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Ao BRIGHEIEIE, Eq.(8), Cf,Cy: FIEED Bk
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WERFLRE = APd;/(20LU?), U4 ¥ — O VEREBEORBEIRE . di,d, - HENER, SAERE, D,
Dyt TAF—=IAVHER, KIEE, e: U4 ¥Y—IAVERER, o Ml 1 /LI, BEq.(12),
Go o BRICIGERE, Bq.(12), Gr: 77 AR T = gBATd} /v, g : EJJMEE, L: BERE, L
O AY—aANVEEX, L*:=1L,/L, Nu: 2¥WV I Nu,Nu,Nueg : FBREDOX VI, 74
YA NVREDOI LNV M, 74V —IANEELRICRELIBEOX VI, P VAV —2
AWy F, FES, AP E#E% (), P*: = CrR3/(CsrRel), Pri 750 bIVEL Q: 88, R
D BMLERWE (= a/a), R*: = Nu/Nup, Re,Rep: VA JIWZAH =Ud;/v,UDpjv, St: 25 vk
VM = Nup/(RepPr), T,AT : B, BEE, U FHRE, o NEMAE, 2 EALLYOEH
HFHORE, o' TA Y=/ VBRI DOEMHMOES

FUY e XF
o BAZERE, 0 RBRIREL N BVEEER pc HEREL v BIRERYE 6 BARE
AE

c: DAY =4, Dy KIEE, f: W& hi: bE—F—, i NEE, in: AO, [: BK, L&
25, o: SEE, out: KO, r: BA, s: F4%, v GA@E, «: BH

2. EBEESLUERRAE

DAY= NERCENBEER ORI EICHTIEREEOHELR LIS DOIK 2
TH5. EREBE, KATHETA Y- VERATAERGRAEE T4 &7 558, B ig
WREEGE L OCRBRREEENIO - D OBHRR L DHEINTNA. RBEICANKCERE R, A
B d; = 16mm, H% d, = 20mm, B & L = 2000mm OFBEAETIHETHS. 2RBERICDILY,
LRGN 218 D 12D, RFTBMZERDOZLDOR & ORI ITFHOEREREEN L L, = 120mm
BIRT5 KM, 2 UTHPET L, = 200mm MEO 7 XEICAE LT, N ZThosaRH THEDE
UOBELREERD X, MK GERATE~NORANEZRHETES LI IKLIRINTNS. i, REH
HEOBEXE, 6=2mm Y, FHHURMHEOEEIZM U TOERSEREBIBERT 572D, &4
BKMEFITEX Lomm, 1§ 5mm OEBHERITITHS. K 2 OEEEMEFMK (a—a KFim) 17
ENB LI, HEHF~OBMEBEN T RGERBE < 7 = VB (FRER lmm) 2E8EFRTICD
A IWRICBIZBENCBRE—F (L = 120mm & Ly = 200mm KB TOXBERA L — 7 DHEKEA
400W & 600W) ICK VATV, TOBIENEERTA 5y ZICK D BLICHIS TN 5. a4 VRE
Se—sONEICE, Re—EEAOHEAT AR +o—7 (EEH lmm), 75 27— )VIRiRM (5
X 50mm) Z LTEX 50mm OPKEMA &Y Ly MREEEZREBL, & — 7 BEE & AABE~D
HIBRBER ERBRMOBRELI L INTOS. HRICEOTHE, E09XKMORERTERE Ty 2FED—
FPRIBEE Ty (=16 ~45C) ERA LD, K —F — 1 Qu ZRHIHE U/, EXEEEE O R RER
ag 1, ROBFEXLOEH U,

v a-a
Qg = Qsl/(ATa ’ As) (1) 54%
s : , , Y1 L .
C T, AT, : RBEIRE Tys EWAROERAFSE 18l e —

[ (&S ERXEOBNAT 2 EDER) DX, A, : &
B (2 URARICIIHYER L VER). Fin
OHMBHAOBEREMHE LTE, RELLRNET
B redi, RBRAEWSHICHBRINE & R—T (B
& L, = 2000mm) OB EXEMEHAE (FES 50mm
O Ly U ARBEEMA) RO TS, BB 1.Test scction 2.Copper tube 3.Elecctric wire
AD(}{T}W{EE Tfin (i, 9 Kﬁéd’l«%f‘%fﬁg&& heater 4.Heat proof material 5.Thermal insu-

lator 6.Entrance section 7.Pressure tap

7¢§4 ,‘/ﬂﬁfi;{;\ (501”%13‘ L :/71) :l**}l/ﬂd’éﬁ) 8.Glass tube 9.Tree-way valve l0.Refrigerator
. o= N — ,, . 11.Brine tank l2.Water tank 13.Centrifugal
ﬁ‘b[ﬁaaﬁ%7kf%i‘ﬂ“/Z7‘jﬂ¢:ch D%uﬁﬂéﬁq EYES pump l4.Constant fdow rale pump 15.Calming
K o y . e n .Tra inj or . W 1
Tpi, = 14~ 15C O RERRETIBOGON 1o, et A 0 e
Fo. BAERER O OF A DR A TR Trou 13, 3
B INCR IR LD 7 — T L0 KB MR B2 SEBREE O
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BAERNIZET ¢ =0.1mm O T BEEICL DIE SN,

REEIINEROEN S v 7" (R d = 2.5mm) o, MBRAEEADEZ UTRIEASHERHREE
B8, B ORREFHXEAFRICHE I THS. EHMNERTLOMNEREEL, AT VAT a—
YOMEWE £1% F4EFEET L £3% LINEHEINS.

RO TWH—EOFBE&M T U TERBRMICE I B 7~y 0 RWMIN. RUTHH—EE&HEICE
WTHE, ARARER Y 7 (2.28W, BV = 0.1m3/min, B8 0 = 35m) £ L TEHBEEITE T
i3, EREARVT (F+ 2 FK, 1L5EW, V = 0.08m°/min, H = 30m) KAV SN, REOHIEIZA ~
N=FIZ 2 2Ry TE— 7 OREHENZ U CEBRMEE LR T 7234 2000 7 O B E R 6 % OF
AUTITDN ME V E, K2 IKRT LD ICER TSRS A ) 7 4 R (MERBEL2%LN) i
THEX 7.

B3I THEITRINZ LIS, EALATA Y — 34 VOMPRIRERT, BEHER ¢ = 2,2.5,3mm
DIFH, ZLTIAANEYyFIE P =49~ 104.dmm OHBETEAS Y. EBHT— 7 ORIUT, &l
EiREL LCEHORMEADES 2 - o EHREERELLBITbI .

ARBRAENHROMNERERED I, IO RBRARBER —TED A Ly 7 AN T A THYE
Shfc AL ARBREESA VGO, K2 IR ENS £ 91T, iR BRE~ORBK DAL, BiE
XM ERICRS 2 ZHRFOBEICE DIThN . MB/KkORNKEEL, ByEREICZ T 72 714840 A
FU=THEARELODD PV ORBEHETERYELT L CETAREFICIOBET S &ILLY
Tofe. AfRALAE ML —HELTH, BREOHEITHE, T LTEREBICSOTEEENZIF 1 OFE
Bk dy = 05mm QRET S AF v 7 RHFERN.

KBET - ORI SREETEL, FTREOHEENENE & 2EHL, 74 Y —I4NFHAD
BAIRRKAER Dy (= Ax HBER / BOUEREHE) & L0,

3. TAY-OANCLEERNRBERESLVREEFEOERERSLUEE
3.1 HATBREORDIENS L UVREERE

EERIZBOWTHWIAR d; = 16mm, £X L = 2000mm OFEH % O FERTEK C; & LA
JIWVEE Re OBFEZ R LI bONR 4 THS. K4 POERIE, +ARELLBHRFBEEORHRO
(2), 2 LTHREFMKBICB 275 09 20 pgmst 3) 2R Lt DTH S,

B - Ci= 16/ Re (2)
TLm Cf = 0.0791/R80'25 (3)

R O ZAMEL, RAFEIRE T, EHABAORKERE Trin OBEX AT 2354 -5 L L2bDTH

5. AT =2~ 30K (/7 AF 78 Gr = 8.91 x 10° ~ 5.38 x 10°) D#H T, ARMHOEIUREIC

RZTRB8INE , EMEETEROMFER (2), 3) LR —HKTII b0 E. —7F, Mg OH
WALV Nu & Re MOBETH 5 IKRENTO 3. B 5 o, BRICE 3K (4) TF

Le 10_1 £ 5
4 E e=3mm E \%‘ AT
Ci= F o 2
K F © 10
© 20
P=57.7mm 102 Eq%\ e 30
E Q?OC’%QO
Le - :- ed (3) 53@00\
518 eim L Ref. (9)
UU 10-3 IR RTTY BTSN ST B S SR R
-J-L—P=9.8mm 102 103 e 10% 105
3R TA Y — a4 NOE B4 TEMEOERE C; & LA /LK Re
f
D BE1%

— 39— fRBUFIE Vol. 32, No. 127



X% Sieder-Tate D ALHFHEZEB LI VEBRROTH S, BERE AT = 2K OERMER, X 4) ©
BRER =BT 20, AT WX OICHART 2 EEAEER (4) EOERBRTIHENICHS. ZOWH
DEE, EERICEFOTHEAEAUCHATROFZEICIAbOEHHINS.

Nu = 1.86(R6P7~d1-/L)l/a(u/uw)o.m “

X502, B 5 h OB, ELEIICH 1 5 Dittus-Boelter D DEERK (5), £ L T—E 84 Gnoielinski
DEBHE (6) R LI bOT, WREFRMAEL K ICR—HT B Ltsbnd.

Re > 10*
Nu = 0.023Re*8 pro (5)
Re =2 x 10° ~ 10*

v — _(C1/2)(Re — 1000)Pr
1412.7,/Cy/2(Pr2/ = 1)

(6)

CNORBRS JUERREBICDI > T, ERNERARHZ LT X2 M EORERMEN, 1R L DIRE
EINTVAHEBRREBC—HTIBEREDLSHW LT, AEBREBELLVAUERE G +2EELS. 71
Y— A NVDEFEICLAZENOREREN, BEZ2Z UTHRBRRIKEERHFT2 0T, 22Tk, 7
AV —TANICEBRE NN — VOB BEAFENBEROETFT A IREZS LTHRBREREZ S SITERRIC
HFHRT5.

3.2 TAY—aA4NICLEARERNRHES

6 &, 74 ¥—34) P=50.1mm, ZREE e=3mm (Ple=167) DTA V-2 )VEHNT,
VA JIVZ¥ Rep A ICEMASEIBEORNERRD Ay v FERLIL D THB. NSV A N
¥ Rep =302 ICHB0 T, MAUITA VY —IANVOFEIC LD EREERBOWEILE U TE R BTN
EENBAFORNEORAERADILALEDONT, FAEARMN GEFIHBOHOT, BIROLE
R E LN EN D, Rep = 1980 OBFEITHE, 74 P —I A VOFEICL D, THRIZN - TDLE
EFENANFE LD, HEETEEEFRRNOBEVELSLY, FI0T AV — T4 JVEP R TH
UIenO—H0 N ERICEET 2B FREEIN/. 51T, Rep = 10000 OEEFE T, FHRE
ROERMOHEIZLYD, T4V -2 A NEANTERBEOHRENZNIZEHETHRARY, S OICHRE
WL AEPRFEZORN L NEEEEORERBRNOBESER SMANICELTEE IS,

3.3 I9A¥—aANICLBIAERREER

w

10
3 o 5q.(6) /. B 713, Rep = 2000 £ LT 74 ¥~ 34 VD%
- 70
[ oo \9/,6" B e =2mm —EELTE v F P AL ICEL
ok 9% i XL EOWNBROWIET LI bDTHS.
2 &
C QQ?S Eq.(5)
El N ‘{0
Z o 80;%3}33
10k Q‘;}D‘?’DD&
i , Ref. (6)
I A T
1 1ot lygd ool Lt lun
102 103 104 105
Re

Rep=10000

K5 FEMHEDX VM Nu L LA JIVIH 6 TAY—aANITLBMNBRE (RepBDE
Re OB% B Ple=16.7,e = 3mm)
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DA NHERONS O Ple =25 OFEICIE, 74 ¥ — 34 )V EEEES LD ICERMEN, V(¥ -3
ANVEICEBERANDEET 3 L)L 5. {EREVENCERBYER T L HEICE, REKOEIE
BB Ple=T7~ 10 DEETRAROMGEERTHEBREELONTED, W 7IIRT Ple =89
BT AHNREBE EHEMOTA Y- a4 VLD JBELLTON, BRISFETSE VA Y —34VICH
HiEZ LTaf AL FRICHE LR IEFIENlnE 2. S510, I FElterRE(L
72 Ple =50.3 DRETE, LHAOTA ¥ — 34L& b FEELIiAd, DEBEICHAE L, Bmile
ICHE AL S BRBIRAEERL, S50, BHOIA Y-/ WL 74 Y — T4 LR UNFEIZG
W7 LT AT B EREN &5 5.

813, IANEyF P =501mm, AIANERER e =3mm Q74 V- VEFERAL, THE
h Re = 451 x 10° (U = 0.327m/s), 4.57 x 10* (U = 3.44m/s) KB BH/NF A (¢ $) OFENE
AP = Py, ~ P,OEALZER LKL SDTHY, M 8 PORIMI T A ¥— I WO FEEDENZED
MNEERTHS. FBEOMEMH (o, AFD) I, MEOFEEEHEROR 3) LOEE LI EMEFER
KB —HU, ZRBILBIIRFENMERE L THECRLE. T4 Y= NVERNBEDED
EiT, U4, TEECHEALD B RIERIERODIIRE(AD, 11T ¢ OWRITHE, THEHRWIC AP
OHINE LA ETS. #oT, 74T —IA VORI LT, FICHRIEHICKE S 415 HEHK
T (=BERIERAHERIER) OMRERZ I EPBBETE S,

K 9 &, Fx DA FEIL Ple (T VHERERE e = 2mm - &) I ZMEIRIUERE Crp &L
A ) NVZH Rep OMFEETR LcDTHS. B, B9 FOEKII, FHEICHT 3BHREOBHEAO
U TS RERROEBROVEBEZE TIOR LSO THS. I THEL Ple #3810 Ll EOFSIC
B TIE, Re MDIEKISHE - T Cpp Dfiid, Rep HD —0.39 il LTHD T AMMcHD. O
AR L, Carnavos 2 X BEWIC RS TV T 4 U E R BEBICTEATRE®R 7 4 VAR LBE
D Csp & Rep DBRICHRU LI bD L7,

DEHIKEN Ple ODRBUTH T, B 7 O 103 L "o T
NREOTRBEEERD 5, 74 ¥— ALY Smooth tube 10t
HEEL, 2 UTELBRME I efihiaf vonR i ; Reret. 51x103
FERUZN S TR ih &b, 20 s ReE=4.57x10“
L IITREZ AT Ple BRAOREE - F " —Ref.(10) Oj
%2 LTIeRB a4 EE L, BRE UTHEBIRT &
BHO Rep FEHFERORETEMETT LI
BHOEEDLNSE. —F, Ple <5 ODFEFITKINT

i, Cyp @ Rep BBHE®HITNSOBEAIZHB. = 102
DFE & LT, 8l QRO BB RN 0 =
54, Ple DINSOBEOERFARER, ZhE *(m)

104

»

O

£P(Pa)

Main £1

Pplle(jo()>

Wire
Sccondary .
1 coil

flow
P/e=2.5,e=2mm

i Fl
Imp%?géng seg:ration
===

/

Circulation flow
P/e=8.5,e=2mmm

Flow reattachment

?:)¥—;7—7(—“_Aif””TEET_E;)

P/e=50.3,e=2mm

T IA Y- L BN (Ple DR, N9 BrOIAY—IVIZkB Cip & Rep

" Rep = 2000) HOME
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AV =4 )NVOFEEEZITT, LBENELBREDD L NA L - ABHENERBIENEL NS, K
IZ, Ple DEALICE S Cyp DHIZHER TS &, Rep = 2000 §itk THBE (BIR) It LT, 74 ¥—
TAMCED Crp HOEBRPEZFLOE I THD. 54T, /&L Ple IRTIL, Ple DR EMLIT Cip
BB S, TANVEHTORNOEDE LWFIE Ple =85 IKBWTHAN Cip METT.
T 5T, Ple DREZFHTIE Ple DK EMIT Cpp OB L7122 458bH 2 HRBERERD a4V
PRI AN, AERBEOLVA ) VAKICE L TERTX 3.

K 10 &, Re = 2100 i2%i3% Cyp & Ple DBAGER LI LD T, e = 2mm D& Ple = 8 Wik T
BRD Cip MERT 0N 5. ZOMME, K Ple KBTI, Ple DR EHIT I VEEMN
RCIED, WO T ANV EIREEE S & D ISHAN, T NVOFEI & BEFRE ROBIMN Crp EOD
KF2d7oF. Ple=8~ 104HETH, BRI AL DR LELN AN THMO 2 A VG
IHZRIE L, FEWICEADHRORNER B I ENID K I BBRO Crp BETTI EIHE. —F,
Ple > 10 DFIHT Ple DRI S TIA NV ERIC L 2RO NEH~OBEFEZ LTI IIVITE
TORNDESIEPEL U, Crp DETHBLITRI O, BENICEEE LITED3I 1 Y—TI4 0
Bx (Yo FH) 0157420, BRO Cip THEFBEDMITEIL I EENE. UL Y —a(
FMERN e=3mm EREHBIH-T, BRD Cip 27T Ple DD 6 fFE~ENX L1 BHEH
MICH 5. U LORRELD, BEHEFRE Crp (&, T4 VT Ple IR IRTFLTEALT B 2 E0p
n5.

B 11(a) &, P/e > 8 OEBILIFS Cpp/Rep®™ & Ple OIS TRRESE T Dy b Lz b D
THs. W 1l(a) POERII, FFAEE RN 2 FHETEBE LLERERK (7)) 2R LELOTHD,
Ple =8~ 9 OHFTITERME > DENK XD, &K I EAERE £08% LINTEAMEL B FHi b
DTH5.

Cyp = 11.5Rep>**(P/e) 0% (7) - e
s T © Eq.(7)
BL, LROBREEE Ple = 8 ~ 50.3, Rep = L
400 ~ 6000. —7, P/e < 8 DM TIE, Bk DR 9 g F ol
D Cyp & Rep OBFETRUILE ST, Cpp D B O\n\
Rep BENDEFEIN/NI NI & EHEHRENT A I . ; -
Y—TA4NWAEMEE L TR ZHEIZH B LEZ,
Webb (08 MmuAHA LT, WHEFURSE R
FHETEHOTHB. RERICH LTI, ROK He
KRS ELUTOMBEIRDY, U4 ¥—a4 LFER (a) Cyp/Re’™® & Ple DI
B e ZAOVIEAT, REEFUREICHET 3 F%
A #RDEHITEHLTH 5B, o2
Ac=/2/Cip+2.51n(2¢/Dy) +3.75  (8) c e(mm)
- 0 2
L o 2.5
L Eq.(9) 03
O4F T Repm2100 ¢ (omy ARef. (12)
IS o 104~ A (13)
o 3 ST
0.1 :_O%% A Smooth ) :
? q o tube -
& r °s . -
: ° o 1 Lo L | 111I1IJ.
1 10 o/ 102
) | €
O’010 110 20 3|o z.[o 5(1) 60
Ple (b) A. & Ple DB
B 10 Cyp & P/e DR (Rep = 2100) B 11 BRI E 7 A ¥ — 34 )T B%
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c ARBHEAREERTRET, A O/NS O S ORREIRFURE Crp OMAEEET 5. K 11(b)

S 7,4 & P/mﬁ% CEBRT—/ET Dy PLELOTHE. MERICER ) 7ERD 1572 Han 5

090 Webb(D 5D F =4 BEDIDIHRLTHS. B 11(b) FOEBIE, EBT — 5 OBBE, (9)
T, R £9% N THEAMEE —HT 5.

A. = 53.0(P/e) 0% (9)
B, P/e =25~ 8, Rep = 300 ~ 6000

3.4 DAY—3A4NICLBEHENERmE

K 12, a4 NVERER e=2mm, Ple=10 D7 A ¥— A VEREZHTORFBEER o, O
HERLEFSNTHAE. K12 hOELHIT, Re = 1500 DBHRBEOFEBEDRFIGER o, 12T 2 E
Biis LUORBRVESBEDLBHIIBHLTHS. THREOREN, SADENT o, BMOLEITH
DL B MBI BEXEORHEEEED S LAY, ZIZAL Rep = 1520 T, 74 ¥ —a4 )b

XLBHI\}"FE'L\I"H‘ fd‘il I'Iﬁl'lﬁ"—}»‘ﬁl r‘_-|—h\a~7’-*/'—3:m o H?mm'-TLf Zv‘m\ X NS INE = F
Uity — 17V D Loy e Vs e EHHII- i ia N:VJ Cig H__

LD, X5 Jmﬁ FODBRERMEERZENBETEX S, IRIT, Rep %ﬁ—fc?a’: Rep = 6010 &KL
RIS B O T, ap DEDHRNASNED, BFIEMEER o, OER (z) FAEERIZ/NIT S
DEWRT.

K 13(a), (b) i, 2NEh Ple <10 BLU Ple > 10 DFEBICHE T BEE T A Y — I LE 118
EOVFH R LIV ML Nup/Pr/3 & Rep HOMBICTEIER 7Dy F LI bDTHB. Rep < 2000
DIE LA J IVREBEIRICH T, Nup/Pri® o
Rep ¥4 24813, »n = 0.80 iICHhHIT5H

%255 D, Rep > 2000 D& LA J )V AHER TR E .
ZOEEH n =063 LEOTHMEMICHE. Z0 - 2050°
& HIT TS L BEFATEIELT, BLA /I - 8o &°
I BITHE > T Nup BO Rep HADETFH o | g% °
PUEF ¥ B B, Bergles® 2 LT 5 D4R LR ggd  mew
50 T O BRI NBEC5THE. BEL FE o s
DLH1 Nup ORI, 74 ¥ -1 IVOELR B os5.1 3
AR E LTOED, b & b EFBETOBRE - °8z 3
TELL, FEETHLEMERICB VT, 208 N S B T
PR & LT ORI ICBET 5 2 ED D 102 103 g 104
FETELD. B 13(a) ® Ple < 10 DFEIFICH
TIE, Ple DHR LT Nup/Pri/3 OGS 5 (a) Ple < 10
., —75, Ple > 10 08 (K 13(h)) 17 BT,
Ple DR EH®IT Nup/Pril® o B s 3. )
1413, Rep = 2100 125135 Nup & P/e 10 [ e
Co1ie &8
o [om g tee”
5 Eooooo o o a o o o o Sh ©50.3 800000
& _goouoo-JOocoo &D“’:— 8g%og°
5103500000 OROEDO ° 2z i_ C;co
AN 3 6o }
0 1.52x103 -
102 L ReE GO #reslsomio? 1102 — “”1[:)3 = mlyol"
o L o 2 ReD
M 12 RFMERE oy O/ (c = 2mm, Ple = (b) Pfe>10
10) 13 Nup/Pr'/3 & Rep M OME
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OBFRERLELDTHS. K14 £, Ple =10 FiETHRKD Nup HERDZ ENBBTES. T
DML, Ple DI - THMIZIA N E Y FOUNE A0, BVZBIHEIC & 5 LIRS & 4
YLD ERE. —F, Ple > 10 DHEBIZHE T, Ple DEREERLTHENATH 5 ERFNOEND
B ERD, BEEORHLT DL Nup HOB A b oI EER5. FHBORBIRIEH Cipp &
Ple M (K 10) Tid, BAO Cip HI2IFIE Ple =6 ~8 Tho1odd, B 14 2 SR Nup #id
Ple =8~ 10 ERERIAANTELIIBITLTOA I E0bD S, Thid, BOOAHBRERLD,
ERBHEH TR EZ Ple=6 ~8LICT LMD I AV L D FEEL ffin s, THAM T A VHITEIC
2 - 431804 2 RN JERIEI) OKE BTN ENS. ZLT, COBTA ¥ — 34 )VIdHRETL
MEBHE THEHENBEREMULLTODT, D74 V- a4 VESPIKEREE UTHEELAL
ZEREBLDOERDNA. —F, Ple=8~ 10 LD TA V- VEBIEVT, EHEMIAILED
OHFERADT R 2 A VOBHEIHEICTHERREICHNEL, CORROBEENIF L AT
FewIZ, Ple =8~ 10 ERBIMNOBREETT Ple LD D UKREN Ple 12T Nup BOMBKAE
BAHIEINRAB.

INoDTA Y —aANTiEL Ple DFEBICE T, 2V MEOHEMGENTAZ LD, LT
Ple =10 28 LT, Zo0BEEICHT 2 EBERNORI 2T 7. £, Ple > 10 Ot b e
Bl % ik & T 2B EDOERME Nup/(ReB®0 - Pr1/3) 7203 Nup/(Re% - Prif3) & Ple O BIfE
TToy b LMK 15(a), (b) THA. WK B 2EBRIUT, kX (10), (11) TEIN, EEREE
+8% LINTEBME KT 5. JORBOBEENE L LAT B0, Ple =8~ 10 EFBIERA
DRAMEEFYT Ple LD P UKREN Ple ilT Nup MOBAMER D2 LA 5.

INSDT A — a4 ) FH Ple OFERIZHNT, 2RV MEOEASERT I E LD, BT
Ple =10 8 & LT, ZOo0OEEICHT 2 EREBAOBRHZT > 7. £7, P/le> 10 DN TR
WA TRETEAEEDERESE Nup/(ReR®0 . Pr1/3) £7:13 Nup/(Re%E® . Prl/3) & P/e DBIET
Foy b Uz bO0R 15(a), (b) TH 3. ARICE
13 EBRRE, RR (10), (11) TRIN, EBFEE

I
+8% DINTERMEE—HT 5. E Re=2000 - 6000
r Eq.(10)
Rep = 2000 ~ 6000 $ T
Nup = 0.803Re%530ppl/3(p/ey=048 (1) Soak
. . —‘E F e (mm)
Rep = 300 ~ 2000 S [ o.
2 [ e 3
Nup = 0.225Re%3PPri/3(Pje)™%% (11) e T
L 10 /. 10?
—%, Ple <10 ORI T, A VOFEEME &
A LT, HERLOBESN TV AU EDBEES (a) Nup/(ReSOP P2y & Ple OB
ETROERTE G, bLTHE VA / VI e
LD, EBRTF— 5 OBIBERS S, PE Repe00 - 2000
Rep=2100 e(mm) ;? B Eq. (1)
O 2 2 0.1 =
z , ¢ £ F e(mm)
10 £ T 02
Oﬁ’ﬂ% 0o . | & 3
L4 o} 1072 L oaadaengl Loty
20 ! ] (— L 1 10 102
0 10 20 B(P)/ 40 50 60 Ple

(b) Nup/(ReRPCPr1/3) & Ple DY
B 14 Nup & 74 v =34 VFiEL Ple OBG K 15 RGHEEREE TV — A )VTHELO
BI% (P/e > 10)
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C¢p y
G.= (_zét— - 1)/ Cip/2+ Ac } (12)
e* = (e/d;)Ren+/Csp/2 ‘

K16 43, MRTTEER G, CHEVA VA e OBGRT, ERT7—9%2 70y FLEbDTH
5. e" 235 OFPRTIE, e* DMAEHIT G HOBMMED SN BN, e* < 35 DFERITH LTI, G,
RIFE—EOMEEBIMARSLNE. ZNED G, D e* ~OEEHAIL, ) T HEHEOERELTF-
7o Han 5 OEBHEREIDEHULA b ENZ. B 16 HOESS LUWEBIT, FEBE L S EME(ExE
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FIRREZRIT, M IRD T3 (R OBA) 2 &2 5. Fio, 1312 Re = 2000 At TK 24 )Tk
W Ple it 0T HBRD Ry lERTIEEND. I5IT, Ple %k 25 hoHRT 5 &30 Ry EDH
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W& A D OEE & RO CRBHRTRE C; & LA J VX Re DBFETR L bOHE 20 T
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THE, ERMICTA Y- VERE LLFY, 74 ¥ — 34V GOENHNBEROFALICL Y, C;
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5.2 ERMTEORL
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% LA R £9.6% LT, ROBBRRISTT A ¥ — 2 VEOWNOEIUC L SR X 2V ML Nugs
NEING.

(2'/D)/(Re- Pr) < 5.5x 107> | Nuy = 0.288(Re- Pr- D/a')***Nu (15)
(¢//D)/(Re- Pry>55x10"% |,  Nug = Nu (16)

772U, Nu i3 FBE0 2 &)L M, XiO~Cick 3.

BrOIAY -4 VEXFLURE (B 19) KHWT, AT = 2K OREFHO L LT IV
B, Nue ELA JIVRE Re QMG TRET — 7 2B LA 0N 23 TH 3. HbhORBAMIE, g
MEREITTA Y — T4 VERE LB SORET, Eid LRI FREAR RS L CELIRREIC
B 5 EBROOTh s, 2ENITIE, TAY—IANVES L, 28T BT, Nu. HOET &
RAGIINH B, T, IANVEX L, = 0.5 ~ lm OHMIZH T, 74 ¥ — 34T & 5 B zEEE
13, Re=3x102~7x 10* DEBIZTHENHLIEEHONTHB.

K24 (%, 74 ¥ — AT & BBEERENREWRBICT 2700, 74 ¥ — I NVERNTHEOF
WIXEN N Nu, 2FBREOTFE X2 b Nu ED Nus/Nu & LT, VA /IVRE Re DBEFRT
ELbDOTHD. 2EMITIZIF Re = 2000 B TEAD X &IV M Nu/Nu £E730, &0 A ¥ —
TANVESTBOTRE, I VREBMBICED Nuo/Nu BICERSSND. FIAKE, L= 1m TR, T
IR T A T DA JVERE U DRERICRT S5 LD b Nu/Nu BIKRED, — 4, L =0.5m D
B, HEANLD 2 = 0.5m OREICTA ¥ — 34 VOEEERIIIBEOAN, OBREID b
Nu/Nu fEIRK& S RABHIEHE. SOKHI, 74V —I4VERERO—HIRI LB, A
BADNLOFBEDBEERBOENNNRENER, 74 VY —IANOFET 585 ORI R L
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AY—aANVDEIIIFITHALTET A EEND. T, BYLIAY—IANEZ L. £LZD
EWRRBAZETAIEICL0, RERAOBRER D205 MEREEEITH Z ENAREEO T/
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A RICEHIT 2B ISR AE A v-a1 b

4
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6x102 . o c-l
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ro°o- 9 3 6 e & c-u
o C-2 g 7 E) o O
102 0 7 =9 L 5 0 O ® C-5
.t.— © C-3 . [P %o 6 (-6
o [ o c-4 b 22%¢ o 9o
2 F oces 0% é/%’ ® geo‘
- 6 cte é’;o @ s 8;%9'@-@ .
r ° g%% / Ref. (6) L
. % e
10} ﬁ' / - - —Ref.(8)
SE L Ll Ll Lol 0 5 Lol oo Ll ol
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Re Re
’ 2z
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DEMEEZS. 3%, Re =2000 T, L* =04 THRARD R* A RTIANLEEL 2 = 0.6m ThHo
fo. —H, TA V=340 Tkt Ple =40 EREBAITIE, K 25(b) Do MINMIC R & P DEN
INEL D, e, R* & P OENRKERS L O 04~ 06 EWHETHL ZAEmMAHRT L
ERDNDB. COKRE Ple OHEICE, O TA V-4 NVFTHEOFHRTHENILHIZ, 74 ¥ —
IAVAROEFEEIC L A BEEEEDRVELNICHI T EICEB3bDEEDLN B,

6. HEHE

KRB BT, EZELOT 7274 Y — 34 V& F 7 D8R EEEEE & BB IR R Ic M
BIMEVIEEAR T b &I, ZOBBEREERHOTREBNH LT Uk, BlRIREEIC & 2 EERED
BERE A2 SISt T A ERIBERTHLN FWF 704 Y — 34 )V OEBHRIRO KI5 3 4 010 X 2T RIK
MCTHY, V47— I NVEGRRERFITHASTIC, IEADBOBEERD RS TR (AHRLR)
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IR0 —RER T 2MBEEATERT A I EDNHRESAL ). B TA Y — a4 VI EBMICRE
T, ENNOHT I B TO DA BHASTRETH 5 2 & £ 0, 193k 2 ORI NBYEEIR AR D
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FOL) BEWOLPICH T, EAREEIHECT COERNEHEHO—D2TH 5. (BE
{RAENTT § 2 B O AL T AN F—HB O EZ RS L, £NAHIREREH LD
EIRIZ DO B2 LT HELHIERTIIHEH, SNNTEOHRRTHLILLEDR N
PoTH L. [LABEHERE L7222 VF—FIHOMARTIE, BRIFERLBZHROL) LT
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DRI, BUID ) TR (CREZEWE D HABROERPLELE RS ) .
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7 HE A TH L A Z sATHEIIERTT EEe MNIZTRERA IRV H S 2 Fide Ry = ol = = I AN e Al = [ = LY
CIEz/sH O DD Av LR Ve gy B VB OY 2| Lv-AaS N\ JJ, SRIOMRIG BINIH V) R B
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Positive ions and electrons
are produced

i Region of lonization I

Electrons attach neutral molecules
to form negative ions
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{High Negative Potential)
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Interaction of Beams of Laser Radiation and Beams of
Charged Particles with Matter

G.S.Romanov

Heat & Mass Transfer Institute of Belarus Academy of
Sciences , Minsk , Belarus , CIS

Understanding of the processes of laser
irradiation and beaming of charged particles
and other highly concentrated energy fluxes
into the absorbing condensed media is of the
most importance in modern physics as well
as in the development of new technology.
The interaction processes are (oo
complicated to be completely understood.
This comes from the varicty of observed
phenomena which have a large number of
parameters related to the external factors.
Difficulties are also associated with physical
experiments and complex diagnostics due to
high energy and fast processes. All these
problems make it necessary to find and
develop numerical models of the processes
and phenomena which would complement
the physical experimenis.

In the present study, some possibilities are
to be shown for the solution of the mentioned
problems of dense-media and plasma
dynamics. The choice and formulation of the
problems are largely depend on their
practical importance which provides full and
versatile experimental investigations. These
problems include laser irradiation of
moderate fluxes and electron beams of high
fluxes on absorbing massive and thin targets
(mainly metal). In these problems, due to the
highly concentrated energy. the heat and
mass transfer processes play a very important
role in the intensive heating, melting and
evaporation of the target material, the
propagation of high intensity shock waves,
the ionization of vapors, and the thermal
emission of high energy fluxes of plasma
formed. The quantitative study of the
processes demands the knowledge of optical
charactcristics of the media in a wide range
of relevant parameters, such as temperature
and density. In this regards, we will start
from the description of existing data and
prediction methods of such optical
properties.

{£#HF%E Vol. 32, No. 127

1. Optical physical properties of high-
temperature media.

In order to calculate the thermodynamic
characteristics of plasma at temperatures
which are obtainable nowadays in laboratory

experiments (until <10 eV), the Sah'
model can be used with correction to the
Coulomb interaction for real cases and the
Thomas-Fermi model for higher density
matter. For cases of shock waves and other
related experiments [1-4], semi-empirical
models can be used. In many cases at the
energy levels of atoms and ions existing data
and calculation methods allow us to find the
equation of state with accuracy sufficient for
practical applications. For gasdynamiic
problems, the equation of state is usually
expressed in a calorific form. It is convenient
to express the pressure P as a function of the
internal energy ¢ and the density of media
p:P =P(e,p). The temperature T can be
obtained from the thermal equation of state
as T = T(P,p) or preferably as T = T(e,p) .
The optical characteristics of plasma and
heated molecular gases are often unknown,
especially such as the spectral coelficient of
absorption at temperatures about 10* K and
higher in the range of single and multiple
ionization. Such spectroscopic information
is lacking for ions and, in some cases, also
for molecules and atoms. In addition to this
lack of information, difficulties are
associated with the influence of charged
particles on the structure of emission and
absorption spectra in plasma and limit
substantially the amount of data required for
the gasdynamic calculation. Optical
databases can be provided for air and other
molecular gases [5-18], for metals and
diclectrics |9-13], and for rare gases [14] and
their mixtures [15]. But the absorption
coefficients of plasma of He, C, Al, Ne, Ar,
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time-dependency and two- or three-
dimensionality these factors should be
included in the models.

Consider a beam which acts on the surface
of a target axially symmetrically and normal
to the surface[20-26]. The governing
equations describing the motion of vapors
arising at the surface and the motion of
disintegrated products can be written in a
spherical coordinate system (r,08,z) where
the z axis is taken to the outward normal to
the surface as follows. (Fig.7) [20]:

@eriv(pm =0
alL
a(gtv) + div(pvw) + %(P =S, -S,)
_ SQG _Srr =0
r

% +div(puw) + %(P -S,,)

(€))
—li(rg y=0
ror

@(glE) b div(pEW) + aa—z[(P -8, )u=S, v]+
12 pos v, url+ div = 992
rar dz
E=e+w? /2
P=P(p,e) T=T(p,e)

Here u and v are the axial and radial
components of the velocity w, E the total
energy per unit mass, e the internal energy
per unit mass, S; the components of the

stress tensor, F the total energy flux due to
the heat conductivity and radiation, § the
energy flux emitted by the external source of
radiation in the unit volume and time at a
point (r,z).

For this equation system ,the constitutive
equation of material should be added to the
stress relation in terms of the deformation

tensor &;:
Sij = S;(&;)). 2)
For optically thick media, the energy flux
F in Eqgs.(1) consist of the electronic and

radiative parts:

F=F,+F =—(k, +k VT, (3)
where the coefficients k. and k, are the
coefficients of electronic and radiative heat
conductivity, respectively. In the cases of the

media with an arbitrary transparency, the
radiative flux is defined by the spectral

intensity of radiation I

F, = J‘daJ.dQ-fl-lg. 4)
0 4r

For the spectral intensity of radiation I, we
should solve the equation of radiative energy
transfer [1]:

(QW)I, = ck, (I, - T,). S

where Q is the unit direction vector, ¢ the
light velocity, Isp the equilibrium (Planck)
intensity of radiation for the photons of
energy €. In order to study the material
motion which has the length of emission path
comparable with the characteristic scale of
the problem, the radiative energy transfer
can be described by the approximation of
"forward and backward" radiation along the
coordinate axes (r,z) [1]. The dependence of
the radiation intensity on photon energy is
taken into account by introducing some
spectral groups in which the absorption
coefficient can be kept constant and equal to
the Planck mean value.

The power of the source of energy
liberation in Eq.(1), dq, / 9z, is 10 be solved
as follows.

a) When a laser beam with the energy flux
(., (r) is targeted at a point (r,z), the energy
liberated can be expressed as:

oo

q(r,z) = qw(r)exp(—J. k%dz')

Ya
Y4

x l—R(TS)exp(—rJ.ngdZ') (6)

0

where kg is the absorption coefficient of a

lascr photon of cnergy g, by the products of
the disintegrated target, R(Tg) the reflection
coefficient of the target at temperature Tg.
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Xe, Bi [16-19] and of some other elements
have been published with varieties depending
on investigators.

It is very difficult to represent detailed
spectra in a useful form, and these are used in
an averaged way over the spectral space. The
well known Rosseland path of radiation 1y
and the Planck mean absorption coefficient
kp are an example of such averaging
procedures. They are assumed a radiative
diffusion in the optically thin media [1]. The
more accurate method of averaging than the
above mentioned is to be averaged over
spectral intervals within which the absorption
coefficient can be assumed approximately

constant. As an example, Figs.1 to 6 show
some data of the state [3,4], the spectral
absorption coellicients and their mean values
for air [19], Al and Bi (aluminium and
bismuth) [18] which are often used in
numerical calculations of the interaction
process.

The spectral absorption coefficients are
calculated with summing over the
contributions of all components by taking
into account the electronic transfers which
have a dominant effect depending on the
spectral range and temperaturc. The
processes of the absorption of radiation in

bearn, o

Y

shock wave front

gases and plasma are contributed from:

(1) absorption in the fields of ions, atoms and
molecules;

(2) photoionization from ground and exited
states of atoms and ions;

(3) absorption in the processes of
photoionization and photodissociation;,

(4) photoionization of inner-shell electrons of
particles;

(5) absorption in electron-vibrational
transfers of molecules;

(6) absorption in spectral lines of atoms ions.
The cross sections of these elementary
processes can be taken from handbooks and,
if not, they can be calculated by the methods
of Hartree-Fock and Hartree-Fock-Slater,

2. Numerical and theoretical models
of the processes.

In order to develop a physical and
mathematical model for the processes of
interaction between a concentrated energy
flux and its target, we must mind that the
model should have wide applications with
less restrictions on spatial and temporal
scales of the phenomena. Considering also
the fact that experimental studies have been
carried out mainly under the conditions of

evaporated and disintegrated

" |—» particles of target

_ shock wave front in target
14

Fig.7. Interaction of irradiation beam of energy flux g with a target
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The beam is considered to be reflected like at
a mirror.

b) In the case of charged particles
(electrons) acting onto a target, it should be
considered for the energy to be liberated
inside the target material as well as in the
ejected material from the crater formed. The
energy liberation can be calculated by the
Monte-Carlo method [27]. In this case, the

amount of dq, / dz is given by

aql =pa; - j - (r)-@(1), (7)
0z

where a,(z) is the energy lost by one particle
of the material passing the material path
dx = pdz at the depth z, j, the maximum
density of the beam current, and f(r) and
¢(t) are the current density functions
depending on time and space coordinates. In
Fig.8, an example of the energy liberation
calculated is shown for Al with electrons of
energy from 1 MeV to 10 MeV (per one
electron). The effective size of the zone is
seen to be ranged between 0.1 and 1.0 cm.

The numerical integration of the equation.

system, Eqs.(1) requires the material

properties as well as the fluxes of F and
dq, /dz to be given as a function with a
sufficient accuracy .

To solve the equation system , we can use
the finite-difference method of "large
particles” [28] in which each step calculation
consists of two phases. The first one is an
Euler phase in which the gasdynamic
variables are calculated directly related to the
pressure gradient. The second is a
Lagrangian phase which calculates the

10MeV
MeV /el-cm®
0.1

Fig.8.

contributions of convective terms. In order to
get a stable numerical process, the Currant's
stability criterion is used for defining the
integration time step. With the two phase
calculation, i.e. with the method of splitting
into two physical processes, we can calculate
the process of energy liberation, the radiative
energy loss from hot areas and the strength
properties of the target material.

For setting the boundary conditions, the no-
flow condition is imposed at the symmetry
axis and at the rigid boundaries. At the
external open boundaries, the extrapolation
of the zeroth and first order is used. When
the spatial change in the variables is so
substantial that coarse grid sizes are not
allowed, the grids are regenerated by
doubling or progressively increasing the size.
In order to reduce the cpu time, the variables
are calculated out only in the areas perturbed
by the motion.

The boundary conditions of the emitted
radiation fluxes are to be no-net total radial
flux at the symmetry axis and along the axes
r and z directing inwards. In the case of
interaction of laser irradiation with a target

surface at a moderate flux densities q<10°

W/cm? (Fig.8), we have to consider the
presence of a narrow zone of phase change
where the target material is vaporized under
the action of external thermal irradiation and
thermal radiation of the plasma. This makes a
conjugate problem of heat conductivity in the
target of which heating, melting and
evaporation are defined by the radiative flux
to the target.

The boundary conditions for the
gasdynamic variables of the vapor formed at

e ™
Z, cm
1.2

1MeV 5MeV Vv

Contours of liberated energy in Al for different electron energies (1, 5, 8, 10 MeV)
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Fig.9. Time history of target

the surface are obtained from the solution of
the gaskinetic problem in the Knydsen layer
[29,30]. Further, in the motion away from the
surface, the vapors are to be super-saturated,
being associated with condensation. This
leads to change the thermodynamic state of
matter and to change its optical properties.
The formation of vapor and two-phase
system of vapor and condensate makes their
optical physical parameters strongly different
from those of a surrounding media [31]. The
numerical ‘integration of finite-difference
equations of the problem can be carried out
with the grids from 2000 to 10000 cells,
using 3 to S spectral groups.

3.Interaction of laser irradiation with
metal target (Al,Bi) in air ;
q<10°W/cm?

These problems will be interested in the
technology of material treatment, the force
action on targets, the modeling of other
sources of radiation, the plasma spectro-
scopy and other applications. In this range of
the flux q, the pressure on the target does not
exceed several kbar at the upper limit. The
motion of the matter inside the target needs
not be considered and the components of the
stress tensor in the equation system can be
neglected.

Figure 9 shows the calculated result of
laser irradiation of the wave length A=1.06
pm on an aluminium target with absorbed

fluxes q=10; 1; 0.1 MW/cm? [33]. It can be
seen that the time t, of getting the boiling
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temperature T, =2330 K (shown by arrows

in Fig.9a) at the surface is t,,=q . The
surface is heated until the incident energy
attains to the amount required for melting
and evaporation. The start point of melting is
marked by 'x' in Fig.9a. And then, the
evaporation wave front propagates at a
constant speed. In Fig. 9b, the energy balance
shows that the maximum energy used for
melting is =22%. With increase in the
density of incident radiation ¢, the
temperature and the density of target vapors
increase and their absorption coefficient also
increases, especially rapidly near the point of
the first ionization (Figs.4 and 5). This leads
to a rise and evolution of the surface
screening and to an abrupt drop of the
effective reflection coefficient of the surface
R as seen in Fig.10.

Further, the heated vapors which continue
to absorb the radiation make a pistol-like
effect on the surrounding air and a shock
wave starts to propagate in the air. At a
definite value of q, the shock wave tends to
be so strong that the absorption process is
transferred into the wave front which results
in a light detonation. In Fig.11, this process
is shown for the interaction of a bell-shaped

pulse of q,, =400 MW/cm’ and the
duration over the half-width r%:OVZS Hs

sub

with an area of radius R,=0.5 mm. In Fig.12,

measured and calculated pressures P on the
surface of a bismuth target arc compared for
the interaction with a laser pulse of

Qax =450 MW/cm?, Ty,=0.5 ps and R,=2
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mm [34]. Figure 13 compares measured
(marked by circles) [35] and calculated [23]
values of specific recoil pulse I/E, (E, is
the energy of laser pulse) for the bismuth
target irradiated by a pulse of t,=0.5 ps

and Ry=4 mm. These figures show a
satisfactory agreement of the calculation with
the experiments. It should be noted that the
energy loss for radiation by a plasma plume
during its evolution time is about 10% for the
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above mentioned calculation. An experiment
shows that the loss is about 6% for a

radiation pulse of A=10.6 um, energy
E,=700 J and duration =3 pus on the square

32 cm® of Al target. The similar loss of
about 8% was obtained in other calculations .

Conclusively, it can be said that the
calculation predicts satisfactorily the
features such as the velocity of plasma front
propagation and the pressure profile on the
target, for the different conditions of
formation and evolution of the plasma
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plume and also for long smooth and
periodically modulated pulses of duration =1
ps (which leads to the formation of
underexpanded supersonic jets) [34].

4. Action of high-power laser
irradiation on multi-layer targets.;
q<107-10" W/em*?, t=3 us

The problems in this range of laser
irradiation fluxes is very interesting from the
standpoint of transformation of a long-wave
laser radiation into short-wave (soft X-ray)
radiation for forming high temperature
plasma. By numerical modeling of the
radiative gasdynamic processes , the spectral,
time-dependent and energy characteristics of
X-ray pulses obtained can be found to be
optimum for multi-layer targets of different
composition. The formulation of the problem
can be characterized by a small duration with
a high power of irradiation and a small
thickness of the target (up to tens of pm).

The radiative gasdynamic process can be
approximated as one-dimensional
phenomena. Electrons and ions in the plasma
have different temperatures, and the time-
dependent multigroup equation is used to
describe the radiative energy transfer [37].
The optical physical parameters of the
plasma are calculated by the method
described in Chapter 1 [38], and the
temperature is ranged up to 10 keV and the
plasma is multicharged. The calculation is
carried out for a bell-shaped pulse of
Qe =10 W/em?, E =140J/cm?, R (=300
pm and the duration T=2.6 ns on a two-layer
target of copper film (thickness: 0.1 pm and
0.4 um) and lavsan (synthetic fiber, 2 pm).
The incidence of radiation is from the copper
side. In Fig.14, the time history of the ratio of
the emitted energy in spectral group E, to the
total absorbed energy E, is shown for cases
of the copper film thickness of 0.1 pm ('f
and 'r' denote the front and rare side of the
target). In the figure, letters A,B,...,J,K mean
spectral groups whose upper bounds are
cqual to 100, 206, 310, 630, 900, 1100, 1650,
2300, 7000, 11000 and 25000 eV,
respectively. The total emitted energy is 8%
for 0.1lum and 16% for 0.4um. Thus
increasing of the copper film thickness leads
to increase the emission twice as much. In
both cases, the maximum emission is in the
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Fig.14. Radiation energy at front and rear
sides for different spectral groups;
film thickness=0.1pm.

spectral group 1000-1650 eV. The emission
in the front direction is 3-4 times larger than
that in the rare direction. It means that the hot
heated area of a dense copper plasma
expanding in the direction opposite to the
direction of laser irradiation can serve as a
source of X-ray radiation. With further
increase in the thickness of copper film, the
emitted energy increases insignificantly.

5. Interaction of high current electron
beams with a target.

The processes occurring in this type of
interaction are of large interest for the
technology of material treatment and for the
physics of high density energices. Figure 15
shows a comparison of calculated (broken
line) [25] and experimentally obtained (solid
line) [39] profiles of the crater formed in an
aluminium plate of 1 cm thickness (the right
side of figure). The irradiation electron beam
has the electron energy of 1 MeV, the radius



of ry,=0.1 cm, the duration of 100 ns, the
current of 140 kA and the beam energy of 14

kJ (q=5-10" W/cm?). As a whole, a good
agreement is obtained for the volume of the
crater showing the specific mass extraction

of 1074 g/). In thig case, the calculation of
the plasma plume gives the maximum
pressure =10 Mbar, the velocity =50 km/s
and the temperature =20 eV. The specific
recoil pulse to the time =3 psis 15 dyn s/J.
This figure shows the distribution of the
physical variables in the plume and the crater
as well as the dynamics of their formation.

Calculations of large number of cases with
electron energy from 0.3 to 10 MeV and with
the energy of beam from =1 kJ to 100 kJ
[40] give us a possibility to find the
approximate crater depth d (or its radius,
because it shape is close to the semi-
spherical one) as a function of the electron
energy € and the energy of beam E :

d = 4.5(¢E)"*(mm), (8)
where € is in MeV and E is in kJ.
Examining the validity of this expression
with the experimental results shows the
deviation error less than 10%. It means that
the energy of beam E can be predicted
within an accuracy about 30% from the depth
of the crater found experimentally.

It is interesting to note that in accordance
with "the law of equivalency at the later
stage” [20], which defines the crater size in a
target formed at the high-velocity impact, the
energy of impact material which produces
the same size of crater as an electron beam
should be 10 times less than the ecnergy beam
energy. The same calculations made it
possible to clarify the influence of radiation
processes [41]. An analysis says that the
emission loss should not influence
significantly on the crater size, but at the
same the temperature in the plasma plume
decreases 2 or 3 times those without the
radiative energy transfer. Figure 16 shows
the relation of the energy emitted by the
plume E, to the energy absorbed by the
target E as a function of E (ki). If E is
about 100 kJ, the portion of the emitted
radiation is 30%. In this case, the plumes are
not optically transparent and the loss for
radiation (in the soft X-ray range with the
energy of photons more than 10 eV) is
mainly due to their hot surface.

Further, it can be noted that the interaction

Z, cm

P kbar
0.01

t=0.11ps

crater
measured

Mlmled 1

Fig.15. Pressure contours of an electron
beam on aluminum target.

0.3 ,

1/

0 25 50 75 100
electron beam energy absorption by target £, kJ

plume radiation energy Er/E

Fig.16. Plume radiation energy vs. target
absorption energy.

of an electron beam with a thin golden foil
|42] is calculated without and with an
anomalous absorption owing to magnetized
electrons in the proper magnetic field of the
beam penetrating in the plasma of target
[39,43]. In accordance with experimental
results, the calculation results yield that, due
to the effect considered, the beam energy
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transferred to the energy of soft X-ray
radiation ranges from 2.5% up to =30% for
foils which has the thickness 5 pm in the
normal absorption, 10 pwm in the anomalous
absorption and the beam energy
approximately 5 kJ.

From the above brief overview , it can be
concluded that the radiative plasmadynamics
predicts the interaction processes of the
concentrated radiative energy fluxes with
matter and affords the practical possibility of
modeling and forecasting relatively
complicated phenomena as well as the
possibility of planning the physical

experiment after some numerical
experiments.
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How Microgravity Supports Research
in Heat Transfer

J. Straub, LATTUM, Technical University of Muenchen, 80290 Muenchen, Germany

Congratulation to the 30th anniversary and best wishes
for the next 30 years !

First I like to express my congratulation to the Heat Transfer Society of Japan to her 30th
anniversary and for her successful work in the past period on national and international level.
The success of research both fundamental and applied is expressed in the high standard of the
industrial and economic development of Japan. Ncarly all tcchnological processes arc strongly
involved with heat transfer, like: material processing, energy conversion, heating and cooling
devices, environmental technologics, even in electronics and computer technology enhanced
cooling systems enable the use of micro components to high efficiency. Thus heat and mass
transfer is a basic science in modern technology, and its contribution to the development of it
is incalculable. Your society and their individual members, the researchers in industry and on
universities have contributed to this development, and with that to the welfare of the nation
and its people. Today scicncc is intcrnational, and is not limited by borders, and it is tax free
if it crosses the national borders, therefore not only your nation much more the whole science

benefits from your work.

T wish your society and all its individual members a fruitful continuation of their successful

work and furtheron the continuation of good international cooperation.

Last, however, not least Ilike to express my personal thanks for the invitation which enables
me to take part in your symposium and to present this lecture with the title ”How microgravity

supports the research in heat and mass transfer”.

1 Abstract

In the past years microgravity has been developed to an environment for applied and basic
research. In the beginning and up to now materials processing has been in the foreground
with respect to industrial application. For the processing itself heat and mass transfer is the
basic science to describe the heat and mass exchange at the solidification front or the growth
of crystals properly. However, in many fields of heat transfer itself the interaction of many
paramecters is so complex that simple solutions are not possible and the conservation equation
can’t be applied. This is especially the case in two phase heat transfer, where under earth

conditions the buoyancy caused by the large differences in the density between the phases are
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so dominant that the weeker forces substantially contributing to heat transfer are suppressed.
Often this leads to an incorrect physical view of the process itself, and an inadequate mathema-
tical description. In this presentation some examples will be demonstrated, where experiments
in microgravity reinforce our basic knowledge on in principle "wellknown” processes in heat

transfer.

2 Introduction

About 15 years ago the possibility for research was offered to perform experiments in an envi-
ronment which first was called weighlessness, low or reduced gravity, now the term microgravity
is commonly established for it. This environment is now widly used in various fields of research
mainly in Material Science and Life Science. The first one includes fluid physics, heat transfer,
material processing, solidification, crystal growth, and the second is mainly human physiology
and hiology. As an example about the interest of the various research areas their participation

on the recent D2 mission [1], from April 26th to May 6th, 1993 will be counted up as followed:

fluid physics 20 %
material processing 22 %
human physiology 22 %
biology 16 %

carth observation, astronomy and space technology 20%

Our interest here is mainly focused on material science and fluid physics. In material processing
the involvement of heat and mass transfer is dominant during the processing. The processing
of material by melting and eolidification, and the process of crystal growth are completely go-
verned by heat and mass transfer and can be described by the conservation equations of mass,
energy and momentum. In microgravity buoyancy convection, sedimentation and stratification
can be suppressed, and in absence of a free interface these processes are determined by heat
conduction and/or diffusion alone with moving boundary conditions. In absence of convection

a more homogenous structure in the solid phase is expected with different or even better pro-

perties.

The knowledge of heat and mass transfer and the possibility of the numerical solution of the
conservation equations supports nowadays the control during processing to avoid inhomogenous
structures. In these cases heat and mass transfer has a service function. On the other hand
experiments in microgravity enlarge our horizon and give answers to questions not solved up
today, especially in the cases of two phase and interfacial heat transfer, and systems being not
in equilibrium, whereby under earth condition the dominating buoyancy force suppresses other
weaker forces. They become more evident in microgravity, and their interaction can be studied.
In this lecture some examples will be discussed.
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3 How to provide microgravity?

Gravity is a natural and universal force of attraction between any two masses. Such on earth
any body is attracted by the earth mass with the gravity value or acceleration ¢g. To provide
microgravity, there is no other way as to compensate the gravity force. One way is by accelera-
tion and deceleration, the other is by centrifugal force directed in opposit to gravity. The first
category includes all free fall systems like drop towers and drop shafts, parabolic trajectories of
aircraft or ballistic rockets. The second category includes all space systems flying in an orbit
arround the earth in manned vehicles likes the Space Shuttle or the MIR station, as well as
unmanned systems like the satellites, the russian system Foton, Eurokosmos or Express. We
have to recognize that at the usual altitude of these orbits of 300 to 400 km, the gravity itself
is only a little reduced compared to the value on the earth surface, thus microgravity is pro-
vided by the centrifugal force with the high velocity of 27.819 km/h (shuttle D2). The space
vehicles in the orbit provide microgravity for days and even years as we learn from the space
shuttle system, the russian MIR station and the planned US space station Freedom on which
an European and a Japanese modul will be linked up. One of the less expensive possibilities
are parabolic flights with aircraft, which provide microgravity of about 20 sec, however, the
quality of the microgravity level is not very high, and it is alternating between +5-1072¢. It is
interesting to note that in the last years with the increasing request for microgravity research
new drop facilities have been commenced to operate. The largest is now the JAMIC drop shaft
in Hokkaido with a [ree fall altitude of about 500 w. He provides a high microgravity level of
better than 107*g over a duration of 10 sec. Last autumn I have been invited by Dr. Y. Abe,
ETL, to take part on a campaign, and we could use this facility sucessfully to study interfacial

heat and mass transfer.

4 What is expected from microgravity?

Microgravity allows a remarkable reduction of the buoyancy force, thus in material science and

fluid physics it affects and suppresses:
e the buoyancy in two phase systems,
¢ the thermal buoyancy convection,
e the sedimentation of materials of different densities,
e the stratification of liquids,

o the hydrostatic pressure difference.

The influence of buoyancy is expressed in the dimensionless numbers: Archimedes, Grashof,
Rayleigh, Bond, Weber, which are proportional to gravity and strongly reduced in microgravity
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by the order of 107* depending on the quality of the gravity level.

Thus microgravity allows to study without being influenced by buoyancy convection: in-
terfacial heat and mass transfer, boiling, thermocapillary convection, capillarity, two phase

systems, critical fluids with its diverging properties etc.

The benefit of microgravity for science and its application will first be demonstrated in few
short examples:
In measurements of thermal conductivity buoyancy convection often bothers the results and
can hardly be avoided. This is especially true for melts of metals and materials for semiconduc-
tors at high lemperatures. Therefore Hibiya et al. [2] from NEC Lave performed conductivity
measurements at high temperature in InSb melts using ballistic rocket flight TEXUS first, and
later the JAMIC drop shaft. They receive very good results, and can demonstrate that earlier

measurements are often influenced by convection.

I'ig. 1 shows the computer simulation of a fractal aggregate consisting of 50 millions of par-
ticles after P. Ossadnik, KFA Jilich, Germany. The characteristic feature of the object under
realistic conditions is its fragility due to the small forces holding the structure together. In
microgravity it would be possible to study the growth of large fractal aggregates, important
for the galvanic deposition of metals, for tertiary oil recovery from pores of host rocks or for
understanding ol the formation of snowflakes. Ou earth relevant experiments are only possible

for two-dimensional structures on a fluid surface.

reaction zone

liquid fuel drop

" fuel vapor flow

O, diffusion CO,; + H,0 diffusion

Figure 1: Computer simulation of a fractal Figure 2: Sketch of droplet combustion

aggregate consisting of 50 millions of parti-
cles after P. Ossadnik
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Similar fragile is the structure of dendritic crystals, which are easily destroyed by the
buoyancy convection created by the heat and mass transport during its own growth. A si
gnificant progress has been reported in the past two years in protein crystallization. Larger
crystals grow up in microgravity due to the fact that temperature induced convection could be

minimized.

An interesting example for the benefit in using microgravity environment is the study of
heat and mass transfer problems in combustion, Fig. 2. Especially the combustion of droplets
is studied intensively in Japan by a research group of the Tokyo University and IHI. If the
droplets are small the short time of drop towers or shafts are enough for the investigation of
combustion. Without buoyancy convection the fuel drop evaporates at its surface by the heat
from the combustion zone transfered mostly by radiation. The fuel vapor flows by its volume
expansion during evaporation and diffusion to the reaction zone, reacts with the oxygen trans-
ported by diffusion from outside. The exhausted gases CO, and H,O diffuse in the opposite
direction away from the combustion zone. As long as the heat and mass flow is balanced to
maintain the reaction, the upper and lower stability limit can be studied, and with enhanced

measuring techniques the reaction zone itself can be analysed with respect to the chemical

processes itself.

Only few examples are enumerated here to demonstrate the wide field of microgravity rese-
arch whereby the classical areas for using microgravity like crystal growth, solidification are not
refered to. In more details I will now describe some examples of my own research fields, with
which I like to show you the useful support of microgravity to solve questions in the research

of thermodynamic and heat transfer.

5 Critical fluid

5.1 Observations

A fluid near its critical gas-liquid point is characterized by extreme values of the thermody-
namic properties. Thermodynamic and transport properties diverge, which has the following

consequences:

¢ The high compressibility compresses the fluid on earth by the hydrostatic pressure under

its own weight. The critical state itself is realized in a very small layer only.

e The high volume expansion leads to high Gr-number, additional with the diverging Pr-
number, Fig. 3 [4], to a strong increasing Ra-number, thus the critical fluid is very sensitive

to buoyancy convection.

e Due to the high isobaric specific heat the thermal diffusivity, Fig. 4 [5] tends towards zero
approaching the critical point, with the consequence that up to recent it was assumed that
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in microgravity the heat transport by conduction is completely slowed down. However,

the first experiment performed in microgravity indicated the opposite.
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Figure 4: Thermal diffusivity of R134

Figure 3: The Prandtl Obelisk for water

In a microgravity experiment carried out during a ballistic rocket flight of TEXUS 8 (1984),
a cylindrical cell of 25 mm in diameter and 1.5 cm long was heated up with a constant tem-
perature ramp from 7' — T, = —0.4 K to +0.4 K within the 6 minutes of microgravity. With
a thermistor at the wall and in the center of the cell the thermal response was measured. On
carth an almost constant tcmpcrature difference of 0.1 K between the center and the wall was
maintained throughout the ramp. The heat transfer is enhanced by strong convection, as it
was observed through the cell windows. In microgravity no convection was observed, however,
it was surprising, that the temperature in the center of the fluid followed the wall with nearly
the same constant temperature difference as under earth conditions. This phenomenon was

also measured in a parallel cooling run with a second cell of the same design.

These measurements and the observations indicate that the heat transport and the tempe-
rature equilibration was much faster as expected, even without convection, which was contra-
dictionary to the comprehension until now. In early studies of density profiles near the critical
point [6] we have observed a very slow density equilibration, which is confirmed by the obser-
vations in the Critical Point Facility (CPF) during the IML 1-mission in 1992 and confirms the

interpretation of our results of the D1 mission [7].

5.2 Isobaric and isochoric processes

For the theoretical description of the heat and mass transport in microgravity we assume, that
there exists no gravity force, and the mass flow generated by the local difference in the chemical
potential only is very slow, thus the momentum equation can be neglected. The energy equation
can be expressed either with the enthalpy: h = h(T,p) or the internal energy: u = (T, o). If
heat is transfered by conduction only, and using the Fourier formulation, we receive identical
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relations:

ar T de\ Op 1 g oT

ot * o%cp <5T>p ot o (Bm dr) (1)
and

oT T (op) o _ 1 (007 :

ot e, \OT , Ot " pe, \ 9z Oz )

The identity is given by the thermodynamic relation between the heat capacity of constant

e =L (% @)
Cp— Cy = 92(&)@(%% (3)

Using equation (1) with %_]; = 0 the usual Fourier equation is achieved with the thermal

pressure and constant volume:

diffusivity ¢ = gATya which tends to zero approaching the critical point thus generally a ”critical
slowing down” of the temperature conduction process was expected at microgravity. Using,
however, equation (2) and assuming that % ~ 0, as observed in experiments, the temperature
change is now following an isochoric process with g%l This isochoric diffusivity is increasing
and diverging approaching the critical point, thus thermal equilibration is enhanced. An other
model for fast temperature equilibration was presented the first time by Onuki (1989) [8] and

is called the piston model.

5.3 The piston model

If a cell filled with a fluid of near critical state is heated or cooled, the boundary layer changes
its volume due to the high thermal expansion coefficient and the bulk liquid is immediately
compressed or expanded, and changes its temperature by this adiabatic volume change. The-
refore this model is called the piston effect” because the volume change of the boundary layer
acts like a piston for the bulk liquid itself. This model was first developed by Onuki (1989) [8]
and results in a very fast temperature equilibration of the order of milliseconds. During the
recent D2 mission, we although have conducted dynamic experiments. First evaluations of 10
mK temperature steps at the wall of the sherical cell of 20 mm diameter, filled with SFg of
critical density, shows, that closer to the critical temperature, the differences between the wall
temperature and three thermistors at three different radial positions from the wall to the center
are getting smaller and are zero close to the critical temperature. Most experiments carried
out till now follow in the bulk very fast to a temperature change at the wall, however, not as

fast that this model is rigorously confirmed [9].

5.4 Heat conduction and mass diffusion

The other description of equilibration in temperature and density is given with equation (2) as
mentioned briefly before.
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From our experimental experience we know that the temperature equilibrates fast, and the

density very slowly. Therefore for the first approach we consider that

do
o5 0 (4)
than we get for the temperature equilibration:
or 1 0 or
G pendn (*a*) (5)
In this case the temperature change is now determined by the isochoric thermal diffusivity
Q%v, and i > ﬁ and is incrcasing approaching the critical point. Experiments which we

have conducted in TEXUS and experiments from other authors indicate that the temperature

change with time can be described by this isochoric conduction model.

The second term of equation (2) describes the mass equilibration at nearly a constant

T (9p\ Do 0 (0T ;
0 (a:r)g% " ox (/\0,?) (6)

For the mass transport energy is still necessary expressed by the right term. By thermody-

temperature:

namic relations the temperature gradient can be written as:

Qz = QZ _ai, + 6_T 0_@ (7)
dz ~ \ 9p , Oz do ), Oz
Assuming that at earth gravity only the hydrostatic pressure gradient g% = —pg exists in

the direction of the x-axis, and convection terms are negligible, the mass transport can be

written as a mass diffusion as:

do _ 9_ A do 2
at Oz [g(cp —¢) <5£ +egxr (8)

with the mass diffusion coefficient:

A
Dm = 7 X (9)
oley — ¢)
Close to the critical point ¢, > ¢, the mass diffusion coefficient is nearly equal to the ther-

mal diffusivily aud tends to zero approaching the critical point.

With the above the observation is explained, that the temperature is fast equilibrated, while

the mass equilibration is very slow [7].
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6 Marangoni Convection

When a liquid-liquid or a liquid-gas interface is exposed to a temperature or concentration
gradient, a flow termed Marangoni, surface tension-driven convection or, in the case of a tem-
perature gradient, thermocapillary convection is induced in the liquid in direction of higher
surface tension. In most fluids, surface tension decreases with increasing temperature, thus, a
convective flow is induced from higher to lower temperature thus supporting the heat transfer.
Due to the dominance of buoyancy over thermocapillary convection on earth, this form of na-
tural convection was not paid much attention to for a long time. In addition, it is impossible
to separate the effects evoked simultaneously by both buoyancy and surface tension convection
in experiments on earth. However, with the technical feasibility of experiments on board of
orhiting spacecrafts, on ballistic rockets or in drop towers, an increasing interest has been di-
rected towards the research of Marangoni flows. Under microgravity, containerless processing
methods, such as floating zone melting and solidification, and Czochralski crystal growth have
been focused on. Any kind of convection is undesired in those processes. Buoyancy convection
can be suppressed, while Marangoni convection can hardly be avoided in case of a free surface
subjected to a temperalure gradient. I'rom the viewpoint of heat and mass transport, however,

thermocapillary convection enhances the heat transferred through the liquid.

6.1 Experimental Studies

To demonstrate the effect of thermocapillary flow, the heat transfer around a single steam bub-
ble is studied. A plate heater is mounted upside down in subcooled R113. A single bubble is
created (Fig. 5) and observed by holographic interferometry. In some distance from the bubble,
the interferometer fringes show a temperature profile due to pure conduction, as the density
stratification is stable, and no buoyancy convection occurs. On both sides of the bubble, strong
convection is induced by thermocapillary forces and this flow is strong enough to act against

the buoyancy force.

The enhancement of heat transfer is investigated in various liquids by the arrangement
sketched in Fig. 6. A platinum wire of 0.02 mm in diameter and 3 mm in length immersed in
the liquid serves both as heater and resistance thermometer. The heat flux through the wire
is kept low enough so that only free convection occurs. By a special holder, a semi-spherical
air bubble of 2.5 mm in diameter is positioned in a way that the wire is just touched by the
bubble.

The flow around the bubble is observed by tracer particles, while the heat transfer is mea-
sured by the change of the temperature and resistance of the wire, respectively. Immediately
when the air bubble touches the wire surface, thermocapillary flow sets in and the wire tem-

perature is reduced. In Fig. 7, the increase of the heat transfer is represented by the Nu number
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Figure 5: Thermocapillary flow in subcooled ~ Figure 6: Air bubble of 2.5 mm in diameter
R113 observed by holographic interferome- on a heated platinum wire
try. The bubble is in upside-down position

as a function of the Marangoni number, which is defined as:

Ma = d_a . ATD
T an

with o as the surface tension, D the diameter of the wire, a the thermal diffusivity, 5 the

(10)

dynamic viscosity, and AT the temperature difference between the wire and the bulk liquid.
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Figure 7: Enhancement of heat transfer by  Figure 8: Reduction of heat transfer on an
thermocapillary flow on a wire submerged in  air bubble in water
methanol

To prove that the enhanced heat transfer is due to Marangoni convection, a solid Teflon
sphere of diameter D is brought in the same position on the wire. As expected, the heat transfer
is reduced because of the obstacle to the flow. This is a clear evidence that thermocapillary

flow contributes to heat transport very efficiently.

For this experiment we used various liquids, like methanol, propanol, ethanol, R113, wa-

ter, and mixtures of water and methanol. In case of pure water, it should be mentioned that
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Marangoni convection could not be observed for a longer period. Contrary, a mixture of 20 %
methanol and 80 % water exhibited the usual thermocapillary flow. The deficiency of Maran-
goni convection in the case of pure water is usually explained by the contamination of the water
surface. However, if this is true, the contamination should have had an effect not only on the
surface tension itself, but also on the surface tension gradient and reduce this gradient to zero.

It seems worth to study this effect with water in more details (Fig. 8).

As mentioned before, it is difficult to separate the effects of buoyancy and thermocapillary

convection in earth experiments. Therefore, numerical simulations are decisive tools to study

6.2 Numerical Studies

Transient Marangoni convection is simulated around a gas bubble floating in a rectangular
cavity filled with liquid. The side walls are adiabatic, while the bottom and the top walls are
maintained at different temperatures. Two 2-dimensional numerical methods are employed,
a finite difference scheme with explicit time steps and a fully implicit control-volume finite
element method. To simplify the calculations, the bubble is fixed in the middle of the con-
tainer neglecting buoyancy effects and the force exerted on the bubble by the thermocapillary
flow around it. The magnitude of this force is calculated. It can be regarded as the holding
force necessary to keep the bubble in place, otherwise it would migrate in the direction to the
higher temperature. Variable gravity conditions make it possible to study the interaction of
buoyancy and surface tension-driven convection. The system under consideration is governed
by the conservation laws for mass, momentum, and energy. As fluid properties the values of
water are used, because they are easily available and for the principle study it is of secondary
interest that with water thermocapillary convection can not be maintained stationary. In a
first approximation, the 3-dimensional problem is reduced to 2 dimensions by considering only
a cross-section of the bubble. The special combination of circular and rectangular geometry
cxcludes the usc of regular grids. Special clements arc uscd to approach the curved surfacc of
the bubble. For details of the numerical methods we refer to [12] and [13]. The temperature
field around the bubble without buoyancy is closely connected with the flow field (Fig. 9).

When the temperature difference between bottom and top walls of the container or the
Marangoni number, respectively, is increased, the heat transfer is enhanced and the isotherms
accumulate near the heated and cooled walls. The number of isotherms originating from the
bubble surface decreases with increasing Marangoni number. With an increasing gradient of
surface tension around the bubble, two vortices develop due to the recirculating flow. In Fig. 10,
the influence of earth-gravity acting in either parallel or opposite direction of the thermoca-

pillary flow is obvious. In the case of Marangoni convection acting against buoyancy (M-B),
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Figure 9: Predicted velocity fields (left) and isotherms (right) for increasing Marangoni numbers
under micro-gravity Ma = 5000 (left), and Ma = 100000 (right)

M+B

Figure 10: Interaction between thermocapillary flow and buoyancy. M-B (Ma = 10000)
denotes the case of counteraction, M+B (Ma = 5000) the case of cooperation

the initial temperature field causes a stable vertical density stratification. The displacement of
the isotherms accounts for the effect of the thermocapillary flow being in opposite direction of
buoyancy. Compared to microgravity conditions, buoyancy pushcs the recirculating flow closcr
to the bubble surface. With M+B, an unstable density stratification is chosen as initial con-
dition in the cavity so that thermocapillary flow and buoyancy convection augment each other.
Now, the recirculating flow is governed by one large vortex filling up the whole cavity. The
influence of thermocapillary convection can be demonstrated quantitatively in the enhanced
heat transfer, as in the plot of the Nu number versus the Ma number (Fig. 11).
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Figure 11: Heat transfer depending on the Marangoni number for the various cases investigated

Pure conduction inside the cavity with inactive bubble is defined as Nu = 1; it should be
cmphasized that in this casc the bubble has an insulating effect, the heat transfer is 67.5 %
lower as in the case of a cavity completely filled with liquid. The steady-state- Nu number
increases significantly, when a Marangoni number of Ma = 10? is exceeded. In a range of
1 < Ma < 10?%, convection is still existent, however, its contribution to heat transfer can be
neglected. The behavior that a certain Marangoni number is necessary for an observable in-
crease in the Nusselt number is already known from buoyancy convection. As expected, the
biggest enhancement of heat transfer is the buoyancy supported thermocapillary flow (M~+B)
in Fig. 10. The case, where buoyancy convection acts against Marangoni flow (M—DB), has the
lowest increase in the Nu number. However, it must be recognized that even here the heat
transfer is enlarged, 1.e. the thermocapillary flow is strong enough to exceed the buoyancy flow.
For pure Marangoni convection, the heat transfer is about eight times higher than for pure
heat conduction at Ma = 10°. In Fig. 11 the heat transfer of a semi-spherical bubble attached
either to the bottom (Mgsp) or to the top (Msr) of the enclosure, is included additionally. In
both cases, the heat transfer is little less than that of a spherical bubble of the same diameter.
At higher Ma numbers, the strong increase of the Nu number is reduced. This is due to the

reduction of the isotherms on the bubble surface.

The experiments and the numerical calculation demonstrates that the Marangoni flow con-
tributes in a reasonable quantity, and enhances the heat transfer. We observed first time
Marangoni convection during subcooled boiling in microgravity. This stimulated us to investi-
gate the contribution of it alone. The experiments on earth can only be conducted in a way
that buoyancy convection supports or suppresses the Marangoni convection. For the exami-
nation of the theoretical studies microgravity experiments are an essential tool for comparison
and to develop a relationship between the heat transfer, the Nu-number, and the Marangoni

number. Additional effects as observed with water should even be studied, because it seems
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that contamination is not the exclusive reason that Marangoni convection does not develop

well.

7 Nucleate Boiling

7.1 Results from experiments

Due to the great differences in the densities between the surrounding liquid and the vapor
bubbles, it is generally assumed that the heat transport in pool boiling is highly influenced
by buoyancy forces. Thus, gravity is regarded as an important factor in all physically based
or empirical correlations for pool boiling heat transfer. Tests in a microgravity environment
provide a means to study the real influence of gravity and to separate gravity-related to gravity-

independent factors.

In the first stage of our experimental studies in microgravity, the most important question
was, whether nuclcate pool boiling can be maintained without buoyancy forces. Furthermore,
what mechanisms are able to provide similar high heat flux rates as high as on earth, and which

forces can replace the effect of gravity.

The boiling process is very complex because of the interdependence of numerous factors
and effects, such as the interaction between the solid surface of the heater with the liquid and
vapor, the interaction between the liquid and vapor itself, and the transport of liquid and va-
por from the heater surface. This complex behavior is the reason that — despite of nearly 6
decades of boiling research — the physics of the boiling process itself is not properly understood
and is poorly represented in most correlations. This becomes evident from the fact that the
usefulness of most correlations diminishes very rapidly, if they are used outside the range of
the physical parameters for which they were developed [14]. Thus, a microgravity environment
offers the unique opportunity to study these complex interaction processes without or, at least,

with reduced buoyancy forces.

Saturated and subcooled pool boiling have been investigated in parabolic aircraft flights and
in TEXUS rocket. The fluid used was R12, the pressure ranges from 0.1 < p/p. < 0.7, with
pe the critical pressure  Platinum wires of 0.2 and 0.05 mm diameter, a gold-coated tube of 8
mm djameter, and a gold-coated plate of 40 mm x 20 mm are used as heaters. The platinum
wire and the gold coating served as heaters and resistance thermometers simultaneously to
determine the surface temperature of the heater. During a parabola sequence the gravity level
a/g, the temperature difference ATia =T\ —Tear, and the power g,, supplied to the heater was
measured versus the experimental time. The power was switched on during the low-gravity
period, eliminating thus convection before the microgravity state was reached. Due to the
small heat capacity of the wire, the temperature responded immediately after the power was
turned on. ‘I'he power was increased stepwise, the wire temperature reacted without delay. The
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duration of the low-gravity period was about 20 s. After that, the acceleration increased from
about a/g & 0.01 to 1.8, and decreased to earth-gravity a/g = 1 again. Thus, in one parabola
sequence the boiling behavior at microgravity and at higher accelerations could be studied.
The low-gravity period of 20 s was long enough to achieve steady-state boiling conditions. The
temperature record reveals that the temperature of the heater remains constant even when the

acceleration changes from microgravity to 1.8 g. The bubble size, however, is gravity-dependent.

With that it is clearly demonstrated that the heat transfer coefficient is neither influenced
by gravity nor by the bubble size at this fluid state. The results are summarized for the wire in
the boiling curves at saturated states for various pressures in Fig. 12. The symbols represent the
data obtained under microgravity, while the lines represent the 1-g-data measured immediately
after the low-gravity in the consecutive period of the parabola. The evaluation of the heat

transfer coefficient ratio o/ versus heat flux density is shown in Fig. 13.

500. v
KW /u | R12 saturation symbols pug
© wire 0.2 mm @ lines 1g
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Figure 12: Boiling curves for R12 at saturation and various pressures p, = p/p.. Symbols at
ug, lines at 1g.
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Figure 13: Heat transfer ratio, microgravity values related to 1g values, compared to theory at
a/g=10"? and a/g=10"%.
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« is the heat transfer coefficient under microgravity, oy at 1-g. It becomes obvious that
the heat transfer coefficient for low heat flux loads, especially for wires, is even higher than at
earth-gravity. This may be contributed to the fact that in low-gravity all nuclei sites on the wire
are equally activated. As a result, boiling occurs symmetrically around the wire in low-gravity,
whereas in 1-g, the lower stagnation point is cooled by free convection, and only the upper cir-
cumference of the wire is preferred for boiling. The reduction of the heat transfer coefficient at
higher heat fluxes is caused by the higher bubble density and the appearance of larger bubbles
due to bubble coalescence connected with the increase of dry areas below the bubbles. For lower
pressures, p/p. < 0.1, experiments conducted in TEXUS flights, not shown here, the bubbles

are large due to the small density of the vapor. Below the large bubbles dry areas are formed,

not circular, they are locally instable the wetting line is moving forward and backward wetting
and non-wetting. This movement is very dynamically as observed by Ervin [10] and Oka [11],
too, by a view from below through the transparent heating surface. At higher system pressures
p/p. > 0.7, the reduction in the heat transfer coefficient may be caused by the smaller surface

tension, which is responsible for the wetting and the departure of the bubbles as discussed later.

In most correlations from literature for saturated nucleate boiling gravity is an important
parameter, their extrapolation to lower acceleration level a/g are not in agreement with our
experimental findings. Some relations for subcooled boiling are independent from gravity, ho-
wever, their physical view of the boiling process is not corresponding with our observations.
Indeed, all these correlations were developed under earth-gravity conditions and are valid for
a/g = 1 only. However, if the physics of the boiling process is described correctly, an extra-
polation to lower or higher acceleration values should be implicitly possible without too large
deviations from the experimental findings. The great deviations, however, support the state-
ment given above that the physics of the boiling process is not properly represented in most
correlations. If under microgravity the nucleate boiling can be maintained up to much higher
heat fluxes than expected, it is obvious that even the critical heat flux is shilled to higher values
than predicted by the generally accepted hydrodynamic theory of vapor film instability. About
2 to 3 times higher values of CHF are observed in both saturated and subcooled boiling on
wires and flat plates. The hydrodynamic theory describes a situation where a vapor film on the
heaters surface still exists, and get unstable, but not the formation of this vapor film, which

causes the CHF.

7.2 Mechanism of Nucleate Boiling

Finally, the question arises, what are the physical mechanisms of nucleate boiling, and how can
the transport of energy be explained in the absence of buoyancy. For a better understanding,
it is useful to divide the mechanism of the boiling process into a primary and some secondary

mechanisms:
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Primary mechanism:

The primary mechanism is the formation and the growth of the bubbles in the superheated
liquid boundary layer by evaporation at the liquid-vapor interface. Most important for the heat
transfer are the transport mechanisms in the microwedge at the solid-liquid-vapor interface on
the baseline of the bubbles. In this region, the evaporation rate is very high and not influenced

by gravity but only by the temperature at the interface.

After nucleation a microlayer will be formed and evaporates into the bubble, further bubble
growing occurs on the bubble base at the microwedge, Fig. 14, formed by the solid-liquid-vapor
interfaces. At the liquid vapor interface the vapor evaporates if the liquid surface temperature
is higher than the saturation temperature. This temperature depcndé on the size of the bub-
ble, and is decreasing with increasing bubble size. By capillary pressure difference caused by
the evaporation liquid flows parallel to the heater into the wedge. The thickness of the gap
between heater and surface of the bubble determines the heat flow to the bubble. At 1g the
bubble depart at a certain size determined by the buoyancy, inducing wake flow. In microgra-
vity the contribution by the wake flow is very small and will be negligible. The capillary flow
into the wedge is confirmed by the observation that smaller bubbles migrate along the heater

surface and coalesce with larger bubbles. By this migration and the coalescence additional flow

is induced, more or less parallel to the heater surface.

liquid

l'—‘—>/ /solid heati /

Figure 14: The microwedge modell. 1, is the evaporating mass flow, i, is the liquid mass
flow to the interface. m, > 2, unstable CHF.

If at high heat fluxes a dry spot below a bubble is formed, and the evaporating mass flow
is getting larger than the liquid mass flow to the bubble in the wedge the dry area is further
increasing, and the situation gets unstable, because the capillary force is reduced, and with
that the liquid mass flow, dry up is enforced, first below one bubble than neighbouring bubbles

follow, they coalesce, form a film, which leads to the critical heat flux.
Secondary mechanism:

The secondary mechanisms are responsible for the heat transport from the heater surface

to the bulk liquid. This occurs by the departing bubbles carrying away latent heat, additional,
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by the wake-flow following the bubbles, and by convection.

In forced convection boiling, the bubbles and the liquid are carried away by the flow, and
in pool boiling under earth-gravity, they are carried away by buoyancy. In microgravity, the

various effects observed are mostly caused by surface tension, they are shortly summarized:

e inertia forces during rapid growth; this was observed in boiling of subcooled water on a

wire;

e vertical and horizontal bubble coalescence, followed by the inertia of the liquid lifting the

bubbles and supplying cool liquid to the heater;
e coalescence of small bubbles into larger bubbles;

e lifting and replacement of large bubbles by the growth of smaller ones below them.
In subcooled liquids, additional effects are observed:

e pumping by high frequency growth and condensation, called micro-convection, observed

with small bubbles on earth;

e in microgravity, large bubbles are formed with evaporation at the bubble base and con-
densation at the crown; acting like small heat pipes, this process is selfcontrolled. The

bubhle grows 11p to a size that their crowns reaches the subcooled liquid for condensation

e thermocapillary convection;

e coalescence of small bubbles with large bubbles and condensation at the top. The large
bubbles grow into regions, where the liquid is still subcooled. Partial condensation of

large bubbles at the top occurs with dynamic fluid motion.

It is interresting to note, that the overall heat transfer coefficient is only less dependent on

these secondary mechanisms.

8 Summary

In this paper some examples are presented how microgravity supports research in heat transfer,
and it is expressed that heat transfer can support other fields of research, especially mate-
rial processing because these processes are completely governed by heat and mass transfer.
In the example of heat transport near the critical point of fluids we learned with the aim of
microgravity experiments that simplified transport equations can not be applied to systems

distinguished by extreme values of thermophysical properties.

Thermocapillary flow is much more important for heat transport than it was estimated be-

fore. The enhancement of heat transfer is remarkable, however, at higher Marangoni numbers
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the influence is weakened, because the strong flow at the interface itself reduces the driving

temperaturc gradicents.

Boiling, as the most efficient heat transfer mechanism, can be maintained in microgravity,
too. Buoyancy does not play the role it has been attributed to until now, nearly the same heat
transfer values as on earth are observed in microgravity. The dominating effect for boiling is
the evaporation at the wedge formed by the interfaces solid-liquid-vapor on the bubble base
and the flow driven by the capillary forces due to the evaporation. The energy transport from
the heater surface to the bulk liquid is governed by mechanisms in which surface tension is most
important such as bubble coalescence, liquid inertia, and replacement of bubbles. In subcooled
liquids, evaporation at the base, and condensation at the top of the bubble induce a highly

dynamic liquid motion, and transport cooler liquid to the heater surface.

Regarding the fact that after 60 years of research in boiling heat transfer many open and
basic questions exist, we can not expect that by the few experiments which have been conducted
in microgravity till now by Japanes, American and German researchers all problems are solved.
We are just at the beginning to get familiar with this new environment for solving unsolved
research problems. Microgravity is an excellent environment to study transport processes wi-
thout buoyancy for a better understanding of the physics behind them, and to improve our
knowledge for its application. However, to go to this environment is very costly, therefore a

closer international cooperation is very desirable.
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10 Nomenclature

a thermal diffusivity [m?/s]

a actual system acceleration [m/s?]

¢ isobaric specific heat capacity [J/kg K]
¢y isochoric specific heat capacity [J/kg K]
D diameter of the wire [m]

D mass diffusion coefficient [m/s?]

q gravitational acceleration [m/s?

Gr Grashof number [-]
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h specific enthalpy [J/kg]
Ma Marangoni number [-]
Nu Nusselt number [-]
P pressure [Pa]
Pr Prandtl number [-]
Qw specific heater power [W/m?]
Ra Rayleigh number [-]
t time [s]
T temperature {K]
u internal energy [J/kg]
T coordinate [m]
a heat transfer coefficient under microgravity {W/m? K]
o heat transfer coefficient at 1g [W/m? K]
N dynamic viscosity [Pa s]
A thermal conductivity [W/m K]
) density [kg/m?]
surface tension [N/m)]
XT isothermal compressibility [1/Pa]
: gravity level [-]
= heat transfer coefficient ratio [-]
AT temperature difference between the wire and the bulk liquid [K]
subscripts:
c critical
p pressure
sat saturated
temperature
wall
1 at 1g
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PROPOSED TECHNICAL SESSIONS

[1] Thermal Properties

[2] Heat Conduction

[3] Forced Convection Heat Transfer

[4] Turbulent Heat Transfer

[5] Natural Convection

[6] Condensation

[7] Multi-phase Flow and Heat Transfer

[8] Thermal Problems in Space Technology
[9] Fluidized Bed Heat Transfer
[10] Cooling of Electronic Equipment
[11] Heat and Mass Transfer in Porous Media
[12] Energy Storage
[13] Boiling Heat Transfer

[14] Measurement and Data Processing

[15] Cryogenic Heat Transfer

[16] Active Techniques for Heat Transfer Augmentation
[17] Combustion Fundamentals

[18] Combustion Technologies

[19] Heat Transfer in Fires

[20] Bio Heat and Mass Transfer
[21] Heat Exchangers

[22] Heat Transfer and Fluid Flow in Manufacturing and Material Processing
[23] Micro-scale Heat Transfer

[24] Energy Conversion Systems

[25] Radiation Heat Transfer

[26] Thermal Problems in the Environment
[27] General Papers



Announcement and Call for Papers

Second International Conference on Multiphase Fiow '95 — Kyoto

The Japan Society of Multiphase Flow
April 3-7, 1995
Kyoto International Conference Hall, Kyoto, Japan

SCOPE: The Japan Society of Multiphase Flow is sponsoring the Second International Conference on
Multiphase Flow '95 — Kyoto (ICMF '95-Kyoto) which is a follow up to the First Conference held in
Tsukuba in 1991, focusing on the most acute and promising directions by bridging between different
interdisciplinary fields of multiphase flow researches and industrial applications. The Second Conference
aims to promote further studies and technological development in various aspects of multiphase flows,
and to stimulatc thc profcssional communitics and work in thesc directions. The Conference brings
together international experts in field of multiphase flow with the idea to address an important and
interesting area in a novel way. Participants are invited to attend the Conference and take an active part
in presentation and discussions.

TECHNICAL PROGRAM AND FORUM: The technical program will consist of an opening plenary
session with invited papers followed by several parallel programs consisting of technical oral sessions
and poster sessions. The Conference will also give a forum on international cooperation in modern
science and technologies including multiphase flows. A particular focus is addressed on critical
technologies in energy, environmental and biomedical areas. Lectures and papers will be given by invited
leading international experts, management administrators and top government representatives from
several countries. Contributed technical papers for oral and poster sessions are welcome in the following
areas, but are not limited to:

Fundamentals * Chemically reacting flow
* Hydrodynamic modeling (flow regimes, inter- * Fundamental equations and closure laws
actions between particles/bubbles, interface— Applications
fluid interactions, wall effects, etc.) * Industrial applications and problems in
* Dynamics of interface (coalescence, deforma— multiphase flows
tion, disintegration) + Component technologies in multiphase
* Turbulence and transport phenomena at phase flows
interfaces * System design and scaling of multiphase
* Phase distribution and separation flows
* Interfacial and film flow phenomena * Controls and functionalization of multi—
* Instabilities phase flows
* Wave phenomena and critical flow * Code development (physics oriented)
+ Chaos Experimentation
* Fluidization and aeration * Instrumentation and measurement techniques
* Plasma flows * Visualization
* Heat and mass transfer * Computer simulation and graphics
SCHEDULE: The schedule for abstracts and papers is:
* Four copies of extended abstract due July 1, 1994
* Notification of abstract acceptance September 15, 1994

* Author—prepared camera-ready mats due  December 15, 1994

ORGANIZING COMMITTEE MEMBERS (provisional):

A. Serizawa (Chairman, Japan?, Y. Tsuji (Vice chairman, Japan), K. Ayukawa (Japan), M. Bohnet (FRG),

H. Branover (Israel), G.P. Celata (Italy), C.T. Crowe (USA), J.M. Delhaye (France), F. Durst (FRG),

S. Einav (Israel), G.F. Hewitt (UK), M. Ishii (USA), S. Kamiyama (Japan), R.T. Lahey (USA), C.M. Lee
orea), U. Muller (FRG), R.M. Nerem (USA), R.I. Nigmatulin (Russia), M.C. Roco (USA), S.B. Savage

Canada), J.H. Whitelaw (UK), L. Zhou (P.R. China)

SCIENTIFIC COMMITTEE:

J. Bataille (Co—chairman, France), T. Fukano (Co-chairman, Japan)

FOR FURTHER INFORMATION: Please contact Prof. A. Serizawa, the Conference Chairman, at the
following address:
Prof. A. Serizawa
Department of Nuclear Engineering, Kyoto University
Yoshida, Sakyo, Kyoto 606-01, Japan
Tel: +81-75-753-5829  Fax: +81-75-753-5829, 5845
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First Announcement and Call for Papers
The Eighth International Symposium on .
Transport Phenomena (ISTP-8) in Combustion,

San Francisco, U.S.A., July 16-20, 1995

This multidisciplinary, international conference will provide
a forum for researchers and practitioners to exchange infor-
mation, present new developments, and discuss the future
direction and priorities in the areas of transport phenomena in
combustion, Forward looking into the future, the conference
theme is combustion in the 21st century. Prior ISTP sym-
posia: Honolulu, 1985; Tokyo, 1987; Taipei, 1988; Sydney,
1991; Beijing, 1992; Seoul, 1993; Acapulco, 1994,

address, phone number, and fax (telecopy) number of the
author to whom subsequent correspondence should be direct-
ed. The abstract should state clearly the objectives, results,
and conclusions to enable the scope and nature of the paper
to be assessed. Final acceptance will be based on review of
the complete manuscript. Ali accepted papers will be includ-
ed in bound volumes which will be available at the meeting.

Papers describing current research on transport phenomena in
combustion from fundamental sciences to applied technolo-
gies are hereby solicited. General transport phenomena
(mass, momentum, heat and energy transfer) in thermal sci-

ences are also welcomed. Those pertaining to modeling, the-

ory, analysis, computational methods, direct numerical simu-
lations, design, experiments, visualization and measurement
techniques are appropriate. Topics include but are not limited
to general transport processes of heat and mass transfer, tur-
bulent reacting flows, combustion in practical systems, low
emission and high efficiency combustion technology, propul-
sion, fire dynamics and modeling, laminar flames, alternate
fuels and environmental systems.

Initial screening will be based on the abstracts of approxi-
mately 500 English words. The abstract should contain: 1)
paper title, 2) five keywords in the order of importance, 3)
authors’ names, affiliations and full addresses, and 4) name,

September 30, 1994
October 15, 1994
December 15, 1994

Four (4) copies of abstract due
Notification of abstract acceptance
Five (5) copies of full-length paper
due for review

February 15, 1995
March 31, 1995

Notification of paper acceptance
Camera-ready manuscript due

Four (4) copies of abstract should be sent by September 30,
1994 to:

S.H. Chan, Wisconsin Distinguished Professor
Department of Mechanical Engineering
University of Wisconsin-Milwaukee

P.O. Box 784

Milwaukee, WI 53201 U.S.A.

Phone:  (414) 229-5001
Fax: (414) 229-6958
E-Mail: shc@convex.csd.uwm.edu

For further information, inquire at the above address or con-
tact: Dr. S.H. Chan as listed above.



Announcing A New Journal A Call for Papers

Theory and Application in High Performance Heat and Mass Transfer

JOURNAL OF ENHANCED HEAT TRANS]FEP}

EDITOR IN CHIEF: Ralph L. Webb, Pennsylvania State University, University Park, Pennsylvania

REGIONAL EDITORS A.W. Date
North America Indian Institute of Technology, Bombay, India
Paul Marto Wataru Nakayama
Naval Postgraduate School, Monterey, Tokyo Institute of Technology, Tokyo, Japan
California
Tom Rabas TECHNOLOGY EDITORS
Argonne National Laboratory, Argonne, lllinois Klaus Menze
Westem Europe Wieland-Werke AG, Ulm, Germany
John Thome Masao Fujii
International Technical Services, Rome, ltaly Mitsubishi Electric Company
Eastern Europe Shizuoka-ken, Japan
Algirdas Zukauskas CHAIRMAN, EDITORIAL ADVISORY BOARD
Lithuanian Academy of Sciences,Vilnius, Lithuania
Arthur E. Bergles
Asia Rensselaer Polytechnic Institute, Troy, New York
Tongze Ma

Chinese Academy of Sciences Beiging, China

Gordon and Breach Science Publishers, an international publisher of more than 250 scholarly
journals in science and engineering, is pleased to announce the creation of a new refereed
international journal entitled: JOURNAL OF ENHANCED HEAT TRANSFER: Theory and
Application in High Performance Heat and Mass Transfer. The first of four issues per year
will appear in early 1993.

Serious research on enhanced heat transfer began in the late 1950’s, and investigations have
continued at an accelerating pace. Enhancement concepts span a variety of technologies ranging
from special surface-geometry configurations to application of electric field forces. The refrigera-
tion and automotive industries now depend on enhancement technology to make high-perfor-
mance heat exchangers. Potential applications also exist in other industries.

Clearly, a new heat transfer discipline has emerged. Workers in academia, government laborato-
ries, and industry struggle to keep abreast of this new field. However, they now spend precious
hours tracking down papers published in more than a dozen heat transfer related journals. In
recognition of the importance of this new discipline, the Publisher and Editors have decided to
create a new international journal, the JOURNAL OF ENHANCED HEAT TRANSFER.



This new journal will provide a single, high-quality international forum for papers on enhanced heat
transfer, with the goal of creating a critical mass of ideas that will further accelerate the pace of
developments. EHT will present both theoretical and applied ideas and technologies of relevance
to a wide range of industries worldwide -- including aerospace, automotive, chemical process,
electric power, food, and refrigeration. The JOURNAL OF ENHANCED HEAT TRANSFER
seeks to be of interest to theoreticians and engineers in academic and industrial research,
development, and design.

AIMS AND SCOPE

The journal will consider scholarly papers related to enhanced heat transfer in natural and forced
convection of liquids and gases, boiling, condensation, and radiative heat transfer. It will consider
papers addressing either fundamental mechanisms or applied technology. Papers may include
theoretical modeling. experimental techniques, experimental data, and/or applications of enhanced
heat transfer technology. The journal will also consider well-prepared review articles.

The editors are interested in a wide range of papers dealing with both passive and active heat
transfer enhancement techniques. Areas of interest include: specially configured surface geom-
etries, electric or magnetic fields, and fluid additives -- all aimed at enhancing heat transfer rates.

The Technology Editors will be responsible for the Technology Reviews and Patent Technology
sections of the journal. Technology Reviews will feature short author prepared articles (2-12
manuscript pages) on industrial applications of enhanced heat transfer. The Technology Editors will
provide reviews of new, commercially used enhanced heat transfer concepts. The Patent
Technology section will present abstracts of new international patents. Individuals may contribute
material for these sections.

AN INVITATION TO CONTRIBUTE

The editors hereby issue a call for papers, including theoretical and practice-oriented scholarly
papers, review articles, and shorter technology reviews. They also welcome proposals from guest
editors for special issues. :

Those interested in serving as manuscript reviewers or in obtaining contributor guidelines should
write or fax the editor in chief. For a free sample copy and/or subscription information please

contact Angela Butcher, Gordon and Breach Science Publishers, 5301 Tacony Street, Box 330,
Philadelphia, PA 19137. Tel: (215) 537-7275, FAX: (215) 537-0711.

Dr. Ralph L. Webb
Editor in Chief
JOURNAL OF ENHANCED HEAT TRANSFER
Department of Mechanical Engineering
PENN STATE UNIVERSITY, University Park, PA 16802
TEL: (814) 865-0283 or FAX: (814) 863-4848

GORDON AND BREACH SCIENCE PUBLISHERS
Switzerland * USA ¢ Japan * UK * France * Germany * Netherlands * Russia * Singapore ¢ Malaysia « Australia
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