\

Y

2
=

v

12
ulY)

PeNWITERTUINYI

Tasams “Cwuvirassdedneanssauzzainannysanuvudsudarside’

1o /.03. Usedvg maaya uas Ao

VPN weEEo



NeuaNLaun BRG4780024

eNWITERTUINYI

bJ

Taseams “uvudnaasdeinaanssauzyadnannssunuvdularsila’

U W 74 %)
ALY §aN0
1. .05, UszAus tmaana AMUZIFNIINANENS N Inenaazea v

2.9.05. WONS anarwdaazie  AMIMNIINAENS Ny INenaaLzieslna

arvayulagdinnunanuaiuayunsIveY

(enuilunsnuiidureaids am. lidriludaaiumeanaly)



Abstract

™Mng)

9
= =S o

TasamsdvetiAnulasidaaussauzueanonnuiouuuudu  (Oscillating  heat pipe,
& ~ 1 ] Y Y A Aa 1w
oHP) Fuiluanizi oHP lumwnsodsiiuanuioulaluanmniiguugliminuaasa (Non-

a 1% Y

1 v
isothermal operation) 11014911 OHP figaungiidiusuanudougenniadnaiiuingszdaila
Y 9 a 9 1 ] Y 9 a = ~
anuAumuanuiouves oHP gunulianuiouszdwiuldtos tazermnannudonion
Y
aianeussyla winamnsadiemainaaniigilldvildldau onp ldediasans Tao
] aw I~ 1 [l I ) a J o
uiITseoniluaosdin Ae  druusadumsadauuuiiaoamnatiaemans ¥ N1
1 & [ [V~ A o w 1 o
VOINOANUTOULVUAY  1ag  adUrauumMsANYITAIINATUTTOULZVDINOANNS DUV T
21NMINABDY
' I~ o A s A 4 A o
Tagaruusailumsaauuiasineaaamaasiofnyudou lumssuianld uag
v v Y
RuedasimsdeiuanudoumasvesnennusoutuuduYiaNsoy  wennnidujuriums
a a J 9 a dyd' d' 1 % L% a Q‘{
a1engAnssuveaneanuieusiatnasuudaldaunar  Aunidusadudseans
' = = ° A A Y o Vo A
ANuMUMIasuaniue nmsaneuudasaou lumssudusiianu ity wudeu'ly
Ao q Y1 ] M A A o YA o AY Ay '
A ldeanufeunuuduridanssevamnsosuinuldae  msversdrgnidesiinniosni
msvadgns  uazuuuiraesmsineton lumsisuduienldvesieanudeununduasiia
= o A o Y I [} = [ ° =
15ouiidnemnlunsiinenou lumsiianu lditlued1ed TagwuuuUT1a090A11
A o ¢ g A Vg ¢
aaamaou 16 Wosyud uenvniinuiulevinanodulaunamvod Maezawa HagAY

a

[} o [ 1 [l [} [ [l 1 [
fJ”I'Jﬂ"JLWI']i3!‘1(?EJL‘VI'lﬂUﬂ'J']iJfJ']'Jﬁ'JUﬂ'JTJLLHULLéI'J ?j‘]Ji"NGU’E)\WI’l’Jﬂﬂghluﬁp\lﬁﬁﬂﬁgﬂﬂqmﬁﬂu

U

uanarimanzanlumasuinldveie luvuziszdvguuginanansznindiuldany

$ou nazarusvanudoudiunumddgylumssmuaimoezinn1dnseld uazdasiaaums

a @ 1

a A ' v A Y A o Y1 o Y d' a9 S
W]llllWa't’)fl'Nll'lﬂﬁ't’)N’E'JullellﬁgﬂllQmﬂguﬂﬂ’ﬂﬁmaﬂ'l\ﬂullﬂ Iﬂﬂﬂ@@]i'lﬁjuﬂ'ﬁlﬁﬂu@ﬂc] U

9 [ a 1 A Y1 o 4 = Y @ A o 1
AITUABINITIZAVYUNHUUANAINNIN !,‘Wf]bl'ﬂ‘ﬂ@ﬂ'l\ﬂullﬂ Glu"ll‘mg1/]@]3\1"11131ﬂ1!11!ﬂ5ﬂ!@@]51ﬁ'31!
M3AuIng nsunuuiiaeamsawriuanuieumas minaasuuuuiiasdIaglgasiiany

~ o 1A T o a ] A
R123 LLES‘I}'JWIfJ‘]Jﬂ‘]J?nﬁ]lia}i]'lﬂﬂ'liﬂﬂﬂﬂle'U'ﬂﬂ'lf’fiJﬂi$ﬁﬂ‘ﬁﬂ31uﬁu3\1ﬂ15lﬂaElu’CTﬂWllsznJ'liﬂ

4

e 1d Tagldaumsanduiug

0.2893
S = 0'0133[B0Lc,mix0'65 PIﬁmixo.os Remixom (%)2.15}
1



HAZUUUT1809UIEAEAITIMTAaRIUALS U AsTA U U Tuns e +19.6%
e o A vy 2 ¥y A ¥ P ~
wenanluuuiaesnaiwvuuaa e manJasulavinaduruguanarinmeluiing

o Y Y 9 S A [ A o a o
Mldanudmuanudoumeluliaulaoull Taswineglunsdiiannsasnuguugiieu

]
1 o =

uazinEIAMNLANA NI EHINgUUglIId IS menaz dauaminIiae luruey
= Y 1 4 Y 1 Y Y A A d? A
nasulasvinadurugudnaiaad WNVNANUAIUMUANYIT OUME TUTA NN LD
9 ] 4 A dgl a A A 9 9 a1
VAT UATUFUINAIANNTUIN 0.66-1.06 Hadmas Tuvazianuamumuauiounglulia
4 ' 4 A 4 a A 1A [ 1
anaulovinAduAUAUINAIUNNTLIN 1.06-2.03 HadWAT LAITBIINMITNEIANINIANATY
' 4
szvdnguugiimdihiszme tazduaruuiuldaeimnlden duinlumalfiatanuims

U

k)

[=9)

naaouh ldieesnugangiihianldaei Tag liaansasnuinnuuananszingumg

U

De

1 o 1 ] Y d‘ I ¥ zé ddycu 1 ] Y A
mumixmﬂuaxmumuuuuimmkh'lﬂ F1UNTAUOATINTFINIUANNS DUILLNUUUA Y

Y 1 J A A dgl dy o @ Y v v J T
mummumug{uaﬂmamﬂclumwmu Ll'ﬂﬂ"lnﬂul.!ﬂﬂfl]'lafoNLLﬁﬂQElWLWU'J'W‘IaﬂGIfﬂ'ﬁﬁQWTL!

9 v Aa A o

] ] v £4 [
mm%’aumaa%a@m HeNANNENIFINITEIY ﬁ”lﬁ’i‘iJf)VlﬁWﬁ"Uﬂ\i‘ﬂTu’JuTﬁ’QLﬁEJ’JVliJ@E]ﬂﬁ

{ 9 a o 1

Y
R o o < v
ﬁ\iW’lUﬂ'ﬂﬂJ%@uuu LL‘]JU"l]’]ﬁ@\HLﬁﬂ\ﬂﬁ}LWu'ﬂ Gluﬂiﬂﬁﬂ'J‘]Jﬂfl]Gh’i'E']ﬂlﬂguﬂ’]ﬁ’]ullagﬂ'nullﬁﬂﬂ'm

q E]

v
a 1

1 a o 1 = ~ v J o S
FENINYGUNHURITIUMTEINY LLasﬁ’Juﬂ’muuuummmLﬁ'a W ﬂ“]fﬂ"li?NNWHﬂ"J"liJ%}@ullﬂ1

Q

b4
4 o A =< { v = =

v Y 4
mindwiedwauldedeniuanniu  uazlunsdinaiuanldguugivianuiisinaiug hinaugu
4
1 1 aa ! o 1 1 9 -4 1 ]
ANuIANANIENINgUnglmduhszve  nazdiuaumiuiu ddngmsdaiiuanudon

4 1
= = [

A o Y dy A Y Aa Y I (Y A
afo mammuimmmmmu Gl’L!“V'nEJ“V'Iﬁﬂllﬂﬂﬁ]'lﬁ@\i“l/‘li]@lﬂ‘iiMllﬁﬂﬂiﬁlﬁu?Wﬂ?ﬁNﬂﬁ%ﬁﬂ‘ﬁ

£

1 Aa

] A o 1 Aa o A W [ Y1 oo a & 9
ﬂ’ﬂll“l’i'l!’Nﬂ?iLﬂaﬂuﬁﬂ"luglﬂuﬂTVIMﬂQilix‘] Huneallsuunmaulseanimsmanusonlu
o o 1 ] 9 = I A Y |v o ! 1 1
NITATUIUMNULUUIADINTAINIUANNIDUIRAY wazitlumn lwlsuaaaiunmsdaniunu
Y Y v o Y 9 o ldy yy o a
i@uLWJ\? Llagﬂ'ﬂiﬁﬂuﬁﬂﬂﬁiﬂgﬂﬁﬂi ﬂ'lﬁ‘Vl'l‘LﬂfJﬂTL!I@EJGl"lf"llfHJ“ﬂi]'lﬂllﬂ‘]Jﬁ]'lﬁfNW’q@]ﬂiﬂJ
=~ ~ v 9 ' o Y 1o J 3 4 A
L]J’iEJ?JL‘VIEJ‘Uf‘l'UEU’E]QﬂﬂTi‘VIﬂa’ENWU”J”Iﬂ"IiV]"IMTEIGlWﬂ’J"IiJLL‘JJuEﬂ +18.81 wosisua  uazmsny
P Yo ) v A o q ¥ < = v
ﬂ'ﬂlli’EJ'L!Gl‘ﬁ1/]’1’]ﬂ’NﬂJiﬁ]Lll,l,‘]_lUﬁu‘lﬂu@ﬁﬂiﬂﬂﬂ%ﬂWiﬁﬂ’ﬂNlﬁ’ﬂuﬂTﬁIlﬁm’mu‘l]ﬂﬂﬂ]@ﬂlﬁa’ﬂﬂlﬂu
v ' ' v
Winge  sazmswumsngadivazvesdsihaulunsdl ltanudeudiu  maanmssuniu
< = £ o v ERCOK) = A o £
ﬂ'ﬂﬂJLi’ﬂ,ufﬂ3‘11'1aL’JEJ‘IJGINMﬂTu@ﬂﬂgllaﬂiﬁuﬂﬂﬁﬁ@ﬂﬂu‘ﬁq@u@%’)ﬂlﬂlgﬁu\i
) @ 1 @ ;’ <3| a a 4 2 a a o w
ﬁTWiUﬁUuWaﬂuu&ﬂuﬂ15‘ﬂﬂﬁfl\1!ﬂf\1ﬂiiJ'lﬂ!Lﬁ@W1ﬂW]’Jlﬁslﬁ]i\3"Uﬂ\1fﬂilﬂﬂ%ﬂﬁﬂﬂﬂ
ﬁﬂﬁiﬂugﬂlﬂﬁ’ﬂ'ﬂﬂ'JTN%)E]HLL‘]J‘]JE?M ‘ﬂ1ﬂﬂ?iﬂﬂﬁﬂ\‘]W‘U’hﬁ"ﬂﬁ@]ﬂl@\iﬂ”ﬁl‘ﬁﬂ'ﬁﬂ"lﬁlgiaﬂf]@] W?ﬂ

=

o w 0 { I ' ' a ' v A
%ﬂ‘l]1ﬂﬂﬁﬂﬁﬁﬂugﬂ'lﬁﬂ%ﬂrlfllﬁﬂzllll@ﬂﬂ ﬂﬁ’e‘)ﬁmﬂ’mJwumuumm%}@umﬁmﬂﬂumﬂmﬂ

Y
& v

4 I a o '3 a o
ﬂi'lﬂ;]ﬂ'lﬁﬂ‘l 2 ﬂi'lﬂgﬂ'liﬂlﬂlﬂﬂ"lluv\ﬁ@u”]ﬂu Iﬂﬂﬂi'lﬂ{(]ﬂ'lﬁmlliﬂ Lﬂﬂﬂ?ﬂﬁ}@uﬂlﬂﬂlﬂaﬂﬂ]ﬂ‘ﬂﬂw

A ~ A o P a a o 1
mima@umm%mmumazma Llﬁ$ﬂﬁ1ﬂ§]ﬂ15ﬂ!ﬂﬁ’0\1 NANNANUHIWN ANV UHAINIVLUY



A9 A a 1 A Y a o ] 1
IHUBDNBUUDIUHAININATINNTITNINNU NN fl]”lﬂ‘ﬂﬁ?ﬂ&]ﬂ?iﬂ?illﬁQLLUUV\'@N@&N@@H TﬂﬂﬂiWﬂa
dy o Y a o 1 3 1 1 o Yy & a 9 A d‘
miui]z%11Wﬂa1uwu1v¢auunaam1uu LW]UIJJT]'lchfiWﬁuﬂl@ﬂlﬁﬁﬂlﬂﬂﬂ'ﬁuﬂ%ﬁ@ﬂ RGN

o’dyt: d? Y @ 1 9 o I o Ja A o w 1
ﬂi”m;]mﬁmummumamum&“lummwmammuau ez lvinavadinaaussauzvoIne

v &
AIMUIDUUU

(MY10INYY)

This project aims to investigate performance limit of the oscillating heat pipe
(OHP), which is the operating state where the OHP cannot transfer throughput heat in
isothermal operation. If the OHP is applied with higher temperature of heat source than
this limit, its internal thermal resistances will be very high, and some deterioration might
occur at its outside container wall. Prediction of such limit will definitely be beneficial
for safe operation of the OHP. The research itself can be mainly divided into 2 parts:
(i)establishment of mathematical model to predict the operation state of the OHP, and
(i1)quantitative study of performance limit of the OHP.

The established mathematical model emphasizes with starting condition as well as
the average heat transfer rate of the OHP. In addition, it also explains time-response
behavior of the OHP by means of the Phase Change Damping Coefficient (PCDC). It is
found from the model of starting condition of the OHP that, the OHP can obviously start
its operating condition when the net expansion volume of the system is lower than the
condensing volume. Such established starting-condition model can clearly explain the
exact condition for the OHP to start its operating state within the error range of 16%
when compared with the experimental data. Besides, it is also concluded that, with its
geometrical size lies in Maezawa’s criterion and the throughput transferred flux does not
change, its geometrical size does not affect the appropriate temperature gradient of the
start-up condition. The effect of filling ratio on the condition of starting temperature
gradient is very obvious. Lower filling ratio requires higher starting temperature gradient
while those OHPs with higher filling ratio need comparatively low gradient. In case of
the mathematical model for the average heat transfer rate (AHRM), all the experimental
data are used to verify such model and the PCDC can be correlated as follow;

0.2893
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Such AHRM can predict the heat transfer rate of the OHP with the accuracy range of
+19.6%. It is also found that, internal diameter of the OHP affects the internal thermal
resistances. In case of constant operating temperature and temperature gradient, when the
internal diameter increases from 0.66 to 1.06 mm, the internal thermal resistance will
dramatically increase. On the other hand, the thermal resistance will decrease when the
internal diameter decreases from 1.06 to 2.03 mm. However, it is very practically difficult
to keep such temperature gradient between evaporator and condenser section to be
constant. In our experiments, only the operating temperature is kept constant without
keeping the temperature gradient at a unique value. In such case the heat transfer rate will



increase when the diameter increases. It is also predicted from the AHRM that, the
average flux will be reduced when the evaporator section is decreased. The number of
turns affects the heat flux such that, if the operating temperature with its gradient is kept
constant, the higher the number of turns, the heat flux will drastically increase. But in
case that the gradient is not constant, the higher the number of turns, the heat flux will
slightly decrease. The last mathematical work of time-response model reveals the
existence of the PCDC. Basically the PCDC is the correction factor of the convection
heat transfer coefficient applying in the AHRM. The PCDC can be applied as the
correction factor for the ratio of the sensible and latent heat using in the AHRM.
Comparing with the experimental data shows the accuracy range of £18.8%. Increasing
heat input of the OHP will dramatically support the circulating velocity of the subcooled
liquid. The reason why the temporary change in circulating direction is frequently found
is because there exists the disturbance of the always-low circulating velocity such that the
system temporarily stops.

The latter research deals with the quantitative experimental works supporting the
former model as well as establishment of the correlation to predict the performance limit.
It is discovered that, the performance limit in the inclined OHP is caused by two
simultaneous phenomena that occur inside the OHP itself. The first phenomenon deals
with liquid lump which obstruct the flow passage of the vapor from evaporator to
condenser section. The second one originates from the liquid film at upper part of the
evaporator section is getting thinner such that the dryout easily occur at the same heat
input. When these two phenomena simultaneously occur inside the OHP, the performance
limit is instantaneously induced and the OHP cannot successfully operate.
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Tups@ifin=0 mwuald ol =
2.3.53 mteadunlae (Permutation) ﬁaﬁ%%ﬂﬁméwm (asdodauiiu

deiny) oG eaiafioanad i 18T A B € D ninnGesia 4 61 1114 24 37 Ao

ABCD ABDC ACBD ACDB ADBC ADCB

BACD BADC BADC BCDA BDAC BDCA

CABD CADB CBAD CBDA CDAB CDBA

DABC DACB DBAC DBCA DCAB DCBA
Erinnidensaas 26 w8 1235 fo

AB AC AD BC BD CD

BA CA DA CB DB DC

A v o A a o <4 o w o an A
Quuﬁiﬁﬂlm n AN ¢ DU UIVD r 73910 n aN 3J”Ii]m§ENL‘]JmLEITJm§JaM‘]J ﬂ1u3u3%ﬁﬁ]$

pr - n!
(n—r)!

(2.28)
2.3.5.4 M39A%Y (Combination) Aomstaendves (Tae lifisdamsidon)
= 09/’ A A =1 1 ] A v o % A
9191AONUINIHNA HIDAONUUNEIVNAIU 15U UAIONHST 3 A2 Ao A,B,C
Y A 09/' o ) Y ad
fudenuna 3 a1 9ld 133
ABC ACB BAC BCA CAB CBA H11#ig49 1 35
Y A ugz} L) Y ax
fudenuasiay 2 a2i'ld 3 33
AB BA 11 175
AC CA 11 175
BC CB 11 1 7%
(%) ad
HUTIN 3 D

Y
%

Y A A o A a o 1o anA A YA
JUUDIUVDI n TAIANW €] DU LTUADNUT 1 &N LLUU%@WH i]1u’Ju’J‘ﬁ‘]/lmeﬂllﬂﬂﬂ

v
cr-_ ™ (2.29)
" (n-n)r!

Y91

o a1 ~ [ dy I 491 A o
HanNNITUASNHHHA ‘ﬂﬂm’mﬂumnui) 2 UNUY THVITITGlﬂEdﬂTuﬁTiJ"IﬁﬂLSU'ﬂ%

9/

o 9 1 4
LLL!'Jﬂﬂ11!ﬂ1§ﬁ§"NLL‘IJUﬁ]?ﬁ@ﬂﬂ?ﬂﬂﬂl@]ﬁ?ﬁﬁﬁiu\i"m YU ”lmﬂumm Iﬂﬂﬁu ”Iut'iﬂ\‘]ﬂ?ﬂll



78

v Y ' < A A 9 °
AMumuanuiou uazgluuums lnanmelunoe szifluaieso lunsasauuudiaoms
deiuANusewnde tazuuTmeInganssunonuiounUUFUYTA1ITOU dIUNgB])
] 3 <3 3 A A Ao w 9 o A a A A 9
anuzdunszifluaieioNdran lumsadwuuusiaeuiesiviodou lunisisudu

M 1édaaaz 1dnandeneazidealuunaes i



79

UNN 3

ﬂ]iﬁ%lﬁ!!‘1J1J§1ai’)ﬂ‘i’n\1ﬂiﬁﬂﬂ1ﬁﬂ§

o 6':’/ [
3.1 Tnssaaveauuudiasanendinmans Navua vy
9 o o [ 1 k) M a { Y
TumsafruuuiiaesdmsuneanuiounuudusiaiesoDAinUgNADY
9 o I a 3 = o 1 A A 9 o
aeanaosnuauduiain Ianwsuiluediesnszdownsunalomsihian wazgiluuy
Y Y
o ] [V EEEY) 9 ) a a
mMs lnavesensiaunelusdvazidon auiuluaouduvesuniisgiimseiueauuagiu
A 9 dyy = v a o ¢ o o a o '
iosdudsIdumanmsandoyadainm 1NIUIZNINMIBTLIENA IANTHINUYBIND
Y a dy 9 [ Aa o a £ o A A dgl ldy
anudouriatindouranguFammidsznoumsesuie Fana lnmsinuieSuretulvaid
9 Y Y 9
HANANVINANNATIUASANYIUITeRBUNTI taz lunuisetisonna lnmshauunuil
1 ~ o dy o 1 9 o A
71 “na lnnszuaumsunuin” na lnmsshauwuuiiawnsah ldgmsaduuuiiaeaionly
a Y o Y o a 9 ]
M3suAutn1ld tazuuuiiaenganssulalasde
I~ § [ 1 1 ] 1 o a 3 a
Wunnsuiuud 1N sdEuaNus o U e NL UL T UFIATO UL 1D
= o [ 1 9 = d”a 4?1 o
2110M3 Inafeuvesasiianumeludimeanudou uazms ladeuinauuaInnsvesd)
HATUAAINNMTI LM ELALAIULU LYo TasuaNuTounsanIn s ou
d' =) d’Q d' a o [ 1 dy o Y
(11999103 Inadeuimannmsnlasunlaslsasvesasiinumeludmotiies il
MasuduiuldveaneanusousialnnuazdensouuIn Tagaznunlugrausudu
Y 1
Mauiueranamsvavems lvatsueaasiiau gam lineanudouluaania
1 [ 9 9 a Y d‘ 9 Y- dy a 1 o
daruanusou'ld vazimamsiieannunvsariad duianuriduiisave s

¥ o <o 1A Y o 1A g . A A a 1
llwqaluaﬂymgulﬁfJﬂ’J'llﬂﬂﬂ']iLn’i\iﬂ\ulﬁlﬁllﬁu (Initial Dry out) LmzNﬂuhlsllmi!illmu‘ﬂﬂﬂﬁm

9 A o Y1 9 o Y 1 a Y Qsll A Y o~ [ A A °
'if)uﬂﬂﬂﬁﬂ@ﬂ'ﬂmﬁ@uvnxﬂuulﬂIﬂﬂhlulﬂﬂﬂTiLLﬂ\?ﬂ\Hm!ﬁJﬁL!L'ifJﬂ'ﬂ N’au”hlmmm/mm
% Qa: [~ 1 a o 1 o a
(Starting  Condition) muu%mu‘l?ﬁﬂuﬂﬁaﬁmﬂmimqmmamamm%’ammuau‘vuﬂ
! Y o y A a A Ao q Y ) a &
NIDUDINATUDIUUU %gﬁaﬁliﬂ%1ﬂﬂ13f)‘.ﬁ‘UWﬂﬁﬂ1WN@uuléllﬂﬂflﬁﬂﬂﬂ'ﬂiﬁﬂu%uﬂu
A Y o Y A 1 Aav dy A Y ) = A A o 9 1
Liuﬁuﬂ"lﬁullﬂlﬁﬂﬂﬂu Gluﬁ']fJ\‘]"ILl’J’l)fJu%$L3Mﬁu1ﬂﬂﬂ1ﬂ13ﬁﬂﬂ1!\1@uuléllljifl/n\‘]"luvlﬂsll’f)\‘]ﬂﬂ
) a A o o 1
mm%’ammuauwummu Iﬂﬂﬁﬂ‘]&ﬂﬂﬁ']ﬂ;]f‘ﬂifl‘!ﬁ‘l]ﬂ"’ll'ﬂ\iﬂahlﬂﬂTﬁﬂN"lu‘U@\‘lﬂ’f)ﬂ’?ﬂi]%}f]u
[l = Aa o 4 9 o a ¢ A a U w 1 A 1
WIUNNNITANHUBINAU LL’EWﬁﬁ'NLHJ?J%']ﬁ”t)\iﬂ']ﬂﬂﬂ!ﬂﬁ']ﬁ@ﬂwa@‘ﬁﬂ'lﬂﬂﬂ%ﬂ@N‘]VIMNa@]’ﬂ
A o y £ Ay ¥ == dy o Y o Y
ﬂWﬂﬂJ“VINTL!Ulﬂ “]N‘]J3$Iﬂ%umhlﬂﬂWﬂﬂﬁﬁﬂH"lu‘ﬂﬁiﬂﬂﬁﬂ1§@’t’)ﬂl!fﬂ°ﬂ‘ﬂﬂ;ﬂﬂEJNLﬁ'iJ1$ﬁ1J uae
a A a A A o Y a Y QSJ‘ 1A v 4
mmmwamammﬁmumﬁm‘n‘nﬂﬁmﬂmmmmumimu"lﬂ
Wf?ilﬂﬁ]Tﬂﬂ”l'i’e)‘ﬁ‘]ﬂf]ﬁ@uulﬂlﬂTSﬁNTuulé]}*ll’ENVii’)ﬂ’JTN%)?JHLLUUE%JHGHﬁﬂ'NS’E]‘ULLg'J 11D
9 o a s A Y ° R Y A
ﬁ'iNLL‘U‘Uﬁ]Taﬂﬂﬂﬁﬂﬁ‘lﬁﬁ?ﬁﬁﬁLW@Gl“]fﬂl‘LlﬂﬁT/ITU"IEJFI'Nllﬁ"Ilﬂiﬂﬂluﬂ"liﬁQWTLlﬂ'NiJﬁﬂ‘leﬁﬂ
] 9 a dy ) 1 = v 9 o A 3 A Y= o
Euamaﬂamsau%uﬂufﬂzmﬂanm“lummam”lﬂ I UNNTILAUANAITINNY

1 9 ) A QSJ} =Y A A 2 g
ﬂ'IEJGlu‘V]i’)ﬂ'ﬂiﬁaulLUUﬁusﬁuﬂ’N3ﬂuuuuaﬂym$ﬂ13ulﬁaﬂlﬂaﬂuuﬂﬁqll‘]J@’nllna'] RS



&0

9 1 ] 9 1 9 Q'J a a0 ] dl d'
mqslﬂmsmmummsauiummmsauuuuau%umﬁaumﬂmm Tagvzilasuuilas

[ [

dg’ d' d‘ d dyo Yo a ] = d‘ o
Yuadlawnainlaeull  amumsaiguiidhldinitedulvanenewdns ot
Aa o Y ] 9 = o A A [ 3
nganssuMsarRIUANYouveennuSeuisununawasuly  uaedielsna lums
v Y ' v
IFnuneanudeunuudusialsoulunuImni sy AdasimIaamIuaudoumasi
[ ] ] [ I~ [ { I~ L 4 1
neanudouansadariullld unzduandluilse Towni lumsoonuuuiie I4anune
k) dy U Y 9 o a ] ' :;I =
anuioulsziantinnnd mems lgneanuiounuuduytiansou lasdiulvgiiu - 1

[

s A q Y = 9 o £ ' )
@Q‘]Jﬁgﬁ\‘lﬂLW@Glsb'[luﬂ”ﬁﬁS‘UTEJﬂ’ﬂlli@u LAgNITANAITINIDUNAD ‘ﬂfﬂ!!ﬁaﬂﬂﬁ’]ﬂi@u{‘luﬁwu

4

1T A v a 9 [ A [ Qg: =2 A A Y Y
UATHUNICHANDDNUINIYDATIAIN ﬂﬂuumuﬂ’ﬂuﬁzﬂ’miLlﬂﬁmE]ﬂGlGB“VIE]ﬂ’JHJiE]u Uin

o—

nuaNnuasolumsderinuanudoumasvoane
o dy 9 dgj 9 [ d' 1 1 9 =1 a d' I~ 1 d' d! ]
suuaesivraiieiulasldvannmsinneanudeulinganssuintuaunaodala
4?/ [ 9 a ] dy ] Y I Y [ < 1 [ ~
Juegnuna udnwganssuruiioz iawnsouaadlimuldedwdanunain uananmsi
1 dy Y A d‘ q'z LY L] ] a 4
nanmnilazny ldluilymmadeanazmanlasuaoiginlyl  sndediausumsines

l 1 9 o\ { LY
:ﬂﬂul‘l/ﬂﬂ'l‘iﬁ\‘lNTL!ﬂ’ﬂll5@“1Uﬂ1ilﬁ®ﬂﬂlﬂxﬁgﬂﬂmﬂ uazﬂlmiznnﬁﬁmswmmu I@]ﬂljﬁ]g

b4
=

' a d‘ a d? 09: =) d' a 4‘ 1 d‘
WU'NWWﬂWi]ﬁm%ﬂ‘WW%WENVlEJTILﬂﬂﬂluuu ﬁﬂWWﬂWiLﬂ@@%m@ﬂluﬂ%Lﬂﬁﬂullﬂa\‘illllﬂxi‘ﬂ
a A = = '
fAnoaLIan LWﬁwummmeuazmﬁmqﬂmﬂaaumawdawxgﬂasm"lﬂﬂumllummmﬂm
9 1 [l <= a 9 A ] A a = [} Qs:
!,@ﬂllﬂ Lm@fJ'NUliﬂﬂﬂ1ﬂ!5’lWi]ﬁm1mW18ﬂ'JﬁJi’E]‘LWI?f\‘IWTNllﬂgluﬂlﬁ]ﬂ!ﬁai)ﬂlﬂﬂﬂ'ﬁm@ﬂ@guu
< A A o 1o 9 UL 9y ~ 9 1 < A ~
NITWUNNUBINIATNDATINITTINTUANNIDUUAIADUUINNANIN HUIISCHWUINUNITLABDAN
A 1 o YN o awv 1 Y dy 1 9 A o
Lﬂaﬂuuﬂmagmaﬂnm Lm$‘1/]1Glfﬂlluﬂ’JﬂEJﬂ’EJuW'L!TL!“riﬁWEJ‘V]TL!t’fnﬂ‘iﬂﬁiNﬁﬂJﬂWilW@ﬂ1u1€l
1 [l [l 9 A = 9 (=Y Y A 9
mmimmummmuclumima@sluﬂimmm"l@ I@ElllllﬂJG]’Jl,Lﬂiﬂlﬂ\i!'ﬂﬁ%ﬂﬂh%ﬂﬂ’)"l@\ﬂu
Aq v 0 v & Y o Yy Y A Y w , &
auﬂﬁﬂﬂumimmﬂ ﬂ\iuuWWﬂﬂ‘iZQﬂﬁslﬂ)"ﬂaﬂﬂTialJNﬁuuﬁﬂﬂﬂﬂflﬂ’ﬂiﬁE]‘L!LHJ‘]J’I;T‘H
a a (% A A A 9
%u@’)ﬂ‘iflﬂi@ﬂWﬂWimWaﬂngﬂWim@ﬂ uazgﬂuuumﬂwamﬂiu gwmamiwmuma
v o J . A o 1 [ Y ddﬁl Y Y I
ANVANUNUD (Correlations) ‘VW]1u1ﬂﬂ1ﬂ1‘i?NNWUﬂ31M§®uﬁlUﬂiﬂ!u1ﬁQﬂﬁﬂﬁ 131NISHINITD
9 [ ' 1o Y = ' Y d? Y v <
’tffiNLL‘U‘U“I/Hﬁ’E)\‘]ﬂWﬂTﬁﬁ\‘]NWUﬂ’JHJi’E)L!m’dElelJfNVlﬂﬂ’NiJi@uequlﬂ LLG]?JEINhliﬂGHiJ 1379ENIY
Y o A ¥ ° Y o Yy 9 Yy A Y = o !
llﬂ1uﬂummﬁﬁinuuumaaﬂﬂai%wanmammmmmnmﬂﬁvmmm LLﬁ%ﬁ’JLLﬂi@lN‘]
£ g9 Y o &£~ = 1 v o !
“h'\WlfJQﬁﬁﬂiﬂ%ﬂﬂuﬁﬂllﬂuﬂl@ﬂigﬂﬂmﬂﬂﬂW‘iLﬂﬁﬂullﬂﬁﬁ@gﬁaﬂﬂnﬂWqﬂ NANIDYNIIBU
] 1 o a 1w a §
mmwﬂumi"lwaaluﬂamm%uuuuauwmw@u m%gwmmuﬁmmmmwﬁmaﬁ
d' 1 ' o o & Y A < & o
Lﬂaﬂuuﬂmagﬁaaﬂnm melumimmmmgﬂumwmmmzﬁWammmrﬂumuwu
@ anl A £ ~ o A ' A [ dyu 1 [
ﬂﬂlﬁﬂ‘]elﬂ%‘llf)iﬂﬁﬁ%ﬂ‘ﬂklﬂ FusuUTeNALs ﬁﬁﬂﬂﬁﬂ‘ﬂiuﬁﬂHm$u31ﬂ1ﬂﬂ!ﬁﬂHﬂ!$
Y 9
(Characteristic ~ values) é’nm'umia%’NLmuﬁmmmmﬁﬂuumﬂmaﬂymzmmﬁ%mmﬂ
A 1 (% [ 1 dy o a 4 YA Y %
ayamimaammgiﬂstﬁJiummmuimmumammaﬂmmmam GlﬁiJﬂﬂﬂalﬂfNﬂU

9
U
¥ P

ﬂlﬂgﬁﬂWiﬂﬂﬁ@ﬂMWﬂﬂQﬂ



&1

91 9 o 1 A 9 tg 9 Y @ ] [
udnmsaduuusiaesaundsrzangodd Iy la lagms lgmauanyuza1e ua
= ] . [ 1 1 dyo I d’ﬂl Yo A o a o
m3liog (Existence) vosmanamaiisuiuidesldsumssuduanmsimaziilymlu
~ ~ v o = Y A 9 ° Aa '
sunvuilgminulsdeullawna  duiuddeddimsaiuuuiiaemganssuiony
9 M a £ a = o 1 9
FounuuduriiaisouFiesugnsmnasuulasvesasiinuneluneanudou ey
v v Y v ¥
narlasu 'l Taguuudiraeanaziuanuaulalnmsadwaumsiiossuionismna
4 1 Q‘/ a a ] [ ] H
Usingmsaims lnaluneanudeunuuduyiiaieseu nazesuiemsmanuanyuz a1
1 unuusansaunae
(Y] 3 4 o a L a o
FOTUEIDNDININTIVDINT AT WUV VT I00INNANAMEAT IUAITOTUIINI1TNU
1 & a { o Aaad ] o
YOINDANUT o ULVUFUFHAMToUNTIU luan1zdnd Avzaiuisoudauuudiasnelu
a a 4 Y I~ [
Ienunuitoonldiu 3 daude
. A a4 2, v . v a
- pyusraeuioosuieeu lumssuiianld (Startup condition model) %0510
d' d' o Y 9 q'z a A o Y
Foulvni ldneanusounvudusiarseuaninEuiiau'ld
- U109 AINIUANNSDUIRAY (Characteristic model) 1911581805
mIaaIuaNLIouveInea s ou lasmaey
- LUUIIReINgANTIUNEANNS B ULYUFUFTA9Te 1FeTu1eNgAnITUVDIND
anufeunuuduriiaison uageTueninvesmnuanyuza i s luunuiaesnunas
o o w Y o [ ~ ] 9 9 I o ~
HHUASUAAIAIADMI AU DTIA090199 Nnanuvsaududauaaalugii 3.1

drunvazoealumsadawuiiasaans awwldnaas A luiidens 1y

9o ] P
!!UUﬁ]aaﬂﬂ‘lﬁffﬁN“]u j%mmmmimwmmmmu

v =
AITNIDULINAE

(210 3.5) fmilsguanyazan

Msnaaes (¥1e 5.3)

o d’
!!‘U‘]J‘i]"lﬁf’]\‘l!Wﬂf’)%‘l.l"lﬂ A o A 1 =
— NTYUIUNITUBYIIN

GorlumsBahald g o«
waziluouReIny

L
(1370 3.4) musnaanyazan

) - j HUUIABI(H VD 5.8)
!!‘U'UinﬁﬂQ‘WE]ﬂﬂiﬁllﬂ@

v Y a
ANNTOU %3110

(210 3.6)

31U 3.1 mudaaasdwumsai i uiaeniee




82

a & kY Y [
3.2 ammgmmmﬂu‘lunﬁainu‘uumam

'
Ao @ o A A o Y

4 @ ' { o ad
Foulvndvydmsuneanudeuithauluannzlndnde Arfuanuiou

'
~ ) 1Aa 9

{ a 1 o Y
ﬁﬂiﬂﬂ!’dﬁﬂﬂﬁ&ﬁﬂ i]&@f]\nJﬁ’liﬂ’l\‘i’]uGluﬁﬂ’]uzaua\uﬁa:]lﬂﬁﬂﬂ@ﬂﬂWjﬂ’]uGl,u@a@ﬂL:]a']
Y
A

U

E4 ' F4 1
Haziuiumsnan lilveuvaundevegizligungigeiuedaunn  esninasiiau

U £

1 o a o 9 o o Y o 9 a ! o
1uﬁﬂ13hl@ﬁﬂ'lﬁhﬂ§$ﬁ1ﬂﬁﬂ'ﬁuW’I'JUJ?'E)‘L!G]'I?J'IT] ‘1/]1611(?1'!']15]’31115ﬂuﬁ]’f]ﬂi]'lﬂﬂ’)ﬁ’)uﬂ'liglﬂﬂ

n Y Y 3 ] Y o J ' Y o a ) a

"lu"lﬂﬁ mumzmu"lﬂamwmﬂmw "Yﬂﬂ‘ﬂ’f]ﬂ’ﬂiJif]uLl‘]J‘]JﬁTuﬂfuﬂ'J\ﬁ’fJ‘Uﬂ131u1uﬁﬂ133ﬂﬂ@]
v

9 ] Y - v A 1 o 1 (% 1 1 a 1 o

1a" i]gvlllflﬂ@u]lﬁlﬁiJWﬁﬂ‘UW’Jﬁ’Ju‘VﬂimﬂﬂIﬂﬂ@ﬁﬂ umzﬁmmmmﬂuagizmnmmum

szve uazdou lo Awdaslugili 3.2

~ a 4

v
Faauuasu douleay idudanuriaium

EX]

d' =~ 9
Wosdanuihlaauve
] ] 9 ~ a 9 1 dy a 1 1 9
suviolaoasalumsasiiuanudeunanzinaudl aelUfiaziasanmsdaiiuanudou
dy a 1 ) [ ) d' 1 1 9
nniumduhszve lufsanshaunegneluneniuiou
myaarnuanuTeuludiuiisemeorzisuan msnans lianuieu (Heating
' b
media) Nogiovusndiuiszmelinnudouuniuimdiuiszmeduuenvosnennuiou
o ¥ v A ! , Y 1a o ) o o
nniuauieuzgndsiunlaeniennuiou igaiszmediuluTagerdena lnnisii
9 9 [ [ v A d ~ A [l a o o 9
anwiou udrdewi lldlauveurarnndoveguuihiszme lagna lnmsihnnudou
9 A’f 9 I~} 1 1 1 v Y ~ ] 1 °
uazmsnauiou nniuanuounvzgndsriuae lldsdeu lenegneludiuiiszime
denasammIizmIaaiuaNudaunnveaval llditenle Taelaion lunnadulsy
a A o o 1 c; ! <3 1
ansmmaihanudeuvesasiauluaaiug lelimdmnnluaauzysaral fagwun
9 a @ v v o 9 Y Y 2
anudeunniduveounalvzaaru lildidoule Tagna lnnmsianudou ldvosun &alu
dya 4 Y A am Y v A Y
aamzmndanveavaldeudaonIsms lumsszinennudsuoonnd 1L e a1y
9 A Y 1 = 1 o 9 A a d [V 3 ad 1 1
founingilanveananiinwmnuanuioufioonnniavveural AsiuIEMIAIRIUAIY
P} A Aaa A Aad o | ¥ ¥ A g a I3
Founsdsiaeanilanveavalraunsoi lameldouluiinge msszwmenateilulenn
A @ Y A v Y 1o Y v o ' 2
Wavvounan wazdeuveuradfiegsouqdoule Wgadeule auiuervnainlainms
o Y} Y 1y o ¥ A ' o < o
dainunnudowdigioule wilalasmsszmsvesveanaiegludiuiszmeailunan
Y A Y 1y o Yy Ay A o o -
uar  anudoundmwdigiou loTasmsihnnudoulisiveundofousumsaaiiuai

%’auiﬂﬂmﬁzmamawmmm



83

fou'le azwodladng

a
Wawveuran

Y o 1 o 1 9
i‘lj‘ﬁ 3.2 Lm’@]\i’dﬂWWﬂlﬁNﬁWiﬂ'l\ﬂuﬂ'lflsl,uﬁ’)u“I/ﬂi&?iﬁlﬂlf]\iﬂ’é)ﬂ?1ﬂ‘i’0‘l!

U

HUUFUFUAToUNAnZNA

Y v ) ]
wonnimnnnsanuaundou lun lea luamansadudaniaium
Y ) [ 1 1 9 A a 1 [ 9 Y 1
seneIa lasasadmsumsdeiuanuiounianzlng uazmsduiuanuiowdglodiu
[~ 4 1 < 1 1 [] 1
Tnailumsszmennvesmadfegseunoulonds nerananlaineuless iawnsoeglu
9 A 9 [ A ~ [ @
anmzlosousaenald itz levensdrnmamiuulaninanueaval uag'le launsasy
Y
anudeuldTasnssnnAirdiuiiisse asiumsvensdivesdou lodunaanwavoueams
Y I o
sz AUvalTauiou lotlunan
< Q $ < [ o a o
Handnlszunisitiaulange  veanudeunvudurilaeseuninu
Tagiinnusuinumelunenfed ¥5oNoANNTDUMINUITHINANNAUFTDIA TAAIY
% [ I~ % { % AaA o o 1 o [
aummsniuanuauiaeandesnugungiondrvesarsiiuludiuiiszime uazanuau
1 { I~ v A % AaA o o 1 ]
mndeuiluanuauideandssnuguugiovdvesasiauludiuniumiv

o o < dy o 4 =2 a o o &
ﬁ’lﬁi‘ﬂcluﬂizlﬂuurﬁ’]ﬁ’lll’]iﬂﬁ’]ﬂ']ﬁ'ﬁ')ﬂhlﬂi]']ﬂﬂ'ﬁﬁﬂ‘]enﬂﬂﬂﬁu HILLTAINTN

m3 lavesensiinumeluneanuounuuduriaisen dwaalugili 3.3



&4

Tk

el
= tn
Pl

U, NaIdung 1/30 310

ol
el
PRy

f. HAIAAUNA 2/30 TUMN 3. nadang 3/30 N

510 3.3 namamsindounvesmsihnuluneanudounuuduriniesou



85

ool
-

%, HAIAUNE 7/30 U

LA

T
D

v W

Y. HAIFAUNg 8/30 1N 9. Naaaang) 9/30 M

4 { o 1 9 ) a 1
3.3 uaaamsmaounvesasinauluneanusouuuudUYHA2950Y (90)

=h.

31



86

d' 1 a 1 ] d! vy = Y
fi)”lﬂg‘ﬂﬂ 33(M-@N) %zwmwﬂaﬂumnmmummmucml,l,ﬁm‘lammaﬂau CUNTUAA
n’/’ 9 Y] d? FY 9 [ d dy 1 Y ]
ZNIﬂﬂﬂﬁ?ﬂ‘ﬂ\‘lﬁﬂﬁﬂlN‘Iriﬂﬁ’lslﬁ!ﬂ?uﬂuWiﬂiJc]ﬂl! 1uﬁﬂ13$msmmuumfoﬂan"lmmwsmm

' o =

= i v P a ' T v o =
Mmensaesdnvesdonlomann leludiamumiviianuaud Tuvazidiuhszoll
v 9
anuauganivihldinenswdnauliives led vy Woelodunudsguainsdesdng
9 [ £ a 4 dyd Y 1 9 o a o [
wiow nu Femnamszdawiinazagl1aan veanuieunnuduriaiseuiinuszning
' @ v ' v I a J { <] 1
uraIANURUARILMEY uAed 1 I Namninsanae T lugili 3.3 (@)-(g) Rzwundoule
A a n v o 3 9y Y v o Ay ya - A =~
nnnsan Ty ldguaasisdesdriandons dudei lanasanluaeunsn uanduadoui llu
A o Y o A Y ¢ 1 Ao q Yy ¥ v A ' v
NANEREY WieuAuIMINadIas anngmssiruiiiddeaglieduin veanuiou
puuduriaNIoUINUIEnINIMaI T Uaevasdosan ) msizminveanwiou
H Y
RIUTZHIUHAIANNAUFDIHASY ANuauRdIuiszmeluateveniaestnazdes
= Y Y =~ Yy 1 [l Y] 9 1 1Y Yy v
dawmiy  wazdesdiuldneuleludiunumivgudrasdvazmianu  sudou logud?
1 | a a | 1 qu/ @ z { g a 4 @
il ualuanudussailddhuguin dofudeasindullldlumsesuesosnnuau
0 ' ¥ v A A ' y A, g o A
maumeluneanuiounvudusiangeuas  neanuieutimanumeldnnuduaiian
Wit Tasmamasuivesasiiaumnannmsvetsiivestou leludiuhiszime uazmsva
dveedtonloludiuauutiuiues
A v v g a A 9 )
NNNAIMIVNAUNINYA pnagdiuauuagiuesdaulumsaing
[ Y v dy
nuuiaesldaedl
3.2.1 Tumsihnuianzlnd deunesleluauiszmoss lidudanuii
hszmelaoass uavziiveunadtegiznindou lo uazirdiuiszime

[ Y] Y 1y a ° {
3.2.2 ﬂ’liﬁ\‘iw’]uﬂ’)13J5@ulBU’|ﬁﬂ@uulﬂ lﬂﬂgﬂ’]ﬂﬂ'ﬁi$lﬁfJGUf]Qﬁ'liﬂ’l\ﬂL!ﬁlﬂu

U

Y 19 o Y ' Y 19 9 A A o v
Gllmea’Jlflﬂﬁﬂ’fJu]lﬂ ngﬁﬂﬁu1ﬂ’ﬂmiEJuNWuLGUWﬁﬂ’EJuhl’EJu’EJEJSﬂﬂLiJE]mEJ“]Jﬂ‘]Jﬂﬁ’diIWWUﬂ’JHJ

FounNMITUNY
o ~ a [l I~ A
3.2.3 lumsimnunanizilng deu'le luamunsoiluleseusseiala
1 9 Q'J a o 9 (% 1 d! é 1
3.2.4 NoANNT UM UFUF AT U NUMeTdnNudUAIMI Faso loy
Y v
FENANUAULI ANUAURINUVDINOANUT DUV VT UYTIAINTOU
v Y Y
3.2.5 M3 lvavesmsihnunmnatuluneanusouriiail Nannnsversa
v Y
voanou loludruiiszive tazmsnadinaruaiuuuy Tasmsvensduasnadlting
MelanIzuIUMIANUAUAIN FAAUNIAUANUAUIIY
d' 9 = a o a dy 9 9 o
we'lanswdwuinalumssmuaauuagiuiesdulumsadauuuiians
a 1 9 q‘/ a 9 v 9 1 dy 9 a 1 dy
wgAnssuneaNuounudurianseunds  Tuidess It Idauudgruvariilums

E4 9 ]
ﬁmuﬂﬂa"lﬂmﬁﬁnmmawamm%’au%uﬂﬁ Llﬁ$ﬁﬁﬂﬁ]1ﬂﬁu‘ﬂ$1%}ﬁ1®‘ﬁUWﬂﬂﬁulﬂﬂ"liﬁN"IUﬁ

a Y Y o a J 1
@'ﬁ‘]_l"lﬂll':lll']ﬁﬁ'NLL‘]JTJ’G']a@\iﬂ']\iﬂﬂlﬂﬁ']ﬁﬂﬁﬁ']ﬂc] g]’l’)ll‘]J



87

3.3 nalpMsMNUVRINANUTDHUVUNTTUINMSUNUN (Replacement Process)

ﬂﬁﬁ]%iﬂﬂﬂﬁ'ﬁNTL!Ellﬂﬂ‘Vllﬂﬂ’ﬂﬂ%@u&mﬂfﬁ!%ﬁﬂﬁﬂiﬂﬂ ﬁiniiﬂﬁflgﬁﬂﬂ

]
v A

Y
oforuuAgIuNugIUa e ldeFunoudidnedu sadumsinsanauaasmsiinuues
1 Y a dyw ~ a ~ = (=
veaNuioustatigwdaslugli 3.4 9031 3.4 (M Tuusnunseudimasy sxnuniives
1A a Y 1 o a 9 Y 1 IS 1
loognusnaudmuugavesdiwiszme  wazluninuldlodinaneziluveanar  du
a 9 <] o 1 £ A A 1 o dyd' A
vinaldveunarnvzdlunguedledundeunesninandiuiiszive  wennnilenoz
A A4 A 0 Yy 4 Y U= T S 4 A
Ansanmanasunvesasihinu 9o lodwaad 13 lugiaGiludeds iwennsan
@ < 1 a ] @ qu}
Tunadaldlugd 34 @ swwiundouleduuugananmsaiuudy  uazgudvadua
Sy ' Y 1 A A2 A = vy
Tuymzitouveunar waznguieslomeduarundounvuuumui luvazfznuidou
Woeloluasi lufimsindoun  wazazwudveunaregludiuiszmedsinaacidlugl
[ v 4 [ v [
daguaasa nmiudenawiulllugd 34 (@) wwuinguieslelunseud@maonla
A AL = Sy o A A 3 v o
wasunTuInIudgauuge  luvazineueslolurGndeunawuandes uazezdung
<3 1 1 A A [ A A dg’ A A @ [
munsesne louazveurad lugi@masuegSmadeungeluieiionnngl 3.4 (v) danvag
{ 1 v A g [l 1 4 [ < { < '
M3 lvafinannddudunaivedieaeitios dezmiuldlugdi 34 @) —1) Tagagiiumn
v ~ A4 A 2 9 = 1 a4 A o
fourlesleluasiezmaounawnandos luvmzisesse lo-vounarlugidmasuagsaz
i o4 4 4 : a4 o .
ndoUNIIU uaziipsoons lo-vouranndouvonnduiszmeawaaslugl 3.4 (a)
Y < Y = 1 o 4 o S 9 o A A
ud2 veunanve lvadununui ludiiszive suzdunguindouleluisGindouiiawn
[BR] ° = a d?’ [ o =% c;,/' [
daruissve tazliveunaunavuludiuiszmesnasa dwaaslugil 3.4 (a)
NNNUssEEN AL edgdmsihauvesieanuSeunuDTuLiia
14 2 ! o o Y Aa o Y =
250018 Taesuannvesrarludiwihszmesuanusounniaiseme wdauldouaniue
J o I v W 09/’ < a
nnvearanaeiiule  uazWesudnilulovazveunaraduiu  nimiulenizinans
@ v o ~ 1 v @ 03/' Y A ~ £ o dyd o
YerwAImanauvorial uaz leegaduiuiinlindeuiosn 1 damsveeaiiinezveiod,
a A A A @ ] o <3 FY Y dy
Tunemsiunui lefivadrnnmanrumin dezmiuldlugyd 3.4 (0) —(v) Mmsveedtioe
9 ] [ v
auABIiod InsveuralnnausenuININdIUAIULLUE Tnald i mannuueuraIn
{ < 4 ! 1 o @ <
ndsuanznmaiule wazndounesn ldnndiuiszmve dewzmuldlugd 3.4 @) (@)
m3wasuivesmsinuluaouzveavalszosnindiuniuuiy tazitngdiuihisziven
v 9 =& A 1 o Y 1 1 oAa 9 2
vemunily Tuvazi lonazvoanauosnnndiuiszmonazingamuAIUHLUNDNATUNI
9 [ F4 9
YOI AIUUMTVIIBAWAzMINAAIMINATY 5INIMs Inadeuvesveavandigaiui

]
o v =

o Y a = 1 1 A 1 9 a dy 2 Y = ==
ITINY i]z‘ﬂﬂﬁLﬂﬂﬂﬁ‘l‘ﬁm?ﬂuﬂﬂNﬁ@Luﬂﬁiuﬂﬂﬂ’n&JiE]‘Ll“b'uﬂ‘l! ﬁx‘lﬁ?ﬂﬂ]uﬂ@]@\iizaﬂﬂﬂu
a o Y 9 dycs‘d Y @ Y a d? Y Y ~
NITDTUIINITNNIUVNAUUNAD NITUYIUN LLﬂ%‘Viﬂ@’J“’UE’Nﬂ@ublﬂlﬂﬂﬂluﬂ181ﬁﬂ313JQUﬂﬂﬂ
v 9
AAOANIND uazmsﬂﬁaiuﬂﬁtﬂﬂﬁmmmmﬁmmﬂ@nﬁxmnmuﬁﬁzmﬂuazmu

] £ = A dy Y Y v 9 9 dy
AIVLLUY "NﬁﬂﬁglﬂEJﬂLii’N‘Llhlﬂﬂa"I’J“hGlu‘ViTUf’Jﬂf’Ju‘Viuiu



&8

— = =
PRI S Y

Tl

-]

= :I

i

Tieideent ol |

= = I

9. HA9dFUNg 4/30 319N n. NAIFaINg 530 UM

sUA 3.4 LLﬁ@Nf‘ﬂi“ﬁNTL!‘IJ’ENViﬂﬂﬂ?ﬂ%jﬂulmﬂﬁu%ﬁﬂﬁﬂiﬂﬂ

UY



89

A a 2 A a d? 1 a A

!uﬂﬂmﬂﬂﬁﬂ‘ﬁ‘]ﬂﬂﬂﬁul‘Vii;‘IL’JEJL!‘VILﬂﬂsU‘L!LmﬂﬁWQUlﬂﬂWﬂﬁiJiJ@ﬂWuﬂﬂﬂﬁ"lﬁa
k4 ]
NANNANUAULANANITEHINAIUMNTLNY  LazaIUAIVLUY ﬁﬁﬁutﬁﬂllﬁﬂﬁﬂﬁ”ﬁﬂ!ﬁﬂﬂﬁ
] [ a o aw dy = 9
f’JfJNbeﬂLﬁ]uﬂluﬂ”li@‘ﬁ‘]ﬂf]ﬂaIlf‘lﬂﬁulﬁﬁsllﬂﬂﬁﬁﬂNWu Gluﬂl!’li]ﬂl!%gliﬂﬂﬂa‘lﬂﬂﬁulﬁﬁﬂ”lﬂclﬂ
] 9 v

ANVAUAINNADATIRINOANUTOUIN “NILVIUMIUNUN (Replacement Process)” WU

ms lnadeunuunszurumsunui luaas13lugli 3.5

T

Condensor Section

Condensor Section

Condensor Section

Circulation direction

Evaporator Section

3a. liquid receives heat and
change phase

Condensor Section

Circulation direction

Evaporator Section

Circulation direction

Evaporator Section

3b. this change phase causes
the formation of vapor slug
alternate with liquid

3d. the mixture leaving the
condenser section flows to the
evaporator section to replace the
volume of mixture leaving the

evaporator :
Circulation direction <:J

Evaporator Section

3c. the vapor slug move and
pushes the mixture above it to
condenser section

317 3.5 unugiiuaaims InadeuvesanshauuunTE UMM UNUR

v

A o 4 I 1 o 1
UDNINLMIANMUFINAYT 131FINUDN IS Iavesansiaulunenny

9 a dy ] 9 a = 1 v A o 1
Fouwiiail 1u1d lvalunanafeinasanal  uanumMInaunanIavesansiiauluneaiy
9 a9 a g dyd ] [ 1
$oudnale manalsingmsaisuiiiiauguininmsadunuvves leTudauaiumiv

I~{ H 1 Y 1 o o a H

Taalunniwaudrinmsveedivedle ludiuiszmeazveisarlunanannaunumsva

[ 1 1 [ as/‘ [} 1 d‘ 1 ng 9J 9 dy =S %
mmm"la“lumummmu AaueAsTIMsAULHUNYarenenegeste lu InuaeuaInUve



90

] 1 I~ v o a o u’./} [
drumuuiuaziludIdvuananams Ivaveaasniinu Tagvinnlaensaosvosaiu
[ ] Iy [ 1 Y] o I~ ol/ &
AMULUY AIUMUUA89ATIMIAILILIIIIN AU @13unazrga Inat v nile tazi

Y & 1 Y T a9 & 1 o 1<} Y o
windaredunilaanuuiu ldunnndadunils Wealeludiuissmenazveedndnans
o ] { [ 3 1 ¢ < o 1 o
mnulinaunudrunaruiniu ldnnnend e ez ldwesleludruimiszmei)

9 Y 9 ~ ] ) ' £ o Yy a a ~ dy [

wun Tluazveed ldnedunauniu ldunnni - g liinananians lvadeuadu  ua
[ <= a < o Y Y 9 dgl o Y o

26191508 wanmananus 1 lums lvam lineslevenedr ldunvuausirldi lod 1y

] [l o ] ] g dyo Y [ d‘ 9 dy
PINTLUINAIUMNTLNE  tazaIuAIUuUY  aemsairuii ldmsaiumiundaleduil

= A Y = ' Y] ' ] = A a
anad Favindaedndunilanuudu lduinnims lvanazalasunanalld mseFuiems

v oA o 9 A
naufigmams lvavesmsianaas 13 lugili 3.6

=)
=)

ANNITTUN

oD

517 3.6 (n) uaasganinsanlumsesuiems Inanauduvesansiinulunennuion

U



91

AANIINT
Tviaveams
11197
@ I~ 1 Y =)
vdungwiuil fouletinig
A4
inAouNag

MINVUUY LAz
o A g
a5iaundlu
9
vouvad Inardn

l!' 1 o
ununluaiui

ISy

lebediecdtobemdidvdueehdeim bl

ﬂﬁ 3.6 (V) Llﬁﬂ\iﬂﬁll“l’iﬁ@ll’é)\‘]"ll@\‘iH’i'ﬁ’JL"U11”!,!‘1/114‘14Eluﬁ’)uﬂﬁ“’t“lfiﬁlﬂﬂﬁlﬂﬂﬂﬁulﬁﬁﬂEluﬁlu

NAN9 e

NAN1INS
Tvavesas

11911

Y =t
foulelins

o < ' ' ]
VW AUNAAUIENT indouag

MwnNansHen

HazveIYA

i e

. W T T

I S e |

311 3.6 () uammim@mgawmmammtﬂuﬂallﬂm‘lwmﬂmi“lwamu



lyisins lva

YOIAITN U

1A

e dungiuIl
woalogiurodd
HAZATWUIING
Auied i

RGN

92

e .

Tyiins

4 4
INaguUN

‘IJ‘ﬁ 3.6 (\) mewammmmmﬁlumﬁ"114@ uay m'imamu"l@mwe cmmﬂwmsmmuu“lu

NAANIINS
Tvavesas

191U

@ <3 1 1
WAUNYPAUIND
9 dyd
AUHNMS
AVUUUNINAI
= Y d! o
NODNATUHUIIN
Tareneslona

£y
VYUATUHDU

Woiianas uazms lvangayedn

e v |

o

Y =}
Aou'lolins

A ad
1aoUNIU

511 3.6 (9) uaaamsnasiveslodleluadumiuniuluriedngrumiia i l¥femams

venesvedloluduisamenaeu 'l wazfiemams wandeu 1y

FY

MY



93

AANIINS

Tvaveams

w B

119U

I

wd

—

—
-_—

o < o
CAUNAHUIND
k4 dyd
ATHUHNUNTT

AILLUUNINAI

" a9 £ o
NoBNATUNUIN

Tarenolona

2 v
VYUATUUU LA

1 1A 9
NUINODNATU

NHUTUAIVUUY

ya o
1aonnss

bbb oo bbbl

d' v A 1 4 1 Y 0911 1A 9
51U 3.6 n) Llﬁﬂ\iﬂﬁﬂa‘ﬂﬂﬁﬂﬁﬂﬁqﬂa@fJ'NﬁiJ“]J“ﬁﬂ! LLﬁ$ﬂ1§ﬂ3‘1JLLuul‘lﬂ@ﬂﬂﬁﬂﬁluﬂﬂ@ﬂﬂ'}u

Y

& & I o o Y a v A = os/'
WUQ“]Nﬂ%lﬂu@?ﬂ'ﬂwLﬂﬂﬂ']ﬁﬂﬁ‘].l‘ﬂﬁ‘ﬂ”l\?ﬂ'lillwaﬂﬂﬂiﬁ

310 ldnanulagazveai 1iniuinmsinuyeansnnud esutuuTuria
1950 UNANNMIVENEFINM I Asu A uzvo AT Iununasiaunned)
] % A:; d! tiyd 1 A:; tiye.l
nmamuuuuluanzaNnuaunIn Fana lnuuuilizenNATZUIUMITUNUN UDNIINTIE

WUNMINFUNANIIMS Iavosansiauluneanudou wanndeulymsalruuiuves

) 1 3 9 1 ] L:; Lﬂ' =) 031’ L:' 1
s lunensaesduluaruaiumiunnlasunlas 519a2108ANIHUANNA1IN
Yy 9 4 o ¥ A A Ay y 9 A
daduiiazainnlglumsesuieou lumsisuduiiinu'ld Taglslumsmeauvah

A % 19 Y a dg’ & 1 Y a dy o
nszvaumsunuignia lildinety  anezdamalisansoveonuinnuaat T
a A o Yo Y dy = 1 o 9 1 9 a dy =
msosueaurgiinldsauldudelinasemsinuldvesiennufeusiail s1vazidon
E4 9 v
Tudaufivz ldnanddduidedald  wenaniiseazideagiuuumslvadeunlénand

v v & oy X Ao o & Y ° ' Y Yy Aa & '

Peauisziluiugunddgnaludumstmuanguanudmuanuieuimadulume
Y A q 9 o o v v = v Y a

anudouie 1 lumsiinedasimsdainuanudounds  wazdumsadiwaumsesiug

a 1 ] 9 J d! Y U o w 1
NHANTTUNTTINIUANUIDUUDIND c]mz“lﬂﬂmﬂumﬂumqllﬂ



94

o 4‘ a d' o 4
3.4 nuudasauee ey lumsiawla
d‘ o Y \ Y O'J a
3.4.1 ReulumsmaulaveaneanuSeunuuduriinliseu
m3yfruaden lumsiiau ldveaeanudeunuydurialeseuiiilae
MIRNTUIMIIAGEeIAVeIRITHUMeluneauiou tazdunazluuumsversdl uaz
[ 9y 1 a = d' a' = = d' o
nadvesszuudeumedlensunams lvadsumaziiiasuiims lvadeu WeINg
=] o ~ 1 9 [ d' 9y
Tuinmwanshiumeluinaaeg agldnaduaaslugln 3.7 uazvinavesnounosle
v A v
a1 uaas Bluansn 3.1 lugdezuaasdwmisveseslonelu CLOHP dwaisudu
Aa A ] 5% <3 = < R 3 A o
IAUIATON LAZNOUFUNAAUMT Inaieu dmiugNszezvesm lugdmbhwuaany
[ Y] A 9 dy Y I A 1 A o~ = A
Ty iflesnindesmsdliiuanulasuniaslaesunowsuims lnadeu  2ngh
3.7(n) udasanpazmMIdaEesdvesdsinumelunennuouvazisuihmsdung dau
~ [ 1 A 1 A= 1 1 A J [
laniwaasdwindule  wazdwnnuniwdasdmiiduveanar  vingdagwunvme
A 9 o ' Y = o Y Y A & & l Y 9 A A
Fuauihauneanuioulivedledmou 5 deu TaevlesloNouiinisdeegniediudneiiol
ANUNITUAY 106 Haawes dmsuanueesledoun 2, 3, 4 uag 5 ANwed 28, 51, 82
A A o o <3 ' 1 @
uaz 110 dadwasawday szdunaiuivesloszuennnveunalegndanu wazosle
v A 1 3 ~ ° o Y ) Y] Y dy =
datiglinswnawneiaduaueildaunsaiimsiaanuenlaie  uenvintlaznuni
a d 1 [ [ g 1Y) 1 1 1
Wavvounanndovegszninnenufeunesle  Fulumstuduimoennuiousgluanig
Una  uwazlifidwnedlodudanuimdiuhszime nsasadede lumagauisegnon 1o
Q' o 9 (% 9 = [ LY 9 [
suihims Tuazsuanudon wwnunimsveeanazadrvesnou lenelu daaaalugil
d' ] 1 s 1 a ~ d! 1 dyo/ 1
13.7(0) FNszezaTznINgl 3.7(n) nag 3.7(v) e 12 31i delugenarids linums
= a d? ! 1A A A Y 9y A < a A
Tvafeunavunielu uanunimsnaounvesneurlesledoun 2 iluszezne 6 Naawas

'
o A

wiedannuentouloudaz deutazlSsuiounsvenedi-nadigninuaiue oy
[ 1 & a A 9 =~ [ a
dung wunszuuvesledefanasumaldsunlasveseslonndou imsveedigns s
a A 4‘ a 1 =R a dd’ 1w = = a d%’ 1A
Haawes Weonasanae llaunadnin 16 wundaaluims lnafewnavy tazaznwuni
o v A a A A Y Y A 3
msveng@rveanndledoun 1, 3 vaz 5 luvazinumsmwaounvesfou ledoun 2 auiuy
“ A A 4 ey da o 4 A, o
spegne 4 dadwasuazmasunnau lidudwaaddugln 3.7) wazieiimsians
o Y A A o . - o
Yeea-iadgnilonlSeuiounuanueulesudung  wunszuuleslelimsvetsan
[ 9 '
qns 21 Naawag M3 InafewsunadurasnnEudung 16 i lasvuiavesesle
I o ~ 1 9 =1 ] Aa Aa A dy
Wudaaaslugdil 3.7) wagwunszoudouneslelimsnadigns 16 Uadwas uenanil
Tuszriamsnasan hinumaasauuunesludruiszmve
I ~ = ] 1 ] 9 2,’ a =
Wunnsududnmsadsinuanuisunely CLOHP wunaanms Imafeuveas

o v o A A 9y o P | A o 9 o a 2
‘V]NWHIHEJGLLW]QH‘NN’E'J‘lelellf‘ﬂiﬁNG]“L!“I/]N'IL!UI?]ﬂﬂ@N’f]uhl"UWVIﬂWﬁﬁ‘ﬂ1\11ulﬂﬂﬂ15hl1/im’38u

Y o A a ) Yy v 1A A o Y ' Y dA
"lﬂumm !,iJ’E]Wi]'limﬁ]TﬂellE]yjaﬂJNGl‘Lli]%‘W‘]J’NN?J“LJllﬂ]ﬂﬁljll‘ﬂNﬂﬂﬂﬂlﬂﬂﬂ@ﬂ’ﬂlﬁ@u NADAN



95

M3ve1eaI-naddIgns TagszuunedlodesliFinasmanadiqns (V,, e we) 10031
UTINATANTVOBAITNT (V. ¢ uning vapor:
If Vnct collapse,vapor > Vnct expand,vapor = SUCCGSSfUI start up (3 . 1)

d! a Q' o 9 1 9 Y o d" dd‘ Y
“ﬁﬁﬁﬂJﬁﬂ@‘ﬁ‘]ﬂﬂﬂﬁllﬂﬂﬁLi3JVHNULIWU’ENV]’EIﬂ’NiJiE]HVlﬂﬂQu Tunsanmsviaa’

as 1 o a 9 [ o =] 4' A % k)
gnsliaunnimsveeadgns nouloludiwiszmerzimamaoun wazveeal liwiou
o A g [ dy A a % 9 (=" A a
v athuruiinieanindSuasanmsvensdrvesdourledle hidisanenaznaunuilsuas
o v ' ' v ¢ R Y A a ° £
namsvadvestou loludrumiumiy  duiudsdoedlsasveounalrdruuniia lvall
A (A ] 1 A A A A a d‘?} A a
ununlFnesaruniuduimas WeldSunasveuraindsd Ina lilienaunuilsuasan
[ 1 { { v 1 o
msmumiudiuimae foulefiversdiinizgnms Inavesveunaimesnvindiuiiszive
Y QSJ’ 1< = = o ' @ A & o Y a = dgl
Tdde amdunazimsaeesiianuludiudalnunun e limams lvafeudu tay
Ay X a A v a g o A v W ' 9
vounarnwn ninazinamsmeauazvasaunatlumssumasulusuda i neanudou
= A o Yo A s o A o Y Y IA A
nzisuihnuladuaaddugdn 3.8 mgmsainmeraimaisuihiaulaudinfensine
~ 1 [ A a 1 ] Y A Y Y v 9 '
ATTUIUMIUNUNDINADILDY  uazifamsaarmuaNusoumun laieanu 3 luidensu
Y d”
RVRHT
Tunssinmsveedrgniiannnniimsvadigns  dounesleludiuhiszmony
v W [ 1 ] d'i a [ Y = U
venedIguvoarad lldaarumiu 111999105 uRs M Ivenedvesfou loiuinni
Usuasmanadi ludruaiuuiy - 39bidmsmasunvesvearadu ludiumssiveo
d' = d‘ ci' 42’ (% 1 ] Ad' o %
ununle HAZIZWUINEIM TN UNVDIVD UK A YU L FIa IUAILLUUILBINNMIHENAY
Y

¥ " o = ' Yy v ! o A A A
GUENﬂ’e‘)uWENVlEJmmu m‘uu%umu%zﬂm’;hlﬂam’au"l@sluﬁ’guvl1‘izmﬂhllluﬂﬁmamm

k4
v @ 1

] 1 4 { @ Y Y o us.al {
ﬂ\‘luuGU’E'J\1Lﬂa’?ﬁ]1ﬂ’ﬁ’J‘L!ﬂ’J‘ULL‘L!‘L!%\ihliJffﬂiﬂiﬂlﬂaﬂuﬁhﬁﬂﬂﬂ1uﬁ’0uh},ﬂ muuﬂmmuﬁ uae

= a3 ' a 4 v LA o A A 2
‘mivl’ﬂmi]iluﬂi]%llnﬁnlﬁmﬂﬂ"uL!Ulﬂ L‘I’i@ﬂﬁm‘ﬂﬁﬂiﬂﬂumﬂﬂmii%m&lmiﬁuuﬂl’mﬂ]@ﬂma’ﬂu

v
1 A

Y v
drumszmsaunuauazinamsuialudiull  neunnevzGududsdiuaNudou lddaaas

1 v Y Y 3 v
Tugal 3.8() FaluntiFonmsuieamaiEuduiue



e No have circulation

e No have circulation

96

'l Bubble No.2 movement

Condenser
section <

Liquid
4+« slug

, Vapor
! «— slugand
Liquid
Film

Evaporator
section

I @

f. 16 WNNHAUTUTUNG 3. 16.25 WNNUAAUTNAUNG

517 3.7 namemstaissaivesmsiinumeluneanudouinaiaie

e No have circulation

Circulation direction



97

M1319 3.1 uaaInwevesRou loudaz Nounaz Miverea-asgnivesszuuvlesle

MeUAVANNGNINNAUTNTUNG

1 AN AN AN AN AN MIVNYFI-HARIGNT msisu
G Woaii1 osiiz oaiis oaiia oais (mémwmﬂ +yaaamsvenasy | Tvwadew
(a31.) (W31 (w3, (W31 (W31 HaL — HEAIMIHARI)
0 10.6 2.8 5.1 8.2 11 0 Taj
12 10.5 2.5 5.9 9.0 10.3 0.5 N]JJ'
16 10.8 2.5 6.0 10.7 9.8 2.1 N]JJ'
16.25 9.7 2.5 5 10.8 8.1 -1.6 1o

a Y OBJ} 1A Y A o F a a @
ﬂ1§'Lﬂﬂﬂ']§Ll1’i‘\iﬁx‘llmLﬁwﬁuﬂuﬂu‘lﬂIﬂ‘(’Jfﬂﬁﬂﬂﬁ@ﬂl‘]ﬁﬂﬁiﬂmﬂﬁllﬁﬂﬂﬁluzﬂ 3.9 N

1 1 4 a A 4
sUnaastoyamInaanIveIionowAIUIAFUATUEUINA1I 1.06 Haawas 5 1Awde)

1 o a A I~ o 1 1
AIMUYNITIUNITELNY 50 UDALUAT LL@&GH; R123 1uesninau mmm%’auag“lu Bottom heat

v v Y ]
mode Yy 90 09N WNUNPAUNYLAITINTITTIMEVINEANUANUS ouliA NI e ld

9 (] 9 dal 1 [] = 1 ] 9 QBII A A
ANUIDULNNBANUIBDUNINUU Lmul,llWTJ'J'l?JﬂTiﬁQW']uﬂ'NﬂJ'i@u@ﬁlmliﬂﬂWiﬂﬂﬁﬂ\? milu

] J:ﬂ' [ o 1 9 [ qa}l A A [ 9 A
L%HULUﬂQﬂWﬂﬁlUﬁﬁuﬂTﬁz!ﬁ'(’JlliJil"’U'E)\‘]LWa'nJ'lﬁg‘]J']‘(’Jﬂ'JnJﬁ'E]‘L! ANUUWBINUISAUAINNIDUN

v 9 ] ]
Tiundwiiszve guvgliatunudmsoss taziosnn liliveavandunludiuiszive

o Y 1 = o [ ] 9 = 1 Aa d?‘ [ d?
“I/nﬁl‘ﬁulilllﬂ?ﬁiﬁﬁ!?ﬂﬂﬂl@ﬂﬁ?iﬂ?ﬂ?ﬂ msmmummaamﬂmnmu anyazMInNse laadu

A A a Y d? dy 9 o A Y
ﬂl@ﬂqmﬁaulﬂ@lﬂﬂﬂ1ﬁLL‘W\1GUUﬂ']ﬂslul‘lﬂaWﬂﬂ‘U‘Vﬁﬂlﬂ\ﬂuul'JTﬂfJ Kammuang-lue et al. (2004)

Condenser

section

time,

Slip volume ™.,

time, >

-

Circulation

direction

time,

a= AV collapse = V-
b = AV expand = Vo'

¢ = Replaced Yolume

= AV collapse- AW expand

d = Slip volume

n. NIBAMINAGIgNININNIIMsVeIERIgniazinansisy Ivaeu




Vi WY

W

Condenser
section

|.\

Wo W's
a=aV collapse = Wi-\W'y

Dry spot may take
z

Place in this area

b = AW expand = Va-V's

time time, > time,

v Y [ 4
. ﬂiﬁ“ﬁmsmé’hﬁ‘n‘Tiﬁfaﬂnmmﬁmmﬂﬁmw%ﬂmﬁﬂmﬁuﬁ'aﬁmm?uﬁ'uﬁu

‘l.lﬁ 3.8 Lm’ﬂﬂﬁfﬂ‘wﬂ”liill‘l/l‘l/l’f)ﬂ’l”liﬁ’f)uﬁ”lﬂﬂim/lN”I‘L!]lﬂ L!,a“’ﬂﬁlﬂﬂﬂﬁllﬁﬂﬂﬂlmtih@]u

350
The evaporator ﬁ

300 2 temperature
250 ] Vapor occupy - Dry spot X st 5
@) A ] allofthe [ [ occurin P i
) evaporator = this area !
21 [ H/ ot
@
b .y Dry spot
Q 150 \h_/ B develop to =
e dry patch :
@ {
= 100 4 j W \

yooA
S ]
Heat transfer rate |
O T T T T T T
0 5 10 15 20 25 30 55

Time (min)
‘l.lﬁ 3.9 UAANNITNTES "l]1ﬂﬁ3611i’)\1?)f,l!“HﬂllLll@ﬂﬁl!ﬁ\?ﬁﬂlmlﬁuﬁulﬂﬂﬂlu
[ Q’J} Y 9 3 IQ' 9 091} = 1A QI a
muummmth;ﬂ"lﬂ:nfmnzmiummumimuuumgmﬂuﬂmimu CLOHP
(% 9 A A o Y a A @ 1 o
HazIZAUANNS UNIINNO NI IHINAN SRR uammﬂmmawim"la“lumumizmﬂ
[l ] d A Y A o A 1 ] 9 9 1 9 o a
"lu“l%mmcmwmmamﬂﬂumimwuﬂmmnmmumms’e)ullﬂsuamammsammuau%uﬂ
o o o A 9 o Y ' Y A A 1 a 9
NIDY ﬁﬁﬂlﬂﬂ!“ﬂil‘!ﬂﬁﬂ?ﬁuﬂﬂﬁLi‘JJ@Iu‘VIN"qulWU’ENVI’E)ﬂ’ﬂ?Jﬁﬂu‘ﬁu@]uiﬂﬂ]’lulﬂﬂﬂﬁllﬁﬂ

S A 9 o Y ¥ ) ) o v ) o
ANLALTNAY ‘VI1llﬂIﬂﬂﬂ"lﬁﬂ’)ﬂﬂi]ﬂﬁal‘ﬁ‘ﬂﬁ"liﬁﬂu uazmﬁ‘ummsau“lwmsmmmmﬂm"le



99

E4
ans ludrumuniuiiaunaniimsveedrvesdou lognsludiuiszme  uenvniiauig
v v 9 v
eanuSouldaunsasuihnuldde  msdudimsunuivesveuraningdiuiiszive
ad !

ilesnnmsveearveses lognilinmminniimsaiuuiugns uwugimsisuiauldves

] 9 o a I [ ~
TI@ﬂ'J”IZJiE’JH!L‘]J‘]JﬁH“]fHﬂ’Niﬂﬂlﬂuﬂﬂllﬁﬂ\ﬂugﬂ‘ﬂ 3.10

Vnet collapse, Vap0r>Vnet expand, vapor

Occurring of Liquid is pushed into
replacement of liquid condenser and no longer
into evaporator in evaporator
[ [
Successful operation Initial dry out

510 3.10 uaasSou lymaisuihau ldveseanudounuuduriniesou

o a d
3.4.2 HUUV1AINIAUAFITAN T

o a s A o a o
GluﬂWﬁﬁ%NLl‘U‘U%Wﬁ@ﬁTlNﬂﬂl@IﬁWﬁﬂﬁlﬁ@ﬂWH?ﬂﬁﬂT}%ﬂWiLﬁJSglluﬂ']\ﬂu

o

o F% [ @ dy o a J o A 1 '
ﬁ’]ll’]iﬂvnulﬂjﬂfJ't‘)’]f’TEJWﬁﬂﬂ’]ﬁwui']u‘ﬂTQLVI’E]?IN”lﬂuTNﬂﬁ Iﬂﬂﬁ’]ﬁﬂ’]\‘l’]ﬂ‘ﬂ@iﬂﬂﬁ?ﬂﬂq

a

v Y ] v

szveaziinaa lennmsszmanuiy ieneanuiounuuduriansovedluuvasguigi
Tanwdou nazasinuiegludiuniuminaziivaaloanas eneanudounnuduyila
nseveglunrasiuanuion  uailosnndiuversduaznadegnieluneniuiounuy
M a [ = [ [V qﬂz} A A = a A ~ 9
duytiaesouduArInu auiuuia lodsunlasznanedaSinasin)asumlasdie uas
) ' v b4
iiemsanavesnia luduaumiwiieusuausudu damnnnmsmniuludiuihiszive

[ A < J ] a J o Aa '
HeuAUANSTUAY NIZHLIBAINIINMIAIVUUUGNELINNIINMTVOBAIGNT ez NoAwiou

) a <] A Y o 9 = o [ Y Y g [ dy
puuduytaseunvzE NN ld MeazBeanmsdnumuranmsdeduiluadl

wasaeanuSeunuDdusiasounegluualguuglisudu (T,) uay

= o 1 1 d' Qt:' Y Y
Huramsiiau (my,) ussgedgniely mymaquanlogumgisudu (x) awisonla

G

Tag



100

(Vtube - Vf o)
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v -V
. — ( tube f,e) (310)
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Amc,g = Amejg (3.17)
4 o 9 [ o dy 1 = = d'
UAURINITATUIN (Calculation flow chart) ﬁ']ﬁﬁ‘]_lll‘]_lll%']ﬁ’f)\‘]uﬂgﬂﬁ'nﬂﬂjﬂﬂam@ﬂﬂalu‘ﬂﬂﬂ 4
<3 Y o 1 o Aa A d o Ao Y
ﬁ]glﬁul‘lﬂ“ﬂﬂﬁ]u'ﬂﬂ'ﬁﬂlﬂﬂn'mﬂ"lﬁlﬂﬂﬂﬁg‘]_l'lli‘!ﬂ'lﬁLlﬂuﬂlﬂu{lﬁ]‘ﬂﬂﬂﬂflﬁﬂﬂ
v ' a 9 o v a Ao qyu 79 9 a 1
ﬂ'J']?JﬁE]uthﬁ'lll']ﬁﬂLﬁ1]@1!1’]']\‘]11!1@ mﬂuuaﬂﬂuwﬂﬁmmmmﬂizqﬂ@%wqygmmm%
I Y a ° ¥ & Ao A Y o Y ' Y a Ay va
!ﬂuil’ﬂ%’ﬂ‘ﬁ‘ﬂ’]ﬂﬂﬁ‘ll@ﬂ‘ﬂ”ﬂ«!'}uiﬂ\uafJ'J“I/I‘JJGI’t’)ﬂ']ﬁLﬁ1]95]uﬂ?ﬂ?ullﬂel]@\iﬂ@ﬂ'lﬁmiﬂu%u@ullﬂ'ﬂﬂ

] B A Y 1 = v Y o
P38 C]f\‘]ﬁ’]flaglﬂﬂﬂﬂghlﬂﬂaT’Jﬂ\ijuﬁjﬂl@ﬂﬂqﬂ

o d‘ a ) Y Ag 1 d’ Q‘ Y o 4
3.4.3 nuudaesiesnanavass IuldudeInae v lum S uduiaula
Ay a ¥q o Y Y A A 9 o v ' )
i laesune 13 luidenountntinmsisudusiianu ldveanaanusou
a ~ ~ 1 o 9 [ = I~] a 9
maanmsnna lnnszurumsunud lugndaunsdieaurgaieg aaluanudluasandn
wenmilonndasimsvenodaznadgnivesanstinuudl 151dsenveennuaalums
4 {o g Y1 _ o " Yy Y 4 1 & Ao q Y1 ' o v
wanngoun i ldnetinuhild1dson siaungdnediniteiildve luamnsataula
< do 4 4 2o 2 . g 2
nfe “guUunums lvandavnena lnnszuruunui” Fauvgiinaduand i lauie,
[ 9 = =) A dyd [ dy
luneanusoulaense ¥as1eazioen luseatiiluaat
a 1 9 Q'/ a d' = 9 [
nsanenNnusounuuduriianseuluaazn lutinseTduoraluns
o a [ IQ' 9 [ 9 A d' 3 d'
fvuafianmslva wagdsbisuldauduaaddunoidieliovesgii 3.11  mmiuie
A g ] 1A A ~ ° ] ] a 2 =&
Suanldau mznnimsmaounvesasiinumeluneanuiownevy Fagdunums
~ a 421 9 o 1 1 1 9 ] Y 3
Tnanenusoazinavu ldvesansiamluneaisg luneanuion eusoutiseenladly 4
1 9 w A
AQUABNU AD
[ ~ o Y A A dgl 9 4 Y
- nqugduuums vaishldnszuoumsunuininadiuldauysel uaasldlu

o 1 1 1 dy ~ A d'dgl v o
51 3.11(n) m'ihlwammmimﬂmmazmcluﬂ’qumi"lﬁmmuu UMD UNVUANTAUNY

U

[

1 1 d' a [ dyo Y 9 d‘ d' 1
TIENINNONDYNANU fﬂi‘Ih/iﬁGlfL!aﬂflelﬂl$Ll’1/11611/?3J5U®\1L1’i‘ﬁ’)!61ﬂh1'ﬂuﬂuﬂéllﬂﬂWﬁhﬂ@ﬂﬂ‘mﬂﬁ’)u

u
9 v

o [ RY a 3 1 t4 1 ) a
Mszmoraue aatumsuaumsunundunaduldedeauysel wagnonnuiounuuduriia
NsovazanssuAuinla
1 A o 9 A a d? Y 1 P4
- nquztuuums naii Idnszuaumsunuiinaduldnedin vaadlaly
E4 [
51 3.11() M3 mavesmsiinulunguiivznuniidmuienastinuners lvasen
9 1 1 9
nndhiszmevu lldsdmmuminunnninimilwesdauieninua mslualuy
E4 v Y v
anvazfiudnazimamsvaviemsununduluuie uakanInmMsHansunuRUNaIL
v Y ]
mldinamsanaaoimsdaviams tva  uazmsunuiezinaduldedeaoriiouruiuy 151
a d' = 091’ d! ' ' IS)

a0NNITaNg3UN 3.11(v) BnATIni 1ngdazwu vewmeay 3 uaz 4 U3 lvauuuy

v E4 v v
Lmuﬁlﬂﬂ"’ﬁu Tuvaznnovuemy 1 uag 2 Wmmi]vlﬂa’f)’f)ﬂ%Wﬂﬁ’JuﬁTigme Lﬁﬂﬂﬂ?ﬂﬂ'ﬁ



103

E4 ] 4
Yeoad luanyazms Inasutivznud nszurumsunui lunevuluovineay 1 uag 2
yd 1 1A 12 1 v [ 09/’
UONMNUNITNUN IINANTZUIUMTUNUNTUTZHINNOHINBIY 2 1Az 3 AITUVBUNAINE
gnwan lUsawiuidiumuminsznieeneay 2 wag 3 Ferwnan ldiunamsvauig
A oA (R I ' ' ' = A
msununluvion 2 wag 3 uaodnelsnAvznuNszHIIonINE@Y 1 1ag 4 zlimsunui
Y 9
MavurReInUioneEmY 3 taz 4 auiuveurarludrwihszmelunevineay 1 99
amnsanaoun lddwuwied luunuilunenanoay 4 14 ms nasenvesveswanluve
ey 1 i ldanumeowwanveswanlunenmeay 2 Tldsdiwaiuutiusgninme
£ Y A o A~ ' <
ey 2 uaz 3 aaas Faluiheigansdavnena lnmsunuilunenineay 2 Hezana
o 9 A A d? 9 [l 1 d' 1 9 < A o Y = [
wihldmsunuiinadiu ldeddeiiion nazneanuseunazamnsamuihan ldisudeny
=) U
nsdins lvalunguusn
- nquyluuums Ivaidavimsimanssuaumsunun ueaaldlugl
k4 [
3.11() M3 navesensihnulunguiivzwuniswauneiasiauwneylvasenain
1 o d? Y] 1 ] Y = = o 1 3 9 " Aa
dashszmediu ldsdmamumiuminuasilvesdunenvue  uazdodlimans
= 4? v o 1 I A 1a o ' = 1 @ dy o Y
lvadeuduasaduiuszninmonegsanuedislunsainguusn ms lmaludnvaziisgild
v Y
MAMITAYINNTZUIUMIENUNTUEE 1T Tunonwiou mszaANuaNAs lums lna
o a A = 09: ] 1 @ AA a dgl 1 1
W W13zl 3.11() BNATILHUIINMITAVINATEVIUMILNUNANNAVUTENI NN

H H 4
Hugmav 2 tag 3 i]$1111ﬁ11ﬂ'§ﬂﬁﬂﬁ\‘lhl€]jmﬁl mmzma‘lwaﬁﬁumﬁﬂumw 1 uag 4 AUMS

b4 H
) v ~ 1

Tvalunguiivzdaunenszuiumsunuiedanns Mleanudouliawnsasudu

4

o Y A Yy Y a £ A R oAA
VI'NTLlMlﬂ u@ﬂﬁ]'lﬂ‘ﬂﬂa’l’)iﬂﬂl’lﬁ@]uﬂ’liulﬂﬁWlﬁEL!UUWuQﬂQﬂi}ﬂ]‘l’ﬂuﬂQMUﬂﬂ ma"lwaiu
"

a

nidinveswaunnie lvasonnndiwihszme dsdwaumiu - guhldinanmsdauna
NILVIUMILNUNDINAITIFUASINY
H 4
- ngugduuums vad luansomaduldess uaadldlugl 3.1 ms
v H

Tvavosasihnulunquilvznuniswauneianshauwnew Tvasenvindiuiszive
d?l [ 1 1 9 U é d! o 1 :JI [ dy 1
Yu'lilfadrunrumiudosniaiilivesiwaunenivua M3 lvaludnvasi ldaunse
a dg’ Y I a a o dy a 1 o 1 [l
ety laluanuduese msmanams lnaludnyuziiass saashashaudiulng

[} o % 1 1 { % [ 1
WfJ']fﬂﬂJhlﬁﬁlslglj']Qﬁ'Juﬂ'lﬁmﬁﬂ “dﬁﬂLiTI/IﬁTUa'NL‘IJ‘L!ﬁ"JUﬁ‘U@\‘IWﬁﬂJ‘Uﬂ?ﬂﬁﬂllﬁgﬂﬁﬂﬂlﬂ\iw/ﬁuﬁ@ﬂ

4 v 4
witleusennndiuihszime  aaiumsiarshaudin gz nadngaiuiiszmeldiu
9 9y [ o 1 dy A v o [ o 1 o A @ @
vavsldusamevendumsiinuaril  ewdniiunduas ldadruiszmenveedndn
) J [ a Y (= o 1 a 4? 1 Y o aaj =®
msihnesnin ualuanuiueswdd lufiussdanarunadulunennuion auiudseagl
Y dy 1 a d?} Y a Y 1 o Y A a k2
1a11ms nanuui luansomadu 1des s uazdod iiumivswlugduuoizinald

9
%

MNHUA



104

Condenser

d. Group of Impossible to Take Place
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MNAUMINgM3HIANUToUVDYiFY (Fourier law)
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In(R,)~In(R,) = - 2"5L (T, -T))
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M, =PV’ my, =m, +m, (3.49)
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Figure | Turn | Main flow plattern | Lv (mm) |Vs (m/s) |o (Hz)| A (°C)| q (W/m2)

A 28 Slug + Bubble 2-38 0.43 0.41 0.33 18102

B 10 Slug + Bubble 1-35 0.45 0.38 036 18189
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Top of condensor

Heat Sink 71,79 = Convection

Tco

7Z,,73 = Conduction

73,77 = Internal resistant Of boiling &
condense

Zs = Pressure drop

Heat So;:(c)e /////////}/’? i]( ?al = Thermal conduction resist along

Z4,Z6= Vapor — liquid interface

%y Zg
Condensate

1374373 p Z;

) Zg

<2, o 7

9y ' 1 A a 1 9
71 2.2 anudmmuluaiueaigy analuneanuion

IR Engineering Science Data Unit

1 .

22 f— H(L/Dl) (23)
2T L ky
In\D,/Dj

SLCELY -
2T L ky

A Y A A & o 1 9
Z,, 7,90 mmmumumﬂimu’fNmﬂﬁumma’mLﬂumimﬂmmﬂiuw@mmmu

I~
Taeuenmilu
A Y] A a 1 v
Z,, Ao ANUMUMUVBIVDANAINNAINUBIVDAKAINT TADINaNMT

1
= (2.5)
@3 go.z Q0.4 (TCDi Le)0-6

Z3p



217

p
®D; = 0.325% | (2.6)

0.25 0.1
pyoLOAp™ | p,

Y 1 a a {1 1 [
Z., ﬁfl ﬂ:nmnu‘wmeu'awmma’Jﬁm@fﬂm%lammdma’Jﬁmuuawmmaﬂumu

[ 9 Y
JUANUIDU W’]Vlﬂﬂ’lﬂﬁNﬂ’li

CQ1/3
Zy=— (2.7)
pi’g L. DY
A
11
1/4
LK} P] /
O, = (2.8)
H
wazien lvlumslde z, uaz z, weldiilum z, fie §12,) 2, ud
z,-7, 2.9)
o Z,.( Z, 1"
Z3:Z3PF+Z3f(1_F) (210)
A A o a o
1o F fim oasimsmuensitiam Tag
Vi
F=— (2.11)
AL,

A Y A a a d ~ [ 1 Y
Z, 90 mmmumumawmma’mmﬂmﬂWmJﬂJmmam"lwmau“lumummmmau

9
mldnnaums



218

CQ]/3
=— (2.12)
D’ L. DY
A Y A a = o v [ 9
Z,. Z, A9 anuamumuiinannmslasuaniuzyessnsiinu ludiusuanuioumas
Tudrumennuiou
A 1 Y £ a v A 1 Y =&
Z, A9 AANUAIUMUTUNAINANNAUNana U IUABANNTOU B Z,, Z udg Z,
Tagdndvzlintiosunn uaz Tuthunaalumssiuom
Z,, A9 AMsAnudeauYe o113 pUAINLUIAMNEIIND Fania1lszuimen

quNg

0.5L.+L,+0.5L,
Z,= 2.13)

A\,

A A A dy A Y o 1 9
Iﬂﬁl‘ﬂ x A9 NUNHUIAAVDINDAITNITDU
7\4 A 1 ° 9 o AqQ Yo 1
x P9 ﬂ1ﬂ']31!1ﬂ’J”I?Ji’f)usll@\i'lﬁﬂlﬂﬁlslfﬂ']ﬂ@

A o 1 9 A
Lﬁﬂu‘lﬂlﬂ1§ﬂ1ﬁu9ﬂ1ﬂ31hiﬂu o

Z10

20 (2.14)
Zrt725+275+77,+7g

Y g ' 9 9 A 1 v
ﬂuﬂuhlﬂ@WiJﬁjJﬂ1§ 2.14 MANUATUNUAIVIBDUITINICUAUNIND

7 =2+2,+7,+7,+7Z+7, (2.15)

1 a3 1 1 [
5}1Ulmﬂu'{lﬂmuﬁumi (2.14) ‘ﬂ']ﬂ'J']ingjTuVHuﬂ'J']iJ%I@uﬁ'JiJi]Zﬁﬂ'lwnﬂ‘U

—1
1
Z=7z+ +Z9 (2.16)
Zrt73+z5+277+7g




219

NI AN NN IUMUANNT O UTIVNAD AUNTIMIAIANYS DUNTEANUT O U
usoaane’ld Iae
AT
Q=— (2.17)
z

4 J a 1 1 @ 1 <
Lﬁ@ AT ‘ﬁ'ﬁ) ﬂ'TIllLL@]ﬂ@anU'ENQmﬁ{]lﬁgﬁ”NQLL‘ViaQﬂﬁ1ﬂ%@uﬂﬂllﬁaﬂﬂ31ﬂlﬂu WThl@g]}i]1ﬂ

aunsg
Ar=1_ —T —AT, (2.18)

A A ' 9 Y
Wwe T amwgummuwaﬂwmmmu

gUUHNVOWHAITUANUT DU

=

) Y
AT guvMginaenioanIniai (Hydrostatic head)
U ) \ v Q'J |
2.2 viapmsinuveaneaNusaunvuaulawila (CEOHP)
1 Q'./ -7 d & H H 1 (-7
noanuiounvudusaluglnsainawnsovanldsunnuiouldlag ludeveide
[ A Y] o A v I A Y '
WauAMeusaviousumes 1y leWeu Nanvazitluszuvila Uszneudie 3  dau
A 1Y o A 1 o 1 [ 9 1 [
wdounumes I lewou Ao druiiszme (Le) aruduanusou (La) tagauadiunuu (Le)
o 9 d' o 1 d' o 1 )\ d‘d’
awnsaiiaulalagiemsiinugnussyasluneniunnnemitlaaiinua T aelu
<3| A Y 9 1 o o Y ) £ ]
Wuaanzgyayima iweldanuiouludiuiisesive i lvasianudsegluanig
A o a A o & Y v
vounatoudunamsaeauuueazsindadudoule (Vapor slug) Tasanuseuursves
I ] [l 1] 9 [ BRI V& A ado 1 Y
msnawdule nazassimdiunuanuonligadrumumiudligungindini neule
A ] o ~ [ uszl o A 3 Y = [
winamInumiutazguaad il luige daiuasihaundudouledmunsomemany
Founmlaredunilaligiarednduniald drguugiisznindiuiiszivenazdiu
] = 1 [ Ai a o ) Q' 421 9 =} 1 =}
MuLulinuana Ny waziegargidiuiszmeauiudou loszlinnuenanauaoz il
] ' ' Y v Y
AMuDYRIMIAUNgITu Anwasalumsoiemanuieuvesnennudeunuuduiiu
Y Y v
Yuegnuyuiaveie 1uauldudsr aAnwendIuiszve TaeinudnyaugnInemay

Y 1 9 o A 4 4 9 ] 4 [ Y [
5@1!611'E]\W'I@ﬂ'J’liJfl'E]uLlUﬂﬁuFﬂzLWiJ%ulﬁﬂ ellu'lﬂlﬁ'uw'luﬁuﬂﬂa'Nﬂ'lﬂcluslli’]\w]@ﬂ?']ﬂﬁﬂuﬁﬂ'l

4 1 1A 1 1 4 a ! o 3 o dy {
qﬁu u,ms?]'aq”lmﬂum!,ﬁgfumug{uaﬂmmﬂqsﬂ mmm’m’aumizmaimmmu’miﬁ'uamﬁ



220

wnvzilineanudounuuduminsahanluygumsiinu o eem wieluyumsihau
a ! o 19 14 2 A o I Y1 @ o 9 A
Anau (drmhszmeogauuy) 16 Taeyudesni1d ldasgaudnsuzmsdiniennuiouna
NgAoYIz1 319 80-85 BaANINUUITEAUTUNTAIVRY CEOHP a2 88351319 80-90 BIA19IN

Y = g A ° Ao vy < P
uurszaulunsdl CLOHP wedl mshauiiiaanuioundiveosmsnauiiulogs sz lvian

[

AMANHUZMITOUNATINS DUNGINT

dd' d' Y a
23 ‘nqygmnmm@ﬂmmna
2.3.1 ﬂmﬁﬂﬂm$ﬂ1iihﬂmﬂ’JHJ%}’EJH"UEN OHP

[ 1

Y 4 ' 9 o o
AUANHULNITDINANNIDUUDI OHP Wlﬂﬂﬁ\? Lﬁﬂ%ﬁ]ﬂ’;1uiauﬂ1ﬂu 1IN

q

o 9 1 o Y Y v 1 ] )
TTUANVIDUINTIUNTELINY LL@Zi%L’VIEJ‘WWﬂ’JHJi’E'Juulﬂﬂ'lﬂcl,ﬁﬂﬂﬁﬁuﬂ’gﬂlluuiﬂﬂﬂﬁﬂﬁu

v KX A ' 9 d? &£ g v o 1 1 a
A IUNANTTIDTIYLNAITUIDUIU “INL‘IJuUhJGﬂiJﬂ'HNﬁMWH‘EGU’EN HAANITHINGUN YUV

1 9 9 [ 1w Y 1 U 9 9 %
Llﬁﬁ\iﬁlﬂﬂ’JTiJﬁﬂuﬂUl!ﬁa\ii‘Uﬂ’NiJi@u (AT) ADAIANUATUNMUANNIOUITIN (R) AN

quMI N 2.19
Q= — (2.19)

1 9 1 Y 3 vad & A Y
Glumimﬂmmmiaumawammsauuu ﬂmammaﬂﬂﬁxmﬁwmmﬂum

B 9 £ A Y1 g o ' Y ' )] Y
ﬂ’J‘]JﬂiJﬂﬁﬁQiﬂ‘c’Jﬂ’)HJ‘ifJuClNﬂEJhlﬂ”JH‘]Juﬂﬂmﬂ‘]slﬂwfﬂiﬂ1EJWIﬂ??hiﬂﬂﬂlﬂﬂ‘ﬂﬂﬂ’ﬂhi@ﬂﬂ’)ﬂ

A FY ¥ Y = o A
ADAIAITUATUNIUAITINIDU me"lﬂuﬁumﬂn 2.20 AU

(Tevap - Tcond )

R = (2.20)
Q

A " W 1 9 A 1 <3 Yo A 1 ]
Llag“11!ﬂTﬁVl’i]gﬂ']ﬂ']'l’)Glﬁ']ﬂ'lﬁf]']fJLVIﬂ'313J§'l’]u‘VIﬁ?ﬁﬁﬁﬂlﬂuqﬂiﬂﬂﬁQUﬂﬁﬂlluu

Y a 13 3 QEJJ o o 4
Iﬂﬂ’)ﬂﬂ?’qmﬁﬂuﬂﬂlﬂﬂﬁTﬁ‘ViﬁE]LEJuVNEU'lL‘lsl}"ILLﬁg"lﬂ@’E)ﬂ ﬁnﬂuuuﬁJ']ﬂWu'Jﬂ!Iﬂﬂi%ﬁuﬂTiﬁ 2.21

Q=mCp(T,, - T,) 2.21)



221

2.3.2 dawals 1554

9
v Aov A

A 1 Y d‘ [P=] 1 d! [ d‘ d’ 9 d‘ o
19 ﬂijﬂJﬂl’E]\‘iﬂ’)LL‘]JﬁVIuinJﬂU’JfJ F3a 15 NNeIv0 NANYNAIY

@ [ (% 1 LY a
2.3.2.1 mmﬂmauﬁ (Bond number, Bo) Lﬂu@@]iTﬁ"Ju"Uﬂﬁuiﬁﬁﬂﬂﬁ'J@]?JLL?QﬁQW’J

9
v A

vpaved lnalaqansatiennldaail
1/2

PP,
g v
c

Bo=d (2.22)

@ < @ 1 v J
23.2.2 AAN[UANUNAIALY (Kutateladze number, Ku) Wuoasaiuvesnlanagnu

b

[

Y Aq Y v 9 a 3 a Y
iﬂu‘ﬂ‘lﬂ@ﬂ Waﬂ%mmaamﬂqmawm”lmuu mmsaumﬂﬂmu

g
Ku = - (2.23)

1/4
P —p,
P

ph | Og

v fg

2.3.2.3 A19AT1@IUAUNA
I~ ] 1 [l o 1 [ 4
Wudadiuvesnnuendiuiszmeasvinaduriugudnalinieluves

=] = ' Y =L A <3| o
N PILFTAIDINTIVDINOAIUIOU mmﬂmﬂuﬁnmimu

o . o Le
DAINFAIUTUNA = H (2.24)

i

2.3.2.4 aavvyodWallis (Wa)
I Y 9 ] A B Aa =< a
Lﬂu@ﬂuﬂilli‘ﬁuﬂﬂﬂﬁﬁﬂiﬂi‘ﬂumi@ﬁﬂmﬂ\‘lmilﬂﬂﬂ”ﬁﬁﬂﬂﬂlﬂﬂmaﬁ

A < £~ Y dy
Lu’ﬁ)ﬂiﬂﬂﬂ’ﬂmi’ﬂ@ HINTNUNITAIU

Wa = (1 + &] (2.25)
P

A Yy v ad A o

dy A v Jaan A A 1 @ Jya A 9
u@ﬂmﬂum%umuﬂi"lﬁum NINYIVBINIY L¥U GI’JLL‘]_]illiiJ@WlLﬂEJ’J"UENﬂU

J

< o @ o
ANVLTIVOITITNINIU ﬁf] ﬂjlaﬂlﬁﬂjuaﬂ (Reynolds number, Re)



222

2.3.3 guuums lvameluvoe
1 Y o A S QSJI [+
2.3.3.1 guuums lvamelunenihdanaylunurag azligduuumslva Weme
Y ] 4
sazvourad lvadumunuawaaalugil 2.3 Faaiald s guunu dail
N =
- m3lwanpuiluvles Bubble flow) juiuums luadiinalesmaangnizae
< Y 1 A
Wugan Tnalzdunuveunad nazaniuzveunalizasiiios
. o
- ;3 lwanuuiludou (Stug flow or Plug flow) 3Uuuums Inaiiivlesmasid
E4 9
1 1 [ [ 2]
sUTndrenszqulnatugduun Taeliveunariunarndounvimalzaluiie Tae
= v A d 9 %)
yuzpenullayveararaensouesnsynszgu
o3| { ' [ a Y
- ms anuuduInge (Chum flow) Juuvums luaniigdsvesloamastaiieon
A [ < A 4? ~ dy 2 o
il iesnindosmadianud lums lnamuiu Tashgluuums lvasouiionses Tulimsau
Y A 1A 9y T 4 9
yosveumad Iimuioelvinaduriuguinaniios:
A %) 1
- M3 1MatUUINKEIY (Annular flow) jUuuums nadiinis Inavesmvedlu

(= [ 9 = v IA 3 a f Aa
wpunanelveaveaanan Uzilulide nazvaz@erduniing lmaduildunave

. da 2
- M3 IMANDUINIRIUUNSN (Wispy annular flow) 3Uunums Inaniins lvadu
4 ' 1 A v o o o o & 2 Y
Yoamaegununanne lasiveaveunad lalzdulddomaniuldswarnuiuiaudull
Y = v I I~ Al Aa ] =& a @
Ao uazvaziReInuniing lvavesvesmanduilaunaive Famsinansswarvesnea
< A o a d A d? o Y 1
YoUNANANT 1110991695113 Inaveslavve unannudui ldanunuiinyesves

£y
UDUHAININVUAIY

k4 °: fo)
T
02 %>
6 2 0 /\\‘

<o
oj:°°o ‘/
25 85 oo ©
o [} o9 © o
o‘oao 0 yma
] o aa
o 0
00 O0p ﬁ
H <
e @

Bubble flow Slug or Plug flow Churn flow Annular flow  Wispy annular flow

g1 2.3 unums nalunenihdananlununda

A1 : Hewitt (1994)



223

2332 siuuums lvamelunenihdananluuulszdn vzuisesnla 5 uny A
waadlugiln 2.4
9
- M3 IManuuMend Y (Stratified flow) JUnuums lvavziimsuendleonviniu
A = A® Y} ' A Y '
io91nus59ega Tasiimaag lva liawauune nazveurarvs valiiinuadiuaisves
o
o’/’ a A . A <
- M3 IannunenFURINAY (Stratified wavy flow) JUuuums lvailinnusives
[ Q‘ dg/ :]/ o Y a d' dgl d't: 1 1 9 [
MaNuIuIngduuuns Tnannuuensu KrliiianauiuniiTosnosznI 19N 19N Y
YDUNA)
{ o
- ms Inanuueads (Dispersed bubble flow) Juuuums lvaniiesmansze
%) [ { T 4 3
Ugdluluveunariinun Iuveslosmaaz sauiuiduuuvese Woszuuiinnuialums
£ o v VY g £
Tnamniuresmasznszareds laminauouiniu
. s 9 @ '
- mﬂwatmmmmuﬂa (Annular - dispersed flow) gﬂgmumﬂwaﬂﬂmmum
{ 1 a 1 "o o o { 1 1
noglunuins uannuruvesuHulavszaindue TasNd1ua19v09MoAIIUNUIVET
1 ad I 1
UAUHAUNIZNINAN
] dy 1 Y
- ms Ivauuui uge (Intermittent flow) Juuuums lwafinsesn’ld 3 31uuuy
vy @
A8
3 Y Ay v a '
n. M3 manuiludou (Plug flow) juuums Inafadienuneluuuiaua
WHUVTANUAIMNDA UV
{ { I
¥, M3 Ivauuuifuiag (Slug flow) sUupums lvaivesunaritianwiluy
9 9
o 1 o [+
su lganimeonuvzivlesmalzaulildae
: . [ ] 4] a 4
A. M3 1A (Semi-slug flow) 1Hugduuums Inaddivesmaniaiu
A A A [ A R Y a) 3 1 A v v w v 1Y
nnauTasaau luaunsaneznodauiluneuveunad llanunenseduianumisnea iy

8



224

( SD 73"‘009&0!0 ,/?::aoz
( ) ( 3

9
ﬂﬁllWﬁLL‘U‘ULLEJﬂ‘]?u

b ST EaT

m3 lnanuumesils

ms Inanuuaamauis

2 )
M3 AU ULEATURINAY

=1 =

Y TR £ v
mi"lﬁmmmfluneu ms”lwmmmﬂumq f‘lTihl‘I’iﬂ!L‘]JiJﬂQW’N

31 2.4 gupums nalunenihdanaulunuasedu
4 :
711 : Hewitt (1994)
1 9 a
2.3.4 ANUUUIMUUANNIOUINGA
=\ 9 4 ] 9 a ~ d‘ . o
umsfunulsngmsaianumuuauseuIngalul) 1934 1Weo Nukiyama i
MInaaeInABaITInNSougigalumsaeanuutesaudnieunilam lumsmudns
9/ g’ o v A o 3’ 3 1 QBJI 3| 9 = = 1 Y
m3szmeveantie lorhdmiuGedni awaiuiudunimsanyanumuuniuanuiou
a & A 9 [ = a ] 9 a A a 42} I oAa
INYAUINNETANITRINUMIAEA Tagi)snannuruuiuanuseuIngannavuluneny
] 9 3 [ dy
Y09 lvadesaniuzansoute Idiu 2 aungaail
a A 89 . c11-
2.3.4.1 1nannmMaaeauuuWal (Film boilling)
A a 1 9 a & A A a d
ANNITNNANNUNUILUUANVTOUINGAGINAUNHIINMTIABAL DU AY
2 YA A Y Y 1 & '
annsnefinelsingmsal Idneietlouanuouliunvedsiiveunategnielu veunades
v 9
NaMsaeauUUYBINAIT08ADIZNINNOUTTYAVVOUNAMAZIINAIOONNOUITY  INTY
d' 9 9 T Q’ dg} o A o Q' d? a U
weldanudeunnvemuvuimiuvesres leldwaumumnniunazinanmsswaveanod
1 @ 1 yu a I A 1AAa
ToTunaazvlos m3ssivesesle lunaazresisldnaduilduugmasueghin
4 v
598A032HINNOUTTYNUVRUNAY  gilih Idvewurarnegd i liawnse Tnadwvae

dy ' YR I Y a Y ‘,Ud? Ao 1 dy a a
mﬂwamiﬂmuﬂumm&%ﬂﬂLﬂﬂmmmuaz"l‘w3JGULmﬁummum’imﬂﬁmamﬂqmﬁlu

]
= %

o dy v ] A = I J e
aﬂymzumu“mig%xwﬂumimaﬂmu nyuztuueg (Pool boiling)



225

2.3.4.2 10A91NNTHOVUOIHAT (Flooding)

E 2]
v A A

ngAnssuMsreuveuraIneluneannsoeiuielaat e lianudeuun
V& A 9 v Y] 1 = A d? d? 9 A Y
vodelveurad laasdwarmumisneuazii lodseumeunmstud vy e lvianu
9 A dgl = [ & & =1 < =1 A Y
Foumuinaudesyauniage lelinnusunniisaneNegaunsadums lnavesveanal
Y 9 [ Adg’ 1 9 A (a ~ Aa
uazvovveunal I Inadeundviu ldgnedwun msiSuaveunarn lnaasuunams
A:; v 1 td'd [ 1 dyd 1 1 d‘ 1
vganmisnoNims Inagesdnuzaruniwsuiifeond’” msnay iesnnveaurad i
awnsn lnanund i ldveildivemnamsudaas ndluiga :inmsiarsanms lvaaes
v A 9 9 1 a [ v W Y
anug Inaenunnuilszneudlesveunad Inaasmuanawsssuananagmagniiany 14

9
9 [

9 dg/ 9 1 A . 9 [ 4 =1
"lwaaﬂumummmuuiumumm Wallis (1996) llﬂLﬁUGﬁNﬂTﬁﬁWﬁiJWH‘ﬁﬂ\iu

A2+ HY? =cw (2.45)

* Py
J. =] /— (2.46a)
v v gD(p; _pV)
L (2.46b)
gD(p; —py)

A o 3 Aa Y Aa dy A Y o 1 [2)
Iﬂﬁl“l/] JV Iag Jl Lﬂuﬂ’ﬂll!ﬁ’)‘l/lN'J”ViuTL!El'lll@]13JW1!1/]1’T1!W]@'§'3116U®\11/]@6U®\1ﬂ?cﬁllﬁgﬂlﬂﬂlﬁﬂﬁﬁ

Taeh

MMNARY uaz ¢, = 1.0
2.3.5 auyAgumIinagnzIngavesnenuieunuuduyialatola

ilesnnaunaineanumsinaanzIngaveanennudounudurialaislla &

(] A w [ :;’ o & 9 qszl a a a ~ =<
lllll'ﬂu%“ﬁﬂlﬂuﬂ\iuuiﬂ!'ﬂu@]ﬂﬂ@]ﬂﬁlll!@]§1uﬂlﬂﬂﬁ1lﬁﬂﬂﬁlﬂﬂﬁﬂTJ%?ﬂﬂ@]Iﬂﬂllﬂ”liﬁﬂkﬂ"l]’t)ﬂ
k4 )
Anuchitchanchai et al (2002) ]’l,??]ji;f\‘lﬁ?JlgG’]ﬁWuﬂﬁLﬂﬂﬁﬂ13$3ﬂﬂ@]tﬁ®\1%1ﬂﬂ1ilﬂﬂﬂ1§1’i@ﬂ

1 2
=< ~

1 ) = = @ A o Y 1
GllEJQma’JG]i\‘l1]1ﬂ‘1/]N’d’JL!‘I/Higmﬂ"]f\mﬁﬂim@ﬂﬂﬂ\i LllEJ‘lJiii]lﬁﬁ‘l/]1\‘111'!1,6111111J1u‘ﬂ’6ﬂ’313J

Y A o IS & 9y o ' 9 o
iﬂuqfu@ﬁu&LUUﬂa’lﬂﬂﬂ§3ﬂ1ﬂ1§ﬂ@@1ﬂ1ﬁﬂﬂﬂllﬁﬁ ﬁﬁmﬂmiuwammmu%w1mi
v A % 1

[ Y v v v Any A
ageegluanyuzdonveuraazvodleaduiuasgl 2.5 Teslilauveunanndou

U 9 AU



226

Y
ANUANIUNAY o »
Wavamavan

wWaa'le
- AUAMIUU
NAN
A4 —_— Y ——
N5INAOUTN D e v
. Auduauiau
Tasiinnuddn

g ANUNTLLE

71U 2.5 wpuiaeImsvaEeIdIvesasinumely CEOHP
o a a a 1 ) d‘ 9 dy
31 2.6 uAAVVTINDINMINATAIZINGA TAgLaAURMIZAIUINTZIMEN 1AUAE?

a a o w 1 9 q'./ a a
Lﬁﬂﬁ] I@]ﬂﬁllllG]j;‘1uell@Qﬂ1ﬁlﬂﬂ%ﬂ%1ﬂﬂﬁﬂiiﬂu$ﬂ]@\1ﬂ’E]ﬂ’JWN?@HLLUU@'H%HQIJQWEJ‘]J@]?]@

a

A

Liteisuldanudeuuanoanudeunvudurialateila arsiiauluneany
Soudsogluguuueslonazdouvounarnzinamsdulunuinnudsgl 2.6(n)
1 v v Y 1
2.l anufeunanennusounvudutareainun¥uises q veoelovyd
< ~ [ =1 < [ @ a
anusa lununugannlasivlesleusagleserniinaui lununuuanaeiu wagina
[ ng A o = v o I~ A d? (X%
myrvuiu luunadales lendruimszmeenimirudifuduneslontvuiaeau uad
NAMILEN0NNNU 1118301015 AHod9InANNa UV I Toda luauns a1 vus s i 9w
yoarodleld Aagil2.6(v)
A 9 9 o 9 o a o A d? A
i ldanudounnneanudeuuvudusiiataredaiuyinvuises o 134
d' [ 1 dgl =K A 9 9
osninanuautanaueInod lor geinauansaeruzussdiivesnoslo1d Wold
v o I~ d‘dw < 1 o [ dﬁl
wiwsnuiuveslenTidnyuzevmdudiuiiszime aegd 2.6a) Tunszurumsiives
' A A Y 1 1o Ay Jd A 1AAa
Tovz hicnsamaoun lunuaunulddnae 11 uadinsiauve unar lnaaswundovediiin
VDINOANT DU
4 (D1 o'/ a Q' -4 a| d a
4. g1 lanudauunnennudounuudularetlamniuldsn Aduveaunalrazina
1 < = 1Y P us.z‘ = <3 Aa Y A
MIsziendNsIas waziuseauloge aulefszmetiulinnus lenAmihgane e la
Y B (dyd ' 4 ] . A
aums lvaasvesvewral Felsngmsaitisenit Usingmsainisnau (Flooding) luiige

a| d 'w [ 1 o a 1 a
Wﬁll"’llf’NL‘Via'JﬁEN?’%}Ni’Jifluﬁ’Ju‘VlﬁzLﬁﬂﬁ]%tﬂﬂﬂﬁizlﬁEJ"I,‘]J%LlWiJﬂ LLﬁg‘ﬂi’Jﬂ’J"m%}f’JuLﬂﬂﬂﬁ

U3 (Dry out) #1931 2.6(3)



227

[ v v ard a
fouveounar  vedlevelewunu Woalesawdidu  Wduaeavial hansuiia

vwil ™ —/\a-

VL

o-pi

Le

TTUTT

_______ N7

) (V) (A1) ()
HAAARMIZAIUTITEINY

lez a 4 J a { a 1

qi,ﬂ 2.7 Lm’ﬂ\‘lﬂ]u@]f]uﬂWilﬂﬂﬂiWﬂaﬂWimﬂ1i‘ﬂ’JM Iﬂﬂm81ﬂlﬂw1$ﬂilﬂmﬁlﬂﬂﬂﬁ‘l/]’Jll

A o ' A a 4 1 qgj A a ard
NAIUNTEINY T@EJﬂ'OLl‘VIﬂglﬂﬂﬂ51ﬂgﬂ1imﬂ1iﬂ’33\luu llE]VILﬂﬂi]'lﬂﬂWii%LWfJﬂlE]\W\lﬁll

a o Y [ 4 v o
mmmmuam\Iammmmﬁmﬂwamummuaugﬂ 2.7(n) e ldanuseunnaiuii
4? a d? = < A d? 3 o o Jaa 9y A
ITNIUINVU i]%tﬂﬂﬂ'lﬁ5$L°HEJQ'Q%JHLL@%IIQN?]’JHJLTJLWWUH AUANUIITUNNTNHNIT U

1T A 1 o 1 & Y o o a| d a I A Y] A
Annums muamile vindudavesilauveuvatas loRatlugadu asgil 2.7(v) iie

ar d d? =~ [ dgl = < A v o Jd
WaﬂJGU’éNLWﬁ’Ji&WEliﬂﬂ"Uu uazummﬂull'e'mmmu%u“laummu,mqmmwwfazﬂuWam

vourad I ienunse lvaasunndaredruiisamie 1818 mlddauveunanfamsaz ey

d‘ﬁ«{ <

S 9 @ o a 1 A ad
Wunauasgll 2.7(n) luvasnlduvouraindinunamssemead lungaduvearainy

a Y o I A a Y OBJI < o A Y o oA
INANITHUNN LS ?j‘]_] 2.7(9) Tﬂﬂmlmmmﬂﬂmmmuu ’ﬂglﬂuﬂ?LLﬁuQﬂﬂﬂiﬂ@’llLﬁU\‘]‘ﬂ

U

NANITNIY

|l

UBDNLYA

7
%
7
%
/

i
i
H
N

v
NN
-

() (V) () ()

Y
o a 4 1
U7 2.7 ugaadumeumanalsngmsalnisnoy

QN



228

UNN 3

ad o A
IBAUHUNINAADN

A Y o A ' 9 o 3 o & P A A 9 =
o limanaassd iy lledngndeaazilszaunaduiaduuedisgaiozdoansuis
o A @ { a a 4
pumsaniums - dulsnldlumsnaaes 3msneass wazmsinIIZERANINAAD
A av dy 1 ax < 1 A ay a a av
1HeI9INMIIVeRAIMNTaNLITMINAdousoNY 2 41 Ao MIVFTI tazmsIve
1INUNIN FIa13005 181U 18azDIARIT
a W a ) \ Y Q‘I a ) d‘ a
3.1 maddafSinaemennuseusuuduriadmeila NanzInga
[ dy = =K A o w o 1 9 elj a a 4{
TudrutiszfnuidvasinaaussauzmsiauveaneaNusoutuuduyialatela «
YuBean3iua1en Tasasiaeu ldainmsiaguugiamendiuiiszime wagduanm
1 [l 1 9 1 9 ) a a 9}d‘ [ v
MmydaneanuiouvesionNNounuudusialatetla moldou luwavesdmilsain
U daveenionnuion @1sihuneluneanuiou uazyudesn1siinu ¥aINNI LD
Havesdanilsaenan nldelaiinaaussouzvewnenuioundl wihmsmaunansng
A2 o w 1 9 o a ) A = 1 2 a o J
YadnaTuIIoUsveIonNNIouLUAUFaa1ella Nyudean1ee Tasmsany s
tegduuums lvamelu Faznanluideds i
(Y] J
3.1.1 Ingiszasnveamsnaaey
Lﬂ' = £ d’d‘ 9 o = d‘d =) o w
3111 eAnEINavYeId s NMeITe N IHa VB IIBEINIABIATIINATNITTOUS
1 Y o'/ a )
YpanoANNIBULIUTUFsIALA8]A
1 4
- yadurIugUIna1
- ANNENEIUTTENY
- FUAYDIATNIU
- YUIDHBINININUIN 0-90 BIA NNUUITSAL
d‘ = o Jan J 9 clj a a d' =
3.1.1.2 ivefinywavesdaus l3avesieanuiounuudusialawila fyuide
MINNIUAE
3.1.2 amlsmanaass
3.1.2.1 fwlsprunu
- gUNUMININY AD 60+ 5 °C
- 9ATEIUMIAN 50% IaglTuassaunelune
- A7WE1IEIUNITSINY AVEIEIUDUIN HAZANIVEIITIUAIUUUY

ANVEANINY



229

I & Aq Yo o Y Y 1 ' A S &
- ?ﬂﬁﬁ'afJLEJUVIGlGUﬁWWﬂJi%“]J']fJﬂ’NﬁJi@ui‘mlﬂﬁ’luﬂ’)‘ﬂlluu 19 UINAUNTUY

tonsaulnanea da31au 50% Tasilsung
3.1.2.2 awlsodse
1 o a a o 1 1 4

- eanudounnuduriadatella sannenewasvnadurIUgUING1S
e lu 2.03, 1.06 1AL 0.66 Uaauas

- ANNEIAIURITEIHE AD 150, 100 1A 50 Haauag

o Aqua J
- a15n1unly Ae 1 tenuea agR123

- :qmﬁﬂqmsﬁmu 910 0-90 DIA1 NAUUITEAL

3.1.3 ganaaai
1 9 o a o o 1 1 o ~
3.1.3.1 mmmmugmuaumuﬂﬂmﬂﬂﬂ NMUIVINNBDNDILLAN !L“]J“]J‘V]’e')ﬂT]Jﬁﬁﬁ

1 4 a A o W ] I~ 1

EUU'IﬂLngJUW'IuﬂHEJﬂa'NﬂWEJGlu 0.66 1.06 Lag 2.03 WARLNATAIUDIAL Tﬂﬂllﬂ\i@@ﬂlﬂu 3 a7
1 F4 4

‘ﬁf] AIUMITLUMY FIUAUIU LASTIUAIVLUY ﬁﬁﬁﬂﬁWNﬁ?Hﬂﬂ?TNﬂ??Lﬂ?ﬁu Uaenades

F) 1A Y] FY £ a d Aa o A Y a

VvInotatenssnannu IﬂEﬂJﬁ'lElﬂWH“Viu\'iﬂgﬂﬂ'ﬂﬂ'JLﬂiJﬁWTV]NWULWfJGlGI)'GI;L!fﬂﬁmil’fﬂi

) o A ] ~ 9 1 kY 1 o A 9 Y

MY LaZNMSITOULHUNDUAINYA AU LaZAULUEIUNITEIHY LWE]Gl“D'Gl‘HﬂT{lﬁ

anuiouTasmsmtionide laih adwaalugl 3.1

Cooling jacket
/-
A A A K 7
0] owner UV
7 //// g 7 utie
% A A .
77 / 7 Condenser section
% 7 7% 7
777 77
. 4 4 # ——
Inlet

I Adiabatic section

/ —r

CEOHP (Copper)

A
+

Bas-bar Evaporator section

! a

-

ot

51 3.1 neanudeunuudurtialaieila



230

1 < o ] [
3132 nasanudy  mnnurudansa Gl‘laflﬂ'iiﬁ!“llf]\iulﬂﬁ’i%ﬂ"lﬂﬂ'ﬂil%lﬂu‘fl"lﬂ

4
AIUAIVUUY Tﬂﬂmmmmﬂa@ﬁuﬂgﬁummﬂnmmmummuu ﬁmﬁmﬂlugﬂ 32

1 9 o a a {a [ I~
31 3.2 neanwsounuudurialaetlanaandosnnuEu

:‘ o as o 1 Aa = Y I
3.1.3.3 UINAUNTY L@‘Vl‘ﬁﬁu.lﬂaﬂﬂﬁ 1“@@]51@'31«! 50% Tﬂﬂﬂiiﬂﬁi Wﬂﬂl‘ﬁ!ﬂuﬂlﬂﬂ

] ' ' o 1 o & IS A A 3 o =X °
I’h’iﬁi3‘].]']Elﬂ'nll5ﬂu%’]ﬂﬁ?uﬂ'Jﬂlluu"lﬂfl\iﬂ']\ﬁ/nwu lﬂuﬁ15Wﬁi]ﬂilfﬂﬂwﬂﬂll“ll\iﬁ']ﬂq -35 C

Q

aaeraslugll 3.3

v '
31 3.3 thnauway ensau lnanea



231

Y 9
v A

[ =Y 3 1 I~ 1 { Aawv
3.1.3.4 unudadaaznagaunennuion Wuununageunldlumsitensall Tae

amnsoasuyudeslumsnadou1dvn 0 59 90 eermaInuuIng auaalugal 3.4

9
71 3.4 unuAnduaznaaEUNOANUS DU

3.1.3.5 s ldun 1 (1,0) enuea (C,HOH) uag R123 (CHCLCF,)

aaaaslugll 3.5

1009832500

v
31 3.5 g i emuea uag R123



232

d d‘ A
3.1.4 gunsanlszneunazinseioia
Y

1 o 2 A . A o 13 o o 1 ]
3.14.1 E’JNVIW‘IZ]TNLfJu?Jﬁ}'E) Bitzer GlGIgf}ﬂ'J‘UﬂﬂJQiLl‘ViﬂﬂJuTﬁﬁﬂLﬂuﬁTWiUﬁUUﬂﬁlﬂlluu

u

4
YoanonuseumnInlsugumvgll Iadwa —10 eerusaiFod 9 30 oA uTaTod AadA

Tugin 3.6

' o <
71 3.6 er01hIAEY

) < ) v Y < ~
3.1.42 w50aldanudon Whunsesis Iianudeuneonuuutazad vl uiiey
dl Y o [ dy [ [ Y c& A -d' dy =1
nlFdmsumanaasatl  Tagordendnmsvesanudiumu i nSesiloNoonuuuiiazil

anueu i 0.4 Trad vaziinszua T 6,000 — 8,000 teudl @uegiuNTL IHan) Horu

u

v
o ! A 1 o

nszua lihgreanudeoundiuiisze manudumuanudeuvesnedelimdiniigi
Y a 9 N 1 1 A 4 a 9 Y 1 9
Tdifaanuiouiiine segungiinmiosasanaanuiouliunnennuiou Av 30 - 470

parIsaITed Aduanlugii 3.7

a8 k.

g1 3.7 1n5eeldAwSou



233

3.1.4.3 n50etiufindoya (Data logger) W0 Yokogawa 31 DX112-1-2 4u1a 12
Fosdyn I H¥mMsInguugil —100 ofisalTed 99 1300 DIAUFATA UAINILUS

+0.2 paraiea auaaalugln 3.8

A o R 9
51/ 3.8 inFeniuiindoya

o v A = Y 9 o A A=
3.1.4.4 w5 luAvia (Thermocouple) 810 OMEGA Type K 145 1AT090UNN
Y Y Yo a oy =] F) 1 ] Il Y 9
"U'E]lulﬁslu"llﬂ 3.143 Gl“]f')ﬂqm‘ﬂ{]ll‘LlTViﬁ?JLEJHL"]HLL@Z'O@ﬂ"lﬂﬂﬁ']ﬂﬂ?]ﬂ!l,uu wazuru s ou

daiszive auaaalugln 3.9

51/ 3.9 med TuAuila



234

a o I P 9 a o Y 1 [
3.1.4.5 gamuasiay Wugaginsainldlumadumsiing whgneanuion

% o J [ @ a o [
@Qﬂﬁgﬂﬂﬂﬁjﬂ {Iﬂqmumu']ﬂ1ﬁ, 197, INIAANUAU LASTIYANTITNINIY ﬂﬂllﬁﬂ\‘]ﬁluz‘ﬂ 3.10

31 3.10 gArdua I

3.1.4.6 9n3aiiadns1ms Iva Be Platon Ju PGB411 anuiuirlumsia +0.1
Vmin Tu%29m39%1910 0.4 - 4.4 Umin danaaslugy 3.11 g msuiadasims lvavesans

3 A Y o 1 S A ]
mawuwﬂauiwﬂ‘Uﬂamwuwmummmu

a Ju o
31 3.11 Himes Indns1Ms Tna



235

3.1.5 TunaumINaaeU
3.1.5.1 pssyasiaudi luneanudounuuduriadatetla Taoldegaduans

a 3 o v A Y o 1 Y a d‘o 1
3.1.5.2 aaasanamoes luadidadinuneanusen  Tagaandmiinsainalnves

\ o 1

9 k4
AIUMTEINY 10 90 AIUAUIU 4 90 LLE]%TJQ”IEJEIWUEN?{’J‘L!?YJ‘]JLLHH 439 NNUUAAAINDANY

9 =

Sounjunuuuduinnuuiunagey Namnsndsuyudesmsiinula 910 0 - 90 eeman

[ 9 v oA 3 A A @ [
UUITEAU WIDUNUAAAIUATOINDIA muﬁmiugﬂ 3.12

Rotameter (D Thermocouples
s NaNWe
_4_@
AC high current supply

Cooling bath +

Datalogger — |
|
|
|
|
=

By

ooooon
Temperature ooooonO
recorder
Processing unit
Temperature I_ ______ =3
detecter
S — u]
[ E
E I

4
S o 0’
g‘]J 3.12 ﬂ1i@]ﬂ§l\‘1’é}ﬂﬂ‘iﬂ!ﬂﬁﬂﬂﬁ@ﬂ

3.1.5.3 mmfinsaasaaomos Tudidla Adumisvishuazvesnveandaady
wazdyanannyannmes wiliTavzaedduniouaama eiudeyailyTiasey u
Funouse’l

3.1.54 UsTIATHaeliy @hnaunay ensaulnanea Tudasidn s0% lag
U51na7) aslusreiudu Waainderasiuiu

3.1.5.5 Waadadyalianuiou

3.1.5.6 MUANQUHATVDITIURUIUBY TUFI1 60+ 5 °C TasmsUsugarigives
siudu uazdnms lnavesamsvaedu

3.1.5.7 ieszuuinganizasia dimstiufinguvginnge uaziaoaiinslva

q

v
a R

1 9 9
ﬂlmmﬁz‘uwmm%'auﬁmummmu i]WﬂﬁuGlﬁ}ﬂilﬂl%j@umllﬁullﬂﬁ?u‘ﬁ”Iﬁszl Tagns

] £ '
YsuussauTihveuniodlianudou  dimsidaunsensguuginanevesdiuiszime



236

£ A oa/’ A A dgl (] <3 =& = 9 Y a o
NI9PA NIOMIMUABWNNIUDINITIAGY Faaaadamsdnlndanizinge uagsimsm
@ 1 1 9 d’ dy 9 d’

BRI IMIdIDIeANUIoUNTAIZY Taldannian 3.1
3.1.5.8 11A1QUUANAINLANANYBIAT5ZUIOANNS DUN VI AzREN  NdIU
v lannniestiuiingungil wazdasimslva s wramanuuiuauiou
v v b4 1
Ingalunnazmanaaevlasldaumsini.2  Himsnaaesdidiuin 3 asuiiedudunams
NAdoL
4 v
3.1.5.9 WimInageuviennuseuduasy  Taglumsnaaeuneniusoutivezisy
1INYUIBBINITHIUT 90 B9F1INUUITEAY (Bottom heat mode) 1a11/5uanasnaz 10 pam

QUﬂizﬁﬂﬁﬂgNﬂ1iﬁ1ﬂ1uﬁ 0 94971 (Horizontal heat mode)

33 a d
3.1.6 YUADUMTAUAIICHNANITNAADY
a 4 1w 1o a a
3.1.6.1 fﬂi’Jlﬂ‘iW‘HGflj’é)yﬁ@U’E'NﬂTE)GI‘51ﬂTif:T\'iﬂWﬂ’ﬂﬂJ%ﬂu’)ﬂi}ﬂ’)tﬂﬂ%‘l’ﬂﬁMﬂﬂﬁﬁ1

MonITIMIaamenNuTouInedd calorific AIUINIINANMNT

p(Toul _‘Tm) (31)

c

A0 9AI1NMT IMATFINIAUDIAITTSUIIANNS DU

' o 1T 3
ﬁ’ﬁ) ﬂ’lﬂ')’lll%qﬂ')’lil%}f]uﬂ'ILW'IZ"U'EN’L‘T'WW'@@LEJH

=m
p

0 C

& .
¥\)3) m
C
(T, ~T,) @0 ANUUANANUDIGUUYNVDIAITTZUIBANINS DUV LaZU100N

1 < . ]

VOINABUTUNTIUAIVLLUY
d‘ d' = 9 ] o 1 o d’d 1
LWfJ“VI‘D&‘VIiTUﬂ\‘INﬁ‘llf)\‘]‘llU']ﬂLﬁuWTUﬁu&ﬂaNﬂWﬂiu ANUINITIUMITSIHY NUAD

A o ' 9 2 o o 9 1 Y
VAINATUTTIDUSUDINDAINUIDOU mmufﬂmwmzmmWaclugﬂmmmmwumuummiau

94 (q) ueraalugunsn 3.2

q. = _L (.2)
D, L.N
=) [ 1 1 9 a
19 0. 19 9AIINITAIDYANNITDUINGA (W)
A 9 ] 4 1 Y
D, D VUATUAUAUINANNIGUDNVDINDAINIDUY (m)
A 1 ]
L, 19 ANVYITIUAIVLUUU (m)
A o 2 z;‘ 1 9 A [
N Av 91U TAREIUDINOA NS DUNTIUAILIUY



237

o 1w 1 1 a { o o 1
GhJﬂ'lﬁﬂWu’Jﬂ!‘WWﬂ'lfJﬂﬁ1ﬂ']3ﬁﬂﬂWﬂﬂ?WﬂJ%@H?ﬂﬂﬂiHﬁNﬂWiﬁ 3.1 ’mgﬂus?fmmmm
[ 1 <3 1 a
GUfoWI'i']ﬂ']ﬁulﬁa"ll'ﬂﬂﬁ']ﬂ’iﬁﬂ!ﬂu LlagWaﬁWQGUfNQﬂlﬁQiJ‘lﬂL‘lahllﬁgsUTﬂﬂﬂellfNﬁ'"lﬁﬁg’U'lfJﬂTliJ
Y T A o KX 9 <3 1 A A @ 1 o 3 o Aa
IDU Iﬂﬂ@?ﬂ‘mﬂmiﬂﬂﬂuﬂﬂﬂlﬂgﬁ ST UIUATOIUDIAUAASAIUUISUATAITUAANDTIAUD

v
A o

] k4 9
nioliodaegate auiumaIMsdiniennuiouIngaidiuan laiuidimanuianaia

Ce

1 2
A8 FIAANUAANIAYDIBATIMIAI0eANNTBUINgAN NI IRV INENNTAI]

P 1/2

2 2 2
do = (@dmj 2 | | Lar | ] Lar (3.3)
om oc, 7’ oT oT,

out n

2

4 1 < 1 { o 4 8 A 1 [ 4 {
ieanna1 €, illud v lino —Qde NAUMIAUAUY A3 3.3 99
ac,
angilimie
2 P ) 1/2
0 . 0 0
d0=|Lai| +| L ar | +| Lar (3.4)
6m a]—'out a]—;n
A A 1 a A A v
e dQ A MANUAANAIAYDUATOIBIA
. A 1 = v o
diin v AINWAZIBEAINMTIABATINS I1a

3

drT,,, waz dT, Ap AANNAIDEAIINMITIAQAIKN

out

3.1.62 Mmivaneranls 155

Y]

A I = = ~ AN A o 1
mmmmﬂumiﬁﬂmmwamawmam‘nmawmﬂﬂammuzmmmmm

Y o a @ Qle 4 o w [ ] Aan 1 wva
iammuﬁu%u@ﬂmﬂ @Nuulﬁﬂ’ﬂgﬂWﬂﬂNﬁﬂJ@\?:ﬂﬂﬂﬂﬁNﬂ IBU UAUDIND ﬂmt’fﬂ\lﬂ@lﬂlﬂﬁﬁ'ﬁ

[
aA

o < 9 1 9 9 o . [ J
NN L”]J‘L!GI‘L! T]Nﬁﬂﬂﬁllﬂﬂ'liﬂ'l‘(’ll‘ﬂﬂ’l'lﬂiﬂu %x‘m@ﬁ“mﬂﬁNormahze BAIINITIDNYINAITY

v v 1

Yy a { o 1 Yy a { o
if)‘l!’;ﬂi]@lﬁighlﬁENﬂﬁ‘m\ﬂuGlN@]ﬂ‘]J’EJGlﬁmiﬂWEJmﬂ’JHJiE]u’mi]@lﬁlqmm‘iﬂNTu 90 83

Y 9 9
aadulumsdnsigrdaunls 135 Seeglugilves L Yoofiaumsdai
¢,90

0.  Thecritical heat transfer rate of inclination angle

= - : — (3.5)
Q.o  Thecritical heat transfer rate at vertical position



238

Ay A Aa o d Q’J
32 myuBumn  Jagmsanvugaiadvesyluuumslnameluneanuieunuudy
1) =) ‘ﬂ' )
yiadaeila Nan1zinga
= % o 1 9 o a a\ ~
msAnuFaimivesgluuums lvanmeluvesennuiounuudusiinlateila
a 4 a a { o 1 [} 4
ANNI2INGA MDA UHAVBINMIINATN1IZINGA NNDsIMIHInua1e Taeingilszasd
=% dy
VOINMINAADINAIL
[y Jd =
3.2.1 Jagiszasnvaamsfnyn
A = 1 9 M) A A a
3.2.1.1 wieAngUuuums lvameluvesneanudounuudulawilananzings
A = = a A ' v M
3.2.1.2 iofAn¥IDIHavRINBes Nldegduuums lvameluneanuiounnudu
yualarwile Nnanzinga
A = Aa o P o Aa A o w 1 9
3.2.1.3 WeAnyUFINmiNgINUNA 1NMTINAIANNATUTIOULUDINDANT DU

suadursialaeila Nan1izings

3.2.2 éfmﬂ{lumi‘nﬂam
@ ) v o 1 9 o a S 1< 1 Y Aa
3.22.1 aﬁﬂmmmﬂﬂgﬂﬂﬂﬁauwamm’i@uLLUUﬁu%uﬂﬂmﬂﬂﬂ Lﬂu‘ﬂallﬂﬂ‘ﬂll
Y 1 4 < a a
"Ummﬁumuﬂuﬂﬂmﬁmﬂmﬂu 1.0 tiag 2.0 Waaluag

(% o

3.2.2.2 Taqdmiuiyalnanudounazyaszuioanusoulduruneuag
3.2.2.3 91391911 7B R123
3.2.2.4 ANNINAIUMNTLINY (Le) AIUAUANNTOU (La) tazaiuadiuuidy (Le) 3§
VANUN 50 1AL 150 Naauas
o 9y dy A 9 dy
3.2.2.5 17U TAARSIVOIEANATDI AD 10 1AAAYD
3.2.2.6 41083 7 A1 A9 0, 5, 10, 30, 50, 70 11AZ90 BIFAT IAINUUITZAY
[ a o a £ & VA
3.22.7 dasimsuaismanulszana 50% Teedsuies  sedlumimanzauy
Smsumaianuveaneanusounuudulasila
3.2.3 yANAADY
1 9 o A A o ' Y} A Y P
3231 veanuiouuuudulaedlaniunanmeund  AlvINAEURIUAUINa1

v
a a a o 9y Y o a Y 9y @
msﬂu 1.0 1 2.0 aatuag Iﬂﬂﬂgmi\lﬁ1iﬂ1\ﬂul"u1U],IJLlaﬂﬂ1ﬂ15ﬂ@ﬂa18ﬂ\1ﬁ'ﬂﬂﬂ1u ANLLE AN

Tugi 3.13



239

Water jacket
A A A AR
I N
Outlet Nz o
7 f 7%

7 .
77 % Condenser section

%
.
7 7
77 7

Inlet

—

Adiabatic section

Sl
o

datstorntetetoset

5
o2t

Q355

—_

otete

I
OIS
oo
X
RRERRK
otetetel

Evaporator section

%
3
%X

5
5

EIRKIREK]
o2

2
358

%
2t

2
8
K

uv'

R
K
020860008t

55
oo
K

o0
o
e oe00000000%0%°
Soteteteteletetels
—

-

5
X
XS

%
5
<

<5

CEOHP (Pyrex glass)

Copper heating plate

51 3.13 neanudounvudurialateia

¥ ) o ' ' A Y o v
3.2.3.2 Gljﬂﬂlﬁﬂﬂmiﬂu MUIVTINLUNUHNBDIUANLB IS TN NOFINWVINUNDANUID UL

) I @ Y 1 ) @
du wag fludldanudoununeanudounuudu dwaaslugl 3.14

Copper heating plate

Heater

N

100 mm

| |
\ 390 mm = >’—'<1 0

Front view Side view

31 3.14 g Tvianuiou



240

Y o ' o Yy A 1 o &
3.2.3.3 YATTUIYAINUIOU MUIINLRUNDILAY ndsenuuaureunerindunszithe

9 ] 1 =) ) (% 1 <3 9 [
szneaNuTou luaIuAIVLUY IﬂfJﬂJEﬁTWﬁUﬁ'ﬁwaﬂlﬂuqﬁalmT@@ﬂ ﬂ\‘]l!ﬁﬂ\ﬂugﬂ 3.15

Outlet water Inlet water

'/ o o o / J

I

14 T
O O i

Copper jacket
N 70 mm
|
10 mm
Front view Side view

1 3.15 gaszanennuiou

o d' a 1 9 a'/ d‘ 9 A [
3.2.3.4 msmaunauluneanuseunuudunlslumsnaden e R123 daaaslugil

3.16

71 3.16 M3919114 R123



241

v

1 a oa/’ [ I~ [ H Aaw Y
3235 unuaadaaznaasunonnuiou uununaceunlelunisiseaseil Tae

e

amnsodFuyundelanin 0 — 90 oven dauaaslugy 3.17

ﬂé}mdwmw{jq YATYLI0ANT OU

- I:K]

==
AONNUADS 1 [

EANAADL . R
— 5 ’ ATUNNYUHYI

q

D

o lianudouun I

4 1
51 3.17 gulnssitlsznouuazyanaaeunen i ou

d d‘ A o
3.2.4 ginsanlszneunazinieioia

v

1 ) < { . A o 13 o o 1 1
3241 GTQVIWﬂ'JTMLfJu?Jﬁ}’E) Bitzer Gl%ﬂ')ﬂﬂl@ﬂlﬁﬂi]u"lﬁﬁﬂlﬂuﬁ’]ﬁiﬂﬁ?‘Hﬂjﬂlluu

QU

k4 9
yoaonuseumnInlsugungil ladwa —10 srwaiioa d9 30 esruwaITud A

a

g 139 20 ossaaiFod naaslugil 3.18

u

HAAKE _ Cd1l

- __ o o <
E‘]J 3.18 1M ANUYY



242

3242 wiestiuiindoya (Data logger) %0 Comark M C8510 A 10
Fosdyn I UFINMIIAgUKN —100 osfuTaTed D9 1300 DR UYAFOT UANILUG

+0.2 paraiea aquaadlugy 3.19

A o R 9
E‘]J 3.19 NTIVUNNVDYA

] v 9 ] Y v v
3.2.43 nFesaiminuuuaziden 8¥eo Digicon 1 GL Hyrsveniminfazds

= 9 o g) 1 < [
0.005 D13 9.990 kg 1¥lumsanravenimaniou aweaaslugi 3.20

A 42 o a
qﬁ,‘]J 3.20 TN BIUINUNLVUASIDYA



243

Y A v od Y 1 o o 1
3.2.4.4 NABIANAMIEHO Sony DV cam §1 DSR-PD 150 P taud Ivlfa 12 111t
avmoaldtunngduuums navesdruiszmenazdiumuuiuues  Neanudounuudy

auaalugl 3.21

aQ

%

71/ 3.21 ndpa3Adiend

3.2.4.5 NABINIUAINTAINDA 81O Sony DSC-F 707 ANNazdea CCD 5 aw
a o [ 1 an Y [ 1 o
wna aud e 10 v vuudieealdlumsnienmyluoums Tnavesdiuhsgmeuas

daumuuiuues veanuieunuudy awdalugy 3.22

31/ 3.22 ndosmennileAdnoa



244

1 a v o X o R A a d?‘
3.2.4.6 wHuAATNT vinaawy 1.4 GB I lumstiuiingduuums lvannayuly

noanwiounuudu auaas 13lugl 3.23

1 ad o J
31 3.23 uruAATIRI

o das le J
3.2.4.7 Tnsimidove 1vC vwia 21 42 1FlumsdAnezduouns Tnavesviena

Sounnudu dwaaalugy 3.24

g1/ 3.24 Tnsieid



245

3.2.5 TUADUNMINARABI
o 9 ' Y 9 a o
3.2.5.1 v3syansianluneanusoulaglsgaanasniau
3.2.5.2 hmsilszneuganageudinuuiunagouaugli 3.17
a Qa’/ J v A o ] ' Y Y A o

3.2.5.3 aadedames lwaunla 4 yaludwmisvearulinnuioundiumszive
ioiamanszaevesguugi 2 yaludwmvisemaduazesnvesnsziuhzszuieanudou
Tudmuuduiomamsmomanuiouvesneanudounuudullaella uazdn 1 99
a 2 ) "y Lo )
AAAININAIYNVBINBLNY TUEIUAUANNIT O

iy " < A qu v

3254 visphazeinadlussianueusduie 14 lumsszinenuioues
1 ] Y 3 a a 7 4 o < A o <
daumuuin waenmindagIndaiesimnuey  wezaruguemngioiinnuu’ll
{ v qul a s @ 3}
1120 eeruvAITed HaenINuaNdInINdRTINT lnavei

a a 4 a :JI 1 A

3.2.5.5 Wagindgalinnudou Taosulianudoudua 30 asruasadoand iy

b4 A 4
AguugNIuAsIay 1020 osAuraBed WasnniuseliszundIganIzAdd  Tuiin

v o

Y
a a o 1 a3
Qﬂ‘!ﬁ'ﬂ‘lilﬂﬂFt]ﬂl!a3'Jﬂ'E]ﬁ5Wﬂ'lﬁllﬁﬁl%\‘]u')aell@\iuWﬁaﬂlﬂu

q Q

3.2.5.6 mInenniis waznmdanieni 13 nazdunaggduuums Tva

9 Yy 9 ]
o o =

3.2.5.7 inngavglvesdIuiszmedu uazididuaoun 3.2.5.5 - 3.2.5.6 aUNN
[ <3 4 Y d?
drdunAr LN MIAINITURITY
3.2.5.8 MmsnageunenNnuTouuuuduIuasy Taslumsnageunennusouus
Y v '
azvouy wiminadeuiyudesamstinuiiyudes 7 A1 Ao 0, 5, 10, 30, 50, 70 1AZ90
09711 TIANNLUITLAY
o 1 a 1 oy 1 < 1 [ $
3259 hmguvgiuanasvesimasduvudi-eonludiuarumiuildoinms

a

grunnnseiuiinguugil  wazdnsIns lvawdamuud Tduvesmsoemanuiou

Y
v

Yoanen1Ns ounvudurialatetalunaazitou lumsnadou
o a 4 A ad v da Y Y
32510 Wmsaengda e waznmdadiminawldanmaneass a7
nSeuiiounavesgungiaiiiszie mavesvinaduriuguinatineluie wavesnw

endiseme  uazHavesyuidesinaaoguuums naneluvesnennuSounuudu

rHalamedananigmsinauinga



246

3.2.6 PuUNOUMINATIZHNAMINAADI

o A Y = = [ = A A d? 1
3.2.6.1 HTNaﬂTﬁVIﬂa@Q‘VIUlﬂ "lﬂlﬂiﬂﬂlﬂﬂﬂﬂﬂﬂf]ﬂaﬂlﬂﬂﬂTﬁulﬁﬁﬂlﬂﬂﬂluﬂﬁﬂuﬂ@

Y o Ay AxYo Y1 y & A4 4 =
ANUIDULVUTU Lmzﬂm’mEJTI?JNTanhl’Jﬂ’Eluwu1u LW@V]ﬂgﬁﬁ;ﬂWaﬂQEﬂLLUUﬂ1jllwaﬂ181u

u
]

1 9 u'; =Y = a d' Y a 4 4
youeanuieutuudulawllanannzings  Tagwadl ldanmsdmaiziisngmssinig
1 9 o a a = [ 1 A
Tnameluvesennuiounuudurialmetaszdoiniumavesglunums lvanuuaiegn
linaseanngIngavesniennuseuuudulaisila

=2 a a 1 9 q'/ a a d‘
3.2.6.2 ajldedungueamsinaan1izIngavednionnusauuuudusialawilan

a a o ] 4 1
navInHaveIgurgldIuisze  mavesuaduiugudnatneluve #aveInINE
1 o = AA J 9 M) ) A
dauihszine uazwavesyudes Adegduuums lnanmeluneanuieunuuduilarwilan

ANILINGA



247

uNnn 4

J
NANIINAGDY 1aZINTAUNANINAADS

1 I 1 1 1 I [V

namsnaaesansoutseendu 2 dulvge Tasadmusn umsAnyguanyauzms
deoneanusouvesenuoutudusialatella Nanzinga Nyudesass wazdiu
A I = A A o w 1 9 o a a ~
NapullumsfinyiaungmMsinevasINaaNssouzYoIaANNIoUILUdUTIAla1ela Ny
= 1 =2 a o IR 2 09/} 1 dy
Peeang  TagmsAnyuFuimingluuums lvamelu  Fawamsnaassnniaesdiuil

o ° Aa J 4 o o w 1

awsoinnldlunmsadwuuudeesndamans  eldinneladnaaussouzvesonin

9 e’/ a a d‘ = 1
Souuvudurialaeta NYUIDYIAN

4.1 paan¥azmsaInenNNdauveseaNuSeunuudulaEla Nanizinga

4.1.1 wavesganQlaIumszive Nan1zIinga

v
1 S 1 o

51 4.1 memiﬂizi]weumqmwgﬁﬁ’mfmmuwﬁznfiﬂmmﬁamm%’ammu

v
[

wrilalamela Falvinaduiugudnarnely 2.03 Tadmas anuendushszme 150
Gadwas S lduden 10 TRuder Mo R123 fyuiBeamsrian 40 eem

1031 4.1 WuN el euuddniszmaiiniuiiaz ey (Tasmsisy
Tradnunasselifhnssuaga usesdud) Wonawiuly sufararit 33 widi usedullih

4 Aana 1 {1 o A 4 1 < 4 (% ) o
110 T7aa QﬂlﬁﬂllN'J‘Vl@ﬁﬁ'J'L!‘VI13&??8‘03!1"]1]%1!@81\153@!33 Lﬁm%mmmwu%ﬁmum

@

1 a o ] 1 1 1 o [
szmeling Inaduilavue unarnruuduaindruaruuuula bignse lvanduasunds

1 o 9 1 = o Y = 1 [ 1 o =K o Y a 9 A
ﬁ?lu‘lflﬁmﬂﬂvlﬂ@EJNWﬂLW‘(’J\‘i °v1ﬂw”lummmmmmﬂmmumﬁzma ‘ﬂ\'ﬂ/lﬂﬁl,ﬂﬂﬂﬁlmﬁﬂ

=1

2
vudImvesdIuisEe Tasfaafiazdonndn “an1ginga” 3o « IadNAaUTIOULVDT

a

NnoANuTou »



248

200 -
« 80V 90V 100V e 110V 120 vV

——Te1

|

——Te2

Te3

[~

\ —H—Tes

/ / ——Tes
ey

— —t—Te7

o
S

Evaporator Temperature (C)

|

—_—es

Te9

Te10

0 10 20 30 40 50 60

Time (min)

31 4.1 ngaamsnsznevesgurgiiimendmtszmevesioanudounuuduriaatella vuaduriu
Auénans 2.03 Tadwas ANweEIMTIZINEG 150 Haawas

° y & v o a = o
mmuimmm 10 IﬂQLﬁU’J AN R123 NYUBYINITNNIU 60 93F

Myudsanmsiinuesguuin Weldanudeunnaiuiisgive guugiiAave
1 o A d? 1 Y ~ A Y Hq Y o A
YOIAIUMILHBILNVIUADIV 1 AINMUMTINANNTOUN I UAAIWT 2 119910
4 ' 4 ]

lutlveurarnumiunndiuaruminliiedsduiszmeswaizudu daiuie i
9 (] Y AR A dgl I ng o A dy a 1 L. .
Founnnoenanuiouguugidunuvmiuruiulalashan1iziiaziioan “nitial  Dryout
naneaagll 4.2

250

50 Volt 60 Volt 70 Volt 80 Volt 90 Volt

200

150

s dm

KOO

oS T AAADS,

100

Evaporator Temperature (C)

0
o

0 500 1000 1500 2000 2500 3000
Time (Sec)
31 42 ugaamsnsznevesgungiivendiuitiszmeveanennus eunuudustialaela vuadurin
o a a [l o a a
AuinNaN 1.06 Naamwas ANNENAIUIMNTLIMY 100 Haamas

o v & v A o J & = o
mmuimmm 10 Tmmm FITNINIU U NYUBUINITNINIU 20 93



249

=~

4.1.2 wavoayuidesninedasnaaussouzveanenNuiounuudurialateia

=<

v Y dy 1 =S A1 A o W 1 9
Tuiadetivznaniwavesyudessniaeladnaaussauzveanenduioy
o a a d'dyd o w 1 9 ' !
spudustalaetla Tavlunfidadinadussauzvoanonnuiovaznanlugluessinim
v Y 9 ]
wmuawdoudnga Tasimsnaaesluuayuideinmsinuaziinimeased 3 a59 o
anutgenovesdoyan Id awaaalugl 43
1 1 1 9 Aa A0 A d? I
1zl 43 wud snnumueiuanudeudnga Taunudun 7,802 i
o 4 o A g Y
13,615 Jaaaomstaunas Weoyudsamsiinuaaaannyulunaatiuyy 50 8 waawn
Qaj 1 ] a ' | v Jd !
1 manumueiuauieudngaziiaianacnin 13,615 11 1,805 Tadaearsamas iile
[ 1 ] a Y
yuidesaaaanyy 50 oarily 0 N uazlimAanunuiuaNieuIngagIga W

13,615 SnAAomsmAT Nyudoe 50 e

16000

’m
12000 &

—
£
; 8000 \ 4 S __'
e
(=2
*
*
4000
(4
@ Experimental
M Katpradit et al. (2005)
0 T T T T T T T T )
0 10 20 30 40 50 60 70 80 90

Inclination Angle (Degree)

51 4.3 ugasnnuduius szrhauBssmITthOuiuANUMLLLHUANL U INgA YD
q'.l a =Y ] 4 a a
anudounuudurialaella vinaduiuguanais 2.03 laawas

1 o Aa A o Y d,; F2 dy
AIUYNITIUNTELVIY 150 Uanluag mu’nﬂmmm 10 Tmmm

A o 1 ] 9 a AN Y o = =

Wehmanumuuiuauioudnga 1 ldanmnaass vimslSeudiou
AUAIANUHUIUUANUSOUINGA VDI Katpradit et. al. (2005) WU NYBoINITHIU 90
9991 UAINNUADAATOUNINY 3 % Hazyd 0 0IA1 UAIANUADIAAADUIINY 15.9 % B9

VY 1 A A A A Y
llﬁﬂ\?’J'l"UﬂjJ"ﬂnﬂ"]ﬂ'liﬂﬂa'ﬂ\ﬂullﬁagﬂﬂlﬂﬂ\iﬂﬂj'lml‘]fﬂﬂahlﬂ



250

ioannluusmazmInaaesazinnuuanaanuluiaveans  a1siaumelu
d! = 1 1 9 Y] QBJJ d’ d’ o W o [ d‘ 1 I~ Py
Falimaaona lnvesmsniemanuiou  auiuienaziiailvteinanuuiuilsdsuveyn
= ~ [ = o I 9 o . o 1 v a A =
PUNDI1UATY 9231 UADININITNormalize BNTINTNBNANIOUINYANYNIDHINT
A iusasimsniemanuieuIngayuniniay 90 o (O, /0,4 Aauaadly
51/ 4.4

9

o Al oA = I A =S o
N3 4.4 WM O, /0., HAuiuIuNA 1y 173 eyudeamsinuanag
IS 1% qs;l 1 = IS A
1AL 90 Baruluym 50 83 NANINHY Q. /O, 4 lA1anadnn 1.73 1y 0.23 e
2 < £ 1 Y 1 o
HUBBIAAANIIN 50 paA iy 0 99 Gﬁﬂlﬂuﬂﬁ%Wﬂﬂ1LL'§\TI‘L!3Jﬂ’J\WHMLu’JLLﬂu"UENﬁﬁ‘Vﬂ\ﬂu
1 Y A ) v oA A 4? 2 o P A
afa LmﬂWﬂ’JﬁJLﬂumE]‘LlGUEJQﬁﬁTﬂ\ﬂHﬂﬁ‘]ﬁJﬂHWN"Uui}\ﬁﬂﬂﬂ?ﬂ Qc /Qc,90 P SIS N § Y3 bt
v Y A = & A 2 g
WUNAQO, /O, 5 GIEA 1NNY 173 NYUOBY 50 DI FIUTAINNYUDBIUUANNANAD
5$W'JINNEIGU’ENLH\?Iﬁjﬂﬁﬂﬂﬂlﬂx‘]ﬁﬁﬁﬂnu LLﬁ3ﬂ"lﬂ’ﬂll!i‘?])uLﬁ@umﬂﬂﬁWiﬁWﬂWUﬁﬂﬁWiﬁ!ﬁﬂfﬂi
Y WYy 1A A
Llﬁﬂhlﬂﬁlﬂﬂ’ﬂﬂlquﬂuc]

2

1.6 4 *
*
1.2
8
< . °
> M
(¢}
0.8
*
&
0.4
*
<
0 T T T T T T T T )
0 10 20 30 40 50 60 70 80 90

Inclination Angle (Degree)

4 1 ~

7 4.4 naaannuduiisssninguBsImITnuium O, / 0, ,, Voo ouuLUTY

a
4 a

yiiaaetla vnaduruaudnae 2.03 Naawas ANeIEIUITEHY 150 Haaag

U

9y Y
o Y Y
uulduae) 10 Tauaen



251

4.13 naveanenduissmeiidetasidaaussouzvesion o Uy
SATCELRER
lumsnaaes ANveM@IUIITEMILAZAIUAIUUUUIAWNNUNNY NS
naaed e limanuuiuadeudaumiu navesnnuemdiuihszmeiiide
anurduauseundaslugl 4.5

16000 -

A
A
* ¢ o
" * i 2 A
A
12000 * * A
5]
5]
*
~ A = °
NE -
S 8000 | * *
56 A 'S . 8
o
A =
L R 4 :
4000 -
5]
* ¢Le =150 mm
‘ @Le =100 mm
Ale =50 mm
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ : :
0 10 20 30 40 50 60 70 80 90

Angle (degree)

51U4.5 uaaswavesnnuendwhszsmeniiaeanuruiuauieuIngaNyuB e A1
1 o a =S 1 4 a A
Yoaeawseunuudurialaretlavnaduriugudnats 2.03 dadwas

o 9 dy 9 dy o
Nuulduaed 10 TAuden a13nau R123

1ngl 4.5 wurwr Tduvesanuruuiuauseudngd awsouela 2

' A 1 = o & = Y1 [ dy A
F9 AT NHUBEINIINIY 70 — 90 8481 wazyn 0 03N FavzwiuldnTugeil Woaiw
1 o s Q' d? o Y ] 9 a ad d‘ Y
gdmiszmeliaunuay s limanuuuiuanuieuingdtiaianas  Tagkad 14

I 1 v 9
doandoanUKatpradit et. al. (2005) Fa13005119189 Honnuea NIz veEiNATY

rAa 1

’ Y IS dg/ o Y A 1
mwaiwmumﬂaﬂeummanmu 1/1ﬂwmmma’magﬂmiﬂﬂmmw’m%uammmm
1 <3 A Y (BRI 1 Y A [ :;}
ISINYDYNIIALTY uazﬂaﬂamaaum"lﬂqmummmu“lﬂa”m GINIUU ﬂlﬂﬂ!ﬂaﬁ]ﬂ1ﬂclu
1 < 1 ] Y ] [l
1/‘]?)\1“1?)5]358!,14ﬂﬂﬂTﬂﬁ?ﬂLi?Q’ﬁ’JUﬂ’JﬂLluutlﬁﬂmﬂﬁﬂTﬁ”114aﬂaﬂﬂl@ﬂﬂ]@ﬁlﬂﬁﬁﬂﬁﬁuuuﬁﬁq

1 o 2 o Y a Y a 42’ 1 1 R o YA 9 a
AIUNTELINY iN‘VI'Il’VfLﬂﬂﬂ'li!l,ﬁxﬂﬂﬂ"llux‘]1ﬁlﬂ’J1iN1/]ﬂ°Villﬂ1ﬂ’ﬂl|°ﬂ1ﬂﬂ’)13ﬁ€]u?]ﬂ€]¢]aﬂa\1



252

1 % <3 1 { 1 o 1w
‘]f'NN‘iJL%EN 10 — 70 ®3M “dlﬁFﬂzlfl"iuulﬁ')']ﬁﬂ'ﬂllfJTJﬁ'Ju‘Vl’lﬁglﬁwanﬂ‘U 100
Y v v 1
mm. HudmanumuiuaudeuInga A1n11NANNEI 150 mm. F991992uaaInlurg
9 k4
Hanuendiwisaveiu lilnadennumuuniuanuioninga

v o ' o [ ! 1
qﬁj‘}J 4.6 LLﬁﬂQﬂ’J”I?Jﬁ?JWH‘ﬁﬁ3‘14’31\134“&%8\1ﬂ13‘1/l1\111‘!ﬂﬂ Q/Q NANNENITIY

¢, 90

MI5LHE 50 100 wag 150 Naaluas

2
1.6
—d
S 1.2
(5]
¢}
\U
0.8
(@]
V' N
0.4
A Le=50mm.
B Le=100 mm.
0 4 Le=150 mm.
0 10 20 30 40 50 60 70 80 90
Angle (Degree)

51 4.6 wavesnNueNIEIRTZIHENTiAD Q/Q, , NNNBEIANYBIIDAMUS DU DT

¢, 90

a = 9 ] 4 a a o k2 dy 2 dy o
%u@ﬂmaﬂmmmﬁumug{uﬂﬂmﬂ 2.03 Haawas uIUlAu@e 10 Inuae) @15hi1au

R123

<] v 1 o = A
i]']ﬂ?j‘ﬂ 4.6 fﬂzmumuuﬂuu QC/Q ﬂlﬂﬁnﬂﬂ’ﬂllﬂ?ﬁﬁ?ﬂﬂ?iglﬁﬂﬂ\lgﬂlﬁﬂ\lﬂu

c, 90
= 1

@ N @ { 1 o <} J 4 1 o
sralindunilouny uali QJ/Q, ,gedaiiyuBsIiY Tageziu WeanueIaIu

A 4 I Aa A v 1 A -4 4 ]
FURBINALIN 50 11U 150 Hadwas A1 Q/Q, ,gigalANNNAIY o119 INANNEIAI

o ddy A o Y o Y Y 9 A 1 o
‘V]"I’izmEJfJ"I’Ji]311‘WL!‘V]i']JFI’J”IiJiE’JuﬂJ"Iﬂ‘VH(lﬁﬂ”lfJﬁ/]ﬂ’J"lﬂJii’Ju]lﬂq\iﬂ’J"I‘V]ﬂ’J"IiJEJ"I’Jﬁ’JHTHi%MEJ

Il \

du Tasa1 Q/Q, ,,gIgaNANIAY 1.25, 1.39 ag 1.73 mua1aL

¢, 90w " a



253

1 o 4 1 0o w 1 u'/
4.1.4 wavoudurugudnanmeluniisetainaauisouzvosnonNusoULLUTY
¥iatlaea
I 1Y) @ 4 1 9 1 4
51 4.7 Wunsmluaasanuduiusssninvinaduiiugudnaranigluveg
neawiou NuMANurLILHUANNToUINgANYNBINITH1INIUA1T YDI0 CEOHP 1)
@urIugUdnane 0.66, 1.06 uaz 2.03 daawes  uaziinnuenvesduRITHMe 100

Y Y
a a o <3| o
Haawas sunulduas 10 Taden 14 R123uansiau

12000 4
*
*
10000
. i S
*
8000
E
S 6000 *
e ]
J [ |
T ] -
[ |
4000 + ¢
* [
(]
2000
L 4 &D=2.03mm
Initial Initial Initial WD =1.06 mm
Dr\‘lout Dryout Dryout D =0.66 mm
0 10 20 30 40 50 60 70 80 90

Angle (degree)

9 1 4 1 Y { 1 1
E“]J 4.7 uamwaﬂlawmmﬁumug{ummemﬂumammmuﬁﬁmmmwumuu
9 a d‘ = ] 1 9 q'/ a a
AITHIDUINGANHNB U AN 611m‘wamma@uuuuﬁu%uﬂﬂmaﬂ@1

Y Y
1 o a a o 9 9 o
TasiianuenvesaIuiIseve 100 Jaawas uduIauas) 10 19a@e) asiau R123

v 4 [l
AMNMWANTINAABDN NUN mmmwmuuumm%I@uaﬂfmﬁumTﬁlmwuﬁmﬁmﬁ}umu
4 A -4 ] { o o 1 4

quinarmeliiugliu 1wy Ayudemsiianu 70 0amMLUITEAY WU Wevadu
[ 4 A dgl I o Y o ) Aa A d%}
NWH@H&ﬂaWﬂﬂ’]ﬂiutWNﬂlu%Wﬂ 0.66 111 2.03 ‘i]g‘Vl'ﬂfﬁﬂ'lﬂ']ﬁﬁﬂﬂWﬂﬂ?WNﬁﬂu?ﬂq@]LWNﬂlu‘mﬂ

g o J A Y s v 9 o q Y1
2,249 19 11,287 99991 1UNAT Lummmﬁumugfuﬂﬂmﬂmfflumﬂuﬂmz‘mﬂwmmm

] 9 a o Vo A 9 ] 4 3 dy I A 9
ﬁmuuummmu’mqmmmmmnummung{uﬂﬂmﬂmﬂutﬁ NI UNs 1z Y
' 4 v 9 ) Y a v oA o = A v
N']uﬁu&ﬂaTﬂﬂ@u@ﬂﬁ]%mflﬂW@ﬂ@‘Vlf’]Qﬂ”IEJGlU‘VIﬂVIﬁ’Jl!VITi%!WEJ?JﬂJH"IﬂV]Eﬂ?] LUagyInNaoniy

I A

d‘ I [N ] d‘ 1 dy ) Y a a 1
ma@um“lﬂqmummmu fﬁmi{]i]"lﬂWf’Nhlf’J‘VIEJ”I’Jﬂ’J"IHi]gVIﬂW WauveunaINWIToene



254

' o 1 1 & o 4 @
seruilonuvearariereomsszie Fuiluauvguesmsndeuaives lomeluvewradil
T3 ] 1 a ~ Y 1 o = £ Ao Y
A5 uazdgaemsnansneuveunaINhnmMatvesa WMy dnmgranianiln
[ 9 Aa oy 1 4 <= [ 9 a o IA A J 9 Aa
NoANUTDUNUIAUAIUGUINAIANTAINITENDIIANNTBUINGAAINAD 11IBNDANINTOULNA

< 4 ' I ] 1 a
ANUISI4 lorloanInmsenlaz NS sEIMeNanIIN3 oUIUIAIANIZIIBADNTINANT O
YounaNilodnNvolanyuzuAUdgRoMINAMNIIFoNADNUYBITaIHAINe TUIINA UHA ]
a dyo Y a Y d? o 1 d'al J a R A
AAMINe LU IHAININ IMAAMIUHWUATIGWHUINAIUENYOIMIINANIHOY  FIHaN
lawunTiuun Tdumilounuwan1snAasIues Anuchitchanchai et al. (2003)  1AZIINNT
nAapIdINLBNI Aywides 020 oem NvadurugUENaIIIiY 0.66 taz 1.06

] v '
Haawas  liawsomaanunuuniuanudoudngald  esmninamsudaaisudu
. 4 ! s {2 o
(Initial Dryout) aungtosnInvnaduiuguénansian  uagyudessmsinuiloss
1 4
WodleaziivinasinsounsesegiusnunanaveIdIuihszmy HAZUNEIUVDIAIY
v & A Y Y R o A ) £ A @ 2 = Y
auu asuieldanuseunndiuihszme WodleNdruiszmedalinnuaugaiuisdiu

d‘ d'a 4 ] Y 1Y 1 o d' (= U [ [ o

msnaouiiduveanad lili lualddedrwiszve e hillveanannaedidiuiszive

= a Y a 42’ 09.: IQ' Y 9 L o
IUNANTUNUNAVYY Tﬂﬂﬂz‘ﬂﬁ'lﬂ;]ﬁ\ilmljMiﬁﬂ?1ili€]ullﬂﬁ’3u1/]ﬁ$l,ﬂﬂ



255

=

4.1.5 HAaUIAIMINUNLADVANNATNTTOULVDINDANVS DUV VT UFIAa18T0

J '

31 4.9 ugasnnuduiutsznnauBsimshautuaNuMuIiua N ou

q
b4
o

’aﬂf]@'l V9915911911 R123 10N1UD0 tagii

25000 -

A A A
20000
A
A A
__ 15000 -
NE *
= * <
3 A . ] A
O
o =]
10000 - *
=]
5] | m L 2 ’
i ]
5000 A ¢
& R123
o @ Ethanol
T A Water
0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90

Angle (degree)
o d‘d ' ] 9 a d' = 1 1 9
§“1J4.9 HWAYDITITNIMNIUNUADANNNUMUUAINNITDUINHANYULDUIA NN UNINDAINNITDU
q‘/ a =Y ] 4 a a 1 o
LLiJ‘UE‘TLl"]f‘Llﬂﬂﬂ1ﬂﬂﬂmu1ﬂ&%ﬂﬂ1uguﬂﬂﬁ%ﬂ 2.03  WaauAaT  ANNYNITIUNMTSLIVY 150

a A o 9 dy 2 dy
Taawas 11 1Auaen 10 Tauaen

31 4.9 i TWuvesnnuvuuiuanudouingd aunsoniield 2 %
A = o £ ] Y1 1 i 9
ADFIWYUIBEIM TN 70 — 90 03N azyw 0 8 Feazulanluredl anudouur
= A dg’ o Y ] 9 a ad Q' d? 9
vosminaaiiuledaniiniy sz limanumuuniuaifeuingdlauiuiuaiu ldae
FIeN3005 1181019 INMINARBINDIINMINABEII RI23 Hamnunuuiuniudon
a o A A Y g/ o & <3| ' A Y Y 1w
Ingadigaieeuiy tlemuea tazi fatieosvzilumaizdn welnanuioumiiu R123
= A 9 Y A o ! =KX o Y o 1 ! Y
imsaeadsnnuay lefidiwihszmegeni 3uihldves lnaihouludwaiumingndn
1 < o A a dgl 1 o s o @
pgnsras Tasanuau logaiifaduludiuiineme  sazveuveunad Inadeunau i
\ ' £ g ¥ = Y 1 o 1A a y £
daumuniy Fuiluawglimarndleuldundrwiszmelidisane  uazifamsuian

v v A [
Taomain ldaeandneny Katpradit et. al. (2005) #9'lUnI1iunai ladiaenndoadt Lin et al



256

(2000) FIWUN FC62 HannuTeuursvesminaiodulodiaziaanunuiuiuanudon
c'c 1 d! =Wl 9 [~{ 1
dn11 FC-75 Fadimanusounsamsnaeilu logand

' : <3 T ] a ]
Glf'NlﬁJlng 10 — 70 ©3/ é]?\izﬂgLﬁuhlg]}'nﬂTﬂ'JnJﬁu’]LLuuﬂ'J’]ﬂJ%J@u'Jﬂf]ﬂiu%'N

9 4
[} [

=1 =2 [l 9 3
guu"lmm@g ‘Uﬂ'll']llﬁﬂullﬁlﬁﬂlﬂﬁﬂ'ﬁﬂﬁlﬂlﬂu‘lﬂ

v o ' o [ o
?j‘ﬂ 4.10 LLﬁﬂQﬂ’J”I?Jﬁ?JWuﬁﬁ%ﬁ’)TﬁMNL%ﬂﬁﬂTﬁﬂNWUﬂﬂ Q/Q, 4 YBDITITNINU

c, 90

Y
R123 9N1u0a aziil

A N

A
. - S

=)
S
GU
\Q n ]
(e} 0.8
3
0.4
[ | ¢ Ri123
[ ] Ethanol
A Wat
0 T T T T T T T aler 1
0 10 20 30 40 50 60 70 80 90

Angle (Degree)

31/ 4.10 Havesa I NUNTIRBQ /Q, ,, NYMBEINI YosiANNToUITUTTALa1Y
a ] 4 a a 1 o a a
Uavnaduriugudnais 2.03 dadwas anuendIuiiszve 150 Jaamas

Y 9
sulduasn 10 Taudaen

g 1] ° a A o o
i]"lﬂgﬂ 4.10 U UN LL‘L!'JIL!?J QC/QC, % mamﬂmimqmugﬂmmmzmmw

A o S A = Y 2 @ 2 v 1 =
MUY 1Azl Q/Q, ,digaNyudslndifsany FIazegluriayudss 50 - 70 8f
9

iosnnlusyuiiiianuauqasyrinwaveasslduanesansiiu uazaaudy
0 0o q ¥ a Y WYY 1A 4 0 q Y 1 '
monvesmshnuIeih liinansuielddnnfiyuaug mldiia Q/Q, ,qege tazwud
v 1

N QJQ, o, QIIANAUMIAY 1.43, 1.73 Az 1.77 dmsu enuea R123 uag 111 ad 1Ay &9

Y I 1 9 < 19 19 o o @ ~ 1 = 1
Llﬁﬂﬂﬂmu’ﬂﬂ’ﬂu'H"E)L!LLPJ\W’ENﬂTﬁﬂﬁWﬂlﬂu]’lﬂvliJcl‘]Sﬂi]ilﬂﬁWﬂiUuLWEN’E]EJNWIEJ’JElHﬂﬁﬂwm



257

Y

anufouvesonnuiounuudulatella uaenIzlueY

[

vilatsduavesnmauiavesas
MOURG 13U 159 ANUHUIBYBEIHa) AnuIuYedle anuganuieu

A o I 9
HAZANNHUAVDIEITTIU 1WuAY

v o d [ H
4.2 AUMIAHANWUT VD INMAN B NMTAINEAINIBUYEIND CEOHP Nan1iz
=\
Ingn
MIANINUSNEALYOINTAINIBANUSPUYDINE CEOHP NAN1IZINGANLIT

fulsilinademsinadadnaaussauvesiieo CEOHP Geamsninlneglugilveileidu
qc=f{ B.Di, L, hg, Ky, Cp, py, py, 2. 6, AT | 4.1)

A :/l @ S a & Y] Y] 9 [l [
MpAzAEUMI AN aUHUTIFINIMINAass szdagddwlsinedlugiuesdnls

151aTne1435 909 Buckingham PI @eaumsdnauuaunsonzanedlugldves PI mou'ld

Y

31

€

f(Hl,Hz,H_g’ w)=0 4.2)

4 @ aa [ 1 Y 1 v o J

o [T, 09 [T, 1dunudednals 1358 aunsodanguludnls1SniteTagldanuduius
1 ] 9 a d Aa { a

FEUINANUHUILLUANUSoUINgA UsIngmssiiFanenImyes CEOHP fidn12zingagn
a 1 o @ 1w 9 1 9 A o Yaada 1

Ansanswnumstanguanils 15vutedie vazndwls 15NanTnanNuuiuaw

Y

9 a 1 EL ] = o Yo A
IDUINTA IﬂﬂLL‘U\WHNﬂﬁ?ﬂj;]ﬂ'lﬁﬂ!Gluslf'NigillﬂfNﬂWﬁ/l'l\ﬂullﬂﬂ\iu

LY slaad'd 1 ] 9 a 1 d'
42.1. dwals 15anTiaeanuruiunuiouIngave 9o CEOHPAYUNIS
11911 10-90 99A
= Aa o s A a A o w o A =
VINNIANVUFIIAY WO ITUNANITINATATINANITIINY NYWIDYY
] 1 d’ = = = o w o 1 9 q'; a a
A9 WU NYUIBB 5 D9 90 BIAN VATINANININUVBINOANNIBULDUFUIa18Ta 1Na
Y A '3 1 £ A v Y 9 v
NNAUHANITUHUTD99101310YMITAINTNIN FI9FTV1EINHIVRYIUULAT 1AZIINNT
a d o g Y Aa & 1w % J
Anngwaudsiuguluaums 3) e lddns 1308 FawundunlsFadlinadenu
WuniuauiouIngavedtio CEOHP Nyudean1siiau 10 — 90 0ee11@un aspect ratio

(Le/Di), Jacob number (Ja), Bond number (Bo), Kutateladze number (Ku), wllaﬂﬁmi NNIU



258

. ¢ 3 o { 4 1 o Aaa 1
(f) 1ag Wallis number (Wa) Failudnalsivendelsingmsainmsnin Taoduals 135aua

9
v A

azmenansnesuie lanail
Aspect ratio (Le/Di) HaaddadaainveannueaIuissimonaduniu

4 J d! = 1 9
gfummmmiu‘n@mmmmuﬁmaqgﬂmwmmammaau

Le
H @3)
Le

@ ] ] 1 4 J [} qu 4
AredurudnIves {D } gan9 eneanuioulivinalvguazlivinadulsingmsal
1

A ¥ A d’l 1< A A 1 ] 9 a
ﬂ1imaﬂnwimqau"lmummmﬂumimammuﬂm NIDATNITUHHUUUAITNUIDUING A

Y Le Ay A g @ " A < A \
ﬂ?iﬂgfIQﬂ']ﬂ'] |:—:| 1Jﬂ']u€|fllnﬂ!i]f]lﬁuW1uﬁuﬂﬂa']\jﬂﬂuéuu']ﬂlaﬂclu"llﬂ‘lgﬂﬂ'ﬂuﬂ'nﬁju
1

o ~ @ a ¥ 4 g < A \
‘VniglﬁEJ?Jﬂ']nJEJTJiJWﬂG']ﬂﬁ'Iﬂ{{]ﬂ'ﬁmﬂTiLﬂf]ﬂﬂ'lflﬁlﬁN@ullmu‘ﬂ?iﬂglﬂUﬂ'lﬁlﬂaﬂsluﬂ'lﬂslu%ﬂq

1 A 1 1 9 a I~ o' dy Y v 9 A 9
AU 11 HIBAIAINUUUIULHUANNIDUINGAISUATN mﬂﬂauﬁﬂﬂﬂaﬂﬂﬂﬂﬂlﬂyﬁﬂqﬂ%Wﬂ

N1INAADY
I ] 1 1 @
Jacob WUFATIUUDIANUT D ULAIADTATINT TLNIVDIVD UK AIVDIAT
NN
CpAT
{ P } (4.4)
hfg

= [ = A Y Y 1 9 a o
SEANTINTNUDIAIUAUVUIIANDU ﬂf]liJf]GlWﬂ')'li]‘i@uL!ﬂﬂ@ﬂ’)'liJi@uV\lﬁiJ"ll’E’)\il,Wa’Ji]Zi$!°Viﬂ
<3| A 4 9 dgl < a o A dg’ o Y
ﬂanJL‘iJuhlfJ LiJﬂﬁlﬁﬂ’Nllif]LliJ'1ﬂsllL!fﬂﬁﬂﬁTEJ!‘IJuhlf)‘Uf)\W\lauﬂl@ﬂlﬁaﬁlWNq@ﬂluﬂWiWN’Jﬁ

= d? A dgl o Y =
VDI AIANAN LLa%‘llu']ﬂ“llfNV‘I@\ill@ﬁJﬂJuWﬂﬂlTJ‘llu mmmmmmﬂm”l'ewwuuﬂﬂwmmmmw

4 4
agaruniu luamnse Tvamdaushszme ldaunsznunanmsuiaiu

<3| @ ' ' @ a o
Bond !“]J‘Llﬂ@]i1ﬁ"J‘L!igﬁ’)Nuiﬂﬁﬂﬂﬂ’)ﬁﬂuiﬂﬁﬂW’JellfN’(?f'li‘ﬂN'lu

{D{g(p;f’)u 4.5)



259

Y
S A

[ a o o a @ (B °
ANHUZITINININVIFAAVUOUAINTRO T Idaatiia I anusouuanenNuT o Uz

=® A

Tusafamianasdain ldussassdiaunsosuzussnani lauazazir ldinanmsnaoudives
9
Woslomadu
I~ @ 1 ] a 1 1
Ku (Hudasndimvesnnuruusuanuseuingalumsaaiennuieu
[ 1 9 a o d! = 4 =
ApANUHUILLUANUSPUINgAvEImTTINUEIdaID s IngmsaimIdeaunUH o

s luadruiismieves CEOHP

Ku = e ; (4.6)
oglp —pg) )4
hgpy| ——5—~
Pv

A4 o ' ' 0 [ =2 a

wedns luaums (8) A Py ﬂ’J"IllWLHLL‘L!usU’ENfT”Iﬁ‘1/]1\111!11«!?{51133“1’0 o 1 uusInINIves
) I A Y J I~ 1 1 Y

ATNNNIU gnJuuiqLummﬂuiﬂuumwaﬂaﬂ Hae qe WUAANUHUUUANNTOU

INQAveY CEOHP Famnsomuia laninaums

Q¢

== 4.7
2nnDile (47

dc

A I~ [ [ 9 a 1
o Q. WuUdnIIMIANNIEANUIOUINAVOIND CEOHP
I = o A o [ 9 [
B 1UNaveayudsIN I UNIAAMaNHULNINYNANINITDUYDIND
9 o a\ A~ a d'dyo o o .
anuIounuudulatslla nan1zinge Tuntdvimualugivesileaddu Exponential ¥4

= o A
HUBIINTINNIU AD

g(B)=exp() 4.8)

[ Y 9 ] A a = 4 1 A a
Wa L‘ﬂumuﬂilliwuwﬂa‘ﬁmﬂmﬂﬁﬂgmimmiﬂ’m HNIDNIIINANIT

4 3
NOVVBUHMANLDI9INANNIS 2 10

0.25
{1 + &} (4.9)
P

v o @ 1 [ @ Y
quummfrmwuﬁﬁummuﬂnmazmuazmmmﬂﬂlwagiugﬂmmﬁumﬁ (12)



260

Le
Kuﬂ = f3| — |,Ja, Bo, B, Wa (4.10)
Di
0.1
R?=0.7894 m® "
0.01 ' ,/=
LN |
< mR123
0.001
0.0001 r
0.01 0.1 1

[Dl/Le ]1.05] x [Ja]—0.40] % [BO]—OAZX x [g(ﬂ)]0.343 % [ 1+ (pv/p])O.ZS ]10-123

UM 411 aumsemauiuives Ku 10 [pi/z, 1% « [Ja] ' x[Bo] “* x[g(B)* x[ 1+ (p, / p)> >

AMTYNIBEINININU 10- 90 B3N

[ @ 4 1
E‘]_I 4.11 uﬁﬂ\jﬂjjmﬁmwu‘ﬁjgﬁ’g]q[Dl./LB]l.oslX[Ja]4).401X[Bo]fo.mX[g(ﬁ)]o.mx[ 1+(pv/pl)o.25 ]10.123
o { o a o y a Jaa
oy Ku Y94CEOHP ¥939a19N1N1U R123 ﬁTl”lﬂ”li‘Vlﬂﬁ’f)‘]Jiu\‘ﬂu’Ji]ﬂﬁ AINNITAUATISUUA

1 1< Jd o o w
WU Ku,; ,, Wuilsndusnidaves

|:Li:i—|051 I:CPAT:|0.401 I:Di|:g(pv_pl):|o.5:|0.4zs [g(ﬂ)]o.m |:l+pv:|n.123 “dﬁﬁuﬁ’ﬂﬂuﬁllﬂ”li (411)

Di hy c P

Kuﬂ — 0027 x [Dl./Lg]l.OSI x [Ja]70.401 x [30]70428 % [g(ﬂ)]0343 ><[ 1+ (pv /p])OAZS ]10.123 (41 1)

\pre



261

% 1 o Aaa 1 { - @ ] i A
Ferzwud dawls13lianiinade Ku, uniigadie {1+ﬂ} Fatludls 1§mirenotuie
Pi

= a ' dgj 1 A [ ;I a
famsnamsnnIunieluvio CEOHP mavnadumsi (4.11) it ldawmsasauydgiums
agn1EIngAveIionNuSouNA M NyUBeINTH1Iu 10-90 per Taelaunguann
nnmsnwvesmsinunthamadwesdiuhiszine
51 4.12 namsmsnlSoufensernianuiuiuANs ouINgAINNIINARB LAY
] 9 a Ay ¥ o ) o ) v 9 Ay Y Y
AnuruiuaNuseuInga Idvinaumsinnedmiuasitinu R123 wondoyan 1A
Y ] T o ' { @ nszl
mu'lda ﬂzmu”lé"nmmimuwﬁmzﬁmmummgmmﬂ%’ay‘amﬁmam +29.17% @a3uu
aums (4.6) @unsalddieaianuruiniuauiouIngavedio CEOHP Ndwmiayw

= o Y
PEINITNINIU 10-90 ﬂ\iﬁ'lulﬂ

100000

+29.17 % -f'-

10000

i;

.H uR123
L]

[ [
ﬁ | 2017%
1000

e exp (W/M?)

100 T T
100 1000 10000 100000

e pre (W/m?)

o 7

A:i ~ =) 1 1 9 a d' 9 [
E‘]J‘VI 4.12: ﬂﬁ!ﬁﬂﬁEJ'UWIfJ’]JNﬁi%ﬁ’ﬂ\iﬂ’ﬂﬂ‘ﬁlﬂlm1!ﬂ’3111iE]u%ﬂi]@]ﬂvlﬂfﬂ"lﬂﬁuﬂﬁﬁﬁﬁuwuﬁ

o 1 9 a Ay v
(ﬁiJﬂ']i (4.11)) ﬂ‘]Jﬂ'J']llﬁ‘l!']i!llﬂﬂ'ﬂllﬁﬂﬂ?ﬂﬂﬁﬂllﬂﬁ]”lﬂﬂ']ﬁﬂﬂﬁﬂ\i

NYIDEINITNINU 10 -90 031 AT UAIINIIU R123



262

a o ¢ M) a
4.3 msfAnyugaiaitezduuumslvameluvesnennideuuuduriialaeila
o Ay v o a 4 a a 1 I~
wadi lannmsneass  wiimsnsgimsnaan1izinga laguisesnidluauy
k4 1
1A FrneuNAaNIZINgA  FrIuNATNZINgA  tazgameTIHAInnaT1IY
9
a a Jd LY ) !
g lumsdmszduaazannziuldihnmaeainmsnaaswudasgluuoms lvalu
uaazaNguugluvasIiauieu  tazvznaauRmIZAINITZIMEVRINOANUS DU DY
a a 1 09}/ d’ A d‘Q dy a q’;} z:' a dg/ [l
sialmetamniy iesnilsingmseiniee MinavuvesanIzIngaiusunavuluauy
o dgl
MIzimel
Ay o A ' Y o
431 wavesgamgidiuiszmeniaegluuums lnameluveanufeuunudy
rialaeila Nanzinga
o 9 dy 1 = a o d‘d [
Tuidetisznanianavesgamgiidiuiszmeniidegluuums lvanelu

woanoANuIouLuUdUsialaellaiiosnniinasenndn1izmMsiauveIion N ou

[
a

A A o = = o = A °
lWﬂﬂﬂ$ﬂ1ﬂ1ﬁﬁﬂy13\16\luﬁ@uﬂ'lﬁlﬂaEll:llLﬂa\‘]?l1]1!1]Uﬂ'ﬁUh’iﬁﬂ']flﬁl,ulilf)qmﬁﬂnt’fjum'ﬁglﬁﬂ
=R
U

L]
Y
9

o A o = = o ' 1 a I
uy uuasmNaﬂ'jlﬂmuﬂuuuwnﬂumiﬁﬂmmwammmuﬂimm G]’E]lll] mmmmsﬂu

2).

E4
9 1

v Y A o 9 a'/ a a d‘d 9 ] o
WaveHIzIveyaveInenNNIe UL FUYHaametlanivinaduiugudnaemely 1.0
Aa A Y dy ) o [~ a ¢ A A
Naawas 10 TAU@EY YuMINY 70 8er uazasnaudy R123 1IA51LHIN09100
' @ 0 o 1 o d o a &
ynardurigudnarmelunazanshiauaingn  auwsadunamulsngmsalimnady
o o R 1 Qldd' =S esj a a [ |d' =\
saziimstuinnmaieladnga  nneoinmnaasudalsmadmuniygy 70 esm 1
gasimsdeneanuioudnga nmsnaasanun meluneanuiounuudurialaloie
3 = v A v W 1 1 (% [y 3 1 9 ﬁ'
WuzlimsvaiFsaiinussninuieavaluazes loadunuliaasanionnuion  1ie
A 9 A o 1 Y 9 = a =1 1
iuANNToUNd I zIMeIuUas InANNToulgUMQI sz 100 BerIsAITETIIaz DY
{ @ S A d 1 1 ] o a
Tuaamzaa  szdunamiuilavveunadniumivnndruarumiu vaasndsnsnuTda
dy ' ° a dya J Ay Yo 9y 1 <
Ao ludihszvme a vsnaiilduveavamumiun lasuanuion uedmaznmeily
A a dg/ = v 49} ~ Y o 1 <3 qaj = A d‘dgl
Wodle Tasveslonnaduaziimvnednauiuiniidaodesiagy MnivIundeunay
Y 3 = a [ o ] o
wiownalimsveneanuenveses loluninudiuihszme gluuums lvaludiuiszie
1 1 & v A a 4? 1 Y = v 9 a £
arIviluiuuiwmin uaznuuaannavuI WAy TuvazReI e IuTNUAIININGIY

Y dy <3| o ' A A 9 A o [ o 2
GUE]\1Iﬂ\uaﬂjlﬂu@’]!LWU\TV\IQQUl@lNalWNﬂ')’lNiﬂu%ﬁjuﬂ’lﬁglwﬂWﬂqqﬂﬂgllﬂﬂﬁjaﬂﬂﬂ']ﬂﬂucﬁq

vzfvaned lon Tanivled lenannunaveavial MILenAIgINaIANAINMTAL AUV



263

o A d? ] &£ 2 dy A d'd?‘ Y] 9y 1 o
iy ludiuinavesdIdudeuazsnaeunduaulives ovinaTuajuond?
Y o ' a a < {
ponuniu awaaslugl 4.13 () dawdmanadesleszinalunsdilanamluvmzives
A dAE Ly g a A4 -S4y g 3 d
lowaouivugiuuuiuiimandeunvuarsanuiidvinavesleslevsiivinasiuas
d? A Y 9 A d? = Y A Qdy =
Tavwioann ldsuanudoumuauuaziniasmdinuveanedle lasniguugiifiveslosd
< = a = = a1 a a
ANUSARTY 0.17 WA/ ANdi nazanuerundsvesrleslelianily 16.7 Nadas
d’ Q' a Y o [ o Ad? 1 A Q' dg’
wermuguuglIinudiuiszmevu il wunnsaeavesrlesloszmivay
? v ' 2 PO g A A ) wys &
randos uanusIveaned lesziuiuedns s uonazawmanuson i M523 uas
S d' d‘ d‘ g d‘ v o o
lanunmasianauiodnnszeznar lumsvsnediidiniszmoanaazianlesle
Ao Y A A dgl d’uszl v A z
niuanueuliiiuiy vinavosazmuveaiaIinusznIedlosueas nazluuieass
= Y [ % A A A 1A o 1 9
umsveeennfuINNABludnazveInauveaMadINlaRduIAz0gUTUMTIIDATY
{ 1 ] o | 1Y
Wlinnudou juuumslwadiulugdsdenailunuuirwumiu wazuvuadnlasiniglva
a 4 [ S w ¢ g { a 1
ppuInsanaduthaiunienss dwaaslugy 4.13) Feilugilguugiiovadlianudon
< ~ ~ g A 4 2 g " a A
W 120 esruwaied Taslianuiundsvoaredlomiudmilu 0.3 wasdedui AnweN
A < a a
wagvesrlodleanauilu 10.4 Tadwas
A A ag Yo 1 9 9 [ ] g o d ~
iomugamgi ldnuuvasIdanuseusdeli)  dunamiuilavvesnadnlvaa

o Y dy S o 9 1 ' < A
llWﬂiJWll\TﬂfJGlunﬂiﬂilﬁﬂﬁllﬂglfﬁLl“l/‘lﬁllﬂlf]\i!‘ﬂﬁ’)@lﬂﬁ\?llWﬂWHQN’E)UNﬁ’Jﬂ!‘i’JﬁHHQWL‘IJH

Y
= %

oA A4 A AL g v 4 4 a2
L°]5°L!u!u'EJ\1%1ﬂ“l/\l’ENVl’f]1/]L‘ﬂﬁ'é)u1/]"U'Llﬂ'lu‘]JuG]'luﬂ'l‘iLﬂaﬂuﬂaﬁm@ﬂﬂﬁﬂ%ﬂﬂlﬁﬁﬂﬂuﬂigﬂ\1
= v o d? 1 9 9 = ] <
‘UfNWiﬁ'JiJﬂTﬁﬁ'JiJ@]'Jﬂuiﬂﬂ‘llui]uvlf]\iulf)llllﬁ']iﬂiﬂﬁ']1!llﬂ"’ll’f)\uﬁaQ%Q@ﬂa\i@ﬂ%ﬁ’lﬂlﬁ'} N3
A a 3 o Yy a A a d? A

ma@uawamammmm%zyﬂumi"lwamumwmﬂm'10141clwuwaﬂaugﬂﬂmu!,uew1ﬂ

< = oa; A < S A J dy 9
ﬂ'JﬁJLi’J"’U'fNV‘IfNUlfJiJﬂ'IQQ !Lﬁg‘UNﬂiQliJfJﬂ'ﬂiJ!ﬁ'JulﬂiJﬂWQ\‘]W’ﬂ AAUVDUH AN ATUITHNATY

9Yq Y 1 = 1 o o Y a (] a d a Y
ll'ﬂﬂ’iﬂ'JiJ’E]fJ“lflfﬂfJGlLlﬁ’JanﬁmﬁfJ mldanamsvarevesilanvyeural uaznamsuiauyL

U

9 1

) d? A a A a J (% 1 [ & d A
INIMVUNNUANYRIVTNAAAMININAINEG  Awdaslugl)  4.13)  Failugin
a 1 < 1 0
garigiuvadlianudowdy 140 ossmaaiFon luywides 70 eem anvendiuihiszive

A A @ < ' o "o ' ! [
50 Haawasvzdunamumsmuludurisdininhamadidihsgmeaanlszonm 17.2
[ £ v
Haawas dwvismsnamezilasuntlasl)luuaas Idadenegluszezilndifsssu Tao
9
wiiszoznawesmamamsudanuilszane 012 - 024 Juniilundazase  wazina
L4 1 dy 9 = 3 a =
Usingmsaimsnanaudlesanudlssnm 2.41- 5 a5y
1Y a a 9 d‘ Q‘ a 1 9 9 421 =1
WasImnaan1zIngaudnlomuguugiunasIianuiouaullsn
4 v a d'z:? Y A o [ 1 [ o
U51nMITlNITNINILINADIU HAaZMTUHINNITVEIAIaIgAIUa19IvIdIUNITSINY

v A A a ' ] 9 2 = ~ 9 a &
i]‘L!ﬂigﬂ\1!,11'E]L‘Wll'qm“ﬂ{]MGU’ENL!Wﬁ\ﬂ’ﬂﬂ’)'miﬂu"l]ullﬂﬂi 160 DA ALFIT NITUHIVSINAUVUU



264

aapARUEIdIUTTZIeV0ID tazveuralvzgnd v I3 Rnaueghlnmadhdiui

sz aquaaalugll 4.13(9)

ﬂ1i]1WﬁLL‘]J‘]J’NLL°H'J‘Ll

Le

ms'lna

HUVEAN

ﬂ"lillﬂﬂé’ljﬁ"llﬂ\iwaﬁ"lf]



265

ﬂﬁulﬂaLLUU’NLMQU

M3 Tvavuy Tnsa

Le
M3 'lva
HUUEAN
v
(v)
-
M3 IvatuumIu
NN
M3 lvavtuuaan
Le




266

A
— mInau
Y
LUDUNITUNN
Le
i A
(3)
1 T, ( °0) Flow pattern QW /M) | V. (m/5) | DR
(mm)
f 100 Annular+Slug 1687.6 0.17 16.7
U 120 Annular +Slug/Churn 2040.4 0.3 10.4
fl 140 Annular 2037.2 - -
N 160 - 1888.1 - -

3 a a 1 9 o o { Y [
Eﬂ 4.13 Gllu@]’f]uﬂ'l‘ilﬂﬂt’fﬂ'l'JZ’)ﬂi]G]"ll’fN“l/l'f)ﬂ'ﬂlliﬂullﬂﬂauﬂa1ﬂﬂﬂ ﬁﬂlmmﬁumu

4 Aa A o <
ﬁuﬂﬂa’]\iﬂ1ﬂalu 1.0 Hadwas @15ty R123

v o 1 a o { A g o L4
U 414 uaesdennuduiusTenIgungiiduhszeRmuIun Ul Ingmsel

J A a dg’ J Y A 1 a Qsll <
AN ﬂlﬂﬂﬂluﬂlﬂﬂﬂﬂﬂﬂWﬂJﬁﬂu@ﬁJzﬂ 4.13 Iﬂﬂ‘ﬂzﬂllfﬂﬂﬂWﬁ]’lfl’i’aﬂ@uﬁﬂWﬂgﬁﬂﬂﬁuuﬂglﬂu

a °

] v Y
HUUNURIULASUUVAAN uazzﬁmwuqmwnumumszmﬂﬁ'ﬁugﬂuuums'lﬂmmmmmu

QU

@ = a d? I o’/' a d? A a
LLﬁSﬁL!‘U‘UﬁaﬂiﬂfJiJﬂ'liul‘ﬁ'ﬁl!‘]J‘UTWi\iLﬂWllu‘U'NL‘]J‘IHJNFI?\1 %mmmummnﬂaﬂau

<3 <3 { a o a 1 ] o
AWLTIP V‘Iﬂ\?vlf]"’lllﬂﬂmﬂﬁlﬂﬂﬂ']ﬂﬂ'l3Lﬁi’)ﬂfﬂ']1!'Ju1]']ﬂ‘llﬁl')ﬂ!ﬁﬁua%?"llﬂ\‘]ﬁ'll‘lﬂ"lﬁglﬁfJ




267

v Y

A =R 1y a v W Y A A o o Y a
AADUNVUGAUVUAAMITINAINU tazAIUMIAaoUNNaUVeIvBIrad MHinAaN1IZ
a d? 1 9 [ a a 9 A A 9 d? )
Ingadnluviennuiou wawmnmagazIngaudulemuanuiouiuen uuumslva
[ = 1 = o £ g 1 '
Thmnuvuiissedaufey digl 4.14 (n) Faglupums natizdanadonnuruves
ad {a ' { ard 4 :
Waveurarnmvesieanuiou Tasianuwuvesildurzanauiiegiuuums lvanlaen

@ [ A a dy o
1103 lranuwmusesuuuaan lUdunuuamou  ifesninmstadisrvesreslon

9 a 1 d? 9 [ a|d ) Y ad

TiiAamnwutazAums nanduvesilduveuvan i lnanumuvesavanas
9 v b4
aegl 4.14 (1) AuTuNWAAAN1IZINGABATINTINNANNS DUITANTUA RN HAI

o 2 a a Y 1w 1 9 [

Mz uazrasnnagnzInga lludimsasimsmemanuiouszanas  asgil 4.14

(f)

ad & ' 2
gUnuums va ANUHUIVRINAY 2AIINMINYNANUITON
A A

' a v a a
Aoy | Jnge | nda AOUINGA | HAIINGA

AouUINgA | WadINga

<

v

»
P

UK | WURIU \

v ’ iy Aduagaa
adn  gan/Ing
T, T, >

(n) (v) (n)

[ @ 4 PPN -4 % a o
51 4.14 anuduiusvestnngmsaiiinadu nugurglidiuisziieves

1 9 Q'l a a
neANUIoULLUAUsHAUa10Ta



268

3000 -
41 (v 41(n
(v) (7) 41(9)

2000 - * *
- 41(n) IS
2
o

1000

0 T T T T T T T T 1
80 20 100 110 120 130 140 150 160 170

Evaporator Temperature(°C)

a o

v o { a @ o 1 M
E‘IJ 4.15 ﬂ'ﬂilﬁiJWi!‘ﬁ”U’t’N‘]JﬁTﬂaﬂTiﬂfﬁlﬂﬂ NUYUN ’Ju‘ﬂ”li%!fﬁEJ‘U’O\‘]VI@ﬂ’NﬂJ%}’E)UL!‘UUﬁu

[

1
shataetlagiduiuinugilsa.4

L1l

o v 7 1 a 1 v 1
51U 4.15 naasnnuduiussznigurgiurasldanudeuiudaimsniemaiy
9 1 9 M) a A AA Y ] 4 Aa Aa 9
Fouveaneanuieunuudurialmetlanfvnaduriuguinanmelu 1.0 dadmas 149
I o & o [ 9 1 v o Jdo
R123 Wumsihnu Fdasmsdemeanuioulundazgaduiusnugluoums lvanielu
veanudounuudulaellalugil 4.13(n), 4.13(v), 4.13(A) 1ag 4.13(9) AWAEIAY

E4
a1l o =<

nnmMsnaaesnuIemugugiidiuiszmety jUuuums nvamelunasuan
[ o Y a a Y dy o Yo

s utaztadnituuuwmau ldimeanginga lddetiu tazildodasing
1o a a a L4 1 y

dameanuiouanal  durgueImsiaanzIngaannliingmsaimavay iile
=) I} d‘ Y o . d‘ o Q' 1A

nlFeuifeunai laduMsnAasIves Katpradit et al. (2005) Nyumstiamlumuiag Wil

a o (% < a 4 J {
s Tdn Tl ludama@endu  Tasnnmsdunamiumsmadsingmsaimsnauithaniad
Y
dywihszmenazi liamsuismuuniudeandoanuauyAgIUMINAEN1IZINO AV

Katpradit et al. (2005)

= A J Y ) A A
432 Wﬁﬂlﬂ\‘ll!ﬂlﬂfJ\WIiJG]’E’]E‘]JL!‘]J‘]Jﬂ'IihlﬂﬁﬂWEJGlu‘WEJﬂ’)'llliﬂullﬂﬂﬁuﬂﬁ'lﬂﬂﬂﬂﬁﬂTJg
Bhbld
A

v 9 dﬂ 4 = = 1 9
Glumﬁuau%xﬂanmwammymam ‘VIlIG]’EJ‘g“]JLL‘U“]JﬂﬁllViﬁﬂWElﬁluﬂ’é)ﬂ’ﬂiJi’E)‘L!

spudulaellanannzings  Teelddoyaminaassvesnennudounnudunivnadu



269

[ o Aa A 9 dy 9 ) [ A
Augudnannely 1.0 Jaawasuay 10Taaaed Taglsasiianeily R123 1ea0naiuisn
<3 4 1 ) o A a Y @ o
winlsingmsaims lnaneluneanudeunuuduianiigingaldededanuiiinsg
= = =S I 1 ] d‘ = 1 = 1 dl =S
nSeueuyudesoemilu 3 9 ¥9f 1 yudeeszning 0 99 5 oeen 290 2 yuides
1 =1 ] d' =) 1 =4 v [
seran 5 9 70 o el 3 yuivesszrae 70 83 90 eeen Jannuuiszay lee
I 1 a a [ a
perasnalunouan1ZINgA AN1NLINHALATHAIEN1IZINGA MINHANINAADILTAIAIET
Y '
4.16 - 31 4.18 naasdiupeumsinaanzingavesnennudounuudurialateia
A ~ A Y ) A o 1 9 A a
iy 0 essnielianuiouniaiuiszisvesennuiouiigurigived
v Y 9 I = 1 o ~ ' 1 1
urasldnnudowdlu 80 esmwaidod meludiuihszmorzimmizlesloages lutiums
YouraIUsIYegiiiesnndiuiszenazaiunruniuegluszaudeinui lddanavea

[
[ ]

Y U 1 A A L= A =1 P
mﬂuumwaﬂaﬂaaﬂ“lﬂ memmm%maau‘1/11ﬂasmmummmummmﬂuqqum1

u

R o A A o 9 A A 1 A A
NITIUNTLLINY Waﬂa‘w’e‘Jﬂ‘nmumizmﬂ%mmmimaaummgmwmmamﬂzummu

u
E4

Y
Mszmoziianvazuilluynldudeddwanslugl 4.16(n)

a

~ ~ A Y Y A o 1 9 ~
nyudes 5 eem e linnwieundiuhszmevesnennuiounguugives
v Y 9 I ~ @ 3 A d 1 1 ]
unasldaudowdu 100 osrrafed FunamuNdUVOUNAINIVUUUINAIUAIVLUY
[ a 9 dy 1 o a dya 4 oA Yo
Tvaaandwsnalauae ludiiisumve o vSnadidduveavaln v lasuay
1 d d' % 4 4 ¥ Q = 0’
Fou  vwdmznaeilule  uwazlenlasuanudouszmasunauu llwanWduveurian
oA I~ Y ¥y A A 9 o v 1 1 ~ dy 1
amuuud lvaasiludeuveunar lindounndounu lldsduaiumiu - Taofyuiioz lii
<3 A a d? A A 2 dy 1 ) 1 o
veuviumaavauuurounauiiusnuIdude ludiwiiszve  gduuums Tnaludush
] [~! v A d?’ 9 I osj [
suned Ingpilunuuiwsiuuazuuuaannatduhaduninic  dwaadlugl  4.16(v)
A Qdy =\ <3 ~ a =\ =y I
Tagnguugiiivesloszlinnuiunde 013 wasAui  wazanuerundsuesres ey
11.17 Yaauuag
A = I 3 A d [ ] 1
Myudes 70 sem dunaiulduveanadniuudunndiuniumiulnaag
[ a Y dy [] o a dya I3 1 z:; Yo Y
mdwsnalduaeludneisuve o uSnadiiduvearalnumiun ldsuanusou
1 <! A A dgzj = v < dy A Y o ' <
vuavaznmadunedle  Tasvedlonimaduaziimsvenedudununningaog1asiasa
eaj = d‘ A:idgl Y 3 = a 1 o
nniulunasunIunseunslimsversnnuevesredleluusnaudiuiszme  Tagluyy
° i o 3 A A 2 Ay o '
mshautiidunamumsdeauuurounatiuidouveunaddie  juuuums Inaludiu
) ] [~ v A a dg/ [ @ A d‘dgl [N}
Hszmodmlvgiusuuiwiu waznuuaanimaduswiu elevzmdouniugdiu
ey Dy, y 4 A a Yy dq Yo 1 o o
MuLuMIustaza e Idaasuiloannsnaanudounldnudiumssmeds

k4
v @ <

Timn  duiuanudwenledled ligaunnmldmandeuivesleslodumsinaoui



270

9

v @ A aa = < a a ~
LLUUﬂTNﬂuﬂﬂLLﬁﬂﬂuzﬂ 4.16(n) Tﬂwqmwgum\lm‘lmwmmmmaa 0.17 AI/IAUM
A < a a
Llaxmmmamaammﬂaﬂmﬂu 16.7 Uaalung

Tugrayudesegi 90 eem azfigiuuumsIvaludiwissmediulngiu

' v
v A =

[ v A a g o o v o
WUHUUITIU !,mmmuﬁaﬂﬁmﬂﬁuﬁmﬂu L‘Viﬁ@uﬂuﬂﬂﬂlllllaﬂﬁ 70 D31 HAANNU

a

A a dg’ A d'd? [ A 9 [ =
V\Iaq”lamﬂmu%zma@u‘nwﬁmuﬂaugguuiuaﬂymzmm muﬁmﬂlugﬂ 4.16(3) Y

QU

< A a = A [ a A
AIULIAURAY 0.24 WAT/IAUMN LLaZﬂ’JﬁJfﬂ’JﬁlaEJ‘IIENW’ENULE]L‘]_IU 13.62 Uaaluang
A A a ' v Y} 2 g ~ = ~
mammqmwgmmaﬂwmmﬁaummﬂu 100 DA UBUFITIUDITNNITAIN WA

yoayuides 0 own unsveuratvzegidiumuminuazeslevzeghdiniiszivenana

a 1

v dy ' = 1A 9 Y 3
'IQﬂiﬂ\uﬁEJ’JLLG]“UuTﬂﬂ'ﬂﬂJfJ”I”J"'IJi’]\W‘IﬂQﬁ]%ll"1]141ﬂEJTJﬂ'J”I‘V]Qﬂ!ﬂﬂﬂﬂlﬂ\ulﬁﬂ\ﬂﬁﬂ?"lﬂiﬂu&ﬂu 80

U
9

=y A d ] dy A Yo Y A =K o Y Aa o R
parnaies nitlwguihiiesnnleale ldsuanudeuminiuim ldinamsveeduasdials
< A ] o [l ] [ v A o Ay Yo 9 A
amutiesnndIiszmenazdumuuiuegluszaumernuoslon Idsuanuseundiu
o Y A ~ 1 ~ A o o Y 1 ]
MILHITAIUMITINOUNVDIUNIVDIHAINIZNFINRT LMY mldunavearianla
aunsamdeunnnauiszme ladeaalugil 4.17(n)

d‘ = o d' a A a 9 dy a' dgl

Mydes 5 e wauveslesloinaninmadeausnu laudelvzmuiu
A a 1 Y ¥ A 4 3 A 2 A 9 '
iosnngurgiinnasldanudowinniy  anusivesesloszindiuilosnindestiem

Y Y [ A A dgl o Y a v o = o
ANUIDUNIYDATININIVY ‘Vnclfl"i1"]f]\illﬂﬂglﬂﬂﬂTii'Jllﬂ’Jﬂu!lfdgllﬂ?illﬂﬂ@ﬂﬂ%Wﬂﬂu E“IJLUUU

v
a 1

1 1 @ I~ o X g =1
m3 lvadwIngedsnadlunuuiamou dwdadlugl 4.17() Fadugitgungiuvasdd

U U

9y < S ~ A A A o A
ANusewily 130 esmwaed uasinnuemasnanadtlodInTzezIa1 UM svesaIn
! o o Ao Y A A d? oaJ’ A =
ﬁ’)u“lfnﬁ3!;1(?8@1@@1\1!!,@18%11!’31!7‘]@\1ulf]‘ﬂ3‘]Jﬂ’JHJ§’E]u1JLW1J"UuGI,u‘UNﬂ§QﬂV‘I@QulﬂilﬂTiLLfJﬂi’)ﬂﬂ

[ I [ A A A 1A o 1 dgl 3 Y
mﬂﬂuﬂzﬂmm‘ﬂuaﬂymzmmﬂaummmm‘ﬂﬂmﬂﬂauum@gmnmwumamlﬂummqiw
ard { 4 { 1 [ N o a @ {
Wammmmﬁmﬁ@uﬁmﬂmummmumﬁmumizmmﬂﬂmﬁ“lmmummuﬂm"leﬁ

d‘ d' d' 1 ] o Y a 1 .dgl ard g:' 19 U d‘ a 1
Lﬂa@u‘ﬂ]lﬂﬂﬁﬂuﬂ'J’]JLLHLWI”IGlWLﬂﬂﬂ”l'i‘VI’JiJslluT\lﬁiJle@\‘ilﬁﬁﬂﬂﬂgﬂ?ﬂﬁ?ﬁ’gﬂ%Lﬂﬂ‘ﬂWﬂﬂTi“l/l'JﬂJ
) Y a 1 ) =\ I Y 1 A 1 1 [

ﬂ%‘UNﬁQ“V]ﬂ“H‘UiL'Jﬂlﬁ"JuVI"IiZL“I’Tﬂﬂmﬂﬁlﬁﬁﬂﬁﬂﬁ\‘llﬂi‘!fﬂnﬁﬂﬂlﬁul‘JJLWENW’E)@’f)ﬂﬁﬁﬁﬂ?flﬂ'ﬂu

9 (Y 9 A A dgzl o Y a a d? ) Y =\ 1 A A °
i@umﬂ@mwmmsaumwmu‘nﬂwLﬂﬂﬁﬂnmﬂnmum%mmmmunwmmgwmnmm

1 o

AN MAUINEINRITE I 4.45 UaAIUAT

[
=1

2 ° A a A A 2 A
NYULBY 70 NI f] mu’mmmﬂmhlmnLﬂﬂmﬂmimﬂﬂ%mmummmﬂ
a 1 Y 9 A dgl <3 A d%/ A Y ' Y
Qﬂ!ﬂﬂuﬂuﬂﬁﬁiﬂﬂfﬂﬂif’JULWNﬂlu ﬂ'ﬂllﬁ:]sllﬂx‘ﬁ/\lﬂﬁllﬂﬂgl‘wllﬂlu&u@ﬂﬁ]?ﬂ@]@ﬂﬂ”ml‘ﬂﬂ’ﬂlﬁﬂu
F) [ A A d? =\ A A A o A o
ﬂ?ﬂﬂ@ﬁ'WILWﬁJﬁlluLLﬁgﬂJﬂfJ"liJfﬂ'JﬁlﬁEJ‘Vlaﬂﬁ\‘ll,u@\i’ﬂ']ﬂﬁgEJSL’JE’I"IIHﬂ']ﬁﬂlfl']f]@')‘ﬂﬁ')ﬂﬂ?ﬁglﬁﬂ

v Y

o Ao 9 A A d? A o 1
aﬂamaxﬁ]m’auwm%mummaaumwmu mummmaxwmmmmamﬂmw’mWaﬂa

a 09: Y IS Y 4 {
IFPUATRNIGN llag(lucu']\jﬂiQﬁﬂ15m1ﬂa@ﬂﬂ1ﬂﬂu%uﬂa’lﬂlﬂuaﬂymgﬂ]@\iﬂﬁuﬂ]@\uwagﬁﬂa1ﬂ



271

A 1A v Y Aq ¥ 9 1 1R o [
aduuazogusnumisiemuilinnudon Juuvums nadiulugvedsnailums Inauuw
@ § o { a ' <
v aandaslugyd 4.17() Fadugiguugiuvaddianuiowdu 140 esruaaiFod
@ <} 1 o [ ' I o A a
wdunamumsmuludwmisdininhamadidmhssmeannlszine 172 Hadwas
[ E4 v
dumviamsmvezinlasuntac i lunaaz Tdaudemaedluszezilndifeenu Tagazll
9
a J a 1 [ a 4
32HZ1IA1V0ININAMININUIUYTZINY 0.12 - 0.24 T Tuudazase waziAailsingmsal
1 dgj Y A 3 a ~
MIMINAUAIEANNDTEIY 2.41- 5 AFYIUN

v

a v I a
yuides 90 esmgungiunasldnnuiowiu 130 esruwaFen wimans

be =)

'
S 1

A vy 4 o 2 A a A A 2
woauuuresuidiuvesIdudsivvesleslevinadniitiannmsfioaiuinniy
A < ar A2 = v o a & 9/ 2
Sy anusvewleleliawnuiy  uaziimssudiiuvesodafavuieluinenss
S A A 421 o 1 o a}a' =\ a dy a dg}
anusrnmnvutazmMwaveses ledwari ldisuiims dadisrveslelehady
1 12 g A a ' v d? o
sUnuums lvadrulugseivuuuiwmin GuRamsiauuuusIng UL IaenssmAIvea
Woele wazmsdunduveunavesle ldveunanimsimegnusnudmuunvesdiu
o @ % < ' o "o 1 1 o
hszve dandaslugyl 4.17) szdunamumsvanludwmisdninhamadhauhszive
aqulszun 26.1 Hadwag
A A a 1 Y Y dal = I = ~ =
Womugamgiurasldnnudevdulisniiuizo eswuvaioa dywdes 0
' Y Y o ' [ Y a o Y 9
pem Woaleazmemanudonlinuunsveunaniligamngiveslesleanawinliussdm
mswndsuivewivouralanasi 1y wiwwesralfegndruamiuuiuszawnsanaoui
I S v o o a A4 A4 dy 59
Whunidaihszme IdiduunnSuazinamsdeanuusaes leansandoundda
dy 9 9 =& 1 a =\ dlosj 1 :/' ] :/' A o <3
e lldmladmmiuaszinaiiodluszeznandn q winiu vasniuidiisemon
3 [l [ I 1 A a 3 1 dy Y dy o
iHhurledlodmmumiunazilunvivewnaimilowan Taaithuguiinn Iaudeidwaasly
31 4.18 (n)
A S A A a 1 Y 9 d?' = L4
yudes 5 e weamugavgiuradlinnuieuyuldn Usingmsainig
v Y v ] v
WznedIn  uazmsuialimveeiiasgauanvesdiuiissive  aunsznuieny
a 1 q ¥ Y} 4 = ~ 9 a 2
gaurgiivewrailianuiouvuliae 150 esmuraFes mauizNaTuAaEANINE
! ° ' v Yq ¥ 1 12t Y1 o v
dyuiiszvevesvio  wazveuratszgnd i 3ldvianegihnmadidiuiissime  awaaa
I RS
Tugal 4.18(w) guluuums lwadrulvapiluunuawman
=~ =2 a ! 9 Y Iy,
iywdes 70 ewn  guuglvewmaslinnuion 160  edmuraTYA
4 1 a d‘dy Y A @ 9 1 ™ Y
Y31AYMIUMININILAADUY 1Az MIUMIIMIVOIBAINIGAIUAN  IUATETINTUNIIY
a zg A ] o v =\ ] 9 = Y dy
AATUINDUAADAANNYIITININTLHBVDIND IABIz VR UMV IUABYN TAARE)

9 1 [ o =1 d’ a 42’ d'a I3 d! [ 1
AU NUDIFTIUNTELNY uazmau611mmmmﬂﬁuum\lammmmmﬂwaammmNuwa



272

Y
kY =1 1

Yo 9 3 ad dyd 1R o A % 1

i lildsvanwdou  Tuunasalavveunariiivinalna@usuinauuuazmisie
1 A a 9 1 o 1 dy a d? I [} qul 1 :/'
dauinamsuis  ualsingmssiaenanivznavuilugeszeznmdugmniy - vounad
dalngazgndm Bldvawegmhnmadidiuiiszme daaaslugl 4.18(m)

d‘ = a J Y 9 = d’ Y

myudes 90 gaumglvewmasldnnuiou 160 esnaFodiioonsiniu

v F4 ] E4 9 [

founniugluoums lvanldoumladldaedi  msdeauuueunatiuiidiuduaisues
1 o A = dgl = Y I ~ Id?
dawihszmemsiaeaszinnuguusanniuesleszimssaudrnuiureslon Inaau

d' d'dgl BRI ] 42/ a v A d d' d' d' 1
Lmzmaaumuqmummmumi]xmﬂﬂ”|s"lwamummuwammmmmﬂaaummmu

1 A ) ) Y a A Aa Y a d 9 A A
muLduasnRdwissei nanaunAvivesilanvesuraInumsnaaunaIved

a Jd dy a d? @ ' a’j VA A o Y
v\lauﬂﬁﬂamimwumzmmummnmmu UALUBINUDANIININT

4
a =2

AT tazmsuRalimIveeiiasgauauniouaaeanueIdINIIzIeYe e Tagazdl

4
Bu111ﬂ°ldeﬂ1§1/l’JiJi]$

D.

1 Y Id' Y dy Y 1 1 o = d' a dal d'a 4
Gumma’mnmumqagﬂmmmmumwmmumizma LazuAaUVDATaANAIUNWaN
& o 1y Ay Yo v S Ao 2
maammm”lwammmmwuwamuw"lu"lm‘umwmau °lumqmw1ammmmummﬂ
Idgl o A o 1 [l A a 9 1 &Y 1 dy a 4?1 I []
leq;mmumﬂaumumwumamumﬂﬂﬂmm Lmﬂimgmimmﬂanui}zmmmﬂmﬂq
:Il J 09: 1 ' Y Yq Y 1 VA Y 1 o [
sreznmdumniy vourarduIngrzgndu I ldnwegnihnmadidiuiiszive  as

waaalugild.18(9)



273

M3 'lna

M3 lvia
U1 HUUAN
1N
M3 'lva
SIS0
Le Le
1N
- _ v
(V) JNIDBI 5 BIMN
-
M3 Ina
M3 'lna
LUVEAN
ms'lva
By
21N
Le M3 'lva
BTG G0

(M) YD 70 DIFN (3) YLD 90 BIFN

Y v
71 4.16 GupeumsiNaan1IzIngavesrienus outuuFUlaeila

{ 1 o Aa A 1 a a o I
ﬁﬂIUWQL&JUWWHfJuﬂﬂﬂNﬂWﬂiu 1.0 UaaluAg NDUTNIIZINGA it R123



Le

Le

I My lvia

e 1111

PNHHIU

M3 'lna
MUY

IUNIU

(M) YD 70 DIFN

274

Le

LUy

IUHIU

(3) YLD 90 BIFN

Y v
71 4.17 Gupeumsinaanizingavesriennus outuudulateila

§ ] 4 a a § a a o 3|
ﬁmuWﬂlﬁuWWl‘!ﬁl‘lﬂﬂﬁNﬂWﬂﬁlu 1.0 yaaag “ﬁﬁfﬂ')%')ﬂi]ﬁ st R123



275

M3 'lna

L
L L
e € M3
Y
LY
- _ v
() YUIBBI 0 DI
=< v
o
oL o
35
Le UL s Le
y 35
v LT
LY
na U
Y
LA
A N
- A i A
(M) YD 70 DIFN (3) YLD 90 BIFN

4 v
71/ 4.18 Fupeumsinaan1IzIngavesiennus outuudulateila

4 ] 4 Aa A [ a a o I~
ﬁmuWﬂl%ﬂWWl&ﬁuﬂﬂaNﬂWﬂiu 1.0 Waatuag ©adanN1ILINGA st R123



276

2500 -

J L 4
2000 .
*
o * d
1500
o
£ n
3
o
(=2
1000
¢ flooding
| film boiling
500
0 T T T T T T T T )
0 10 20 30 40 50 60 70 80 90

Angle (degree)

31 4.19 uaaatinnuduiussgniayuBsatuANuiuANNTBUINgA

1ngY 419 naastennuduRus Iz IR saiuaiuauieuInge Wiy
Tannzingafiyuides 0 ewh dumAveIMsIRag I IngaRannmMAeaUUTEY uad
YuBea 5 B9 90 pemAasINANMIHIIUYeIENIWI B AuNAVBIMIINATN1IZINgANA
1nsIngmsaimsnay Tﬂﬂ‘ﬁﬂhwmﬁfméﬁﬂthﬁm‘hﬁ’ﬂmiﬁmm‘fugﬁﬂmﬂmmmﬁsnﬁ"u
patimaNurUMIUANNSoUINgAA1ITY «T;wmﬁuﬂwﬂﬁﬂgmmi'mﬂhm‘fmﬁmﬁmmﬂ

v ] ] v Y

m3 lvagaunenuveslenszmedrnndiuihszmeindouniugdiunrumiviazms lva

a d 1 ] IR o 3 J qu a a g {
asvesilanveamarnndumuuimngaiuiszmeniu - Tasmanaviuazisunayuiiln

Y 1 o ~ = | a 1
madnaaihszie Tashiyudeaanasnn 90 esruilu 5 e szezmaAamInINeg
A d? a a < a a a Y A A o [
MIUIN 23.9 Tadmasdlu 456 Nadwasnnuinalaudgnaiumsesme  uaasaagl

A J ] dy A Y A A ] A o
420 MhuguiiiieannvinavesdouveuralninannmMsIuivavIems lnaveslon
1 ° (K] =1 A =} = s & Y
dawihszie ) garumuniulivinaanas Weyudesanas dnilsingmseivitelaninms

a o d a o 1 1
NAREUFWIMI Ao ANUHITANVeIVBIHAINI UL UM TBAD UV UHAININMI NIV
A g a A [~ a A d = A g

ANUARUUABINNTUIN 0.141 Tadwasiili 0.283 Uadwas HoyUDBANRNIUIIN 10 DI
< Y d { os.l' <
Wy 90 pemmnuuIszay esnnmaldsugluuums Tvaninms nvauvuuensuluiu

2K o Y ad A Q' 43’ [
ms"lwmmmumamq°nﬂwﬂmJwmﬂammmmuuﬁmmgﬂ 421



277

50 -
45 { @
* .
__ 40 | .
S
E 35 |
a2 .
S 30 -
33
©
§ 25 *
<
% 20
e
o
2 15
3
€
10
5
O T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
angle (degree)
= v o J 1 =S Y] 1
E‘]J 4.20 HEPNOINANNANNUDTICHINYUDUINUITSISNNNITNIY
0.5
0.4
B
‘E’ 0.3
o .
(]
[=
S .
K=
c 0.2 - °
= . .
0.1
0.0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 920

Angle (degree)
= [ [ L4 1 = (9 a d ]
?JTJ 4.21 Llﬁﬂ\iﬂﬂﬂ’ﬂilﬁllWLl‘ﬁigﬁ’ﬂxﬁglﬂ,ﬂENﬂ‘Uﬂ'J"IiJWuW\IaﬂJGUE‘Nma’Jﬂ’JULLuu

k4 9 ]
AsiuINdoyafana1n eunsoAtauyAgIuNTIUMIHauaINa nanw
] 9 a v [ a 4 /s a dgl Y [
nuuduaNuieuIgaanuAanlsngmsal 2 Usingmsalnnevunsonaiu Iag

4 a 9} o 4 { { 1 o o
Usingmssiusn Mavindouveuraliaviumandeuives lendimiszive uaasasgl



278

7 a = J 1 { a
4.22 Lla$ﬂ§1ﬂ§]ﬂ15ﬂ!ﬁﬁ@\1 LﬂﬂﬂWﬂﬂ?WNﬁu’W‘lﬁMﬂl@\uﬂﬁ'Jﬂ'JULluulﬁﬁ@ﬁ}@um@\uﬁaﬂﬁlﬂﬂ
1 A Y a d 1 1 dy o Y
AINNITINIUNVNAN ‘ﬂ'lﬂ‘]J'i'lﬂaﬂ1§ﬂ1§LLW\1LL‘U‘UV‘IﬁMﬂﬂ'I\‘]@@u Iﬂﬂﬂ31ﬂ9ﬂ1ﬁu‘ﬂ$ﬂ11ﬂﬂ'}1u

ad 1 09/’ 1 1 o Ya a Y A [
nuauuNaun iy LmhliJVIﬂ‘VW\lﬁiJlef’NL‘Via’JLﬂﬂﬂﬁLLﬁﬂmﬂﬂ Llﬁﬂﬂﬂ\i?’ﬂ 4.23

Liquid slug cause by

/ flooding phenomena

Le

Liquid slug cause by
flooding phenomena

Side view Top view

¢ { a o i A A 0
ETJ 422 LLﬁ@QﬂiWﬂaﬂﬁmll‘iﬂﬁlﬂ@ﬂWﬂf,]}E]uﬂJf]\H’Via’JGUWU’JNﬂﬁLﬂaf]uﬂ"llﬂ\‘iVlf]ﬂﬁ’)u‘ﬂﬁ&“ﬁ&l

liquid film condensation

liquid film condensation

Side view Top view

P A A ar d 1 A Y A
E’]J 4.23 LLﬁﬂQﬂﬁTﬂ&]ﬂ"ﬁﬂ!“ﬂﬁ@\i AU Ye BHA IRV BN UVDIHAIN

1NAINAITNINNDIAY



279

Liquid film condensation

Liquid slug cause by flooding phenomena

4 P A a d?} Fl [
ETJ 4.24 L!ﬁﬂﬂﬂﬁWﬂaﬂTiﬂ!!Lﬁﬂ LlagﬂiWﬂgﬂTﬁﬂlﬂﬁﬂﬁ NINAVUNIDUNU

Y
[ Y 1

9
muummmwumuumm%’emﬂimﬁwumzm1f"f‘ummmwumuummﬁ”eumﬂ

I a [ 4 { 1 o @ 1
ﬂi?ﬂ&]fﬂﬁﬂ!ﬁLﬂﬂﬁﬂﬂf#ﬂum@ﬁlﬁﬁﬁﬂlﬂ‘lﬂﬁﬂ']ﬁLﬂa@u%ﬁﬂl@ﬂll@ﬁﬁ’)uﬂ”li%!ﬁﬂﬁ'J‘JJﬂUﬂWﬂ’ﬂiJ

] L4 a1 Jd ] { a
ﬁmuuumm%@umﬂﬂiwﬂgmsmﬂamwmwfm511’0ama3mmuumﬁaﬁ’aummmmﬁmﬂ

NMINIWAVNEAE AITUMNT

q4.=9,+4q, (4.1

v 1 s a v
q, ﬁi’) mmmwumuumm%’aumﬂﬂﬁmgﬂ1'5mﬁmﬂmﬂﬁ’ammmmmﬂmn
d‘ d‘ d‘ 1 o
msmaaumm"laﬂmumizmﬂ
v 1 4 a1 d 1
q, ﬁﬂ mmmwumuumm%’aumﬂﬂi”mgmimmmwmwammmmmmmu

L’Viﬁﬂﬁ'ﬁ)uﬂlﬂ%ﬂﬁ’)ﬁlﬁﬂiﬂﬂﬂﬁ‘]/hllﬁ‘lﬂ\m\i



280

o a 4 an 4 A o I'd 1 1
NUVVIIADINNAUAMNTATVDS HANIA T NIANNANY (2543) ﬂzvlﬁ/mmmm
] 9 S A 9 [ A A A o
ﬁunluuﬂ')'lwifJL!QTﬂTJﬁTﬂJ;]ﬂ']ﬁﬂ!“V]!ﬂﬂ‘ﬂ'lﬂﬂ’f)uell@\?!fHﬁ’JGUWII'J'Nﬂ']ﬁLﬂa@umﬂl@\‘]ll@ﬂﬁ’JUﬂW

< Jd v 4 = o o
’izmEJL”]JuWQﬂ%uﬂlﬂﬂﬂulﬁlfuﬂlmﬂgmaENﬂTi‘VINW l!ﬁﬂ\?ﬂqzﬂ4.25

g, = f(cos B)

0.8

0.4

0.2 4

0 10 20 30 40 50 60 70 80
angle (degree)

90

J ] Y A a Y @
Eﬂ 4.25 llﬁﬂﬁﬂ1ﬂ’31hﬁu1uuuﬂ'ﬂiﬁf]uiﬂﬂ‘lliTﬂg‘]ﬂTiﬂ‘lﬁlﬂﬂﬂWﬂﬂﬂu"U@\‘i!fViﬁ’J"llﬂ"lJ’)Nfﬂi

d‘ d‘ d‘ ! o v = o
Lﬂﬁ@uﬂﬂlﬂﬁvlﬂﬂﬁﬁuﬂ'ﬁ%l,ﬂ‘(’Jﬂ‘]JlJiJLE]ENﬂ'IiﬂW\ﬂu




281

1214

0.8

0.6 -

0.4

T

0 10 20 30 40 50 60 70 80 90
angle (degree)

1 1 A a ard ]
E‘IJ 4.26 memmmwumuumm%au%1ﬂﬂi1ﬂgﬂ1imﬁtﬂﬂﬂa1uwuw\lammmmmmmu

WMlaADUYDUMAINNAINMININAVNAINUYUBBINTHIU

<3 Y ad ] A9 A A
ﬂ1ﬂ§ﬂ4.26 %mu”lmmamlmwammma3ﬂ?mL!,uumuan@ummmaamﬂﬂmﬂmﬁ
' A I ) o a ° A Y Aad '
VI'JiJﬂ‘U'Na%ﬂuﬂ@ﬂﬂfumﬂﬂq“}ﬂﬁlﬂﬁnmLﬂﬂ\?ﬂ']ﬁﬂ']\ﬂu HBIINONNANYBIUHAINIVLUY
< v 1 ° 9 [ Y = 19 A o
ﬁu']ﬂﬂgblﬁa]lﬂﬂﬂﬁ')uﬂ?ﬁglﬂﬂulﬂll']ﬂ MIFINUANNTOUITUAININ DI anve i

[l <3 o 1 ° [
AIVLHUUNEN ﬂﬁ]gllﬁaull]ﬂQﬁ?uVlTﬁgLWﬂ"lﬁﬁﬂﬂaﬂ ﬂ”|'iz’fmWﬂmm%)au%zaﬂmmullﬂﬁjw

9
[ Y 1

1 )] < I - 4 = o %
ﬂ\iﬂl&ﬂ’]ﬂ'ﬂﬂﬁu'ﬂluuﬂ'l’]lli@uﬂﬁ]glﬂ1!W\Tﬂ%uﬂlﬂﬂll"]fusu@ﬂlqlﬂlﬂﬂ\‘]ﬂ'ﬁm1\‘]’]1! Llﬁﬂ\?ﬂ\izﬂ4.26

9
[ Y 1

] a 1w J ] 4
@N1!uﬂ']ﬂ'J]NWTHLLUU?YJ’]?J%}@U'JﬂE]@]Wl']ﬂ‘]Jﬂ']ﬂ'J'lllﬁu']!LuUﬂ'JTiJ%I@‘lJQTﬂﬂi']ﬂ{]ﬂTﬁm

o J 1 7 1< o J ]
LLiﬂi’JllﬂiJﬂTﬂ’J”lﬂJﬁu"lLLuuﬂ’J”Ill%}@ui]”lﬂﬂ51ﬂgﬂ1§ﬂ‘!ﬁﬁ@\1 ﬂztﬂumlﬁ’mmmwmuuumm

% =

k) a = 9 dgl v
iamﬂqmmmﬂumuﬂuumam Llﬁﬂ\iﬂﬂgﬂ4.27

a



0.8

0.6

0.4

0.2 4

282

10 20 30 40 50 60 70 80 90
angle (degree)

9
1 ] a @ @ L4
?j‘]_l 4.27 Llﬁﬂ\iﬂ']ﬂlnllﬁu?!tuuﬂ?WN%ﬂu’Jﬂq@ﬁnﬂﬂ?iﬁ'Jllﬂusll@\ivlﬂﬁﬂ\‘]ﬂﬁ']ﬂaﬂ'ﬁm

NUYNIBBINITINY



283

UFTMIYNITN

Akachi, H., Polasek, F., and Stulc, P., Pulsating Heat Pipe. Procs. of the 5" International Heat
Pipe Symposium. Melbourne Australia., 1996.

Anuchitchanchai, P., Kamonpet, P., Wongratanaphisan, T., and Terdtoon, P., Effect of Aspect
Ratios and Internal Diameter on Performance Limit of A Closed-End Oscillating
Heat Pipe Using Refrigerant Blend as Working Fluid. Procs. of the 7" International
Heat Pipe Symposium. Jeju Korea., 2003.

Anuchitchanchai, P., Performance Limit of Closed — End Oscillating Heat Pipe Using MP39
and HP62 as Working Fluids. Thesis for Master of Engineering in Mechanical
Engineering. Chiang Mai University., 2003.

Charoensawan, P., Terdtoon, P., Tantakom, P., Ingsuwan, P., and Groll, M., Effect of Inclination
Angle, Filling Ratios and Total Lengths on Heat Transfer Characteristics of a
Closed-Loop Oscillating Heat Pipe. Procs. of the 6" International Heat Pipe
Symposium. Chiang Mai Thailand., 2000.

Charoensawan, P., Khandekar, S., Groll, M., and Terdtoon, P., Closed Loop Pulsating Heat Pipe
Part A: Parametric Experimental Investigations. Applied Thermal Engineering. Vol.
23.,2003.

Charoensawan, P., Terdtoon, P., Tantakom, P., and Ingsuwan, P., Effect of Evaporator Section
Lengths, Number of Turns and Working Fluid on Internal Flow Patterns of a
Vertical Closed-Loop Oscillating Heat Pipe. Procs. of the 7" International Heat Pipe
Symposium. Jeju Korea., 2003.

Dobson, R.T., and Harms, T.M., Lumped Parameter Analysis of Closed and Open Oscillatory
Heat Pipe. Procs. of the 11" International Heat Pipe Conference. Tokyo Japan., 1999.

Dunn, P., and Reay, D.A., Heat Pipes. 3 Edition., Pergamon Press. Oxford England., 1982.

GI, K., Sato, F., and Maezawa, S., Flow Visualization Experiment on Oscillating Heat Pipe.
Procs. of the 11" International Heat Pipe Conference, Tokyo Japan., 1999.

Groll, M., Khandekar, S., Pulsating Heat Pipe: Progress and Prospects. Procs. of Int. Conference

on Energy and the Environment, Shanghai China., May 22-24, 2003.



284

Kammuang-lue, N., Charoensawan, P., Ritthidech, S., Budhajan, K. and Terdtoon, P., Effect of
Working Fluids on Heat Transfer Characteristics of A Closed-Loop Pulsating Heat
Pipe at Critical State, Proc. 1 st International Seminar on Heat Pipes and Heat
Recovery Systems, Kuala Lumpur Malaysia, pp. 121-127, 2004.

Katpradit, T., Wongratanaphisan, T., Terdtoon, P., Akbarzadeh, A., and Kamonpet, P.,
Correlation to Predict Heat Transfer Characteristics of A Closed End Oscillating
Heat Pipe at Critical State. Applied Thermal Engineering (submitted)., 2003.

Katpradit, T., Kamonpet, P., Wongratanaphisan, T., and Terdtoon, P., Effect of Number of Turns
and Working Fluids on Heat Transfer Characteristics of A Closed-End Oscillating
Heat Pipe at Critical State. Procs. of the 7" International Heat Pipe Symposium. Jeju
Korea., 2003.

Khandekar, S., Charoensawan, P., Groll, M., and Terdtoon, P., Closed Loop Pulsating Heat Pipe
Part B: Visualization and Semi-Empirical Modeling. Applied Thermal Engineering.
Vol. 23.,2003.

Lee, W., Jung, H., Kim, J., and Soo Kim, J., Characteristics of Pressure Oscillation in Self-
excited Oscillating Heat Pipe based on Experimental Study. Procs. of the 6"
International Heat Pipe Symposium. Chiang Mai Thailand., 2000.

Lin, L., Ponnappan, R. and Leland, J., Experimental Investigation of Oscillating Heat Pipe. 35"
Energy Conversion Engineering Conference and Exhibit. Vol. 2 ., 2000.

Maesawa, S., Gi, K.Y., Minamisawa, A., and Akachi, H., Thermal Performance of Capillary
Tube Thermosyphon. Procs. of the IX International Heat Pipe Conference.
Albuquerque USA. Vol. II., 1995.

Maesawa, S., Heat Pipe: Its Origin, Development and Present Situation. Procs. of the 6"
International Heat Pipe Symposium. Chiang Mai Thailand., 2000.

Miyasaki, Y., Arikawa, M., Oscillatory Flow in Oscillating Heat Pipe. Proc. 11" Int. Heat Pipe
Conf., pp. 367-372, 1999

Panyoyai, N., Effect of Meandering Turns and Aspect Ratios on Internal Flow Patterns of
Closed-end Oscillating Heat Pipe at Critical State. Thesis for Master of Engineering
in Mechanical Engineering. Chiang Mai University., 2004.

Qu, W., and Ma, T., Experimental Investigation on Flow and Heat Transfer of a Pulsating

Heat Pipe. Procs. of the 12" International Heat Pipe Conference. Russia., 2001.



285

Qu, W., and Ma, H.B., Theoretical analysis of startup of a pulsating heat pipe, International
Journal of Heat and Mass Transfer, vol. 50, issues 11-12, pp.2309-2316, June 2007.

Ritidech, S., Terdtoon, P., Tantakom, P., Murakami, M., and Jompakdee, W., Effect of
Inclination Angles, Evaporator Section lengthes and Working Fluid Properties on
heat Transfer Characteristics of A Closed — End Oscillating Heat Pipe. Procs. of the
6" International Heat Pipe Symposium. Chiang Mai Thailand., 2000.

Ritidech, S., Terdtoon, P., Murakami, M., Tantakom, P., and Jompakdee, W., Correlation to
predict heat transfer characteristics of a closed-end oscillating heat pipe at normal
operating condition. Applied Thermal Engineering. Vol. 23., 2003.

Ritidech, S., Terdtoon, P., Murakami, M., Kamonpet, P., and Jompakdee, W., Effect of
Evaporator Section Lengths, Number of Turns and Working Fluid on Internal
Flow Patterns of an Closed-End Oscillating Heat at Normal Operating Condition.
Procs. of the 7" International Heat Pipe Symposium. Jeju Korea., 2003.

Sakulchangsatjatai, P., Kamonpet, P., Wongratanaphisan, T., Terdtoon, P., and Murakami, M.,
Mathematical Modeling of Closed-Loop Oscillating Heat Pipe at Normal Operating
Condition. Procs. of the 7" International Heat Pipe Symposium. Jeju Korea., 2003.

Shafii, M., Faghri, A., and Zhang, Y., Thermal Modeling of Unlooped and Looped Pulsating
Heat Pipes. Journal of Heat Transfer. Vol.123., 2001.

Terdtoon, P., Heat Pipe. Department of Mechanical Engineering Chiang Mai University
Thailand., 1993.

Wong, T.N., Tong, B.Y., Lim, S.M., and Oci, K.T., Theoretical Modeling of Pulsating Heat
Pipe. Procs. of the 11" International Heat Pipe Conference. Musashinoshi Tokyo
Japan., 1999.

Xu, J.L., Li, Y.X. and Wong, T.N., High speed flow visualization of a closed loop pulsating heat

pipe. International Journal of Heat and Mass Transfer, vol. 48, pp.3338-3351, 2005.



286

MANUHIN N

4

mslilisunsu nazninesfaneszrinallsunsumazgly



287

MANIN 0.1 1U5UNTHMITMUIMONTIMTARNUANINT D MIR AL VR INDANNT D UNVVTUTHAIITOV

Y 1 a1 ' 9q ¥ ° Y o ] A '
Wu']@l']ﬂ@lﬂﬂﬂi%ﬂ')'lﬂiﬂﬁllﬂﬁll uazg% Glui‘ﬂﬂlﬂillﬂ']u'.lﬂ!ﬂ(ﬂﬁTﬂ']ﬁﬁ\?N1uﬂ’J1N§ﬂumﬁﬂ"Uﬂ\1Wﬂ

v v A 2 o
mmiﬂmmuﬁu%umammﬂumuﬁﬂﬂugﬂ .1

HEAT PIPE LABORATORY, CMU.

CLOHP's Average Heat Transfer
Calculation Program

Container Information
Average Heat Transfer

Material Qut side diameter (mm)
|':D|:I|DB[ | Rates (Watts)
Wall thickness (mmj) Number of turn ‘
In side diameter (mm) PCDC

Working Fluid Information ‘

Type of working fluids Filling Ratio
|F|123

Filling Temperature (C}

Operating Information Make text file
Heating SurfaceTemperature (C} Cooling SurfaceTemperature {C)

51 n.1 wihavaaaeszrae Tsunsy wazd1d Tulidsunsudnnudamsdaiim

ANNTBUMABUDINBANYS DUV TUYTIANTOY

wihandadeszned ez Tsunsuezutsoondiu 4 dau fie dausudeyaiReafudameanny
$ou (Container Information) au3 u%aga&ﬁ&aﬁuaws 111914 (Working Fluid Information) ausu
Yoyagungiineu (Operating Temperature) tazdIUUAAIHANTAILIL
Tums I Tsunsudlhzgniisfuliidensagusziamnewawiniu dwsuvnagisiae
” 4

auq aansoldarldamlng luhweudeanuTsunsueziiwnlddldidonasiaumme R123

"o
MUY



288

A

9q ¥ v A g 3 9 o o ' IR ¥ = '
Lll@ﬁd%fﬂi@ﬂ“ll’t‘)ialjam@ﬁ@lulﬁimm’l T‘l]‘il,!.ﬂ‘ill%$ﬂ1ﬂ1§ﬂ1u’lﬂlﬂ1ﬂﬁﬁﬂN1uﬂ]1N§@ulﬂaﬂ uasan

a 1 { @ 9q ¥ 1 99 9o 07 9
wilszansanumirimsnlasuaauzmendanngldnatly Go! wenaniiglddeannsatiuiindoy

U U

0 3 . 1 { v o
msdnanianua 1311 Text File Taonaiju Make text file TWdndesmsiafuazaiuin1iluy

C:/Avgheat.txt



288

Output Nlaa1nlAsaIms

av ] dyo Y ) a d' aAa L a
Hav09911 398 TN UM I ENT e ULNANUIBINTINDVOANUN I NTETIFINS

u'llﬂ"]ﬂa 3 ‘]J‘VIﬂ'J“Jﬁ}’JUﬁ’H
(a)N. Soponpongpipat, P. Sakulchangsatjatai, N. Kammuang-Lue and P.
Terdtoon, Investigation of Starting Condition of Closed Loop Oscillating Heat Pipe®9

a4 lveAfiunh Jour. of Heat Transfer Engineering

(b)N. Soponpongpipat, P. Sakulchangsatjatai, and P. Terdtoon , Prediction Model
of Average Heat Transfer Capacity of Closed-Loop Oscillating Heat Pipe at Normal

Operating Condition HevzdalveAfiuii Jour. of Heat Transfer Engineering

(c)T. Hudakorn, P. Terdtoon, and P. Sakulchangsajatai , Effect of inclination angle
on performance limit of a closed-end oscillating heat pipe Fevzaallvedfini Jour. of Heat
Transfer Engineering



289

NMNARNUIN U

UNAIY
Investigation of the Startup Condition of a Closed Loop

Oscillating Heat Pipe



290

Investigation of the Startup Condition of a Closed Loop

Oscillating Heat Pipe

N. Soponpongpipat, P. Sakulchangsatjatai, N. Kammuang-Lue and P. Terdtoon
Department of Mechanical Engineering, Faculty of Engineering, Chiang Mai
University, Thailand 50200. Tel. +66-53-944151 Fax. +66-53-226014
Email : Nitipongsopon@hotmail.com

Abstract

Although there have been many studies about Closed Loop Oscillating Heat Pipes
(CLOHP) both experimentally and theoretically, there is still little  understanding of a
suitable startup condition. This important condition includes the geometry of a CLOHP, the
filling ratio and the temperature of the evaporator and condenser sections that allow a CLOHP
to produce a successful startup. Therefore, this paper will develop a concept for a suitable
startup condition for a CLOHP. This concept was developed by using visual data and the
thermodynamics theory for predicting the amount of vapor evaporation and condensation in a
CLOHP. The visual data indicated that the key to a suitable startup is the amount of net vapor
expansion in the evaporator and the amount of net collapsed vapor in the condenser. Initial
dryout, an event which occurs after a startup failure, results when the net vapor expansion is
higher than the amount of net collapsed. This situation obstructs the replacement process.
This is a mechanism in which the volume of mixture from the condenser section flows to the
evaporator section to replace the volume of mixture that leaves the evaporator section. When
the replacement process is impeded, all of the liquid in the evaporator section evaporates and
the evaporator section is not refilled by the mixture from the condenser section. The
evaporator section is then filled with vapor and initial dryout occurs. In addition, this paper
presents a mathematical model that predicts the operating temperature for a suitable startup
condition. This prediction can be used to avoid a startup failure of a CLOHP. When
comparing the model with that of the experimental data, a 16% accuracy was attained.

Introduction

The Closed Loop Oscillating Heat Pipe is one type of Heat Pipe. It was constructed
using a meandering capillary tube with both ends connected together. As the diameter of the
capillary tube is smaller than that used in Conventional Heat Pipes, the formation and flow
patterns of the working fluid inside the CLOHPs are different from those of Conventional
Heat Pipes. Due to these specific characteristics, a lot of research has been conducted on the
heat transfer behavior of a CLOHP. The studies can be classified into two parts: heat transfer
at normal operation and the phenomena at maximum heat transfer. Much research has been
conducted on the effect of the filling ratio, the size of the CLOHP, the temperature of the
heating and cooling medium and the type of working fluids on the CLOHP’s internal flow
patterns and heat transfer rate at normal operation [1-3] and at maximum heat transfer [4-6].
The research showed that the circulation of working fluids inside the tube was the main
mechanism for heat transfer. The heat transfer rate at normal operation depended on the
filling ratio, size of the CLOHP, temperature of the heating and cooling medium and type of
working fluids. The research also reported details of the maximum heat transfer rate of a
CLOHP. Some phenomena can obstruct the working fluid circulation. For example, when the
heat reaches a critical level, insufficient liquid in the evaporator section results and dry spot
consequently occurs. The temperature at the dry spot becomes extremely high. The dry spot,
later, changes into a dry patch. When this event takes place, the heat transfer rate will
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decrease. Finally, the CLOHP can not transfer heat anymore. The heat transfer rates achieved
just before the above situation occurs is called the performance limit of the CLOHP. In fact,
the heat transfer obstruction of a CLOHP can be found not only at maximum heat transfer
state but also at startup operation state. With an insufficient amount of liquid in the
evaporator, dry spot can also take place as with maximum heat transfer state. But the dry out
in this case is called initial dryout. The startup operating condition of a CLOHP where initial
dryout does not occur is called the suitable startup condition.

Previous research about a suitable startup condition for a CLOHP has been conducted.
Maezawa et al. (1996) suggested the size of the diameter required in order for CLOHP
behavior to occur. This is known as the “Maezawa Criteria”. Gi et al. (1999) found that the
heat transfer rate increases with an increase of filling ratio. The highest heat transfer rate can

be obtained at a filling ratio of 50-60 %. When the filling ratio is more than 60%, the heat

transfer rate decreases. Lin et al. (2000) showed that an Oscillating Heat Pipe with a total
length of 446 millimeters, 40 turns and using FC-72 as the working fluid could not transfer
heat when the filling ratio was less than 32%. Charoensawan et al. (2003) presented that there
are a critical number of turns for a CLOHP. If a CLOHP is established with less than the
critical number of turns, a CLOHP can transfer heat only at bottom heat mode. In contrast, if
there are more turns than the critical value, a CLOHP can transfer heat both at bottom heat
mode and horizontal heat mode. For a CLOHP with an inside diameter of 1.00 and 2.00
millimeters, the critical number of turns was 16 and 23 turns respectively. This data shows
that the suitable startup condition for a CLOHP is not just the diameter size but that other
things are included. Unfortunately, the above data is a by product of the investigation of heat
transfer characteristics at normal operating condition. The aim of the research was not to
gather information about the startup condition. Thus, a concentrated study on the effects of
arbitrary parameters for a suitable startup condition and the mechanism that obstructs the
startup operation of CLOHP has not been carried out. Although Qu et al. (2006) showed the
effects of the evaporator surface roughness and superheated temperature that makes a CLOHP
operate properly at normal operating condition, in some cases, a CLOHP can not startup even
if the superheated level is reached. Thus, more details need to be gathered not only about the
superheated level. A detailed investigation about a suitable startup condition can be developed
by extending the concept of Soponpongpipat et al. (2006). This work showed evidence that
the driving mechanism of the working fluid circulation inside a CLOHP was “replacement
process”- under constant arbitrary pressure, mixture from the condenser section flows into the
evaporator section to replace the mixture leaving the evaporator due to its volume expansion.
In addition, they concluded that when considering the working fluid inside a CLOHP, the
fluid works at a similar pressure throughout the system.

In this paper, the suitable startup condition of a CLOHP was visually studied by
observing the mechanism that obstructs the replacement process. Moreover, a mathematical
model describing the suitable startup condition was established. The benefits of this research
are a suitable design for a CLOHP and the ability to avoid a failing startup condition in which
initial dryout later takes place.

Experimental set up

In order to develop a concept for a suitable startup condition of a CLOHP, it is
necessary to gather the experimental data of startup conditions both in quantitative and
qualitative aspects. The internal flow pattern and working fluid formation before startup is
also needed. Thus, the experimental set up in this work will be divided into two parts, the
quantitative part and the visualization part.

For the quantitative part, a CLOHP was made from capillary tubes with internal
diameters of 0.66, 1.06 and 2.03 millimeters. The evaporator, adiabatic and condenser were of
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equal lengths of 50, 100 and 150 millimeters. The number of turns were 5, 10 and 15. R123
was used as the working fluid. Figure 1 shows the experimental set up of this work. A low
voltage, high current output electrical transformer was used as the heat source. The heating
process was done by directly passing a current from a copper bus bar to the evaporator
section. Due to the electrical resistance of the evaporator section, heat was generated along
the entire evaporator section. The control of the heat input to the CLOHP was made by
controlling the output voltage of the transformer. The condenser section of the CLOHP was
installed inside a cooling jacket and cooled by a coolant, a mixture of water and ethylene
glycol 1:1 volume by volume. The returning coolant from the cooling jacket was cooled again
by a cold bath. The flow rate of coolant was measured by a rotameter (Platon, PGB411). The
temperature at specific positions on the CLOHP was recorded by a temperature data logger
(Comark, C5810). K-type thermocouples were installed on the outer surface of the CLOHP,
10 points on the middle of each of the evaporator sections, 4 points on the adiabatic section
and 6 points on the condenser section. In order to measure the inlet and outlet temperature of
the coolant, two thermocouples were installed at the inlet and outlet of the cooling jacket. The
experiment was started by gradually increasing input heat to the CLOHP. The temperature
distribution was recorded and the heat transfer rate was calculated. This information was the
initial dryout indicator. In the case of high temperatures, the initial dryout took place after the
failed start up. If a CLOHP failed to start up, the temperature in the evaporator section
increased steeply with an increased heat input to the CLOHP. In contrast, if CLOHP succeed
to start up, the evaporator temperature increased slightly with an increased heat input. In
addition, fluctuation of the evaporator temperature might be seen.
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Figure 1 the quantitative experimental set up
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Figure 2 the visual study set up
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For the visual study, the experimental set up was conducted as shown in figure 2. The
CLOHP was made from a Pyrex glass tube with an inside diameter of 2 millimeters. The
evaporator, adiabatic and condenser were of an equal length of 50 millimeters. The working
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fluid was R123. The CLOHP was installed on the test rig which was composed of two
grooved copper plates, one to support the evaporator section and the other to support the
condenser section. The evaporator section was heated by an electrical heater which was
mounted on a copper plate. The mode of heating was bottom heat mode. Heat was transferred
from the copper plate to the CLOHP by thermal grease, which was coated between two
surfaces. The condenser section was cooled by conducting heat through the thermal grease
which was coated between the condenser surface and copper plate. The copper plate was later
cooled by a water coolant. The experiment was controlled by adjusting the temperature of the
heater and the flow rate of the water coolant. The internal flow patterns and working fluid
formation inside the CLOHP was recorded by video camera (Sony CCD-TR618E) with a
recorded speed of 25 frames/second. The recording was taken from the start of operation of
the CLOHP at which the motion of the working fluid inside could not be seen. When a
successful start up was achieved, the eirculation of the working fluid inside could be seen. In
order to measure the vapor slug length, a length scale was installed on the test rig. The vapor
slug length was measured from still pictures which were captured from the movie. When a
vapor slug was in a turn, the length was measured by a flexible curve ruler.

Result and discussion

1. The replacement process

In order to have a good understanding about the discussion for a suitable startup
condition, it is necessary to explain the replacement process which Soponpongpipat et al.
(2006) introduced.

Under the normal operating conditions of a CLOHP, there is liquid and liquid film
around the vapor slugs and bubbles. For a small bubble, although, the pressure inside a small
vapor bubble is very high, the effect of the surface tension makes the pressure inside unable to
interact with the liquid around it. For a long vapor slug, vapor pressure inside should almost
be equal to liquid pressure. Both cases follow the Laplace equation. When we consider the
working fluid inside a CLOHP, we can estimate that the fluid works at a similar pressure
throughout the system. Thus, the driving force of circulation is not the force from the pressure
difference between the evaporator and condenser sections. The driving force of circulation
results from vapor expansion in the evaporator section and the flow to replace the collapsing
volume in the condenser section, and the replacement flow of mixture in the next condenser
section to the evaporator section which is just leaving. Under normal operating conditions, the
liquid inside the evaporator receives heat from the evaporator surface and changes phase from
liquid into vapor. This change causes the formation of vapor slug alternated with liquid plug.
Because the vapor specific volume is higher than liquid specific volume, the working fluid
inside the evaporator needs more space than before the change in phase. However, the volume
of the evaporator is constant. The vapor slug inside the evaporator, thus, pushes the mixture
above it to the condenser section. This expansion replaces the collapsing volume due to
condensation in the adjacent condenser section. The expansion due to the phase change takes
place continuously because the mixture leaving the condenser section flows to the evaporator
section at one side to replace the volume of mixture leaving the evaporator at the other side as
shown in figure 3. It is clear that the expansion and collapsing from phase changes results in
the replacement of the mixture’s volume leaving the evaporator section with the incoming
mixture from the condenser section.
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Figure 3 the replacement mechanism of working fluid inside the CLOHP

Thus, the driving mechanism of the working fluid circulation is called the replacement
process. This process produces a continuous circulation inside the CLOHP at normal
operation. The important thing that should be kept in mind about the above explanation is that
the expansion and collapsing of vapor slugs occur under constant pressure and the circulation
of the working fluid does not result from the pressure difference between the evaporator and
condenser sections.

2. The suitable startup condition

The developing concept for a suitable startup condition was achieved through data
from visualization. Data analysis was done by observing the formation of vapor expanding
and collapsing before and after circulation took place. The position of vapor slugs inside the
CLOHP at various times, from the beginning of the experiment until circulation just occurred
is shown in figure 4. The length of each vapor slug is displayed in table 1. The time intervals
in each picture are not equal because we wanted to show the overall change of length and
position of each vapor slug before circulation took place. Figure 4a shows the formation of
the working fluid at the beginning of the experiment. The clearer parts show the vapor and the
duller parts show the liquid. At the beginning of the experiment, there were five vapor slugs
inside the CLOHP. The 1* vapor slug at the left hand side had a length of 106 millimeters.
The 2", 3", 4™ and 5™ vapor slug had a length of 28, 51, 82 and 110 millimeters respectively.
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The vapor slugs clearly alternated with the liquid plugs. Moreover, the vapor slugs had a
uniform shape. Therefore, it was easy to measure their length. In addition, there was liquid
film between the vapor slugs and tube’s surface. It confirmed that the CLOHP was in normal
operation mode and no dry spots occurred in the evaporator section before starting the
experiment. When heat was transferred to the test set, each vapor slug was found to expand
and collapse as shown in figure 4b. The time interval from figure 4a to 4b was 12 seconds.
The circulation could not be seen at this time, but there was movement of the 2™ vapor slug
of 6 millimeters from the right to left hand side. When the length of each vapor slug was
measured and, the total expansion/collapse value was compared with the initial value ( the
total expansion/collapse at the beginning of the observation), it was found that the vapor slug
system (vapor slug no. 1-5) had a net expansion of 5 millimeters. The observation was done
16 seconds later. At this time, there was still no circulation. We could see the expansion of the
1¥, 3" and 5™ vapor slug. The 2™ vapor slug’s movement of 4 millimeters was also observed
and it later moved back to its previous position as shown in figure 4c. When the length of
each vapor slug was measured and the total expansion/collapsed value was compared to the
initial value, it was found that the vapor slug system had a net expansion of 21 millimeters.
The working fluid circulation was seen after 16 seconds of observation. Figure 4d shows the
formation of the working fluid just after circulation occurred. At this time, the vapor slug
system had a net collapse of 16 millimeters.
It is known that a CLOHP transfers heat by the circulation of a working fluid inside.
Thus, the suitable startup condition is the conditions that make circulation occur at startup
state. According to the above results, it is clear that the parameters which control the suitable
startup condition is the net volume expansion/collapse of the vapor slug system. The suitable
startup condition is achieved when the net volume collapse of the vapor is more than the net
volume expansion.
Ifv

>V = Suitable start up (1)

net collapse, vapor net expand, vapor

The mechanism of a successful CLOHP start up can be explained as follows: In the
case of the net vapor collapse being more than the net vapor expansion, the mixture in the
evaporator section expands and moves simultaneously. This is because the volume of vapor
expansion is not enough to replace the vapor’s collapsed volume in the condenser section.
Liquid in the evaporator section, thus, has to move to replace the remainder collapsed volume.
When liquid in the evaporator section moves, the vapor in the evaporator section is carried
with the liquid too. Consequently, the mixture in the next condenser section flows to the
evaporator section to replace the mixture leaving the evaporator. The incoming mixture from
the condenser later changes phase and expands causing the driving force for the next cycle.
Finally, a successful start up is achieved. An illustration of the above discussion is shown in
figure 5a. After a successful start up, a CLOHP is able to operate following the replacement
process as described by Soponpongpipat et al. (2006).

In the case were the net collapsed vapor is less than the net vapor expansion, vapor
slugs in the evaporator will push the mixture above it to the condenser section. The vapor
does not move from its previous position because the volume of the expanded vapor is more
than that of the collapsed vapor volume. Thus, liquid in the evaporator can not displace and
carriage of the vapor slugs by the liquid does not occur. The mixture from the condenser,
therefore, can not flow to the evaporator section. The replacement process is obstructed and
circulation can not take place. In this case, all of the liquid in the evaporator changes phase
into vapor. If a high temperature is then applied to the CLOHP, dry spots and dry patches
appear in the evaporator and can be monitored. An illustration of the above discussion is
shown in figure 5Sb. We can say that the CLOHP is in initial dryout state.
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The existence of initial dryout state was confirmed by data from the quantitative
experiment as shown in figure 6. The figure shows experimental data of a Copper-R123
CLOHP with an inside diameter of 1.06 millimeters, 5 turns and an evaporator length of 50
millimeters. Bottom heat mode was used and an inclination angle of 90 degrees from
horizontal. We can see from the figure that the temperature of the evaporator surface was
increased by increasing the heat input. However, no heat transfer occurred from the
evaporator to the condenser section. This is because there was no liquid in the evaporator
section. Since, the heat on the evaporator was increased, the temperature of the vapor which
entirely occupied the evaporator also increased. Because the replacement process was
obstructed, circulation did not occur. Thus, the evaporator could not transfer heat to the
condenser section. The steep increase of the evaporator temperature when initial dryout
occurred is the same as the result shown in the report of Kammuang-lue et al. (2004).

It can be concluded that there was existence of initial dryout in the CLOHP. Having
enough super heated temperature is not the only criterion for a suitable startup condition for a
CLOHP. A successful start up can be achieved by controlling the heating and cooling of a
CLOHP. This control produces a net vapor collapsed volume in the condenser section that is
more than of the net vapor expansion volume in the evaporator section. Finally, the failure of
the start up is a result of the obstruction of the replacement process. The obstruction occurred
when the net collapsed vapor volume in the condenser section was less than the net vapor
expansion volume in the evaporator section. The criterion for suitable and unsuitable startup
conditions is shown in figure 7.

3. CLOHP behavior

When we combine this research with the works of Soponpongpipat et al. (2006), the
CLOHP behavior can be explained as shown in figure 8. At the beginning, A CLOHP is at
startup condition. If it is not suitable- the net collapsed vapor volume in the condenser section
is less than the net vapor expansion volume in the evaporator section- circulation is obstructed
and initial dryout might take place in the evaporator. If the CLOHP is at a suitable startup
condition, it can operate at normal mode continuously. Thus, in practice, it is necessary to
make the net vapor expansion less than the net collapsed vapor by controlling the evaporator
and condenser temperature. At normal state, there are two possible internal flow patterns,
counter flow and bubble-slug flow. Counter flow makes each tube of a CLOHP behave like a
very small thermosyphon. This configuration creates a very low heat transfer rate. The
replacement process is found in a bubble-slug flow pattern. This flow configuration is more
stable than counter flow and creates more heat transfer. In addition, a change in flow direction
might be found in bubble-slug flow patterns. The cause for the change of flow direction being
unequal in condensation rate for each side of the condenser’s turn was discussed by
Soponpongpipat et al (2006). When heat input is increased, it reaches critical state (maximum
heat transfer state). At this state, the CLOHP dries out and cannot transfer heat again.

Mathematical model

Modeling to predict a suitable startup condition can be done by using the basic
concept of thermodynamics as follows. When the evaporator section of the CLOHP is
immersed into a high temperature reservoir, the working fluids inside will have more
thermodynamic vapor quality than at the initial state. In contrast, the thermodynamics vapor
quality of the mixture in the condenser section will decrease when immersed into a low
temperature reservoir.
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Figure 4 the configuration of working fluid inside the CLOHP at various times

Table 1 the length of each vapor slug and the net expansion-collapse of vapor system
compared with the length at the initial time.

Time Length Length Length of | Length Length Net Expansion- Start of
(second) | of vapor | of vapor vapor of vapor | of vapor Collapse (mm.) Circulation
slug No.1 | slug No.2 | slug No.3 | slug No.4 | slug No.5 (If value>0 then
(mm.) (mm.) (mm.) (mm.) (mm.) vapor system is
expanding else
collapsing.)
0 106 28 51 82 110 0 No
12 105 25 59 920 103 5 No
16 108 25 60 107 98 21 No
16.25 97 25 50 108 81 -16 Yes
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In fact the changes of thermodynamics vapor quality both in the evaporator and condenser
appear at the same time. It is understood that a change in the thermodynamics vapor quality
means the change of vapor mass. The change in vapor quality, thus, means a change of its
volume too. If the amount of vapor mass difference, between the initial state and after
immersion of the CLOHP into a temperature reservoir, in the condenser section is more than
the amount of vapor mass difference in the evaporator section, it means that the net collapsed
vapor volume is more than the net vapor expansion volume and a successful start up can be
achieved. The details of the calculation are as follows:

Consider a CLOHP at an initial temperature (Ty) with an amount of working fluid
(mgy) inside, the thermodynamics vapor quality at initial state (x¢) can be found by

\'% -V
XD — ( tube f,o) (2)

Vfg,o

The specific volume of working fluid inside a CLOHP (vype) can be determined by the
relation of CLOHP’s volume (Viye), working fluid density at the filling time (psy) and filling
ratio (V"), which is the ratio of filling volume of the working fluid by the CLOHP’s volume,
by

Y

tube — 1

€)

v tube

*
my Py V

When the inside diameter of a CLOHP follows the Maezawa criteria, liquid does not separate
from vapor but mixes together in alternate formation. It is, thus, reasonable to assume that the
working fluid is distributed uniformly in the CLOHP. If we define . as the ratio of the
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evaporator’s volume by the CLOHP’s volume and . as the ratio of the condenser’s volume
by the CLOHP’s volume, thus:

v
evaporator
Y=o 4)
Vtube
V d
— conaensor 5
Ve=—y (5)

tube

The mass of the working fluid in the evaporator and condenser sections can be calculated
from

m, =mg,y, (6)
m, =mg, Y, (7

The vapor mass in the evaporator and condenser sections at initial temperature can also be
found by

=m_x (8)

m_ _ =m_Xx 9)

Considering a CLOHP at start up state, the evaporator section is in a high temperature
reservoir (T.) and the condenser is in a low temperature reservoir (T;). The thermodynamics
vapor quality at the evaporator section (X.) and condenser section (X.) can be determined by

\% -V
Xe _ ( tube f,e) (10)
Vfg7e
\4 -V
XC _ ( tube f,c) (11)
Vfg,c

The vapor mass inside the evaporator in a high temperature reservoir and vapor mass inside
the condenser in a low temperature reservoir can be determined by

m, . =mJX, (12)

m,,. =mxX, (13)
An increase in mass due to changes in temperature from an initial temperature to a high
temperature (temperature of high temperature reservoir) can be found by

Ame’g =m,_ (X, —X,) (14)

A decrease in mass due to changes in temperature from an initial temperature to a low
temperature (temperature of low temperature reservoir) can be found by
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Am , =m_ (X, —X,) (15)

If we consider the evaporator section to be a closed system, pressure and vapor mass in this
section increases when temperature increases. In contrast, pressure and vapor mass in the
condenser section decreases when temperature decreases. But in fact, the evaporator and
condenser sections are connected together. Thus, while there is a change of temperature, the
vapor mass in the evaporator will expand and the vapor mass in the condenser will collapse,
the pressure inside will be kept constant at an arbitrary value along the entire CLOHP. Thus,
the expansion and collapse results from a change of vapor mass and the net change of vapor
mass is equivalent to the net vapor volume expansion/collapse. From the above discussion,
we can set an equation for a suitable startup condition as follows:

Am,, —Am_, >0 (16)

Calculating the temperature for a suitable startup condition can be done by setting the
temperature of the high temperature reservoir. Next, determine the highest temperature for the
low temperature reservoir from which a suitable startup condition can be achieved. This
temperature can be found by setting

Am_ =Am (17)

2324 €8

The method of trial and error was selected to find the solution. The calculation flow chart is as
shown in figure 8.

Comparison of results from the mathematical model with the experimental data

The experiment in this paper was conducted by increasing heat input step by step and
observing whether the CLOHP could start to transfer heat or not. In the case of a start up
failure, the experiment was continued by increasing the temperature of the evaporator section.
This could be done because the evaporating temperature at the beginning of the experiment
was low therefore, dry spot did not occur. The calculation in this case was done by setting the
temperature at initial state equal to the evaporator temperature of previous start up failures.
This could be done because the heat is uniformly distributed along the CLOHP when a state
of startup failure occurs.

The comparison of the results from the mathematical model with the experimental
data, in which R123 was used as the working fluid, is shown in figure 9. The horizontal axis
shows the calculated value of the minimum temperature difference, between the evaporator
and condenser section, which produces a successful start up. The vertical axis shows the
temperature difference measured from the experiment. In practice, it is difficult to control the
state for an exact suitable startup. Therefore, the received data consists of temperature
differences, between the evaporator and condenser sections for both successful and
unsuccessful start ups. Figure 9 shows all of the data divided in to two zones as follows:

- The upper zone shows the temperature differences for suitable startup conditions
where the CLOHP was in a successful startup state. The temperature differences measured
from the data from the experiments shown in this zone were higher than the value calculated
from the model.

- The lower zone shows the temperature differences for unsuitable startup conditions
and the start ups failed. The temperature differences measured from the data from the
experiments in this zone were lower than the values calculated from the model.
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In addition, all the CLOHP’s start ups (successful or failed) which were detected from
the experiment are also shown. The rectangular mark shows a successful start up and the

circular mark shows a failed start up.
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Figure 8 the suitable startup condition calculation flow chart
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Figure 9a. the result from modeling compared with experimental data
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Symbol | Le Di iy angle
- 100 0.66 5 80
100 0.66 10 90
. 100 | 066 15 0
x 50 1.06 5 90
100 | 1.06 5 90
150 | 1.06 5 90
50 1.06 10 90
100 1.06 10 90
150 | 106 10 90
50 1.06 15 90
100 | 1.06 15 90
150 | 1.06 15 0
50 15 5 90
100 15 10 90
150 15 15 90
50 2.03 5 90
100 | 203 5 90
150 | 203 5 0
50 203 10 90
100 203 10 90
150 | 203 10 90
50 2.03 15 90
100 | 203 15 90
150 | 203 15 90

g+ @x%>XpHeBOBEBE>OC 1| + «

Figure 9b. symbol interpretation table

Figure 9 shows that this model can efficiently predict the temperature for suitable
startup conditions. There were only 6 pieces of data showing missed predictions. In the
experiment, they were successful, but the model predicted that they would fail. However, the
data was shown to fall very closely to the boundary between both zones. Thus, it can be said
that this model has good accuracy. When the 6 pieces of data are compared with the measured
value from the experiment, this model gives 16% accuracy. However, more experiments are
needed to confirm this.

This model shows that when the inside diameter follows Maezawa criteria and the
evaporator and condenser lengths are equal, the tube geometry does not have an effect on the
temperature difference for a suitable successful start up. Moreover, an unsuitable temperature
difference produces the net vapor expansion to be more than the net vapor collapse and the
replacement process is obstructed. The CLOHP, consequently, fails to start up. Thus, it is not
enough to attribute a suitable startup condition to only a super heated level at the evaporator
section. The control of suitable temperature differences between the evaporator and condenser
sections is the most important.

In addition, this model indicates that the filling ratio also has an effect on the
temperature difference for a suitable startup condition. Figure 10 shows a simulation of the
effect of the filling ratio on the temperature difference for a suitable startup condition (T.-T,).
In this case the evaporator temperature was controlled at 45 degrees Celsius. The figure
shows that the value of T.-T, is high at a small filling ratio while the value of T.-T. decreases
rapidly at a filling ratio of more than 0.5. This trend indicates that it is very difficult to have a
successful startup with a small filling ratio. It is because a large temperature difference is
needed. For a large filling ratio, a small temperature difference is required for a successful
startup. It is, thus, easier to start up. This result agrees with Lin et al. (2000). They reported
that their oscillating heat pipe could not operate at a filling ratio of less than 32% although
only a heat input of 200 watts was applied.

It can be concluded that the filling ratio strongly affects the temperature difference
for a suitable startup condition. In the case of a fixed evaporator temperature and a small
filling ratio, a large temperature difference is needed in order to have a successful start up;
vice versa for a large filling ratio.
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Figure 10 the effect of filling ratio on the temperature difference required
for successful start up

CONCLUSION

This paper presents the consideration for a suitable startup condition for a CLOHP
using both a visual study and quantitative experiments. It was found that a CLOHP is able to
have a successful start up when the replacement process occurs inside. It can be achieved
when more net vapor collapses than expands. Obstruction of the replacement process results
when less vapor collapses than expands. This obstruction leads to startup failure and initial
dryout if high temperature is applied to the CLOHP. In addition, this paper conducted a
mathematical model to predict the temperature for a suitable startup. The comparison of
results from the model and experiment was also conducted. The model gave a good prediction
with a 16% accuracy. This model also indicated that:

1. The temperature difference between the evaporator and condenser sections is an
important parameter for suitable startup conditions.

2. The filling ratio strongly affects the temperature difference for a suitable startup
condition. In the case of a fixed evaporator temperature and a small filling ratio, a large
temperature difference is needed in order to have a successful startup state and vice versa for
large filling ratios.

NOMENCLATURE

M working fluid mass, kg

A% volume, m’

A filling ratio

\% specific volume, m’/kg

Xe thermodynamics vapor quality inside the condenser in a low temperature
reservoir

Xe thermodynamics vapor quality inside the evaporator in a high temperature
reservoir

Xo thermodynamics vapor quality at initial state

Am,, decrease mass in condenser section due to change in temperature from an
initial to a low temperature

Am,, decrease mass in evaporator section due to change in temperature from an
initial to a high temperature

p working fluid density, kg/m’

Ve ratio of condenser’s volume by CLOHP’s volume

Ve ratio of evaporator’s volume by CLOHP’s volume
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Subscripts

c property of working fluid in the condenser section

c, gc property of vapor phase in the condenser section in a low
temperature reservior

c, g0 property of vapor phase in the condenser section at initial state

condenser condenser section

e property of working fluid in the evaporator section

e, ge property of vapor phase in the evaporator section in a high
temperature reservior

e, go property of vapor phase in the evaporator section at initial state

evaporator  evaporator section

f liquid phase

f,c liquid phase in a low temperature reservoir

fe liquid phase in a high temperature reservoir

fg different value between property of vapor and liquid phase

fg,c different value between property of vapor and liquid phase inside
condenser in a low temperature reservoir

fg.e different value between property of vapor and liquid phase inside
evaporator in a high temperature reservoir

fill property of working fluid at filling state

g vapor phase

0 initial state

tube container of CLOHP
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Abstract

Although the heat transfer characteristic of CLOHP varies with time, in engineering application, its
average heat capacity is much preferable. This research, thus, makes an attempt to establish the mathematical
model for predicting the average heat transfer rates of CLOHP at normal operating condition by using the
concept of “average” thermal resistance that occurred at any position of CLOHP. In this research, five thermal
resistances are presumed to exist in CLOHP. The first and second are thermal resistances between the heat
source and evaporator external surface and thermal resistances between the condenser external surface and
heat sink. The third and fourth are thermal resistances across the thickness of the container wall in the
evaporator and the condenser. The others, internal thermal resistance, are thermal resistance of convection and
boiling fluid inside CLOHP in the evaporator and thermal resistance of convection and condensing fluid in the
condenser. Modeling of the internal thermal resistance is the target of this research. The modeling can be done
by enhancing the concept that the internal thermal resistances are resulted from the superposition between
convection and boiling of working fluid inside. In addition, the phase change damping coefficient (PCDC), the
parameter which to be used to describe the heat transfer characteristic of CLOHP, is introduced in this paper.
The precision of model is examined by using the experimental data of R123 CLOHP at bottom heat mode. It is
found that the model give 19.60% accuracy. Finally, the characteristic of CLOHP is also described by means
of PCDC.

Key Words: CLOHP, Model, PCDC

1. INTRODUCTION CLOHP give a more simplicity and good

The Closed Loop Oscillating Heat Pipe understanding. This concept was presented in heat
(CLOHP) is a one type of heat exchanger. It is transfer rates calculation of heat pipe and
constructed by meander the capillary tube and thermosyphon [ESDU 81038]. Dobson et al. [4]
connects its both ends together to form the loop of adapted this concept with CLOHP. Although their
bundle tube [5]. Heat is transferred by oscillation of work gives a good agreement with experimental

working fluid inside the CLOHP. data, this model couldn’t give the detail of occurring

It was known that the heat transfer heat transfer resistance inside CLOHP. Thus, the
characteristic of CLOHP varies with time. There explanation of the effect of CLOHP geometry on
were many previous studies, thus, model the time heat transfer rates is difficult to do. In this paper, the
depending heat transfer rates of CLOHP. Dobson heat transfer mechanism inside CLOHP will be
and Harms [3] conducted the Lumped Parameter discussed. The result from discussion will lead to the
Model which was the simple model that explained modeling of internal thermal resistance. Finally this
the oscillating behavior of working fluid inside paper shows the incomplete condensation situation

CLOHP. This model was developed later by which is a specific character and effect on the
Swanepoel et al [7]. Wong [8] established the CLOHP’s heat transfer rates. This situation can be
theoretical model to determine the local heat input taken into account to model by the term Phase
pass through vapor slug. All of above model give Change Damping Coefficient (PCDC).

the basic concept of CLOHP operation and confirm

its oscillating behavior. However, it can’t predict the 2. METHOD OF MODELING

actual heat transfer rates. The attempt to develop the 2.1 Thermal resistance of CLOHP

heat transfer rates model was done by Shaffi et al. As shown in figure 1, there are 9 thermal
[6]. They conducted the model for CLOHP and resistances on CLOHP. They consist of

CEOHP (Closed End Oscillating Heat Pipe). This - Thermal resistance due to heat convection
model can predict the heat transfer rate of working of heating medium at evaporator section (Z;)

fluids at any time and position of OHP. The - Thermal resistance due to radius heat
calculation, however, seem complex and conduction through the wall of capillary tube at the
inconvenience to use in practical. Moreover, the evaporator section (Z;)

average heat transfer rates are more preferred in - Thermal resistance due to heat convection
engineering application. The model of average of working fluid inside tube at evaporator section

thermal resistance occurred at any position of (Z5)



- Thermal resistance due to convection
boiling of working fluid at evaporator section (Z4)

- Thermal resistance due to condensation of
working fluid at condenser section (Zs)

- Thermal resistance due to heat convection
of working fluid inside tube at condenser section
(Zo)

- Thermal resistance due to radius heat
conduction through the wall of capillary tube at the
condenser section (Z;)

- Thermal resistance due to heat convection
of cooling medium at condenser section (Zg)

- Thermal resistance due to longitudinal
heat conduction from evaporator to condenser
section (Zy)

The total thermal resistance can be written
as follows,

Zow =Z,+(Z,+ (27 +27) " +

total
(Zo+z ) +2) +(Z)" ' +2,
If the Zy thermal resistance have a large order

(M

comparing with the other thermal resistance,
equation (1) will be reduced to
Zow =Z,+ 2,427 +27 )" + @

(z7+z) +2 +2,

Generally, order of magnitude of Z; and Zg thermal
resistance are larger than the others. They can be
determined from well known equation. Thus to
avoid misleading of modeling due to order of
magnitude of Z; and Zg thermal resistance, they will
not be taken into account to model. This research
will consider the other thermal resistance and
equation (2) can be written by

Zyy=Z,+z vz (20 +27) 42,

3)
The average heat transfer rates of CLOHP can be
calculated from equation (4)

AT
Q=_-

total

“

total
AT, represent the temperature different between
outside surface of evaporator and condenser section.

2.2 The Z, and Z- thermal resistance

The thermal resistance due to radius heat
conduction through the wall of capillary tube at the
evaporator section (Z;) and the thermal resistance
due to radius heat conduction through the wall of
capillary tube at the condenser section (Z;) can be
determined from equation (5) and (6)
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[ ¥
Fig.1 Thermal resistance of CLOHP
In(D, / D,
=D ’D) )
27k, (2nL,)
In(D,, /D,
= Mo ) (6)
27k, (2nL,)

D, and D; means the outside and inside diameter of
tube respectively. k. and k. are the thermal
conductivity of material at evaporator and condenser
section. L, and L, represent the length of evaporator
and condenser section.

2.3 The Z5 and Z¢ thermal resistance

In order to clarify the concept of Z; and Z¢
thermal resistance modeling, we will consider the
flow pattern inside CLOHP as shown in figure 2.
This figure is visualization data taken from Plexiglas
CLOHP. The experiment was done by heating the
evaporator at bottom side of figure and cooling the
condenser at the top side of figure. Electric heater
was used as heat source. Heat passed to CLOHP by
conduction through the high conductivity silicone
paste. The silicone was pasted between heater and
CLOHP. Water was use as cooling medium. The
evaporator, adiabatic and condenser length is 50
mm. The working temperature is maintained at
220°C. The visual study data were taken by high-
resolution charge-coupled device (CCD) still camera
of speed 30 images per second with one million
pixels resolution. The flow pattern inside CLOHP
will be observed continuously until experiment is
over.

By marking the vapor slug with a black
circle, we can see from the figure 2 that the vapor
slug moves forward to evaporator section which
locate at the bottom of figure. The liquid below the
marked vapor slug will also move to evaporator
section. The more distance liquid passes through
evaporator section, the more violent in boiling. From
this phenomenon, we can make assumption that the



heat transfer mechanisms between inside wall tube
and working fluid are superposition of single phase
convection heat transfer and free convection boiling
heat transfer of working fluid.

We will, beforehand, consider a single
phase convection heat transfer. The free convection
boiling heat transfer will, eventually, be determined.

The single phase convection heat transfer of
working fluid inside CLOHP can be determined
from Gnielinski’s equation.

(gj(Ree— 1000)Pr,

(7

‘ondenser

Adiabatic

Evaporator

Violent boiling

|
i

b. At 1/10 second

after beginning

Fig.2 shown the flow pattern inside CLOHP

Nu, is the Nusselt Number and Pr. is Prandtl
Number in evaporator section. f is the friction
coefficient determined from equation (8)

f =(0.79InRe_—1.64)" (8)

Re show the Reynolds Number at evaporator section
which is determined from equation (9)

u,D
Ree — pmzxue '
/umix

Mixture density (Pmix= 1/Vmix) and mixture velocity
(Umix) determined from equation (10)

Qmix = Qf + XQfg (10)
A property of working fluid used in calculation is

the values corresponding to the working temperature
(T,) of CLOHP.

&)
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T, =To +Z,+(Z]+2,)"]
total

Tv and Ts shown the working temperature and
outside evaporator surface temperature of CLOHP
respectively.

The average quality of mixture can be
calculated from equation (12)
( 1

pOV*

pv pf

p, is liquid density of working fluid at filling
temperature. V' is the filling ratio, the ratio of liquid
filling volume by total volume of CLOHP.

The velocity of working fluid in evaporator
section will be found from heat balance equation

(13)

(12)

nD;
Qe :pmix,T\,[ 4 Jve(heo _hei) (13)
h,, =h,, +xh,, ;PropertyatT,; (14)
hei = Cc Tvc ’Pr 0perly at TVC,i (15)

Tsi and Ty; are inside surface temperature of
evaporator and condenser respectively. he, and hg;
are enthalpy of working fluid at exit and entrance of
evaporator.

According to the relation between Nusselt
Number and convection heat transfer coefficient,
Equation (7) can be rewritten in form of thermal
resistance due to convection of working fluid as
follow,

Di
k. - Nu_[27r (2nL )]

By using the same concept as describe above, we
can find Zs thermal resistance from
D.
Z, = !
c i c
k. rNu |27 (2nL, )]

kmix v 18 the thermal conductivity of working fluid
mixture at working temperature.

(16)

Z,=
mix, Tv

(17

mix,Tv

2.4 The Z4 and Zs thermal resistance

The free convection boiling heat transfer
coefficient can be calculated from Foster and Zuber
equation,

0.79 ,0.45 0.49

1 g
hy, = 0.00122{ é
0.5 0.29 0.24

o \pohy
Associating with the Claperyron Equation,

().
dT

}ATO.ZAAPOJS (1 8)

_ g

sat T(Vg _Vl j

(19)



0.79 045 _0.49

k) Co Pi

0.5 029 .24
O K (pghfg

0
2nzDL

Equation (18) will be rewritten into
){ hy
(Vg -V )Tsm.wa//

]
(20)

Equation (20) can be written in form of thermal

resistance as follow
}
(Vg v ﬁmr.evap wall :l

\/0.00122{ — :|(2Qn7rDL{
21)

Thus, the Z, thermal resistance can be determined
from

:10.75

0.79 ,0.45 0.49
k"c o P

pgh/g

hfé’
05 029

O H

1

\/0.0012{ ke P }(2QnﬂD‘Lg){ L }
o The ipghi,g ' “ (Vg -V ﬁ.\ul.evﬂp wall

(22)
By approximation that condensation is a reverse
process of evaporation. The Zs thermal resistance,

thus, can be determined from
1

z, =
k0.79C0.45p0.49 0.75
1 s
0.00122 7 (20n7D,L &
W—hF it W
O Hy Py e ~ Vi M sat.conwal

(23)

2.5 The Phase Change Damping Coefficient (PCDC)

Consider the flow pattern of working fluid
inside CLOHP as shown in figure 3, we can see that
working fluid in form of mixture is in both
condenser and evaporator section. This situation
shows the incomplete condensation, otherwise liquid
will occupy all condenser volume. Incomplete
condensation results in decreasing of condensing
liquid. When the condensing liquid decrease,
transferred heat carried by evaporation of liquid in
next step will also decrease. In addition, volume of
vapor remaining in condenser section due to
incomplete condensation is cause of decreasing in
working fluid velocity. Heat transfer rated of
CLOHP, consequently, decrease.

For situation above, the incomplete
condensation results in under estimation of values
calculated from equation (16), (17), (22), (23) and
average heat transfer rates are overestimated. Thus,
the effect of incomplete condensation will be taken
into account by introduced the PCDC. By using the
PCDC, equation (3) can be rewritten into equation
(24)

Zow =2+ Sz + 2V w8z vz ) 2, (24)
Determination of PCDC values can be done
by using experimental data of which the experiment
has been conducted by setting evaporator and
condenser to by symmetry. We can accordingly
expect that PCDC are equal both in evaporator and

total
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condenser section. The PCDC correlation,
consequently, can be basically found. This research
employes experimental data of Khummuang-Lue et
al. (Article in press). They use the R123 CLOHP
with 1.06 and 2.03 diameters respectively. The
evaporator lengths are 50, 100 and 150 mm. The
numbers of turns are 5, 10 and 15.

Condenser

Adiabatic

Evaporator

Fig.3 shown incomplete condensation in CLOHP

Heating of CLOHP was done by passing current to
wall of evaporator section directly. Cooling of
CLOHP was done by cooling water. The average
surface temperature using in calculation of PCDC is
determined from the average value of experimental
temperature at evaporator and condenser section.

As method describe above, PCDC
correlation is established by dimensional analysis of
parameter involve the convection and phase change
inside CLOHP. Hence the correlation is as follow,

. NLe 0.2893
Re ) B 2.15
mix ( Dl. ) }

(25)

0.05
mix

0.65
S = 0.0133{B0m Pr

Input outsids surface
temperaturs T,, and T,

T
Input geommetty of CLOHP

T
Trial heat trans fer rates ()

Calculate Zn from g (5)
T

Calculate Z; from gq.(6)
T

Calculate Fz from sa(l6)

Calculate Ly from g 02230
T

Calculate 25 from eq.(23)
T

Calculate PCDC from en.(25)
T

|

|

|

| T

Calculate Fe from g (17

T

|

|

|

|

Calculate Zug from sq(24) |

I
[ Calculate heat transfer rates fom g (4) |

Fig.4 Calculation flow chart

3. CALCULATION FLOW CHART

The determination of CLOHP heat transfer
rate can be done as shown in figure 4. The
calculation uses the iteration technique. The trial
average heat transfer rates will be firstly assumed.
This value was used to determine all of thermal
resistance and thermodynamics property of working
fluid. The calculated average heat transfer rates will




be determined by using above information. The
calculation will finish when the assumed value is
equal to the last calculated value. If these values are
not equal, the trial value is set equal to the last
calculated values.

4. RESULT AND DISCUSSION

4.1 Accuracy of CLOHP heat transfer rates
prediction

Figure 5 show the comparison between the

heat transfer rates from model and experimental
data. We can see that the predict values by using this
model give a good agreement with experimental
data with £19.60 % error range.
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500
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o
S

Qmodel (Watts)

#Le=100mm., n =5, Di=2.03, B=90 Degree
Le=100 mm., n = 10, Di=2.03, B=90 Degree
4 Le=100 mm., n = 15, Di=2.03, B=90 Degree
% Le=100 mm. n = 15, Di=1.06, B=90 Degree
X Le=150 mm., n = 10, Di=1.06, B=90 Degree
@ Le=150 mm., n = 15, Di=1.06, B=90 Degree

2(;0 360 460 560
Qexperimental (Watts)
Fig.5 the accuracy of model in this paper
4.2 Effect of inside diameter on CLOHP heat
transfer rates
Figure 6 shows the effect of inside diameter
on CLOHP heat transfer rates. Experimental data of
Charoensawan et.al. [1] and Kummuang-Lue et al.
The prediction of model as shown in solid line
shows that the average heat transfer rates increase
linearly with inside diameter. The result from model
agrees with both experimental data. However, there
are different between both data. This is because, at
normal operation, there are many heat transfer rates
at the same working temperature. It depends on the
temperature difference between evaporator and
condenser surface. Thus, it is possible that
Chroensawan’s data is different from Kummuang-
Lue et al. at the same diameter. All experimental
procedures were done by controlled the operation at
same adiabatic temperature. Their idea is represent
the adiabatic section’s temperature as working
temperature. But we know that there are many
values of heat transfer rate at the same working
temperature at normal operation. These data, thus,
may be obtained from same operating temperature
but unlike temperature difference between
evaporator and condenser surface. Now it is too
quick to conclude that increasing of inside diameter
is result in increasing of heat transfer rate. Figure 7
show the inner thermal resistance, values of Zs, Z4,
Zs and Z¢ calculated from model, at several of inside
diameter and fix others parameter. We can see that

0 100 600
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there are slightly change in inner thermal resistance
when inside diameter changed. Moreover, the inner
thermal resistance increases with diameter in
diameter range of 0.006 — 0.001 m while it is
decrease in range of 0.001 — 0.002 m. This is
because the competition between the Z; and Z, in
evaporator, also Zs and Zs in condenser section. In
case of increasing inside diameter, the circulation
velocity decreased result in increasing of Z3 and Z6,
while it approach pool boiling result in decreasing of
Z4 and Zs. However, if we consider the order of
magnitude of change in inner thermal resistance, we
can say that it is slightly change in values. Both
tendencies in figure 6 and figure 7 are correct but in
different situation. The result shown in figure 6 is
usually met in actual experiment because it is too
difficult to control the both working temperature and
temperature different at the same condition and vary
inside diameter.  Thus, we can conclude that the
model can efficiently predict both above situation.
The model shows that the change in inner diameter
results in slightly change of inner thermal resistance.
The increasing of heat transfer rates with inner
diameter can be found in case of maintains working
temperature at constant and temperature different
between evaporator and condenser surface is
difficult to control as constant value.
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Fig.6 effect of diameter on heat transfer rates
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Fig.7 Inner thermal resistance at several of ID
4.3 Effect of evaporator length on CLOHP heat
transfer rates
Figure 8 shows the effect of evaporator
length on heat flux transfer rates. We can see that
the average heat flux from the model decreases with
increasing of evaporator length. This is because
increasing of evaporator length results in increasing
of inner thermal resistance. Charoensawan et al. [2]



discuss the effect of evaporator length on heat flux
transfers that when the evaporator length increased,
the amplitude of oscillation is high but low in
frequency. Charoensawan’s statement in aspect of
this model means that when the evaporator length
increases, the velocity of circulation decrease. This
results in increasing of Z; and inner thermal
resistance. Thus heat flux transfer will decreased
with increasing of evaporator length. It can be
conclude that this model agree with Charoensawan’s
result and heat flux transfer decreased with
increasing of evaporator length.
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Fig.8 the effect of evaporator length on heat flux
transfer rates

4.4 Effect of number of turns

Figure 9 shows the effect of number of
turns on heat flux transfer rates. We can see that the
average heat transfer rates from the model decrease
with number of turns. This result agrees with
Charoensawan et al.[2] and Khummuang-Lue et al.
However, these experimental data are obtained by
maintaining constant working temperature. As
previous discussion, the heat transfer rate may be
more than one value for given operating
temperature. Thus figure 9 is a one possible way to
predict the effect of evaporator length on the heat
transfer rate. Figure 10 shows the effect of number
of turns on heat flux transfer rate by using result
from this model. The calculation is done by fixing
all parameters except number of turns. We can see
that the heat flux transfer slightly increases with
number of turns.  This is because the increasing of
turns result in increasing of convective surface area
and number of pool boiling. The superposition of
both factor results in increasing of heat transfer rates

with turns. This result disagrees with above
experimental data because the temperature
difference between evaporator and condenser

surface is maintain constant in model while there are
a change in above experimental data. However, it is
not possible to fix both temperature difference and
operating temperature in actual experiment. Thus the
result in figure 9 and 10 are both correct but are in
different situation. Thus it can be concluded that the
heat flux transfer is slightly increase with number of
turns in case of fix all parameter except number of
turns, while in actual experiment we usually see that
the heat flux transfer is decrease with number of
turns.
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Fig.9 the effect of turns on heat transfer rates
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Fig.10 effect of turns on heat transfer rates

5. CONCLUSION

The model for prediction of the CLOHP
average heat transfer rates by using the concept of
average thermal resistance were successfully created
in this paper with £19.60 % error range comparing
with the experimental data. The model indicated that
heat transfer rates are increased with inner diameter.
Heat flux transfer decreased with increasing of
evaporator length and slightly increase with number
of turns in case of fix all parameter except number
of turns, while in actual experiment we usually see
that the heat flux transfer is decrease with number of
turns. The PCDC was introduced to represents the
specific characteristic of CLOHP.
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Abstract

This study presents the effect of the evaporator section lengths and working fluid properties on
heat transfer characteristic of an inclined close — end oscillating heat pipe (CEOHP) at critical state. The
CEOHP was made of copper tube with the evaporator length of 50, 100 and 150 mm, inner diameter of
2.03 mm. and number of meandering turn of 10. For each CEOHP, the length of the condenser, adiabatic
and evaporator sections were set at equal length. The working fluids used were R123, ethanol and water
with a filling ratio of 50% of total volume of the tube. The experiments were conducted by setting the
inclination angles at 0 — 90 adjusted by 10 degree, with controlled vapor temperature of 60+5°C. It was

found from the experimental that the evaporator section lengths and latent heat of evaporation affected on

QC/QC,90 .

KEY WORDS: Closed- end oscillating heat pipe, heat transfer characteristic at critical state

1. Introduction

Recently, electronic ~ devices  are
dominating in everyday life such as computer and
electric devices which have well heat removal
requirement. For example, using the cooling fan
system results in heat accumulation and
consequently shorter life period. Conventional heat
pipe is used to solve this problem. So that, its
required size is smaller as would be needed to
install in heat removal area constraint. It has also
several limitations i.e. the capillary limit which is
dominate when the wick structure cannot return
with enough amount of liquid back to the
evaporator section. The entrainment limit is due to
the counter flow effects of the vapor and liquid
condensation. To solve this problem, Akachi et. al
(1994) invented a new type of heat pipe called
oscillating heat pipe.It has a simple structure in
contrast with conventional heat pipe because there
is no wick structure to return condense liquid from
the condenser section to the evaporator section.
The OHP is made from a continuous long capillary
tube bent into many turns and filled with some
working fluids. The inner diameter of the OHP
must be sufficiently small so that vapor plugs and
liquid slugs can be formed [7]. The OHP can
operate successfully for any operation modes. The

vapor plugs, and the phase changes of working fluid
inside tube. There are three basic types of OHP
varying on its configuration: first, close-end OHP
(CEOHP) which is closed both ends in each.
Second, close-loop OHP (CLOHP) which is
connected at both ends of tube to form loop. Finally,
Close-loop OHP with check valve (CLOHPWCYV) in
which a check valve is installed at the loop.

At present, there are a lot of studies on heat
transfer characteristics of OHP at normal operating
condition [1, 6, 8, 9]. But in operational condition, it
has a limitation of heat transfer capability. Very few
studies have investigated on it, which will be
mentioned as follow. Maezawa et. al. (1996)
observed that, at a specific condition of their
experimental works, the dryout occurred only at
evaporator section and the CEOHP did not operate.
Lin et. al. (2000) found that inadequate fill ratio
easily led to the dry out condition because it was
caused by the insufficient quantity of liquid inside
the evaporator section. It can be observed from past
researches that dry out will occur at evaporator
section. Therefore, Katpradit et. al. (2003)
established his hypothesis to explain these
phenomena which can be illustrated in Fig. 1. When
the CEOHP is heated to some degrees, internal
thermal resistance will rapidly increase. The heat



flux from the evaporator to condenser section
cannot accordingly be transferred, and the outside
surface temperature subsequently increases to
unlimited level. The inside vapor pressure is
subsequently high. This high vapor pressure will
retard the liquid slug from returning back to the
evaporator section. The liquid quantity in the
evaporator section is accordingly small and this
caused the dry out at some part of the evaporator.
The state at which the dry out occurs is called
“Critical State” of OHP.

. Liquid slug

Evaporator
Section

Dry out
region

Figure 1 Dry out occurred at evaporator section.

Anuchitchanchai et al. (2003) studied the
effect of aspect ratio and internal diameter on
critical heat flux using MP39 and HP62 as working
fluids. It was found from the experiment that the
critical heat flux decreased as the aspect ratio
increased and increased as the internal diameter of
the tube increased. Panyoyai et al. (2004) studied
the effects of meandering turns and aspect ratios on
internal flow patterns of CEOHP at critical state. It
was found that dryout was caused by flooding at the
top of evaporator show in Fig. 2, which supported
hypothesis of Katpradit et. al. (2003)

Moreover, Katpradit et. al. (2005) found
the correlation to predict critical heat flux at
vertical and horizontal orientation as follow

Di 1127 CpAT 1.417 ( _ ) 05
Ku, = 53680 x [7} «| P “ Di[u}
Le hy, =
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il [conr 0212 ( ) 057059 02571396
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Figure 2. Visualization of dry out occurred at
evaporator section

It was found from dimensionless analysis
that the vertical heat mode have dimensionless
parameter of Wallis or Wallis number

(1+(p, /p,)"*, Wa), which used to explain the

flooding phenomena that influent the dryout occur at
evaporator section. Hudakorn et al. (2004) studied
the inclination angle on heat transfer characteristic
of a CEOHP at critical state. It was found from the
experiment that the Q./Q, g increases from 1 to 1.52
as the inclination angle decreases from 90 to 60 and
Q/Qco0 decreases from 1.48 to 0.25 when the
inclination angle decreases from 40 to 0. The
maximum Q./Q. 90 occurs in the range of inclination
angle of 40 — 60 degree.

It can be obviously observed from the past
researches that the effect of evaporator length and
working fluid property on performance limit of the
inclined CEOHP is not fully understood. Therefore,
the objectives of this research are as follows

1. To clarify effect of evaporator length and
working fluid on critical heat flux of inclined
CEOHP

2. To experimentally investigate the effect of
evaporator length and working fluid on heat transfer
characteristics of a inclined CEOHP at critical state.

3. To compare our results with critical heat
flux of the CEOHP which was studied in the past.

2. Experimental set up and procedure

The schematic diagram of the experimental
setup is shown in Figure 3. It consists of the
CEOHP, an AC high-current low-voltage power
supply (6,000A, 0.6V), a cooling bath, a data logger
(Brainchild, VR18, and £ 0.5°C), and a flow meter
(Platon, PGB411, and £ 0.1 lit/min.). The CEOHP
is made from a copper capillary tube bent to a series
of undulating turns. The separated of two bus bars
are attached by welding at its lower part that defines
the evaporator length, Le. The current from a high-
current low-voltage power supply is passed from one
bus bar, through the copper tube, to the other bus-



detecter

bar, the medium by which heat was generated from
the electrical resistance of the tube itself. The
mixture of water and ethylene - glycol 50% by
volume is circulated from the cooling bath through
the cooling jacket to remove the heat out of the
condenser section. The adiabatic section of the
CEOHP is insulated.

Eighteen Chromel-Alumel thermocouples
(Omaga, K type,=0.5°C) were placed on the
CEOHP wall: ten in middle of the evaporator
section, four in middle of the adiabatic section and
four in middle of the condenser section. In
addition, four points of thermocouples were used to
measure the temperature of the cooling solution:
two at the inlet and two at the outlet section of
condenser to monitor the temperature difference to
calculate the heat transfer at critical state by using
the calorific method, as the following equation;

Q = rhcp(Toul - ’Tm) (1)
Where

m= Mass flow rate of the cooling
solution

¢, = Specific heat of the cooling solution

(Tyut — T.,). = Temperature different of inlet and
out let of the cooling solution
(@ Thermocouples
AC high current supply
+
. |@

[

I

I

Temperature |

recorder |
Processing unit =
Temperature =
u]
oo™ E

]

Figure 3 Experimental setup

The steps to find the heat transfer at
critical state were follows, the heat was gradually
added to the CEOHP at the evaporator section in
small step by adjust a variac and the heat was
removed at the condenser section by a calorific
jacket with cooling substance. Then, the
temperature at adiabatic section was maintained at
60+£5°C by adjusting the flow rate and/or the
cooling temperature for different the input power. At
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steady state, the temperature at each point on the
evaporator section, flow rate and input power data
were recorded. The rate of heat transfer was
calculated from the difference of inlet and outlet
temperatures at the condenser section by the
calorific method. The wall temperatures in each tube
of the evaporator section were compared. The
procedure was repeated by increasing voltage until
one or more wall temperature at the evaporator
section started to increase rapidly due to the vapor
pressure at evaporator section. This high vapor
pressure will retard the returning condensate liquid
film from condenser section to the evaporator
section. The liquid quantity in the evaporator section
is accordingly small and this causes dryout at the
evaporator section. The state at which the dry out
occurs is identified as “Critical State”, show in
figure 4.
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Figure 4 wall temperature profiles at evaporator
section of CEOHP
(D=2.03 mm, Le = 100 mm, Turn = 10, R123,

B=90°)

In order to study the effect of evaporator
length and working fluid on heat transfer
characteristics of a inclined CEOHP at critical state.
The controlled parameters were as follows:

e Inner diameter of 2.03 mm. (This inner
diameter of the CEOHP was sufficiently small so
that vapor plugs and liquid slugs can be internally
formed)

e Number of turn of 10. (To compare our
results with researches studied in the past)

The variable parameter was:

e Evaporator lengths were 50, 100 and 150
mm.

e Working fluid were R123, ethanol and
water

e Inclination angle were 0 - 90 degree (adjust
by 10 degree).

In calculation of the heat transfer at critical
state by equation (1), the accumulated error of
obtained heat transfer could be determined by
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dq = error of the heat transfer at critical
state

dm_= accuracy from measuring the mass

flow rate of cooling solution
dT¢in = accuracy from measuring the inlet
temperature
dT.on = accuracy from measuring the
outlet temperature

3. Result and discussion

From the experimental, it can be observed
that the dryout phenomenon first occurred at the
evaporator section in turn of the sealed ends of
tube. After more heat was supplied, dryout
occurred anywhere within evaporator section. In
this study, the critical heat flux was calculated at
the point where the first dryout occurred. The
dryout was detected by monitoring the temperature
of evaporator section. The experimental results can
be present as follows:

3.1 Effect of evaporator length

In all experiment, the evaporator and
condenser section were setting equal length
because the heat flux at evaporator and condenser
of CEOHP was also equal. The effect of evaporator
section length on the critical heat flux is shown in
Fig.5.
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Figure. 5 Effect of Evaporator length on critical
heat flux at any angle of CEOHP
(Di=2.03 mm. Turn = 10, R123)
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From the Fig 5, it can be divided into 2
range of operating orientation;

1. The range of 70 to 90 and 0 degree, this
operating orientation found that the evaporator
length increased as the critical heat flux decreased.
From this range, the result of experiments was
compare with data from Katpradit et. al. (2005). It
was found that the critical heat flux decreased as
the evaporator length increased. This is in good
agreement with the result from this study. A
possible explanation is that when the evaporator
length increases, the vapor plug that form inside the
tube is longer and the vapor bubbles do not easily
move to the condenser section. In addition, the
liquid inside the wvapor bubbles will quickly
evaporate to the condenser section and hold the
liquid that returns from condenser back to
evaporator section. For this reason, the long
evaporator section easily to occur dryout cause by
the critical heat flux decreased.

2. The range of 10 to 70 degree, it can be
seen that the 100 mm. of evaporator length have
lower critical heat flux than 150 mm. of evaporator
length. So that, this range the evaporator length
doesn’t affect on critical heat flux.

m
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Figure. 6 Effect of Evaporator lengths and the inclination

angle on Q/Q_,(Di=2.03 mm. Turn = 10, R123)

In the case of an inclined of CEOHP, to
eliminate the effect of many parameters involved in
the heat transfer mechanism, it is necessary to
normalize the critical heat transfer rate of inclination
angle with the critical heat transfer rate at vertical
position (Q¢/Qc, 90), show in Fig. 6.

Form Fig.6, the tendency of Q./Q. ¢ all
evaporator lengths is bell shape but the maximum
Q./Q., 90 are different in each angle. Form the result;
it was found that the evaporator length increase from
50 to 150 mm. as the maximum Q./Q., ¢ increase.
This might be because the higher evaporator length
has more surface area which is used to transfer the
heat. The maximum Q./Q,, g0 were 1.25, 1.39 and
1.73 respectively.



3.2 Effect of working fluid

Figure 7 shows Effect of working fluid on
critical heat flux at any angle of CEOHP.

25000

a A A
20000
A
A A
_ 15000
E .
£ s -
B A . A
& ]
10000 *
-
s " ® * ?

L
»

5000

#R123
] B Ethanol
AWater

0 10 20 30 40 50 60 70 80 92
Angle (degree)

Figure 7 Effect of working fluid on critical heat
flux at any angle of CEOHP.
(Di=2.03 mm. Le = 150 mm. Turn = 10)

From the Fig 7, it can be divided into 2
range of operating orientation;

1. The range of 70 to 90 and 0 degree, this
range found that the latent heat of vaporization
increased as the critical heat flux increased. It was
found from the experiment that R123 has lower
critical heat flux compared ethanol and water.
This might be because, when heated, R123
vaporizes with a higher vapor pressure at
evaporator section, and the working fluid in
condenser section quickly retarded by the high
vapor pressure at evaporator, causing insufficient
liquid supply to evaporator section, as a result
dryout occurs. From this range, the result of
experiments was compare with data from
Katpradit et. al. (2005). It was found that the
critical heat flux increased as the latent heat of
vaporization increased. This is in good agreement
with the result from this research. Moreover, the
obtain data was also in agreement with Lin et al.
(2000), which found that FC — 72 (lower latent heat
of vaporization) had a lower critical heat flux than
FC — 75 (higher latent heat of vaporization).

2. The range of 10 to 70 degree, it can be
seen that the latent heat of vaporization does not
affect on critical heat flux.

Figure 8 shows Effect of working fluid on
Q/Qc, 90 at any angle of CEOHP.
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Figure 8 Effect of working fluid on Q./Qc ¢ at any
angle of CEOHP.
(Di=2.03 mm. Le = 150 mm. Turn = 10)

Form Fig.8, the tendency of Q./Qc ¢ of
R123, ethanol and water is bell shape and the
maximum Q./Q, oo are nearly the same in range of
50 — 70 degree. This is because in this range, the
shear stress between vapor plugs and liquid film
and the body force of the liquid film are major
factor. The maximum Q./Q,, 90 were 1.43, 1.73 and
1.77 for ethanol, R123, and water respectively. It
can be seen that the latent heat of vaporization is not
only major factor in the heat transfer mechanism.
This might be depending on other factor of
working fluid property such as surface tension,
liquid density, vapor density specific heat and
dynamic viscosity of working fluid.

4. Conclusion

Effect of evaporator length and working
fluid on heat transfer characteristic of an inclined
CEOHP at critical state has been experimentally
investigated and it was found that the evaporator
section lengths and latent heat of evaporation
affected on Q¢/Qc.90 -
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Abstract

This paper shows the new assumption of CLOHP at normal operating condition. The evidence from
visual study showed the possibility that CLOHP entirely operated at constant values of pressure. The main
mechanism which driving the working fluid flow inside CLOHP is “replacement process”. The study indicated
that the time series heat transfer characteristic of CLOHP depends on condensation and evaporation rates of
working fluids. The rate of phase change in a certain time will effect on the rate in the next time. Finally, this
paper shows the alternate direction of circulation mechanism inside CLOHP. This mechanism is not the result
from the change in pressure wave but it is the result from the effect of incomplete condensation. The
incomplete condensation changes the direction of vapor replacement and consequently changes in direction of

circulation.
Key Words: CLOHP, Time Response Model

1. INTRODUCTION

Closed Loop Oscillating Heat Pipe (CLOHP)
is one type of heat pipe. Because of its small size
and wickless structure, CLOHPs are interested in

electronics cooling application. CLOHP is
constructed by meander the capillary tube and
connect its both ends together. Due to the

complexity of its operation, there are many research
study the operation principle and heat transfer
behavior of CLOHP. In aspect of quantitative study,
Charoensawan et al. [1] studied the effect of tube
geometry and types of working fluid on CLOHP
heat transfer rates. In aspect of qualitative study,
there were research about the effect of tube
geometry, types of working fluid and filling ratio on
internal flow pattern inside CLOHP [3,4,5]. Many
research indicate that the circulation of working
fluid inside CLOHP due to either pressure different
between each turn or change in pressure wave. In
aspect of mathematical model, Dobson et al. [2]
presented the behavior of vapor slug inside CLOHP
by using the ideal gas law.

Many researches explain the cause of
circulation that due to the expansion and collapse of
vapor slug under pressure difference between
condenser and evaporator section in each turn. Are
there any possibilities that the vapor slug expands
and collapses under the constant pressure? Can we
say that the expansion and collapse process under
quasi static condition? The answers of these
questions lead to the new assumption of CLOHP
modeling and good understanding of CLOHP
behavior. Thus in this paper, the data from visual
study will be considered and be made logical
analysis in order to show the possibility that the
cause of circulation inside CLOHP is the expansion
and collapse under constant pressure. Moreover, the

expansion of vapor slug is result from evaporation of
around liquid into vapor slug rather than the ideal
gad law expansion. This new assumption is
advantage in explanation of CLOHP operation.

2. DATA FROM VISUAL STUDY

Visual study data in this paper gather from
Sakulchangsatjatai et al. (Article in press). The
experiment was conducted by using the 2 turns-
plexiglass CLOHP. The working fluid was R123.
Electric heater was used as heat source. The heating
mode was bottom heat. Heat passed to CLOHP by
conduction through the high conductivity silicone
paste. The silicone was pasted between heater and
CLOHP. Water was use as cooling medium. The
evaporator, adiabatic and condenser length is 50
mm. The working temperature is maintained at
220°C. The visual study data were taken by high-
resolution charge-coupled device (CCD) still camera
of speed 30 images per second with one million
pixels resolutions. The flow pattern inside CLOHP
will be observed continuously until experiment is
over. The evaporator section is located at the bottom
of still picture while the condenser section is at the
top of still picture. In picture, the vapor phase is
clearer than the liquid phase. By using the boundary
line and the clarity, we can separate the vapor phase
from liquid phase.

3. RESULT AND DISCUSSION
3.1 The expansion of vapor slug at evaporator
section
The necessary condition for mnormal
operation mode of CLOHP is the inner surface of
CLOHP at evaporator section will be coated with
liquid all the time. Otherwise, the surface will have a
high temperature rapidly. This is because the



thermal conductivity of vapor is much lower than
liquid. Thus, it is difficult for vapor to remove heat
from inner heating surface. As above mention, it is
clear that there are not any vapor slug contacts with
heating surface directly. In contrast, there are liquid
between vapor and heating surface as shown in
figure 1

Fig. 1 shown the liquid film between vapor slug

and evaporator surface
Heat transfer mechanism in normal operation mode
can be explained as follow. The heating medium
around CLOHP transfers heat to outside evaporator
surface. Heat is transferred from outside surface to
inner surface by conduction. Heat, later, is
transferred to liquid which coated around inner
surface by conduction and convection. Finally,
coated liquid will transfer heat into vapor slug.
Because of thermal conductivity of vapor is lower
than liquid, it is clear that heat transfer from liquid
to vapor by conduction is quite little. In this
situation, in order to keep heat balance, coated liquid
have to evaporate and move to increase volume of
vapor slug. It is, therefore, distinct to say that heat
can transfer from coated liquid to vapor slug by
evaporation. The heat conduction from coated liquid
to vapor slug is very low comparing with
evaporation.

In addition, if we take more consideration
about the necessary condition for normal operation
mode and heat transfer mechanism discussed above,
we can see that there are less possibilities for vapor
to be superheat vapor. This is because the vapor slug
does not directly receive heat from evaporator
surface and the increasing of vapor volume is result
from evaporation of liquid around it. Using of ideal
gas law to explain behavior of vapor slug in
CLOHP, therefore, is rather not suitable.

3.2 Operating Pressure inside CLOHP

One of the interested problems in this
research is “Do CLOHPs transfer heat under a
constant operating pressure entire the tube or under a
two pressure difference, the difference between the
pressure corresponding to evaporator temperature
and the pressure corresponding to condenser
temperature?” The answer of this question can be
found from photographs of working fluid flow
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pattern as shown in figure 2. The considered vapor
slug in figure 2 is marked with ellipse. We can see
from figure 2(a)—(d) that both ends of vapor slug
shrink and move upward to the top side. This
configuration indicates that the collapse of vapor
slug is a result from condensation and the vapor has
lower pressure than the evaporator pressure at the
bottom side of figure. This is because the pressure
occurred in each part will correspond to their
temperature. The evaporator which has high
temperature will also have high pressure. In the
same way, the condenser will have both low
temperature and pressure. The evaporator pressure
will press the marked vapor slug. We, therefore, will
see the marked vapor slug collapse in both sides. If
we analyses as discuss above, it can be conclude that
CLOHP operate with two different pressures.
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~Evaporator

~Condenser

~Adiabatic

~Evaporator

Condenser

~Adiabatic

~Evaporator

<

Fig. 2(c) flow pattern at t = 2/30 sec.
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~Evaporator

Fig. 2(d) flow pattern at t = 3/30 sec.
However, figure 2(e)-(j) show that both ends of the
vapor do not shrink and move in same direction as
discuss above. In contrast, its both ends shrink and
move in opposite direction. This situation makes the
assumption that CLOHP operate between two
different pressure fail. One possible assumption
about CLOHP operating pressure, thus, is CLOHP
operate with constant pressure. The circulation of
working fluid is result from vapor expansion in
evaporator and collapse in condenser at constant
pressure. The vapor volume in evaporator will
expand to replace the condense volume in condenser
under quasi-static process. The circulation, once
again, does not result from pressure difference.

.

Condenser

~Adiabatic

Condenser

~Adiabatic

~Evaporator

Fig. 2(f) flow pattern at t = 5/30 sec.
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3.3 Heat transfer mechanism of CLOHP under
assumption of constant operating pressure

The explanation of CLOHP heat transfer
mechanism can be done by means of above
assumption associate with consideration of figure 3.
By marking with rectangle, figure 3(a) shows the
vapor slug at the top of condenser section. Below the
vapor slug, we can see the condensing liquid plug in
the rectangle mark. Beneath the condensing liquid
plug, there are groups of vapor slug along the tube to
evaporator. In order to observe the -circulate
direction of working fluid, the ellipse marked vapor
slug will be used as referent point. In the next time
as shown in figure 3(b), the vapor at the top of
rectangle condense and collapse from scale number
12 to number 14 while the liquid plug and the
groups of vapor slug move upward to replace the
collapse volume from scale number 11 to number
13. In this time, the referent vapor slug in ellipse
mark has no displacement. We also can see vapor-
liquid junction, which be marked by a square, inside
the evaporator section.
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Fig. 3(b) flow pattern at t = 1/30 sec.
Next time step as shown in figure 3(c), the group of
vapor slug move upward to the top of rectangle at
scale number 15 while the referent vapor slug move

slightly downward to evaporator section from scale
number 5.8 to 5.6. The vapor-liquid junction in a
square mark moves upward higher than in fig 3(b)
from scale number 1.4 to 2.8. The motion of vapor-
liquid junction continuously occurs as shown in
figure 3(d) and 3(e). Moreover, we can see the
referent vapor slug slightly moves downward from
scale number 5.7 to 5.4 while the vapor-liquid
junction moves upward from scale number 4.6 to
5.8. When the junction already has left the
evaporator section as shown in figure 3(e), liquid
under the referent vapor slug will move downward
to replace vacant volume in evaporator.

bl

T T

Fig. 3(d) flow pattern at t = 3/30 sec.

The referent vapor slug will also move downward
into evaporator section from scale number 5.4 to 4.6.
Now the replacement cycle is complete and there are
liquid inside evaporator again as shown in figure
3(f). According to explanation above, the heat
transfer mechanism of CLOHP can be described as
follow, when liquid inside evaporator firstly receives
heat from inner evaporator surface, the liquid will
change to vapor phase in form of liquid-vapor slug
train.
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Fig. 3(f) flow pattern at t = 5/30 sec.
After that, the vapor slug in evaporator section will
expand and push the adjacent mixture move in
direction of replace the collapse volume in
condenser as we can see in figure 3(a)-(b). This
replacement will occur continuously. The returning
liquid from condenser will replace the mixture
which be pushed out from evaporator by vapor slug
expansion as shown in figure 3(d)-(e). Thus, the
replacement is a main driver of circulation in
CLOHP. The replacement begins at condenser and
finish at the evaporator. The important thing must be
kept in mind is the expansion and collapse of vapor
slug occur under the constant operating pressure.
The circulation inside CLOHP is a result from
replacement rather than from pressure difference.

In addition, the visual study data indicates
that the circulation in CLOHP does not occur in a
same direction all the time. In contrast, there is a
change in direction of circulation inside CLOHP.
This is because the incomplete condensation.
Incomplete condensation is the event that vapor slug
cannot condense to liquid without any vapor
remaining before reach the top of condenser section.
The incomplete condensation configuration is shown
in figure 4
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Top of condenser section

a. complete condensation b. Incomplete condensation

Fig. 4 incomplete condensation configuration

It is clear that the vapor in evaporator section will
expand in direction which replace the condense
volume in condenser section. Thus the rate of
condensation at each side of condenser in a given
turn is a flow direction controller of circulation. If
condensation rate in each side of turn are equal,
there is no direction of circulation in that turn. But if
one side of turn has more condensation rate than the
other one, the vapor in evaporator will expand in
direction which more convenience i.e. the larger
condensation rate side. The replacement process will
occur and the circulation appears in direction
forward from evaporator to the larger condensation
rate side. However, effect of circulation will increase
the vapor volume in a larger condensation rate side
and results in rapidly decreasing of condensation
rate on this side. This situation causes the
incomplete condensation. The convenience direction
for vapor expansion will change. The replacement
process, consequently, will be unstable and the
alternate direction of circulation will also occur. The
above explanation is shown in figure 5 and 6

Vapor at evaperator expandl to the high
condensation rate side.

There is direction of circulation.

The high condensation rate side begin
decrease condensation rate because large
amount of vapor frem evaporator.

Is condensation rate on
this side still higher
than the other side?

The circulation still in the sane divection

The circulation is change in direction

Fig. 5 shown the diagram of change in direction
of circulation mechanism in CLOHP
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explanation of alternate direction of circulation
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Fig. 6(d) shown the effect of incomplete
condensation on the change in circulate direction
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Fig. 6(e) shown the change in larger
condensation rate side and circulate direction.

4. CONCLUSION

This paper shows the evidence from visual
study to convince the new assumptions that vapor
slug expand and collapse under constant operating
pressure and quasi static condition. The expansion of
vapor does not obey ideal gas law but due to the
evaporation of liquid around the wvapor slug.
Moreover, the time series heat transfer mechanism
of CLOHP will be explained. Finally the cause of
alternate direction of circulation inside CLOHP will
be clarified. These results lead to the new concept of
CLOHP operation modeling and result in more
understanding of CLOHP behavior and high
accuracy prediction of CLOHP heat transfer rate.
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