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Abstract

The directional solidification (DS) craft is applied to produce turbine blades mostly in
aviation and space, and the lack of high-performance blades is always the biggest obstacle
of the “Big Airplane Dream”. Numerous complex reaction processes are included in the
actual DS process, especially the effect of radiation. The evolution of temperature filed
and the possible defects can be analyzed efficiently by the technology of temperature field
simulation, so the DS craft can be optimized. All aspects of the simulation of temperature
field during DS process by Finite Element Method (FEM) have been intense researched in
the paper, including the mathematic model, the numerical solving by FEM, the boundary
dispose of the cooling liquid, the criterion of the analysis of DS temperature filed and so
on, at the end, the simulation system of DS temperature field has been developed.

Firstly, because of the vital effect of radiation, the governing equation of radiation
heat transfer is obtained by ray tracing method and computer graphics. The mathematic
model of DS process has been gotten with several relatively reasonable hypotheses, and,
by combining the numerical theory of FEM with the governing formulas and boundary
conditions, the FEM discrete process and solving method have been deduced in detail.

Secondly, in order to meet the law of conservation energy, the latent heat has been
handled becomingly with the equivalent specific heat method and the rectification of
temperature. In allusion to the irregular shuttering of DS craft, an arithmetic which can
distinguish the inner and outer surfaces intelligently is adopted to avoid the tedious work
by manual operation. And the convective heat transfer boundaries of whole contact
surfaces are been disposed exactly with the box-tree method, even on the condition of
coarse mesh. As the shuttering is immersed into the cooling liquid gradually in LMC
(Liquid Metal Cooling) craft, the problem of grid re-mesh will arise if we solve it directly,

and a temperature- and time-dependent heat-transfer coefficient is used to represent the
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heat convection between the shuttering and the cooling liquid. In the analysis of HRS
(High Rate Solidification) and LMC temperature fields, the criterion G/L has been used
for forecasting the possible mixed crystal. At the same time, for the sake of guaranteeing
the computational efficiency, the concept of mixed-matrix has been proposed, which
means assembling each material’s matrix separately. Then, the temperature-field
simulation system of HRS and LMC DS process has been developed in the paper.

In the end, the temperature field of a typical I-shaped specimen during air cooling is
calculated by the self-developed program, which matches well with the result calculated
by ANSYS, so the correctness of the FEM algorithm in the temperature program has been
verified. The temperature fields of a pair of investment casting techniques are also
calculated by the self-developed program. The simulated results of the initial project
predict the shrinkage porosity in the center of the cover piece, which matches well with
the actual product. The improved technique which quickens the center’s cooling rate
eliminates the defects in both the simulated result and actual product, so the feasibility of
the temperature program has been verified. Then a turbine blade’s temperature fields of
HRS and LMC processes with different draw speeds are calculated, which accord real
process. The reliability of the DS temperature-field system has been verified, and it can

provide guidance for the actual production of DS.

Keywords: Directional solidification, Numerical simulation, Finite element method, High
rate solidification method, Liquid metal cooling method, Radiation heat transfer, Box-tree

method, G/L criterion
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farefts, NI BATE I A R, A
1
P =§(\/0 +V, +V,) (2-77)

VoV, XV,

n=
V1 xVV, ‘

(2-78)

<

AL X 5V, AT, BRI Y X, 0SB AR R,
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X = \ﬁ (2-79)
VoV
V=nxX (2-80)

d MR R ICHT RS — 012, d SR (Bin) KfMAe, dEx—y T

IR 5 x B AR o, R = 428 hoJy 6] A B IR 3, W RAACA d H x e
A3 ?uyﬁﬁﬁi’éﬂﬁﬁ%gﬂﬁ, BRI ERE D d P iR o, 15
gy mmEd, doAdEXx— y PR#RE. G-

— 3 ~ 3 - —-= ,.3 - =

d: = (005(572'+(9))X+ (1—cos(§7r+0))(x~ y)y+ (Sln(§7z'+6’))(y>< X)

= (sin @)X+ (L—sin B)(x- y)y —(cos O)(y x x) (2-81)
d = (cos @)d1 + (1—cos @)(d1 - n)n+ (sin @)(nxd1) (2-82)
FELL TSR T X (6, @) IS 25 P LR STy e d , A

R(t)=P +td (2-83)
EHR R BT R ERTAR I 2, 7T ose<%, 0< <27, SEhR L34 0

Mo BEHALIUE, FEDAO=Ap (NEESHHEETTHD . ¥ A0 T Ap BUEH

A9=A<o=%, TR OHU3 AN B, B 12 BB, B
92{—72',—72',—7T} (2-84)

-, — T, — T, — T, — T (2-85)

1 1 5 7 3 11 13 5 17 19 7 23
¢: — ==, T, 7T, y 7T,
12 4 12 12 4 12 12 4 12 12 4 12
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S0 53 0 A5 RETETT 2, 337 36 ARIIHIEL, FEXT (0,0) HUELRY I
— AR TR

2.4 Gt ERAE

BB AT LS — B G AR, R 2 Ry R T RVRE IR T VR I IR
S e U L R4 ) (s B 0T o e AR S U AL, — SR R T 4
SEER TR s R EITA . SRR DR R . b, IR EITHRE AT
Al R L LA S SRR AP, AR SRR BEE TR S iR
BRI AALEE, B IE AL PRI AT ERNE IR S AE 2, Xy T SR D
PG, AR SCR SRR B0 R AL BT (R I AT TR AR IE AL 3

2.4.1 SR b A b P v

BTy AR, (R0 (2-1) SR BARSN BA P9 AR IR 35 R

of
=-L—=+ (2-86)
Q ot

JoR, LA, dkgs fUOWEAIER: U, s,

R (286) AR (21D, W

pol 2(\ ) O ) 0 ) g C287)
ot ox\ ox) oy\ oy) oz\ oz ot
X ITI E, WO BT O8N

1 ,u>u,

u-u

f = S Uug <u<u (2-88)
L UL_US S L

0 ,u<ug

3 (2-88) T[15:
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ﬁ:ia_u:a_u. u, —Ug ’ (2-89)

ot ouot ot
0 ,u>u_ or u<ug

He, u ABESBMLEE, C; u, MaeBML&iRE, C. TRRKEA (2-89)
HAT (2-87), AT LLRHEINGE RO VR RIEAT A B, KRR 45 RN

(1) Hu>u, or u<ug b, ZHEIEREREZITIER:

pca_u_g(ka_uj_g ka_u _g(ka_uj:o (2-90)

ot oxU ox) oyl oy) all a

(2) Hug<u<u B, ZHEIEREIE ST IEN:

p(c+ L')QE—Q{k@q—é-kﬂl—g{k@g=o (2-91)
u —us ot ox\ ox) oy\ oy) oz\ oz

2.4.2 RERIEAE

B T8 R LU RGR AL BV S T v, TR R T S, tH R R —
ISF 2 PR 8 AR RARE B — I [P WA RS, THE XM [RE KA, B TR
FE— M AR, BT IR S B 2R BB A 2, =X (2-90) A1l (2-91)
S, I TADE A N SRS AR — B0, DI R ZE AT IR ROE AL 3, S 2
AT B T SN

T AR I AL PR AR ot R AR, « I TR) 2P N B S ROV A — B bR B3R R FP
IR ORI e 5 SERRIR ORI RE AN — B, T B IR AL FE AN — B
RS AT AL BE, [ B P 2 re B P IE A BRI o BT B B B ST F 1R,
DAL AR T Ab B mo 4 P ) 2% AR FE 38 02 B R B T T 5 1), TR BEARIE AL FE 73 9 BA T 6 Ff
TH L

(1 u,>u BEEEug<u , <u ,» RIE—XFTEHEEMEN:
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un+1

=u, +(u,,,—u,)c/c, (2-92)
(2) ug<u, <u FBFRZEu , <ug, BIE—RATMSEEERN:

Up,q =Us +(U,,, —Us )C, /C (2-93)
(3) u, >u BEE U, <ug, BIE—RETHEEEN:

Uy, =U, +(U,,, —U,)C/C, (2-94)

IR U, <uUg, i EHET S T OORE, RCIER IR BT BB

Up,; =Us +(Uy,, —Ug)c, / (2-95)
(4) u, <uFHEREu <u , <u , KIE—RITEIEEEN:

Uy,; =Us +(U,, —Ug )C/C, (2-96)
(5) ug <u, <u, FHERZE U, >u , BIE—RIMEEEER:

J

n+l

=u_+(u,,—-u.)c/c (2-97)
(6) u, <uJHEZE U, >u, , IE—RFTHEEEN:

Uy, =Us +(U,,, —Ug )c/c, (2-98)

MR, >u, FEETE ZIRIE, RIEPRITHREE -

Up,y = U +(Up, —Uy)c, /¢ (2-99)

Horb, o IEAETIREE, Ch o ou,, WERUEIREE, T u,, IRIE—KER

FEAE, C; u,,, ARIEIRIREE, C; ¢ =Ct— RNEETER LI, J(kge
L™ Ys

K)-
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2.5 KRB/

(1) feidxd#is i R AT — RV & BB AL, AL 1 € [ i 7%
HIR A, AREA R CEE T RS, S5 Sl 72 s ] 7 A AL S ok 1k,
VEAH A T H R 17 o [l 3o A 1 P I SO AUL AT PR oo B RSO R DL RSR A 538

(2) X5 e ok [E] BB ASE A0 o 75 228 o 2% FE AR S I RS R, SR ZRIB s
A B [ ok [ R R R S e A, A 2 A AR BEAS I SN AT SR SRR R
P, S A EAR M AR E R TE . [N, ARYEHEALEDE 2R RN, Jf
255 € AR T 2R s e 1 BB RRAOURE P i B = 4 22 ) A A S S R K TV

(3) WAL B TR i H e A 8 B R, BEX 5618 T RE A4
s R SR BRI AL PR G N, TR, 25 R AE R L AR R IR 1% DL v ok
IR A FIEILG, RN R R IE T AT AL P, ORAUEAE T3 A2 AE & ST 1 1) 2
filt -5 B b AL 2 A

34



P HERXFRLTZEFLRLX

3 ARTEREELIZREDKXERAR

3.1 515

XF TR S BUE AN =, A5 AR IR 3 h il Lk 3 O R, MRS
SRR R SRR G R ol | P e e e S U R Sl AR KD PR G S
AN B, DR AT A7 20 X 00 A AN SR T I SRS O IR R T SR TR
RIRTHR 2% AF . H AR AL AT IR — i i i 22 B0 05 kAT 3 26 AF I i L
R e s HERAI BB A T %A, (EIRFEREBONE A, JOHRN TR A,
1M H— SR P A — €A R oo A a7 &b F P A8 B R o i 484
AR EBUE R AN R GIRIE 5 1E T 2R f, B BB AE BB AN AL 7

SE [ B REAT b — i I A, SRS e TAR AT, XrcafdE b8
BEAT T VEAHEOAT IT . BEXF LMC JE Bkl T2, H 5 oh— e e T MR I XA
IRV IR, BEE TS IRETE NS SR H, Fr o R 2 T B AR, R,
p e T I AL P R 50 5 S < RV HIVR A 4 Ao LMC S iR 37 UM LA P S B
FIfE s X o€ Bt R 7 i i &, — MR IE SRBE (i< Jeas. Fadl
AaAnSe) AR, IO A 1 2R, DI, R ZER A A 3E 175920 5E 1)
e [R5 AT T o

A FX HRS AT LMC 7€ 7]t [ A2 1R B 3 B BT RS 2 i — e S0 B BOR AT 1+
We B, T SEIEERI RGN B AR E SRS A, xS T
ZHFRL R WANL T B 3 X SR DL & T ARE S i B AT A B £ 3F LMC
TEHARSHESRA AR E R HAa s, Rys “RE7” B4, RABIERE
AT TA) A2 A 1) 55 2 A AR BOR AL BNV BRI B e 5 s B0 5 [ it 13 P 3 73
P E, SR GIL 4 X € 1) R FE A AT b s 8 T ARIER BRGIR A TR P
FITHERCR, SRR B AR S AR A R e i kT b B, &, Xt B EIFARIA R
TG E [7] gt (1] I P58 3 e AR FULASE B 1 T S 4 (R I AR EAT T/ 4
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3.2 BREMIRIAFALTE

3.2.1 HRELERNINRE

IR AR AR B IR S BB RN 5 0 )8, 110 PR IS 70 B b R L AT
PR B EO = HE RS R, TR A R TC AL BRI 556 1R S B b ox AR A5 Y g b P
A FRTTMI AR Y AT R, e e R 2 AL R “ B, SEbReE
G R A RO TR R A AR T I S, AR BRIT /R, il R B
AR IT &, Bk, A7 B R AL BERGE R b A L A, IR
HUE R RS 2 H BN X0 &M FIL T, s (a5 X 7 MR R 1 5.8
SRR A MR R BT S R AR

1]

B1 Al B1 Al

iﬂ, B2
3%{ B3
ij‘é B3
Eﬁ Casting

Mould

AL 7 ASFRI 557

Casting

Mould

K3-1 MM E AR (5 L5
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TG TEM S, WA LR IEREATIX 7, BATAT LU 353 T 20 N EH
MG ) b TsGiE . @ RRIESE) MEA ANERE (AEsssE . &
A T 255, B 3-1 A6 7 5 AN B% L F) fed AL T B o xR 4 Y 1)
Wi T2, WA R 2 AN AT, 38 I H &A1 A 26 RV AT X 7 4% 7
I AN, T HAE A RIBEE N D — O T, 1 BT i I, BN & 5
X7 85I A AR R, IX EL R B R N R T R RS 5 AR B e, Ab
eI RNPRRS KR e I NE T

MFEAANER N RIETZ, SRR IAEE (RN AL A2) TR EONE
GIBEAT IX 7, AEX TR 2 S WA e, Dy 1 G ] B3R AT T3l R B A A&
M, ASCRAY R oo Skt B s B M AR, SR BRI AR L
Kl 3-2 i

Ak T K HIB 1

v

A4 H 1IANB2 3 TH B T

v

AR LA T T

JIT AR S T LT B2

v

A NIRRT B3

K32 IRl on ik
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322 EFWLEBE LT &M

A ST A SN, B 70244 o AR L8R 1 B e 5 oAtk o i, WA
R IC 52 %M. ARSI R B ERAE R T, BB iR 7o 1 5
A bR P IRGD FEA A AR N B L Fo A, TR A AL B O AR S 2 |akAT
FEARWT I, X LA TR TG 7 BB B R el 2% A

H 4 Pl A AR T R RI 20 (2-6) SN s #had 7 AR SR I S
BIARE D LSS TR L u, o X TR AR Cnde AN R SeiE A L BI'E LT

WieE) ME, hMu, BB EE:; S TMBEAREINS, hREEHE, BH5
BRI AR, u, ARG RE AR . A IR CIREE T R, X
RIB SRR IR F , Bk, TR R Tk, higizRsciei S
ZH TR A B R AR B u, e ST B AR R . TR, A

X9 244 T N AR R X JR il b, R AR A AR ] BT R S A i DL e % R T FL T
FITAC 7 B PRI b A IR, R PH 1 AR AL B X U e AT 7 1) B G T

(1 XTI, AR XA oo = 1, &k oosh
PR I XS T B e il 5, BRI O AL IR AN oA A B A mm o, 317 3R H
8 Ho A B e A F LI P AR D A BRI 5

(2) MFREABITIOLME, EROMERHEG byl —DNEZ, RN
SETTA R TIEARERITT E, K 3 DNTURAE 3 N7 i K ME, TR
AT AR CEATT AT RAN 05

(3) AW T A SR EE KT AAA RS, A E BT A B2 10 B o P 4k i i) 3%
I foe, BERNITELUTHEL LSRR R/N el OFFEBERE);

(4) 13BN CAR B IOl B AR TR BRI 2 S5, O B A B IR E N 2% A2 T LA 45
fiah T F.oT BRI AL IRE B RAGIR LR B 3 AN T IR A (E A 2
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(1,0)

t.,0) Y4,

3-3  HydEfl i T3 B Lo (B L T LA R e

B 3-3 Jy Hydz i i oS 2R DA EIR S A LR B K, LA S B B R

A

B
C
P

FITER 1 ATV AR
FITER 2 NI A bR
FAICER 3 AN AL KR
TE oAb

2 S S8

T AR B A4 Bl ) T

T A C A B )
LT T A A R
HTEHTE T 1 9 5 AC A B 1) &
BT AL P A 5 AB A I BLAY )

I2k AB ST (P I, FToRiE) HIZSHIAE A2k AB E R R HRAKER
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t, 4k AC S (PRI, i) MIZSHIAS SAEST 2 AC LI R Ak r
m, B L P AESLICT T A AR 1A R R ) R 2L

m, PR L P AE LT T A 5 2 A R R ) R 2K

=
=

i i PR G THT Y ER 2R 3 A AU 1 R AL
(1) [4% AB 5 AC 541, [ n=ABxAC;
(2) d, i AC £en ikt 90° /550, d, th AB 2n ekt 90° /3], 45 5T
d—l:(cos%)A—C+(1—cos%)(A—C-ﬁ)ﬁ+(sin%)(ﬁ><A—C) (3-1)
d—z:(cos%)ﬁ+(1—cos%)(ﬁ~ﬁ)ﬁ+(sin%)(ﬁxﬁ) (3-2)
(3) {ERTT ST R ERAL bR %, B AB A X i, AC AY Hl, TRA#Y &5 P 1L
FR AT 2 N AE T AR B A Bt b BRIy P A, BTk T S 5T 28 AB FIE A
P A, Bk T 5512k AC USRS . i (HHEHLIEIR 2 L T B vk peAgy B3
LNt B 5P A RS, W43 P AN, BTk P Wl &Ko N ax+by+cz+d =0, Hrf
d=[a b c], H&d=—(d,-P); H&ABERA: Q=A+tAB, HHQ N,

t, 7 LAHER i AB Ay G JR R ALY Q (K SRR AR, TS

g - —(Gi-A+d) (33)
d,-AB
Eag. ¢ -G AT g @ (34)

d,-AC
(4) FEpstrF AG0,0). B(L0). C(01), 3ANTMANREM/ANT. T, T,, ¥

EREN: T(xy)=a,+ax+ay, RN 3T AEEZ )& T3

40



£ R ABERERAEE R B X

T(X,y)=A=x=y)T,+XT, +yT,» FRNREAEIE (t,1,) <5, A5 3 MEERECN:

m, =1—t, —t, (3-5)
m2:t1 (3‘6)
m, =t, (3-7)

3.3 LMC #iS &R A ARL A I8

3.3.1 BRI 5% Bl AL 318 B

LMC JE [al&EfE T2, BGe 2B #iimhniR NS e R R 8T, MR 5
FEAFHIA LRI, RNB 5 v JR 2R T 50 70 i S A 2 Oy 55 9% L
PR, WERADIRR A G T MR AL B R AL B, TR SR IR TR A AR
T EIR b2 AR5l , DR VAT 73 75 2L R R 2 P, X A IR e B E AR AR
o SRR RS B REARAE S B, DY R 5 S S <R A AR K IR S R
TRF AL L
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7. 7.
Radiation | 2 Radiation
Heating N Heating
| ~—
NS B \ﬁé
<~Mold ; | Mold
7 g Baffle [/ g
''''''''''''''' - *3 e F'—-'-'-'-'-'-'-' - 8 T
Radiation | 8 | ——» Radiation | 8 | ———
Cooling | § |[— _Cooling | § | ——>¢
~ - Bath level
. - —

TN TN

Conduction Effective
convection
(Tac = Tbalh)
Al bath

13-4 RS REAE LR 58 15 4 H D T )7 251 )

KA “RIET BB IR B AT o B ML S S R AT
BATE M5, Pk, REESET SRR A s &2, RATA
P AC PR I, 8 G A7 BR o TS5 A v Rl 0 WA o STHR[66] % ] 44 5 A5 <
R R GEAT TR IR TT, 2 SCHRR i — A Bl I [ RS A8 A P P SR R
FIA M SRS SRR G . T2, BETH SR p B 8 E . A
AL FEIR L SR T B TCIR NV AR LR 5 RNV JIBAIET LA T PR 2R ] 5 7o PO S o
A2 0, HRHR A R BBE R AR AR, AR AR CEMED: HUE
HRERED - EEE R B FAINRIL T RS R B B 7 574
ARG F s B E B 3-4 s .
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3.3.2 P REBIESTE

TERHAT S 00 R S 200, 1 2 TR A AT I = A A 51 % 1)
R, B FRRE. MBI R H . S HEE NS XK 3-1.

%31 R (3-8) &R (3-12) T ERMHENE X

YyHE & AT Yy EE & AT
C, HE g J/(kg-K) p R RE K™
H R R4 P,-s P il kg /m?
K Hufl B W /(m-K) AT T RE 2 K
h SRS W/ (m?-K) L FHIEK m
g EWAYIIYiS m/s? D RFAIE BLAZ m

(1) % E%s % Pr

P R H P& — N RUA S R RRR bR, DU FE 7 S S A e A - AR 44
A, ARoRBNRN R BN BRG], n] DAy sl A 8 R A AR R OR
HIELG . A 2R A R SON:

Pr=—"2 (3-8)

(2) B3R % Nu

95 7€ /K4 (Nusselt number) itk Ty i) — AN Jo 90 E,  DAAE 59 B 5 5K B
Bt 45 28K (Wilhelm Nusselt) (19447 air 44, LAAS & HOG G J7 TR S0 1K) S . 8538/
HO L 3 SO 2 R AR R FURR L — MER, RO TR R RS ) 3 7
BH A1 50 AL B AT B . B3 B IR B M
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Nu:btE (3-9)

(3) Hhi K% Gr

IR K EL (Grashof number, Gr %0 N— RN MbrE, & HAERMAK 1% KA
fleprfe MR REAT LA AR J7 SR K FUAE, 2050 B SRR I 2 22 1)
S8 KRR R o 44 2 U H AEE TAE)T Franz Grashof,

2
Gr, =9 ﬁzp AT (EHEEIH) (3-10)
y7]
. . 2
Gr, =3P P AT p* (it (3-11)
U
. . 2
Gr, =2 ﬂzp AT-D° (Hlifg (3-12)
U

I 7 ) 4 030G LI L Y SIS BRI 5, B2
MIRFSFREL B UEREL MR A T I 9% 30,

2 n
Nu=C[Pr Gr] (3-13)

Uk R B > (107 <Gr <10°) BF, B C=067Mn=1/4; 4k&himER%

% (Gr>10°) W, C=0.16/n=1/3. Xf LMC 5 [#tE T 24T 040, SRk
HIVR A LR % Gr (52 SCAF (3-10), R 1-7 AT RIAR % $ i 4 v HI
Ytk S H. B5E S 4 R MR B 72 LA RS IR NIRFEDRGE o THE AT AL 43 U 5%
5 EIR O ZE A RRIR NI IR s 19381348 CMin 25, Bl (3-8,
X (39, K (3-10) LA (3-13) Al H i R B A
h:kc(lf(i?r—fi)J AT (3-14)
H T RS &R W HR M R A — R, RS EBA—RE, FrEl
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b AR KRR E SR B X

SEFAFMIR . AR E SR AW, A RSSO R e R BUE A —FE. &
3-2 AW EE Y 280°C . 330°C . 400°C I &M H & HUE o 7 AN AH SLIRLFE T 1 2%
YRR EE, SRESIEE N 280°C . 330°C . 400°C I &R i A R BE, g
3-3 flin. & 3-4 NERIRFE N 700°C. 750°C. 800°CHI S HE I HUE . 77 AAHR
BTSN B R, BR80EEE A 700°C . 750°C . 800 °C I &R i e i &
HUH, Wk 3-5 FiR.

X 3-2 IR N 280°C . 330°C. 400°C &4y B (Bl

PP P 280°C 330°C 400°C AT
g s g 9.8 9.8 0.8 m/ s’
B B A% 6.95x10°° 6.38x10°° 5.87x107° K™
p B 6929.11 6894.96 6845.71 kg / m?

H ki 240 1.8941x107°  1.7138x107°  1.5274x10°° P,-s

C, bR 245.8 243 241 J/(kg-K)
k R 31.31 32.36 33.84 W /(m-K)

% 3-3 HWIEEE N 280°C . 330°C. 400°C I RN # B 22 EE

BRE (T XA RYE (W /(m*-K))
280 h=629.68AT"
330 h=612.42AT"

400 h=598.79AT"
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%34 FEWIRSE N 700°C. 750°C . 800 °C It &4 F & (1 BUAE

Yy E X 700°C 750°C 800°C LA
g H )M 9.8 9.8 9.8 m/s’
B RRZIK A% 6.70x10°  6.60x10°  6.53x10° K™
P o 2378.02 2361.44 234458 kg / m?
H R #2480 1.1916x10°  1.0785x10°  0.9854x10°° P, s
c, bR 1175.8 1175.8 1175.6 J/(kg-K)
k AR 91.49 93.16 94.83 W /(m-K)

%35 EBWIREE N 700°C . 750°C. 800 °C Hif it o i 6 4 R Al

IR (T SHRB R (W /(m?-K))
700 h =1237.40AT*?
750 h=1233.59AT*?
800 h=1231.04AT"®

3.4 EREEEBEIRES G/L FI#E

FEXTE [ e [ R IR L AT A 2 1T, BEREAN AU T 5 S H
(DERERRE G« S0 I E , Ron 1 5 5 M B S Z [FREES, K/im;
(2) RHERR: X RME, R mlftl PIg e, K/s;

(3) SFlR MR P A AR S, 2o ot [ 1R o A i R A S5 R T

AL RS

, m/s;
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(4) BRI Lo BPRIREARTI R, ATLLA R IR I SRR, AR
SRR AR RO, 2R R OB, m1s

(5) ALY « FERTREURTI 2, 2 DB T i M52 B, m/s s

X2 T 5 57 60 60 SO0 MR ISE S S AT AL, R S5
FUIGETEL it e R AR B8 A A A % . T et DL BB B X2 LI
T, R e AR B G FUAHIELIE S L IE S <M, B3
T FREAR 4 BB S8 S IR A SR FURRIEIAL Y, — R G / L U 5 1o L P
SHHEATAMNT, W02 G/ L2 0.43C-hr /e i, % KSR RIR & o 7E 5 1AL BEIEIIH AR

Pk o1, B, AR G/ L HERT HRS AT LMC REIR B 347 20
R

ﬁﬁﬁﬁmﬁﬁ%ﬁﬁﬁmze=t (3-15)

75 HRS il LMC 5 [A1RE IR 47 400 o, A Ak 2 LU Tt e v B

e, | ~v (3-16)
TI _Ts

(3-17)

AR R IR AN R= t

b, TONWOHERIREL, T OUBEAHZGIRE, D9 R RO £ SR B A [ A 2kt

J5E BT 5 A B[]
= (3-15). & (3-16) ALK& (3-17) A[f5:
G R R T-T

i —_— == -
HE D === (3-18)

3.5 BIRTTEERAEREE

KhrtFiE TP EERM M, W 0. SR, ADE. WS, g
FEASAUNIN 5, 1% OB AT IROCACE I B, 75 200 AR AT 4L T FERD 50 (2-64) il
FENAL S M, ARG L 2P RARAERE R, AR TR R BIR .
Bb, ASCHEH R AR A, BN A4 B SR R R, |h 2 A O R AR
BRAGERE, & 3-5 BN S R MR
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K35 BAIEIES RN R E R
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S KRBV REIE 5O iR N 2 AN REIZ 5 . DL 1A 2nx 2n FE RIS 5 709 2 > n=<n BB
MRz, 14> 2nx2n JEFFEZ AR E RN 2n DM 2n MR ER, 12 4
nxnFEFFIZ SRR RN 2n DS n NMERNEEI,  AIRIRERRHE 5 1 0 if 2> i
SR, IR T ERCR. R, RERERE A A By AU G SRR A PR 5k
REUSEE, &EUWM AR E G LM A E g, RS E B
FH 3G o

3.6 BRIt HRS 1 LMC E [ E R E I B{ERLIEDR

ST FU SCHITIR (A 5 170 5 [ 305, 58 I A R LA R 3 AR AR AR, RSO % 1 A BR 7T HRS
A LMC € 7] ot 8] i P 3 I A SURSEER o 1 1 ab FH EA FIR e s 1 o [ iod R P56 3
AU B [ 5 Je AR A

(1) SO RAE, W 3-6 Fra o I3 A BRIT A SCIF I A2 DL R B B
FESBUA T A R IR AT R AR o

(2) BWEMMESE, WK 37 s, EESHMBEYIESECC, S 80C
PRSI (R fh, B5e. BLE. FRIEIREE) MHWITESAL G, SRAREL
PR L T AN VBB 20 B 25 ), 1 HELRR 100 Y AR A E ] o [l g B o A A R




P HBERXFARLTZELRX

H T SePREGMEE HA B T A=, [ 5 2 S 3 R B0 oW / (m? - K) &

(BDILFEE Mk [ A2 7 T2, 4 &l 3-8 P o 165 € Al i [8] -2 HRS B¢ LMC,
FREMN T NS &5 HRS T2, HEBMBCERE . Hhbim (. b kg5
LM R EF LMC L2, ERERERSSRANRRmTE., %
HIVRA TR LA B A HIR

(4) WHEIZBTSH, WK 39 P, AT ERRFRERES IR UL Z, %
BT ORAF 18] AR s B AP H, [RS8 B e R i /NI 1) A T B A v o ] 22
KT — & mz il .

BESEHT 4 B2 )5, BRI U S AT 5 i ik [ 5 FE 3 U B,
TR TR 7 B R v LA B, B s i ek [ R P 3 B v AR ) 5,
FP R ) LA B R S i S LR W, A I S S A B B ¥
P78 B A 57 Ao

‘%\‘ NE &) - FoiE - FEM_DS_Temperature =|[E] =
EEMER style ~ (@
w) W o w) A A A A A
MHERRREE IHESEIEE HRSRIMCRE || ETS8 FiaitE S5 temtE eentE
HEEHEE THESMIEE
TSR [=x=)
PHESE [txt] F:FEM_DS_Temperature'mesh s
SEERTH{27FRE4E  Fr\FEM_DS_Temperature'result g

——
o
i
o
r

K36 SO ARAF

49



P HRHBEXFRETF LR

[=]@] = ]|

J@ DEd& - F#7E - FEM_DS_Temperature
— | aEmE syle - @

) w oE A A A A A
THHEBREE PHESNIEE HRSRIMCEE || B8N FAsitE gsiE st E smtE
HEEEE HEsmEE

S EHrTiE F\FEM_DS_Temperature\phy_parameter. | il

WERE [C1 30

SESEMES o
[w/m2.K)]

i

I Pane 1

K37 MikSHiE

[ ,f@' DEE&) - FH750 - FEM_DS Temperature (== = J
— | e=mE P——
MEERREE HESINEE HRSEIMCGEE | BTEf FFEitE €515 St E SRt E

HEsEE TESHEE
[ HRSELMCiZE =)
BT
© HRs @ MC
REIZEH
TR [omjmin] & AHEEELEE a0
[mm1
R Kmind 20 e O
Piali =t EA 0.8
AR rey1 20
HERAE 07

Pane 1

L

K 3-8 HRS /X LMC & &

50



P HERXFRLTZEFLRLX

.& D= H lga FCIREE - FEM_DS_Temperature =& =
REmEE Style - @)
g W = A A A A R
MHERRET HESHEE HRSBIMGEE | B Sl FEsitE EeiE siatE gEitE
HEEIESE itEsIEE
RIFIFERR 5
SiEftssy 2000

BABHEER [s1 5

B BiEEE [s] 0.01

=
-
o
i
-
(5

K39 T HiRE

3.7 XE/MG

(1) EFX45E T 2NN, RA B RELE R M RN R EE, B3IX 9%
M AN, G F 2k B BB . EEIR B S MRS RS,
K BT PR B AN H A R H L T 46, BB TE AN 2 R W A% 0T 2 i At |
85 g B A B 5% A T R TE P S0 7 e A A

(2) LMC LZ R e fEfh i 1 b 2B W NS & B 20, R 1 B B4
SXof I e A Tl e SR AR T SR D DO i BT K A, R D 5 B ) 28 A 45 28040 A
FRBORACBALSE 5B, IV EAS BN 1R BE (1 ALVBURT S 1 1) 45 288 e 24
RH

(3) SEBRIE )k E A 7 v 75 2Lk S 55 4l B i 72 A2, O 17X HRS AT LMC JE [7)
(B AR UL T 5 2 R IR 34T 00T, SR G/ L 30 A T 4% 1 AT Rt B2 i 5% P B £67

(4) T ORIEABR TCBAFRF I THERCR, $EH RS, EARTA

51



b AR KRR E SR B X

B RE 0 T AR T VSRR R, DA T i B AR e O Pty SR PR i B i
RIF R, PRUEA BRCEEAI R G015 2 6 i 2 2 B i T AR

(5) AT HEIF R FRIG HRS A LMC 22 [ 5 [ i F2 36 3 B0 A0 s
O F T e H AR AR AR

52



P HERXFRLTZEFLRLX

4 ARTHEREHBERURZEAISLILENIE

41 5|15

Vil I RE IR b 5 B AR o Y A AR S A K B AT S T IR E
Y, BRGS0y R AT L AR, A IR AR PR R ok
A 7 R 5 HRIL R SRR . Oy T SRR EE A BB R R SR S
B Ry P SEDL AT IR A B4R AT CAnRR 380 RERRLEAR. JERERMESE) X IEH)
PEREATIRAE . O 1 38 S a2 FAL PR EE I RO, 2 SO S R i R 7 B (A
MRS H I TP 2 i gy, i T EAERTT & ANSYS /R AN
BRITERAT INHA IRTT SRR MER 1, IR AL RS ANSY'S [RLINLAE Rt AT
XFLE, AR IR TC iR B BUE AU R SE SR 4T S e

T HUEBINR G 5, RA 2B RE SEhrA = a5 RAAT, N SEhnd
SR RIEH, ARV BB R G B A AT VE . A SCRAA IRTC R S B E
ARG — H B A RS BEE T2, B 15 v] BE thBLAa SLAata BT AL, #s
FRANZE IR 5 SEBR 4 R BEAT XS BRI, S8 e IR o #% i iR 3 BUE AR AU, R e T AT 1

AR E SRR B BB R R L, Oy Tk e A AL B (AR b
FRCEE . ARESHL WP KSR MERRAE R, REDBERMASS
ANSY S K A R B AR AR Y L A ] B0 22 v 30 5« A R) BB E D P2 DL S AR [ 1 72
TR A, IR P U SR SR o AR ) e v AR IR EE it T X b 45, R
I I B A R Goxt — A SE PR AL 77 A A B3 T Z AT BT 55, A B R
FIBEIR I ES L, RS AR A B R IR R etk A5 21, s bR Rt 4 2R
S SRPRRE G ST, X R BUE A R G 1 AT AT AT 50 IE

53



P HRHBEXFRETF LR

4.2 REIRHBER R G H AN
421 R TR KRSHKE

N Y BAIE I IF R AT BR TR 5 BUE AR Gt i) S R 1, A e v S 2 T
FAF A R B, 5 R F A IR o7 i 0 ANSY'S 540045 SLBEAT S L 43 #r
A T J U AL AN ] 4-1a Pz, Herb S 52 (0 LRI AR AL R /N
60mm=80mmx15mm, [ 4-1b Jy S T () Ak A 2, HR A DY Tl AR — g,
Horp Ay 5 B H0 2240, FOTEHCN 8570, IRESMEEB R SIS ANSYS KA [
R AR AR A . SR T AR AIRE N 500°C, SRR N 30°C, M Tk 5=
ARG P A R EON 50W / (m* - °C) , MW TR AW S B R 4-1, Jish, #
T E R P KB t=1s .

(a) JUfTiRy (b) PAAETY
K41 B T AR

54



b AR KRR E SR B X

Fal W TF RIS H
VTS5 Hifh FLA
SRR 60 W /(m?®-C)
I 7800 kg /m?
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20 476.745  477.300 1.163 469.914  470.610 1.482
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1000 72.775 72.911 1.862 71.996 72.143 2.038
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FERENInYIE 205 R )R, AT BRI, RN 24T 84S SERRpeiE Sk
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Liquid fraction
0.947368
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0631579
0.473684
0.315789
0.157895

0

Liquid fraction
0.947368
0.789474

] 0.631579

0.473684

1 0.315789

0.157895
0
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KT 0.05 &7y, HASLAIFA TS RRF, Wil HBLFLAR BRI, SEbrds
PR AE IR T A A B T AL BB, W] 4-8 . BRI, WI4A 75 58 BT IR A
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Liquid fraction Liquid fraction
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1395 7373 31.308 0.705
1385 7381 31.137 0.702
1380 7385 31.053 0.700

1360 7598 32.797 5.541
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1310 7736 33.374 1.053
1285 7759 33.113 0.790
1185 7809 31.403 0.625
1000 7953 25.078 0.767
700 8105 20.181 0.547
100 8325 11.838 0.445
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SERYINESE, WK 5-2. F 05T R BB AR ECN 1000WImY/K, 441 5K
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