) CHS#EA B R S

JFEZE— NI &N 100 kW IR 2518 2 40 H % CHS )34 22 ) id 12
RYPS BT 7 S22, & 1-62 5080 245, o (R 4 ) DL FhoK A1 BR AR
T S AR R o AR IR 520 RS CHS Y34 %5 B2 ik #1-70 kI'kg!', CHSHEZIE
Rih 4~6 C.

CHS (Clathrate Hydrate Slurry)

Circulating pump

_._ productionsystem _ ; JI_} Cold
! : . | alr
!=="1 Refrigerator Aqueous solution |
Iy ) = 100 12°C/ e
E III |II+ --{--- B 2 1 I|II E:Uld ' ]E}
o i | storage
E T(‘:—a—— i [
i s | Lol T
i i ! 7 et : 4
E i4t|::- 3T : 100 12°C l‘ﬂ’agr alr
! Lo . —p- . conditioner
e /_,A: , > 7/ oo CHS QCP_S

Cold water pump Heat exchanger for TC, 10to 14kealkg

CHS production Load pump

1-6 JFE CHSZ i R4 7!
ARG I OAE T CHSHIE S AR R . R IR TBABAL 444K A4 10 A2 il
T, CHSIELLHIE RAELEE BIFE =58, Bl HT iy . L AR E
DA CHSIRZAA AT s o o AT He g #R e AR Ui gy, 28 B Wl 1-7THR.
P R R0 28 A B ) 2 B 25 I 1) ) 9 K32 9 B 6 7 B T s IR BE T L, S i
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1 it

PR, DL CHS i R ST 20E I BEAT UK ER A, DARI s A BE T B 1
WAL EY) . JFEMEARRY], ARG i B2 -2 “C IR Rl 302004
10 73l A SEER R 2 20 22 BP WA ZRBIR BEABEIR T 1 C.

i TBAB
EiT CHS

1-7 JFE CHS iS4 il

RGBT, A uVA Fus 12 E A CHSE 5 40 e 2 AN T 28 1) f, DALk A By
G A P E T-CHS IV &, P e T-CHSIIHS, M HUS 5 [ AH & B G
Fo AL, JFEFFK T — AR S SR LM A E, 238 E5 A H TBAB/KIE I
F SR R T BT S A 5 R, MRS IR B5% ) 4 A8 E, AR A fd
(P4 e i R g ) 1-8 s

TBAB

<€
51T Tewmr
b 20~100%

RHLEE | AHLEE

CHSHt4A % CHS
A3 4i10~50Hz

K] 1-8 CHS {4 KAt A e Fs il R 4%
(3) ik L
TERTHIWT ST LA -, 1999 FEIFE&E ¥ T 55— A CHSZ MR £ 4. % &
25 UL Uk B BE U rh 0 KRR W 2 2 R AR %, VA IR Z) 1700 m?. il
Rt

L5 H KGR 5 B, A 7R CHS A AR ST R U H AR R 5 117
R



TBAB L4 A0 S 5% 18 PRI 1) [ 0 AR U ) 5 A VgL

W 1-95175 ) RIS RGN A R REAETE R G ligdT Lo K
(X EEPY, T A S R RO R, CHS I & A B A K I 45%, AT S 8UE 34
T REFERL IR PR A IK T 23%. P& 1-100U0 2 BR A4 EHLLLAN K R GokE i son] Ei
FER RN M — M T HN I Bk, o i CHSTE I E AL L B B 45 T CHS
HIE AR PPN G . AR Bos —IREA I H 2B R 154 kWhiEh 82
kWh, FEIEIE 47%, XFTFBR FENLCLAMOREA R G R AL S N PRI IE 2] 21%.
H AT AL, JFERICHS i R LAk T B F MR, JFHME RS
RE— DA, RRICRAFAETE— D4 iy 1 BRI AT BEME

100%

80%[ "
60%[ "

40%¢r”

20%¢"

0%

%K CHS

K 1-9 CHS 5% /KIGIRREREXNT L (el L0 R

S Ik s WHIKE
[ N Y K 54 7]
_ s — 29
— KA 1022299249 IRAEIR )
R4 22000 Az
154kWh 330 kWh 82kWh
(100%) syl NI, (79%) dses
\A VA
HAE46% o o
Fotetels . WIE25% :
4 Y111 B
CSSEET Ui 17% N~ R 17%
THLH = ML E
8% 8%
BIKARG CHSR 4

B 1-10 CHS S5 /KA W R GTHL I AEXS b GV ENLREHLER S

LA, 2008 A [ERFERE T M BEIE T T —ETBAB CHSH#E H A 17875
ARG . ZnVu LREECLS MBI BT AT B N SR A R I T 2 A 3 A X 5, hIlVATHI
600 m*, HIVAE S0HP. i — % HIKEL g istr, Mg B4 s,
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1 it

TREFCR SIFEM R GAR 2 o HE AR I LR BB e RCR i 1-11
FE 1-12 fros.

1.4 : : : : 0.6
 sewes
L i . o SR 105
o CHS ; FCUJT 1100% 5 1
L Fmok A R R
Z A CHSJ 41 77 4t | | | 104
w 08 F------ T 1T T T EEH
099 | | | i Qi
9= A A A AdA ‘ A *A 0.3 o
B 0.6 [tk *";t*‘”l *******
b | KN ot S o !y
Foal e o i o GuEs RS o ¥ 192
02 F— L L I L 101
0 : : : : 0
30 31 32 33 34 35 36
FH s ¥4 7 4of kKW
Bl 1-11 ARG T 2r% 75 REFERS tE
m E Ak B mCHS AR
100%
0%
BO%
40%
20%
n%"/

—RE BRI B O TR A
K 1-12 Fanik R DB BERCR
4) PR

2005 A7 TRV TFERS DL b330 25 G R S8 OO At 1, o sioh 5t
L —ACHST REF ARG 1% RAFNIEHE T R CHSBATIAIE . B
SR 17308 m?, 1A AL 1 & 633 kWELLE, EAM 350 m®, Wit szpris
17, ZRGM) ZRAGIAA BRIL % B IE BIK I 3 6%, MR PR EA K0 1/3,
TEIAAERESZ B A K IR 80% IR T o LN, R A VA /K H S 25 R G IR AR FR
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TBAB L4 A0 S 5% 18 PRI 1) [ 0 AR U ) 5 A VgL

T LA A5 A i e 26 4 P DR B Y SR W AT DU 4 Y FH CHS T s FoR
ARG R ARG T G, i HLR A RGO B TN s .

AT, 78 HA i TR e TR, ARG IR AT, AR 50y X 3k
LI H . THINK KHEEE, JECITEEH E 3 R m W E 5.

B HET, AHAR JFE ST CHS ¥R A=A, E R
e NBENRHE T IT R BRI, AT T ARG B AIEAT o BRIEZAM AR K
LS AT FAB W ST BNV BEAT CHS ¥ I (10 7 b AR B F A 5T F0 I F
Ko

1.3.2 TBAB G440 & W05 i i 24 R A0 B R A 55

Xf TBAB CHS ¥ U AR5 1 FBE e 1 1R DKy A s T L S 4 10 1 FH i S b
FHES 2. 1997 4, HA NKK A A FFab) CHS %5 5 v i i o g3 1y
REMNHEARIATIF AR,  JFE B TREH AN BAETF K CHS 25 PRE A (1 [R]
FF T %) CHS AR R PR AL BH ) Re 2k () SE 30 9T Bl 575 B Saint Etienne K% A1
I RE B M BEIEIT ST AT AR A 4Rk 1% 853

M 1997 SEITUE, JFERHREIS S — B2, K. Hayashi et al. "1, S. Takao#lH.
Ogoshi%> 21, 7 [d]—ANWFFT 30 H o CHS I A SIS M REAT T 125 S 5
GCo SEHE M MBEEPVC, PR MR, 435100 27.6 mmAl 52.9 mm. CHS[H[4H
HEA 0~36%. BB RN 1) (DAP)/(AL)) 5% N-FH BT YR (8V/D)
ZIAIX N R, 38R MALE (apparent viscosity) 5[] AH 25 5 5 B 33 1 (1)
KZ, HHE SV/DIIE Mg/ W K H Metzner-Reedifi FH 7 1550 (Rem) 3E
X, WFeor R JZm X BE ) REFF A f = 16/RemIE WK R . WIRNEINNTEE
X CHS R ARRF PR A5 A AR A W A4 v (0 B, I e A3 38 T R A A 1Y
) — B REKRR AR B AN RS (RN FEAR S D) N RS 1E,
W 1-4 Fim.

K 14 E MR FCHSIHTAR . (nRIKA)

Heds (kIkg'  -47.0 -48.5 -71.1 -119.3
n 0.5425  0.7047 03629  0.5991
K 0.2876  0.3688  7.560 11.17

H. Ogoshif1S. Takao™ i X CHSZER WG B 5 ¥4 /K K ZR REFEZ TR HEA T
TSR . PR BE SN 52.9 mm, HiiEA i 115 kW, CHSTEIA
HRE 5~8 °C, [RIZKIREE 12 C, W/KIEAPHEGEE 5 °C, [BKIEREE 12 C,
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1 i

SRR, AL e I AL HARHTEE T, CHSIABREAH S B AE 25% 0 1If
MR REFGIE BIBRAR, BN KL M R 2 RV KAGIAI 17100 24 T %53l i
Hh - PR Z TR A5 A7 AR 00 J2 s ARSI AR Zh LS, RIS E S8 7 CHSI R TR =
I RS L. Hh TR =5l B BUN AR 52.9 mm, OB BINARAT 52.9
mmAl 27.2 mmPFf. =IOV ECE, fESER iR va N, PR A A L
SIS LLEIS 5T

2005 4, :[ESaint Etienne K[| Darbouret et al. i} 57 T TBABTWAL G W
LE R I Z I AR PN 220, i 3 AR5 0.016 m, K 1 m. TBABY ]
BUREE S A 35%F0 20%, X N P RIAS AT A2 I CHS, - e 35% 41 4R ik
£ Be A R AIE 2R BRA T AL ZE AW, 20% 0 435 R B WU g DR iE AE e B G 4 A0
Yo TETAH P S A CHSAH A1l ith £ 0 ik I 5 3 B2 ¥ 7 VA ) e e, SLrP AZRICHSS
(1 [T A 25 B ik 55%, TTBIYCHS ¥ Rrik 43%. 18 04T s 22 ((DAP)/(4L))
Hiig (8V/D) XN IKER, WHIEEH N A TBABULE G YK AT A Bingham
AR, 5 JFEAS B R RIAN T . 25 T R, B e AT RN ) 7058 B[]
T I ARG T R R, b IR T A AR R A i AR 2 )
[ Van der Waals JJ[\IAH BAEH » [FIBRAEE $H, fERREEAH S & N CHSER I H 4+
TR, R IRRY S0 = 0, FFREARAAAE— A KEUL T 12~25%Z Al
15 A 5, FECHSIX 73 A A= g A4 F 0 A= i m AR P AN AS R AR X . P AT
MIBRICHSIH R MAGVE R EHAT TXIEG, fEAHRI A S &, B TA%L, H
LR e = N TBZ SN (=R APS bl e s e S N DN TR 3 D 4 )
LAEYIRTEIR ZE R . A. BEICHSHIR WA M R B E— e =S, HN
#8434y Graham et al. B H (K M [ -3 AL A4 1R R URG PE R BT S A
UBU 5 385 S 6 2 [ 900 7 R A7 A 3 3 22 1 vl gt B ) 43 2 8 1) A T T 3
EASTT L, A CHS [ AR 1) 2 A1 6} 5 N I 8)) F B AP AR — 32 (R RS

M 2003 LG, O ERFEERLT NGNS E R IBAE IS H PR
[ 8N TF a3 T TBAB CHSAR AL ERSE 7 TH AT 7T, 56 5 X CHS I 28
Ve A s B R EAT T RGBT stk F 30.0wt% A1 17.3wt%
PRI FE I TBABI I, 43 BIXT N A2 A Y FIBRUCHS - 480 B ) AR Y 72
43504 16mm. 21mmAl 27mm, K 2.8m. RIEAFEE T2 shEHE,
fifie T AE [ AH B =N T 30% 0T AT RIBAY CHS B & T Binghami AR (1) 4518 » 11 4 [i]
&R KT 30% )5 R I H EE B 5 i Herschel-Bulkley vt /A Rs P o S50 £
ffiaE T AZURIBAYCHS I B 2290 A8 2 40— Y8 VR B0 J R Y. ) — 5 [ A1 2 5 2 [H)
ARG R o B UK SEER VG P R BT i 3, ARSI ) B R T “ 12
WACELZ”, VR Ry [ A RORE (R A7 A S BRI AR A, AT A B A AL T i
TP BN B R B A0S s 2 R T A2 I S i 7 B Rewre 5 T AR 5 2 22 A K
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TBAB L4 A0 S 5% 18 PRI 1) [ 0 AR U ) 5 A VgL

PRSI IE I OC R JZ N RE ) R S 08 F 56 U B Rewdli /B f=16/Rey i 7, T
L& BT BB 5, EPAFCHSE W ahRrPE a7 T 3T Bingham
PRI B AR T AT, 55 S0 6 Ll A IASE IR 1) & At o A 58 108 22 B IR )
SRR TR AN S0 SR AU A R 2

i T LA, A5 AR TF 0 SCHR A A A I ADRIT 5T 3 BEA T AH OCHIF ST
1.3.3 TBAB G4 A YK KX i B AT 5L

R AR R SR ERF 9T —FE, XF TBAB CHS X3 HAE P (R F 77t 2 5 -
G HA JFE 2wl %) CHS =% v Suini vh S W R AN BRI o ik

B P RSB B ETT BRI £7 B P VAR ORI Y

M 1998 SETFUR, il — BB A A A PR T AR e b
FRICHS 57K Z R IR 2. CHSIMBEIAHE S0 70008 0% 15%. 28%H1 32%
PUFD, iE 1~5 VminZ [8] o SCER A X #2038 2 BOR K i sl 250 B0 .
SRR, EAHFLE T, DURCHS B A A AR B 22 AR S, Bl A T A
ANFIRIAZAK FH 2100 W/(m*K)ZE Wi i3] 4300 W/(m?K).

1999 4, mEfs 5 2P 7E CHS 92 4y 25 1 22 48 P I T CHS i A X e 4
BB R B, 1% RGP TR CHS AR et gs — 38 5 4y, Hob 2 M
WIERAS ) 71,625 m*, 5341 3 ANPGRSy 76.4 m*e MR 57500 E 5k
FTBAB/KIF M 57K 2 (a1 4y, 303 o P s, A s 7K DA i e R 35 0
BRI R, SRIGAECHS 57K (Al FA B I, ik il & S e A R 40, A
T TR A P 7 0 3 A 2R 0 B AT 4 HH CHS O PR o) 3 B A ZR 0. AE SOk T e 4
SO L B R e B ERTE 100 kKW CHS 28 R, 7 fi R 48 h Il & T TBAB
KRR CHS ECHS il He v b (i e R 8. DR ik ) STk e s
HORREIN R =R FEA A, CHS (WEAHE =R 0 B RITBABKEEHD Ml & 1r
0.05~0.26 m/sZ [H]ZE Ak 45 SRR WIBEA Vi th/ 2R K384, TBAB/KI AL
CHS il AT e 8 Hh ) B J e R BN 700 B84 N %] 1300W/(m*>K), 1M
CHS 1 B %] 37 e 22 N 100 4 I 2 700 W/(m*K) .

2001 4F, e 2D e AN CHS SE f i 25 RS AT S R 40 ik T CHS
WA NMLELE B R L, AP CHSIIN LAE N -64~-95 ki/kg, WEN 1~
11 kg/min. 45 5% WILEHUE R & 5 keg/min I Al CHS 1 XM LA 1) B AL 3 R Kok
e AR FHZK S, 290 250~300 W/A(m*>K)Z i), B 5K AN [ () J2: Bl 25 37 e 1)
A, CHSHIN RV (1) s e R BB AR /] o

JtJ5, H. Ogoshi (ZERILAE) FIS. Takao (wiffifsE) P4kEEI9Y T CHSTE
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1 i

2R i R AR A 46 P T IR AR AR, IR EAR R4 KA T T L
ML B8 e e dhom hy 3.66 kW, CHSHIUA/KIEITBABIRE 15% CHfi{#4E B
R G, P J-50~-70 ki/kg, WIHEIEE A 2.0x10* m’/s, CHSI R
Fh 1.5%10°~2.0x10" m/s. SZI R BLEAHFIT SR N, CHSHIA- 4t 2K
2.3~3.51M%. BHEN 1.75x107% m’/s (HEiE) I /KFT ek BI04 R,
CHS 5 0.8x10™ m?/sfi 3 & Bl ] 3 2 .

T RHGES PN TR T LT e T CHSE N RHAR B S B F 7T . 14 0% 401 4k
C M R TR SR . S, AR AT RTB RN CHS R4S P XA JAvk ok
AT T2 ) SR I SEEGAE € IR 2 FE A S AT T AT, AT 2R
At I e AIAE E AR & 5 AR “HIAR BT 7, Y 2ms U230,
M, 5 PRI RN ANFEIFE, BRI CAAE, AR RORL A
B 7 RAAL AR s RIS, BRI XA, CHSED R E LA
BERARE R G s 2] T EmAE I N N B, Ssrieas R
[RIAH X 224 £20%. d5cfm, £ CHSE AL ke i, 38k 5| AN H BAgiaR A
ARK XU AR s 1) -2 fLA L7 (Enthalpy--Porosity) #E37 J vF A
R A IR SO0 HE R ISR 1 &5 A AR o A 8 g 1 22 i ERTUA 5 A R RRS 1

Fr L3k JFE 22wl AR [EEEE B N BEWIT T CHS XA A IAR S 5T
LIRSS, AE B AN TF R SCHR BT A DU A LR B AT AR RIS

1.4 AXHARAE

HIRT PR %1, TBAB CHS ¥ HAZEIL + LB A BB Ui,
PNV TR VS A B AT TR AT 7R T A B3RAE SR 23 R DI 4 4 71 B A 11
SRR N TR #ZE B AT, X TBAB CHS [ ELE i, AR PRI )
RPN N I BERE AT T — € IR, 3RAS T2 — T . SR, i3
AE TG E 2R b T A e ) st DAL B A FE R 4 Jry ANHE RN, UK
FAASTH R BV AR LE, %) TBAB CHS ¥ #A% I B2 AR R SRR AN 58
W, FEBARRARL - ) U B 5 A R P A5 5 e AR 2 TAR AT .

BRI, AT TCE I H S P AL TBAB CHS RXRHR G A1) 2
MBI L GRASHERTSO, WK SR R A M (8 Bingham i 4
oA AR B Herschel-Bulkley Widk) W78 sl 5 #vie il . KRS S AL 2
fag o, (Rl A, R I S A5 R LR AR PR K LA 32 ZE S H ]
(G INEST /A W NER S E I i (== Yy ' G DR R E R 3 P 1P/ RS N U
CHS HIAi——Fh - AL . B b, CHS B AR AR 2R Wi A4 ik
S b RUREL5 VA 2 ) R DR 22 1) (R R AR LA D R R AR B o Tl i
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TBAB L4 A0 S 5% 18 PRI 1) [ 0 AR U ) 5 A VgL

X ] — P ALK — S 2% e U N A T, IR AT BER A, T DASR AN S e T
FUANE, AL Bt ol fig.

B SAERARETT I, HETIR 2 8 LAESE TP SE ST I, ¥ CHS &

PE—FhBARSLAR, WS B A S e R I o XS 2 AR 2 — P AR
R MR, BISBOWR R . S TR JT%, X CHS B AiRE)
B R AT, TCBERS AT B 10 L sl A0 A P8 A% Far A LB (1 LA
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ARSI SCERES 2 X TBAB/K 9 S CHS W [F) VAR A8 S kb 78 et s P L3R
2-3,

# 2-3 WBHELEIh CHS WAH IS4k

Type A Type B
Y24
[#i] AH TBAB %l fi] AH TBAB ¥
BT kg /m’ 1080 1025 1030 1010

Ki¥ kg/(ms) (2.14)UDF  0.0059  (2.14)UDF  0.0032

& PET R R EON R

N T AT LA iR AR, T B P R 4 AR FEPH, AR S i
FE TP AR B 557 (Finite Volume Method--FVM). %5 AR R — ANl 4
AR IDTFE, DI AR T AR 1) B — AN AR B AR S (E () B O R . X T-3))
SAPE AR SRR B i 7 RS b B R IR R R FH QUICK A K
P HOTCRH b 220k s I SR &, R SIMPLERH AP,

SRIGAFIEFE 3D XURGIRE, R FE AT 70 B R AE 7> RS,
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— AN B 7 FEA A 1% 7 FE AR AR R R BR a2 th o AN X3 B — AN ot
NI, XA AR — N g — AR, Bl
W bR R RS T . SA (Gauss—Seidel) Ziib 7 sk AR s FIAC S £ &
WK% 77 ¥2:(Algebraic Multi-Grid Method---AMG)— 2 4% FH T~ 3R fift B0 A A A8
AR R T RE. W52, Bl 77 R 25 8 T A7 S ek i AR R (13
s I3 pd , KGRNS5 RS I A B ek th T — MRS Yy, B
o IR KRR E 2-2 P,

SHEIL,
HREE TS
v =
TR E_EEe E
12, SRR, #
B =
FRERED AT S
R ETHREAR %
ikt
®

B
L

Kl 2-2 43 B sK i 1R i A2 K]
2.3 TBAB CHS M#HIE P& AV E F R E
B X CHS 4 WIS AT AT, 550 E S5 TIRa g B (1
AT WA IUTD), MG AR, K8 2 AT, dik, CHS

B AR T TR A RN AR . B T RO TSI SEA BB A, X
FAARERGAIE T DL M EGX :
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> Bi BUR/N, R AEORL P SRR A A AR A, SR AS T AR, 2
(5] ]SRRI DAY 40 PR S A

> LSRR GRATKEEWIBRD S8R 0 AL FUE R TR K,
ZIME TR JEE AR AL KA B ) 5 0

> 2 [ ) A R

> ORI A BRAA, 2 TR A AR e B S

> EWSEETHAAAE— 2 TR E .

P TR SN S AP B ] LUAERE CHS AHAS AL A . Al il il v 5
BETH 2 (RIS e dt, it CERE) A NE T, AR T (el
%); vl 58 K A A [ A4 0k 5 8 BBl R A 2 TR) 8R4 T A, A ks
AR, B (BRI AR v
2.3.1 XmHEEE S

KRS FESAEAY, CHS 5 N JZ I B R e A 8 B 8 R v] LS it —
(KB

app

JIREATL SR — AR T v i AR W e R A 3, 55 IEE T T AR
. NI B BE R RE T S BN RUA .

& EEYRM AR Lk,
IREYRI AR BRI F RIEX

V[a;spscp,sTs +(1—a);zplcpﬂ}] =V(k VT)+S (2.31)

koypp = ko + K,

(2.32)
Ho, kg RIS AT T AR EL, B T RORE S 8 FEIRAA TR A7 AE ARG 2 5y 1T
SR RIS S HAER, 3 SCRC I A R
24k [k + 2a(k [k —1)
T 24k [k —a(k, [k -1) " (2.33)
f=1+BaPe =1+ Ba| 8P 4 '
= aPe, = o| 8P¢, Dr
B=3.0, m=15, Pe,<0.67; (2.34)

B=1.8, m=0.18, 0.67<Pe, <250

B=3.0, m=1/11, Pe, >250
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keI 1K) 3 AR EL ARYE R A LS N P R AR 3 5 s AR SR U, TR
H AR B0 3 B P A X

Pr,=-t= (2.35)

2o A A3k TR 5

t (2.36)
FERE U E T Pr oAy W B, PTARYE 2 v S5 R VAU RG e A5 2 U 3 AR B
& LR iR I

N T AL - WA TB) (AR AR AL R AR BRAE S 5 2203 A e S T R RN E B 7
REFF IR IR it A AT Te) A3, LI A Iﬁ /D S O TR A

JocHR: g PR 0 [ ARV S Sy R0 30 s T AR R A 1) A e o
BEMIAEE Y, PIEREE RIS DO S04 5 . M8 70FE 7 WKk B.

2.3.2 XTiEH TR KA

AT AR F R RS E T RS (2.31) M T SR CHS & N 6 e a4
BITRRH . AERARBIRES 2B, SR N KRR, BT UG
HEATHE K, 7 LA433] TBAB CHS [ -- 6 PN AH (1955 P9 % e SR P
& WEIRLRY N A% IS

HISCEUIA, CHS 45 PR e ) ) AR FH b R RS, 2% pB S it
ARV, AR K 0.014 m, B 1.5 m. BRI, PSR4

IS R VUSRI A%, 6 B RS AT AR I3, S AR O 8400 Ao it
MR R 2-3,

g
IEEEREEREREREEER]
o B 1
Y AN S
L 33"?:?,“ i

2-3 MR R
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& FERA TR AT AT

TBAB CHSE WAt e AR FIIR S A S R, 12y R 4L A N
PREE TR CAE BT PR IR . TF S A KT A 4 AH R 2-Frs

R 2-4 CHS 4 WXL L I 4 AF AT UG 2 AF

SV R it Ak 1F
A (x=0) Us=U, T,=T, U=U, T,=T,
HO (x=L) P,,=0 P,,.=0
b R

- X I BEASE TR,
MERE (= V=0, A =
EE (=R (974, ) =4 AN
[ AH i kg/kg $<25%

i m/s 0.1~7.0
¥t 10° m 0.1,0.01,0.5

Horb, RESESHEREEZAARR: =pa » pn W (2.9
& UM HE

PEBE AR A, AR . A S i BORLR#E AL, it e 2
FINERIAR A o 5 EE00 1 02 i 5 R P S LV E 2 BB e A2 Ak, LUOYTIA 21
BO T SERG R o DA ARARE I A AE, VE SRR XD, A AR %R X
[B] WAL DR B AR, 23 2-F 8o SR, AE R BER RE X 8], TR RO 3
Wil )N AT A S R AT, P 2 A AR B DR R e B R R R,
LEES (IBU bkl 72 b AUT] 1R AUNPOR) RS AV & S NS S (/B UD P E Ao
[ A B S SR, SEBLIE AR BT UIRGE 1424k . FR 2> FE e L =B

& ET R R RO SR

SRARSS LR 2D XUKGRE, X7 FRgl k4T 2 B SR Al . & N RHR iz il
PV E AR & 2-4 FTR
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HHAAL
1r=
SRERENE TR
'
KRR E R EATE.
EINEE
EH
L =4
REREEE TR ‘[
¥ |
SRERmENRE A IE . BECA FagtIE
EEHEIREATE i
W e

K 2 -4 CHS & W e i H SO FE
2.4 TBAB CHS X33/t s2 L AN IR 42 47

SCHRZEWT, 56 T TBAB CHSIX AR 5 i 52 X 7] A K A [ —IB0RH A2 (1) 98 A Y
DIREVAA (Functionally Thermal Fluid), AJ DAAS[AFERE (R amAb 44, an Al ARk i
PERIFMAC AR UL R, JLHeBE ) S BARRAR I 1.5~4 {%5017%), TBAB CHSE
SE FAULEE BEAAT N I R B iy Tl SR, 6 T8 AR D e v A n A 4
AP EHLHIANIE AR . ASCRKTBAB CHS[H] -3 4 AH TR A A4 4 4 —Fh
FAHVAA, R T A PR AH AR TS A SRR IR A5 R B R, R R s A R A 2
G35 M T CHSHE A JZ IR AR T A s AL AL LB

241 REFBENBAEYIELE
AL RS TC A FAIETR 2D [R5 P3O e A e e R 5 A P A 3 4
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JiREN

c [ua—T+va—T)—li(rk 6_Tj
PinCpam Ox or ) rorl 7 or

12, )
1 rorC Y or

X L AT DUACHE, Ot 48 R 05 RE (R0 3 0 m) A 8 ) AL ) TG 5
JEI, BOIN NGB R B B . T, XA R B T R BRI R AR Ty
A7 HAU R SSE 1) 3 i) 0O, i g AR HEAN P B AT R 93 49+

(2.37)

5 or orT 50 oT
pcpr[u—+v—jdr: —(rk—}dr
0 Ox or 0 or or (238)
PIRIAER T A (R BT CRDRN R R ) & TREMAL PR He52, s

SRR T LLsmA B, Bz NI S5 et KRR iiantt .

T-T. S N
Lr=tx = =y =—,0= | o= Wl o A
R R u, u,, T, —T,
5 :
Re, Pr,, [ riec;,,+(U,+V O)dr = Nu; (2.39)

Hr, cp e AR R RS PR SR R, 2R [ AT IR AR AR TE AR AN AR E X
B NP 395K A5 cpmo TEAHAR IR S IR LU A, i [l - AR INBCT- B3k A5 T
AR AR, To /e A AR 4 L

1, 0 < ML or 6 > ML + MR
* Cpm T -T. 7. —T
Com = pm . ML =1 L MR = 2 1
T Como PR ML<60<ML+MR T, -T, T,-T
cp,mO
oT
P, D v LnCpmV, . D(kapp or
Rem :M,Prm _Ym _ FmTpmm ,Nux: SR
:um am kapp kapp (Tw — 7;)

o7 (2.38) w40, ,Nu;=f(Rem,Prm,Ul,VB,c;’m,), [A] I $ rm CHS 1R 6
HRENMIEEA: 1) $EERen, Pry; 2) WREE MR RWESR; 3) WATLE
DWRERR L 4) DU oA B il BERR 2 IR (AN T 900/ —
B, RZIGRIS): 5) BRI B= U0 R Ee, RIAT DUl e
TR 1 B U RS A R PR P03 ) 5 2R AT ARG s R o B8 T AT TR R CHSIX 2R A
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TN RE VAR Z TN B om A R ST LI 70 IR A AR R DX ) A, AH AR 0 R R T
AT 10 TR G TR R A . AR, CHSZ Ui s fb RUR 2ok 5 T
TR B U 1 28 U0 LL B B K

242 TmTRAEA R Y EALE

I T L kS A, A A R e SR s A A I I ) P (I s
T3 EE ) BEIN ) A5 (] BEAL AR AL, IR I P B o I 1) R BE AL e B, DAL b 3t
S ek S AR I A I P/ P B M T IVAZ S I S /S D P = R/ 1
MIRCRALT 20, I T i ARSI s A e L BAT S P i X

TR TS N R IS o e 4, ANTERE P RE R s, L RE T R NT
15 ) 138,391,

UNT =V[(2+ p,c,ua;)VT | (2.40)

pmcp,m

HI T AERE T AR T Y HOR N 0, PRI SR WA R AR AR i 0T A 20 ]
FHHBETS TN BT B R AP
=T[dS[V}i+]pe,(aVT)dS = [(pc,U-VT)dV (2.41)
S N

w

RIS TSR T i%, T AR 7 X W P9 1P Nu:

Nu = iRe-Pr j (U-VT)dV (2.42)

w

Fodp, UL T A AV 2350 o NI BT RE L G AN IS ) A R T AN A T A
H, E‘E{—Fﬁ%@ﬁi

av =

Y av=£L (2.43)
(T,-T.)/D" W,

Hrp, DORAERE: D=—2.
TV AR RCR Bk AT, — RS TARR A AR, e
TS 1 R R R A P R RE L, 105 o i U e A 2 et

2.5 KE/NG

v BT IS TBAB CHS & W85 X i A # i [ - AR Y, ks T )2

VLIRS 2 i I Ui ) X 35
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2. Vs R E W 7RI, SR 3-D R . SR )3 A% 3 i A
A EAE I T D9 RURIAE SCT AN BT DIRG L, SO T P AR A 2 il R 2
INESREIR

3. XA AR A 2-D i BRI o 780 2 1S ] AR RIURI A AZ I () A v pte i 42
73 AE AR (K EE S Ty REATR ) 1 e S0 R b A It [RJI RO
JEBEE [ AT 5 S AURURDRE AR [ PR K8, By 1 A AR I A AU PR MR L

4. FETAERUCIAAEE, WAL AR I ) R BRI A, #6575 T CHS IX R A
AT Re i A A R A L
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3 TBAB G SMBRH SIRATRIFR

N T IR A SCHE ST R P AIRBCAAE R RORS 5, AR 2E4T T CHS B Wiz
PN SEIR ISR . ARIEASSCIIBEIT N A, S 5 20 i s A AL P o3 o e
() CHS i f#ifr 30 LLAED S HIMARGH AN RGP . i)
AL R SR 70 99 LA AN TR AR RRA T, AR RGR GEHE T 1m0 Sz 4 1 408
HL ) B AR S SO Qs #4as , - AL —A> CHS [mlfoil . f)m, X sedifilfs
(¥ CHS BEAT T Rt A 73 Hr o

3.1 BERREE RS

PLBNBH T S22 EEWTSE CHS ALK FLAE A BEAR S B (1 B ) AR R b
I 22 AP ik U LUK Ay S S RO ) S g b il 200 s (1 OB v
Ferb [ AR S R CHS WS VAR A 5L RE (0 75 5 TR I8, itk e
IR EAVE RSB RARE R T, Gsh i R B B b i 22 v A

311 SKRARE

AL S EE PR 4R, B CHS HiliE R 48, CHS ffiff R4
Ml LIS RS A RETES K De32 FUR ) PVC EIERL, JfH
HIFRED 10 mm R EBAGE ORI R SER & R G dls i 3-1 Pros.

CHS 3t ARG R4 SEI T 75 10 CHS, A 25 H2 10 e 1 B2 S i o S 56
R TR E TIRIER] ) e ihds . e Uit LB s 2 5, mA&K
FIB e 28 B0 TBAB 3R AU AT A2 BRI [ AH 5 2 CHS 7. 4%
WA ELHE 10 VCHIA AL AR AU R 55 . BRI CHS Rl a5
PN BE . 55— B BN BRI, ARSI SR W, A TBAB ¥
B R AR S, i PR 0 B LT AR P 6T I (A P B I, A A
RESZRIZE R, TR — MIA, RGNS ) (Bt D) B0 % SE
e AE R, EREA7RE T 5E O Vg, SSARIRTHAE B CHS, WL [l T
FZ A B 0 R AT L BT . (H BRI ) CHS A& BRAR, — A
HRE 10%, 67 BAR S as, WA M BB el . FHAR e ks o i A7
Rl IR I AE & 5 CHS E— DRk as, fERXAN IR, S GRS
FAEIR AR A e b, T AU, & SRS s i ve, ikt
R A T ARYGOX I, R T B ERA TR B AT R s L Ah, ARSI
HH SR FH 5 IS AR e B AT N PR UK VR 1 7 A CHIS S IR AR X 1) 4 482 %
TRTFE . ROKIRAE BB TAR PE e JARR (Y CHS IR B R E, M s —
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SEREREI, SRPIHIAHL, JEAEAR A RS IR AR BR DI il AN R 24
il PR R N IR [ A R 23 A 5 i e b A e PR I8 ] L ) A7 Pt Ao
Ko R BRI INEEAH ARG T ¥ CHS ] AR v 20 5250 BT 75 22 10 [ AR 5
3-2 SEATRLUKIRAEN) CHS BRI RE b R ik, AR AT 2 () d
PR et AR VK BRI R o Gl B3 VAR AP B, AT DA 3
B N 30% A0 AR &5 () CHS, 3K 4 SEI AR BEA TS 43 1 A ) O B o

1.CHS i3 E 2@ 3.5 M RERE B IO A 448058 5. s
6. FBHE AR R 7KL SAZ NG VI~V4 [/

Kl 3 -1 s s 24K

CHSHitH7 2R 48 R AR A7 1A BIHIE [ AH & =M CHS, % R 48 Z T i dEde
EAEAERE RnIES . ARSI S A . AR AR 0.8 m® H B A IR i
AN (T A o PibE 28 B0VE & ORFFCHS -/ AH IS A — 80 B ka2,
K EARHEHUERE RS, PR AT 0~60 rpm [HELEa . HLIn#AEs ok
VRS N CHSIH AR &, /1 3 AR A8k Fa L 22 21 i, BRI 2000 W,
AT, WIS TR . AR H R AE S g i AR (I CHS, 1k FIWILOMM
MHIR S AF AL, ABSiasit H H 71100, FI7E 0~50 HzZ [RIIESLM K
SR YR AR o AR H 1 (1) 55 208 [P] % ] DA A BB AR A s s IR Y Bl P I R 0
g, R,
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8.0
7.9
78]
7.7
7.6
75
7.4
73

72 s 1 s s 1 s 1 s 1 s |
0 5 10 15 20 25 30

S 1E  [min]

RO 1 DK 3]

g [C]

P 3-2 CHS A Fe A iy sk vk $ 4

R IR 2R G0 A48 v] 5 B0 R 0l Be RV IR i . RN R — R HIPVC
WRVE, FMNRERL R R E . RN S 0 KB, e 2 itk
W W EWRA e KENA D RER. A TETSEEHNEG UL, ¥
ZE RV E T EE M IE R U7, FRRBIUTR O JFLEE T8 o R 1 &6 0 R
Wird 3-3 ML 3-1 fios.

PVCH
N TR AL
RS 2 o
Lo L
NE]ES TR,

Bl 3-3 sl IR AR 3 X

* 3-1 WS ) CRAZ: mm)

B De D L Ly )
De32 32 27 2800 2200 10

I8 2R 0 0455 S 0 o - B N e DL S A R AR o I e
AR WEvh DU AR A AR A FRE . 22 I v AU 10 EAE S
B FE o KRB, P65 R8BS i IR 2 AR VE I LUK, SR — K/ NPT ANTH]
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SRR ZE VR , A6 /N R R 22 e v IR s R Bl P DA/ R 2 e A i,
H e JE DA SRR 28 T A e . STk i RS B2 s R A s i v, fg
[V By 15 HE T B B AN o O TR BE R, 7R AR AR ARG B SR LR A R
KA AR, AR k.t AR B 2Kk I AL BoR FHPE100 S AR . DL R
BT I 8 4% 1) e s 45 SR 0% FH Agilent HP34970 ARHE K AE UK AL AL £
MIEAT A EE . RS % E B AR RS S HUL R 3-FTR.

X 32 B BRI S L

P A R =g ¥ g %
s 7 22 2R KUHL
L ERRET ZLICT 0~7000 kg-h™! +0.25%
PR NI g o AT
3351 0~2 kPa 0.2 %
IR
3351 0~60 kPa 0.2 %%
P A KM (14 -40~+375 C 1.5 C
L RH Pt100 (A Z%)  -200~+500 'C  +0.15 C S
Hth R ARAX HP34970A - - Agilent

312 SBSH
(1) Vi

AR R BT R RERS IR 55 JE IR AR IR DX, I A iE F TBABYA TR K & N T
i A E EEE L, FEE BN, ARSI S H R 3-3Fr.

* 3-3 WAL AR (A AR EH

=T WAL it KR B R
(mm) (kg's™) (kg's™) (ms™) (ms™)
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#include "udf.h"
#define T MELT 285.
#define T set 284.86

/********************Viscosity for Sec_th*****************************/
DEFINE _PROPERTY (mu_s,cell,sec_th)
{
Thread *pri_th, *sec_th;
real mu_s, mu_s,col, mu_s,kin, mu_s,b;
real g 0, fi_0;
pri_th=THREAD SUB THERAD(mix_th,0);
sec_th=THREAD SUB THREAD(mix th.1);

if (C_T(cell, mix_th)>=T set & C_T(cell, mix_th)<=T MELT)

{
g 0=1/(1-power(C_VOF(cell, sec_th)/0.63,0.333));
fi_0=power(C_Velocy(cell, sec_th),2)/3;
mu_s,col=0.00000858*C R(cell, sec_th)*C_ VOF(cell, sec_th)*g 0*power(fi_0, 0.5);
mu_s,kin=0.00000972*C_R(cell,sec_th)*power((1+1.52*C_VOF(cell, sec_th)* g 0),2);
mu_s,b =0.0001429* C_R(cell, sec_th)* C_VOF(cell, sec_th)* g 0* power(fi_0, 0.5);

mu_s =mu_s,col + mu_s,kin + mu_s,b;

else {mu_s=0;}

return mu_s;

MR B: fEMRITEIERF

#include "udf.h"

#define T MELT 285.
#define LAT HT 193500.
#define T set 284.86
#define k_s=0.42

#define k_1=0.34
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/************************Mass source fOl‘ hq_th*************************/
DEFINE_SOURCE (liq_sre, cell, pri_th, dS, eqn)
{

Thread *mix _th, *sec_th;

real m_dot_I;

mix_th=THREAD_ SUPER THREAD (pri_th);

sec_ th=THREAD SUB THREAD (mix th, 1);

if (C_T(cell, mix_th)>=T set & C_T(cell, mix_th)<=T MELT)
{
m_dot 1=-0.1*C_VOF(cell,pri_th)*C_R(cell,pri_th)*
fabs(C_T(cell,pri_th)- T MELT)/T_MELT;
dS[eqn] =-0.1*C_R(cell, pri_th)*fabs(C_T(cell, pri_th) - T MELT)/T_MELT;

else
{
m_dot 1=0.;
dS[eqn]=0.;
¥

return m_dot [;

/**********************Mass source fOr sec th******************************/
DEFINE_SOURCE (solid_src, cell, sec_th, dS, eqn)
{
Thread *mix _th, *pri_th;
real m_dot_s;
mix_th=THREAD_ SUPER_THREAD(sec _th);
pri_th=THREAD SUB THREAD(mix th, 0);

if(C_T(cell, mix_th)>=T set & C_T(cell, mix_th)<=T MELT)
{
m_dot_s=0.1*C_VOF(cell,pri_th)*C_R(cell,pri_th)*
fabs(C_T(cell,mix_th)- T MELT)/T_MELT;
dS[eqn] =0.;

else

m_dot_s=0.;
dS[eqn]=0.;
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return m_dot_s;

/********************Energy source fOr miX th*****************************/

DEFINE SOURCE (enrg_src, cell, mix_th, dS, eqn)

{

Thread *pri_th, *sec_th;
real m_dot;
pri_th=THREAD SUB THREAD(mix_th, 0);

if(C_T(cell, mix_th)>=T set & C_T(cell, mix_th)<=T MELT)
{
m_dot=-0.1*C_VOF(cell,pri_th)*C_ R(cell,pri_th)*
fabs(C_T(cell,pri_th)- T MELT)/T_MELT;
dS[eqn] =-0.1*C_VOF(cell, pri_th)*C_R(cell, pri_th)/T_MELT;

else

{
m_dot=0.;
dS[eqn]=0.;

return LAT HT*m_dot;

/********************Viscosity for sec th*****************************/

DEFINE PROPERTY(mu_s,cell,sec_th)

{

Thread *pri_th, *sec_th;

real mu_s, mu_s,col, mu_s,kin, mu_s,b;

real g 0, fi 0;
pri_th=THREAD SUB THERAD(mix_th,0);
sec_th=THREAD SUB THREAD(mix th.1);

if(C_T(cell, mix_th)>=T set & C_T(cell, mix_th)<=T MELT)

{
g 0=1/(1-power(C_VOF(cell, sec_th)/0.63,0.333));
fi_0=power(C_Velocy(cell, sec_th),2)/3;
mu_s,col=0.00000858*C_R(cell, sec_th)*C_VOF(cell, sec_th)*g 0*power(fi_0, 0.5);
mu_s,kin=0.00000972*C_R(cell,sec_th)*power((1+1.52*C_VOF(cell, sec_th)*g 0),2);
mu_s,b=0.0001429*C_R(cell, sec_th)*C_VOF(cell,sec_th)*g 0*power(fi_0, 0.5);

mu_s=mu_s,col+mu_s,kin+mu_s,b;
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else

mu_s=0;

return mu_s;

/********************Themlal COIlduciVity fOI‘ Sec_th*************************/
DEFINE PROPERTY (k eff, cell, sec_th)
{

Thread *pri_th, *sec_th;

sec_ th=THREAD SUB THREAD(mix_th,1);

k eff=1.01%*(2+(k_s/K-1)+2*C_VOF(cell,sec_th)*((k_s/k_1)-1))/(2+(k_s/K-1)-C_VOF(cell,se
c_thy* ((k_s/k_D-1));

return k_eff;

/********************VOF adjustment for Sec_th*****************************/
DEFINE ADJUST(vof adjust, d)
{

Thread *sec_th;

real m_dot;

sec th=THREAD SUB THREAD(mix_th,1);

if(C_T(cell, mix_th)>=T set & C_T(cell, mix_th)<=T MELT)
{
m_dot=0.1*C_VOF(cell,sec_th)*C_R(cell,sec_th)*
fabs(C_T(cell,sec_th)- T MELT)/T_MELT;
dS[eqn]=0.1*C_VOF(cell,sec_th)*C R(cell,sec_th)/T_MELT;

else

{
m_dot=0.;
dS[eqn]=0.;

C_VOF(cel, sec_th) =C _VOF(cel, sec_th)- m_dot;
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