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Abstract

This study was experimental study in the heat transfer characteristics of thermosyphon with
closed-loop oscillating heat pipe (CLOHP) inside at normal operating condition. The thermosyphon
was made of copper tube with 1.125” of diameter, 300 mm of length and ethanol use as working fluid
with 4 filling ratio; half of evaporator section, full of evaporator sector, full of adiabatic section and
full of thermosyphon. The tested CLOHP were made of copper capillary tubes with 1.5 mm of inner
diameter. The effects of evaporator temperature, number of turn, working fluid types of CLOHP,
inclination angles, and filling ratio of thermosyphon were studied. The evaporator section of the
thermosyphon with closed-loop oscillating heat pipe inside was heated by silicone oil. The heat was
removed from the condenser section by the mixture of water and ethylene glycol. The adiabatic
section was insulated by insulator material. The outer surface temperature of evaporator, adiabatic
and condenser section were recorded in order to observe the temperature gradient. The inlet and outlet
temperature and the flow rate of the cooling substance were recorded in order to calculating the heat
transfer rate of the thermosyphon with closed-loop oscillating heat pipe inside by calorific method
after the system reached the steady state. The experimental process was started by supplying the
silicone oil at evaporator section, then the temperature at all position were recorded when the system

reach the steady state.

The mathematical model was established from thermal resistance theory between evaporator and
condenser section. The boiling and condensation phenomena inside the CLOHP, and physical

conditions from the previous study were used. The result of the model shows the thermal resistance of



CLOHP, which used in the thermosyphon for calculating the heat transfer of thermosyphon with

closed-loop oscillating heat pipe (CLOHP) inside.

From the experimental results, it was found that the heat transfer rate of thermosyphon with
closed-loop oscillating heat pipe inside had higher than conventional thermosyphon at the similar
condition. The thermosyphon with CLOHP at half of working fluid in evaporator section had higher
in heat transfer rate than full of evaporator, adiabatic and thermosyphon, respectively. The maximum
heat transfer rate of thermosyphon with closed-loop oscillating heat pipe inside was 155 W at 100 °C
of evaporator temperature, 16 of the number of turn and the working fluid of CLOHP as ethanol.
While, conventional thermosyphon had only 137 W of heat transfer rate. Heat transfer of
thermosyphon with closed-loop oscillating heat pipe inside with ethanol as working fluid had higher

than R123 and R134a, respectively.

The thermal resistance modeling result shows the heat transfer rate of thermosyphon with
closed-loop oscillating heat pipe inside from the model was 29.16 % different from the experimental

result.
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Evaporator liquid - vapour ZS 7 Condenser vapour - liquid
interface 6 interface
Vopour pressure
Evaporator film drop 7 Condenser film
(transverse resistance) 7 (transverse resistance)
Evaporator wall 7 7 Condenser wall
(transverse resistance) 10 8 (transverse resistance)
T,, WWWA o
Source - evaporator Wall Z9 Condenser external
external surface (axial resistance) surfoce - sink
Q -
S0 Heat source Heat sink ot
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AC = (TIC)(CRF) + OM - S(SFF) (2.25)
Taeft CRF = [i(1+ 1))/ [(1+ 1) - 1]
SFF=1/[(1+1)"- 1]

e AC =mld9egniaacail (wm/al)

9
TIC = yamJafuueaduaanunInua (Un)
OM = mautunuazngasnysel (umAal)
S =yaMmEINUBITZUU (UIN)

. o dy =

i asmenenoll

n =01gMs lauvesszuy )
CRF = Capital recovery factor

SFF = Sinking fund factor

U =)

2.3.2 mﬁmﬁwﬁyamﬂmnuam (Net Present Value, NPV)

Q Q

a ]

a o 1 ] o I ax 1 Y gfz
ﬂ']ﬁ’JLﬂ5131"7HaﬂWﬂﬂﬂUua’ﬂ‘ﬁm@ﬁﬂ@mﬂiINll“]ﬁ‘l@ll Wuasmssawm lgaensviva

Q

3 ' @ [ A A 1 @ o 1 g ]
m!,ﬂmgamﬂmguu IﬂﬂﬁzU‘UWﬁQNHLL‘U‘Uiﬂ'I/IllllaﬂWﬂfﬂ%Uu@l"ﬂlﬁﬂﬁ’ﬂigﬂ‘]JuuuWﬁuGlﬁ]Glu

U Q

m3aenu Feamnsan 1§nn
NPV =TIC + (OM)(USPWF) — S(SPPWF) (2.26)
Tagf USPWE = [(1+ 1)" - 17/ [1(1+ 1)
SPPWF =1/ (1+1)"
L‘f}’t] USPWF = Uniform — series present worth factor

SPPWF = Single payment present worth factor

233 ﬁzﬂznmﬁm_m (Simple Payback period, SPP)
52OZMAUNY AOTZEZANHAADLLNUGNT Az dUINMITANTUUTAUMAY
1T A A Yo a Qddy o Y v Yo a A 9
MRuaIU wai lnsunnmsisaiumsaanulaeisiazinlingnui ez lasuRuauguden
A Jd ] Y A y3 ] <} =2 2 v 2 a 1

vieiraumla daunulasaumlanezdundumniy sz Temaidesaenisvianulu
= ag A dy Y I axxa ] I Aa Y 1y a A " Y
punatitovas IszozaunudoduiudTaaunuie taztluitonlsualdodens lula

a = ::; Yo [ A Y ra [ )
TR UINUN 15 uraszes AU UL tag luinsanmsUiuyaaitduaiuma

" W

= 1 PRl 1 R = A Y v dy
GlUﬂiﬂlWﬁﬂ@ULWIu !,Lazmcl%mﬂclmmazﬂumm ﬂunﬂﬂ izﬂznmﬂunuwﬂﬂmu
First Cost

SPP=———— (2.27)
Cost Saving

31



2.34 é’mmammmumiﬁunu (Internal Rate of Return, IRR)
[ A [ 1 d' o 9 1T A [y} a
@ﬁi?ﬂﬁﬁ@ﬂllﬂuﬂlUﬂ'ﬁﬁﬂ‘l@u 1niv ﬂ@]i?ﬁ?uaﬂﬂﬂ'ﬂﬁyjﬁﬂTNUﬂﬂGﬂqﬂufr‘fﬂ‘ﬁclUﬂ'lﬁ
[ d A 9 9 O'Qddyd o 1] dy 1 ) Y o Y
ﬁQﬂu&ﬂTﬂUﬁu&ﬁﬁ@ﬁniﬂaﬂuﬂ ADTUUNTUUDIDAIIADNLUYNUITINATUIUAIY ‘Vl'lﬂlfﬁﬁ']ll']iﬂ
a Y Y dy as o I YA Aa
amiwwﬂlﬂgﬂ@lmmmu a‘ﬁm‘mmmmaﬁ’ommuiumiammﬂum’iwﬂﬂﬂhnﬁa‘uNﬂ

a9uqQn (Trial and Error)

N
NPV =Y Neh, (2.28)
(1+IRR)"

n=1

o a d
2.4 YHADUMTAUATICHNANIINAADY

[

a dy [} a L4 I g A
TuauIved utemsAsIzinanIsnaaeteentiy 2 TuaoUAD

a d (Y]
241 ﬂ1§3!ﬂ§1$?’i‘{ljﬂﬂﬁsllﬂQﬂﬂ!ﬁﬂﬂﬂ!%ﬂ1ﬁd1ﬂ!ﬂﬂ?]ﬂ%ﬂu

WIAIMIOBNANNT DUV INOANNS D ULVVTU @287 Calorific Aun lda1n

Q=mC,(T,,, —T;,) (2.29)

°
A v

e m A oI lnaBaavesassuauiou
C, Ao MmanuganuieuiumzrenIiunuiou

(T

out

~T,) fio ANUUANANYDIgUNIvemITuAILT U Az
U o < {1 [l
VI0ONVBINABIMUTUNTIUAIVLUY

19199910M1T UATIEHRANITNA A UIND IR NI 1UDId NI NaveIdad 1 dUHIY

=1

AUINEN MAYRIEIIIY MAvEIFAdIUMTIANAITTOU tazdadiundueiilidens

! o & U 1 ]
mElmmm%”eum&ﬂuﬁj’emﬁmﬁmiauzmi?Nmamm%’@umawemm%auﬂlu‘J‘}J*U’eN

Y

Wanganudeu (@) Awaasluaums (2.26)

q= Q (2.30)

(nD;L;)

cond

—_

4 1 4
o ¢ A AmangAuIoU (W/m')
O Ao AMImemaANou (W)
= 9 ] t4 ] a A
D; A9 WNAdURIUAUINa 1NN eUBNVBINeA1aais (m)

A 3 a = J J ]
L, A9 ANMuEMVRINEMIYaals IaINaIUAIVLUY (m)

32



a d a 4 4 [y
2.4.2 MIIAZHANUAANAIAHDINATDINIA

o ' 1 o & T W
“lum:‘mmmmmm‘smammm%’auﬂlufmmi 2.1 msﬂué’f@ammmammﬁ

9
v

9 . ' ]
ul?iﬁsU?J\11.!TIﬂEJ’JﬂﬁﬂﬂuWﬁi’Jﬂﬂ@]iWﬂﬁHlﬁﬁ Haggungy éuwfﬁuaxmaaﬂiﬂﬂmumﬂm%a

o % o v (A : <
uiindoyadnomemos luathilaliudy deezuld
A

1 Y
AAS0ANBIALAALATUFINAIAY
v &

UUINAMUAANE DGR FIA N0

9
[ Y 1

Aana1aegaie Asiuamsmemanuiounmuon |

[

v 2
ﬁTllﬂﬂTﬂﬁﬂJﬂ']ﬁﬂﬂu

P 5 1/2

2 2
dQ: aQ dm + a—Qde +[ aQ dToutJ +[6_QdTlnj (2'31)
3 . oc, T 0

out

3

4 1 < 1 . o ' T W J
esnna1 C iiludnsniailvimon | —=4C, | fiswidugud auns

(2.31) 39angilivae

2 2 2
dQ = a—Qdm + a—QdTom + a—QdTin (2.32)
on )T o,

out
Tas dQ flo AIANNAANAIAYBRATBINDTA

* A
1 = U v
dm a9 ﬂ?ﬂ’ﬂllﬁ%tﬂflﬂﬁnﬂﬂTﬁ’Jﬂf’JﬁiWﬂﬁHlﬁﬁ

dT,

out

uaz 4T, Ao ANNUEIBEAINMIIAgUNH BRIV

% { g ] 1 a 4 v I o
gﬁ%@yjamﬂ%ﬂﬁﬂﬂﬁﬂﬁuuﬁTﬂN']uﬂ']ﬂ'l']NWﬂWﬁ']ﬂle@QLﬂ%@Qﬁ@ﬁﬂﬂﬂ$u15ﬁj@3~|aﬂl@ﬁ

R

Llﬁiﬁgﬂ?iﬂﬂﬁﬂﬁﬂWﬁﬂﬁmW‘hﬂlﬂJﬂﬁ”IﬂLﬂﬁ@HNW]iin!ﬂlﬂﬂ%@Haﬂ?iﬂﬂﬁi’]ﬁu@]‘ﬁg%’ﬂ Taglu

Q

Aa o d" o 1 %‘ d[ 9 [ dy
\111!’3%EJ‘L!“t]%'lmﬂ']ﬁWﬂﬁ@ﬂiuu@mg“ljﬂﬂﬁﬂﬂﬁﬂﬁ 3 a1 9 lFaunsaeil

Errorbar = X*S; = x+20p) (2.33)
N-1

s = 1Y
Tagh X ==>"X, (2.34)

Nizl
Sp = 2(5p) (2.35)

N-1
1Y —

Sh= —S(x.-Xx 2.36
D N—lz( i ) ( )

A ° 3 9
Iﬂﬂ N A9 NUIUBIVOIYAVDY A

]
o w A

A ] .
Xi Y ANVOIYAVRYAATIAUN 1

33



S;, An MANTLUVUNIATFIY (Standard Deviation)
Sg Ao ﬁwmwmmﬂmﬁ’oummgm (Standard error of the mean)

-, A v A 9
X A9 ANRQYYAUVDYD

34



=
Unn 3

adl o A a v

IBAUUUNIFTIVEY
g}J o a a o 9 = o 1 [ 1 9
VUADUMTAUUUNUIN Usznouaie Wou TUsunIuMUINAINTEI918A NS 0 UUDY
3 o Awv A
VI@LVI@?I?JH%W@HGHMVIQH?] ESDU 81038 NUNIUNUITENHIUN NITOONUUUHIVHIAVDY
3 o ] < { ) @ [
1/]’(’)&1/]@511111%1/‘]@1!LLZ’IZ‘VIi’)ﬂ’ﬂll%j@uLL’]J’]J?f‘Ll’Ni@Uﬁlﬁﬂ?%ﬁﬂﬁ?ﬁiﬂﬂ?iﬂﬂﬁ@ﬂ N1TIAN

4 A A a g‘/ I 9 a o A Y

Qﬂﬂiﬂlllﬁ%&ﬂi@ﬁﬂ@ NITAAMIYANATD U ﬂTHﬂ‘]_IGU@HﬁLLﬁZ’JLﬂiT%WWZ’IL‘WE’J“],Wﬂ?i'ﬂﬂﬁ@’ﬂ
o Aa ' 9 o & o & v A A 9 =
mmumi"lﬂamﬁgﬂmmazﬂizﬁuNamw% INUU08198INITADINT VDI LHUNIT
o A @ ) @ a a J : a
AuHUMS aulsdmsumsnagey I5NMSNATOLLAZAATIEHRANINAT O @Q%g’ﬂ‘ﬁ’]ﬂﬂs’,u

a o &
I1YASIYAANU

3.1 HAUMIAUHUNS

= o w aA A 9 [ [ 4 [ 9
1 ﬁﬂ‘]&l1ﬁ13$ﬁ1ﬂﬂlulla$1/li]‘kl§]ﬂlﬂﬂ?ﬂl@\?ﬂﬂﬂ@!ﬂ@iillul“ﬁﬂ@ulla%ﬂ@ﬂ'ﬂlli@u
LLUUﬁuﬂﬂﬁﬂﬂﬂ%ZﬁTﬂTiﬂﬂﬁ@ﬂ Iﬂﬂﬂ?i%ﬂﬁuﬂ?ﬂﬁﬁlﬁﬁﬂllagﬂﬂﬂQWNVH\i
o 9
QGUTﬂTiﬁLﬁﬂTﬂlﬂﬂ “I/N{‘%ITL!fﬂi@ﬂﬂllﬂﬂﬂ?ﬁﬂﬂﬁ@ﬂllﬁ%ﬂ?ﬁﬁ%}NLL‘U‘UﬂoTaEN
o 9 A A 9 < A ]
2 Vnﬂ'lﬁﬁ?ﬂllﬁ%ﬁ?ﬂﬁ'Jllsllﬂﬂslja‘lfllﬂfJ'J‘U@\‘]lIH‘IJ“LJLLU'JV]NGluﬂTﬁ!a@ﬂ"’ULHWU@\WI@
4 ' 9 o A
maﬂu"l%ﬂ@uuamemmmuLmuamqaauﬂsﬁumwﬂﬁau
= o [ [ [ 9 ] 4 =
3 LﬂlﬂuiﬂﬁllﬂﬁuﬂTuaﬂ!ﬂWﬂWﬁﬁ\iﬂTﬂﬂ?TNi@uﬂlﬂﬁﬂﬂlﬂ@iiuqcﬂW@uﬂWNﬂﬂ‘Ha
ESDU 81038

g’/ P [
4 1938uN13NAAINIHNALaziassnglnsalnylelunIsnaans 1y unu

a

1 o 1 o < [
nadoU 819%1AMM301 (Hot bath) 819¥1A21118U (Cold bath) @18 iAgMWYI]
(Thermocouple) %39 1309 uUNNA 030 (Data logger)
9 A Y] Y] ' Pz ' s
5 adnganageunuimanuie 13 dsznoude nemes Iulavlou nazemes
Tulawlountiveanuiounuuduissovednielu amwaeuwai lamvuald
6 MmInageuganaans lagn1siaainuuanaeguugivesues lvansy
ANuFeUITIIMatazeen 11 dmuamaimsaemanudouluua
AZYANITNAADY
o ~ 9 a 4 % o 4 o ] d‘d 1 1
7 imansnaasda laudnszimanyduutveaduilsaraniinanean
MIFIeA13 U
o a d o o o 1 1 1 J
8 aFuuuTIaeaNNAAamans IMSUIIUIeNTEI08A1INS oUNDImNOS 11y

A 9 o '
Vl“]f“l/‘l'f)u‘ﬂllﬂ@ﬂ'ﬂlli@uLLUUﬁu?Qﬁ@U@QﬂWﬂiu



a 4 Ee
9 E‘T?‘ﬂlmgﬁmiTSWNﬁﬂ”ﬁVIﬂﬁﬂ‘UﬂQWNﬂ

1 d
3.2 miaammummummmaﬂu"!mﬂau

9

A 3 o A Aq v = S
ﬂTﬁf’Ji’JﬂLLU‘UL‘W@‘HW]H1@1/]@&1/]@51%1%1/‘]@1!&1/‘!@1/]1%11&ﬂ1§ﬂﬂﬁ@ﬂuwfﬂ1§m1ﬁ]1ﬂﬂiﬂ1m
] v 9
AMUToULAZIIANIMUNZ AUDINNTAILIUMILNG BT ESDU 81038 Falivuaounsfiiuim

Y
wazadanomos 1 lavou aail

g’J o d
3.2.1 YumaumImnaivanamasialaley
9 o a s A 1 4 =
ad e aneadiamdasieriuuavesnemes Ly lawouaiungui ESDU
~a Y ° ) = = ° A o dy
81038 TaglvunoumMsmuInAIzLn 3.1 s1gazi@eansmuIulag
T W 4 o J I'4 1
- Houadlsiio 1 lunismuramanssouzvounss 1u'lswou 1dun
A ° ] J At [} 1 4
gaginauhsziievesnemes Iulewou (7) guugindiuniumivyesnemos 1u'ly
1 4 1 1 o ] J
Wou (7) durugudnaNMeusnUeIionewad (D,) ANNENTINIITZIMEURINDINDS 11
1 [} [ o 1 [
lalou &) Anwendiunuanudouvesiemos lu'lavou () A1mendiuniuutiues
[ 4 [ [ a o 1 o [
vomoes lu'leou () dadiums@uansiau (FR) mmstinnudouroiionaauad (K, )
I'd v
dulszanimamanudouvesemariuneanuiounaauniuuiu (z)

- AnAUMANNAIUMUNNANNTUTE Mauras I audeusuAIne s
UONVDIAIUTTLINY (Z,) 1Az TENINAIMDMUUBNUBIEIUAI DU U ULrAIT UM o U
(z,)

- MUAAIANNAIUMUN AN UveIHT Mo dI NI (Z,) tavdlu
AUUUY (Z,)

4

° 9 < A '
-muali Z, 2, 2., Z uag 2, \1ugud iiieria Z 59U
- uaagungil o (T) uazguaniina1eg vesasihnuniguigile (7)
[ = J VA QAdy A Y 1 1 1 Y ]
wazmal @, Futlumnauyavie 191115914 UNIAINITAINIEANNTDUVBINDAIIN
Y
Fou (0)
o " W o* 4
- MUIUMANAVTI TUAA (R ), Z,, Z, UAIHIANUAUNIUTIY Z, 1Az O,
-ufFeuiieua 0, uaz 0, Swanaiuieend1 0.0001 udaIIA1 Q, 1918
"9 J [ 1 J d' Y o ] 9 9 J [] o 1 =
HATILANANAULINAT 0.0001 A1 Q, 7 1ATY ligndes Aeemiar T, Tninazdiuiua , Bn
9
GHK
a = o w o 3 4 A = o w 1%
- NsanvasInan1siInuvesiomes lu lavou Ao Iadinaarueau lo
= o w 3 = = o w A = o Y Aa = o w
FadnannuiEudes Yasamsfen waziadinans ladiunie a1 0, MumIadIng

Tyhmssuadulsizudulni &1 o, liRusdatinaainsal¥aisemes Tu'lavon 1

uazAIMIEInIenuioude O,

36



o 1 Y [ rd
- MUIUTIMNOAUN UMD 11 Tyon

=1

= 4 A 9 ' ¢ A Y 9 o
- wasutonlvisuduvesiomes Ty lawou amwteuluGudunldmuinn
=
ATVNNN Tl
3 v o d J 1
- HEAIHAN T AIUIBAIEN T AU A LU T21319A1115899) W (Investment)
Tumsadreanudounazyamim lsgns (Net saving)
g‘/ [ ° A 4 o 1 A o 9}3‘4
- duaeuse I Tilsunsunuusiaesnenouiunesszihamndua ldnwiue
o ' { 1 o @ J
Tlfhuramamnaiiminz auvesiomes Iu lavloumumanmsasygmansnisnnuion

A = ] ' £
ﬂlﬂﬂlﬂi@\‘]uﬁﬂlﬂaEJ‘L!ﬂﬂiJi’t‘)‘L!LL‘]J‘]JTI@ﬂ’NJJi@H (Soylemez, 2003)

o | d
3.2.2 vawamaminamamasialanou
. ' ) . ] .
ol dvuanames T lsweunmunzaulunsnaass Jamvuavouwan 149 lu
Y
My luuuIane a9l
9 1 4 35 1 Qy
- PUAFURUFUINE N AR 3/8 — 2 17
Y 1 Y
- ANVYNAIUMITLNY AUA 50 — 1,000 mm NUATIAL 10 mm
Y 1 Y
- ANVYAIUAIVLUUY A3 50 — 1,000 mm INNATIAE 10 mm
=) o 1 301
- ¥iaueaa3a Taun R123, R134a, 11 tag 1901400

[ a o < ! o
- dadIUMSIANAITINNU U 50% vslsuasaiumssive

37



Sum 7.7.D.L.L,L,FRK, Uagh /@

!

W Z, 2, Z, Z,

MWUA Z=2-2=2=2~0, "M Z,,

> VA1 7 1A AMANTAA1Y YoaaIINY

N T wazmia 9,

:

WINR,Z,7,7, uazQ,

Tails

(0,-0,) <0.0001

noldaluld

v
U

Y o d
51l 3.1 Yupeumssnnamuinanemelulswen

38

Tails




33 miaammummumﬁaﬂmu%ammuffmaiau

' Y

8ATIMIEINI0A1INTOUVDINOANUSDUNVDTUFTANITOVTUBYA VY UIAYDIN DA TN
FounUAUFIAI9TOY AB ANNEITIUITNEY (Le), ANNEIFIUAIWUUY (Le), VIIadU
] J v . o v d" a o A
Fugudnarameluveana(di), 1 TAuEeY (N), AT (WF) 1131280 YUIATDY
NOANUTDULVUTUFIA9TOU WTUNUTMIAUANNT O UNNOANNT DUV UTUINTOUDE

1 9 9 T W A A 9 Yy U o
unsamemanudeuld Tasasalsaidulsnertes laun aue1naiumisziveuay
[ [ [ o ] o 2 a o
daunaumiv vinaduriuguénatmeluvesie S1uau Tdude) siiaaisiau awaums
o v J g9 Y1 o Aa a

ANAUWUTUDY Charoensawan ez al. (2007) Tagilszgnaleal Ku lunmismineilssansaimns
MUNANNS O UVBINDANUTDULLUFUFTAIITOUIIN

Ku =2.13x107 P Ja* 3% Bo™ "% k"% (ke / ka)' 2! G.1)

1 [ 1 9 A Sld" A 9 = @ J 1 1 9 ] 4
f”nf‘ﬂﬁﬁ'ﬁiﬂﬂﬂi?llii’]uﬂulﬂum’t]“l“mlﬁEJ‘]_IL‘VIEJ‘]_Iﬂ‘].lﬂ?fﬂﬁﬁﬁﬂ?ﬂﬂﬂWlﬁ@lﬂl@ﬂﬂ@L‘lﬂ@i

Tulsnou daan3enz ldanmanaanane 11

fuen 7,7,D,L,L,L,FR K, Wazgh /////,411:;_____

AU Ku
pr

U q 1aE Q

:

o ' &
smﬂwmuﬂimwu%

e

RRTELI! Lﬁi‘Hﬁ"lﬂgﬂ'Naﬁ’Jﬂiﬁll

v

2
auga

v
U

311 3.2 TupeumsAnnaIvINanen I EaMILLTUT HAITO

39



Y o
3.4 YBWUAMIAINMUVDI1ADY

) ] 4 Aa
1. uuvuiaesnemes 1u laleud9deninngui ESDU 81038
Y o ] J A Y < [l @
2. a5nunuiassiomes Iu lavlouniineanudeunuuduegnisluaumdannisanu
Mumunannuiou

3. NATUNTNNZAIAD

3.5 mnlslumsnaasy

3.5.1 aaudsnuga
1 dadrunisiuansiaunennufeunuudui 50 % vesSuminelu
Wi
2 AnNEMEINIEMe dutuaNNTeu uazdiuatuuluvenames Tu'la

Wou UAUNAU N 100 mm.
9 ] 4 1 4 A o A 1 Qy
3 ynarduruguenannemes I laoumunz aunnuuuiiaes Ae lgm

[ 4 1 o 1 H
4 vinarduriuguenarineluvesnennuieunuuduesouiinineia 1.5

mm.

3.5.2 sudsnlylumsnaaes
a ° ] I'd 1 = [ [ o

1 P5mnamaauasmiaunemes I levou 4 a1 Ao 4 M1voId UL
3 [ ° 3 [ Y] 9 < ] o
AUAIUMNTLNY ANAIUAUANNTOU tag unomes 1 lsvou
° Y [ [ ¥ o { I~ [ 4

2 Swulduden 3 a1 1dun 5 15 Tawden uazsmaunussydunemes Ty la
Wou

3 s luneanudounuudu 3 wia laun RI123  Ri34a  uag
ONIUDA

=S o 1 Y 0O v A [
4 yudeamIiau 5 a1 laun 0 30 45 60 taz 90° TareunnuuIsEaL

5 gamglauiiszive 3 41 140 60 80 tag 100 °C

40



3.6 yANATOU

1 9
[ 4 o ] ] =Y a
1 mmaﬂu"l«m@ummﬂmmmﬂwmmﬁumu lg U 817 30 IHUAINAT

[ [ < [ [ o U [ [
HinenNuTeusanilu 3 a1 Ao dIUMITSve duAUANNS O LAy dIu
v ] '
ANV FINIENUAIUTANVEIIMAU HaaIaagii 3.3
2 N0ANNS PULVUTUIITBUNTIINNONOAAIVUAI Y aa Ty aduRIY
4 a A
Auananglu 1.5 Jaamas
) Y 4 I Y o
3 i ldvemes Inlavewiugyainisudiussgasiiaueniuean iy
{ o 4 < ] a
5uasnmviua I3 luveue e lHilunes1ad
o q Y1 P < A yua v
4 ldeanuFounnudunsouamvmaveuaiag itlugyyinieud)
v Y
Us59enshadn 1Un 50% vewulFinasaeluneanudouninua il ld
[l 4 o [l 4 I
lunemes Tu'lyWoudnyanazimemes Tu'lawouldhiugyainmauag

A o
mimamuaammﬁmmwmwuw"lﬂumamw

e e

H [y Q‘J d:
511 3.3 fMsdaneanudeusuudulIssautaznamasTulanon

'

[ [ I [ [ o U (% [
5 uianennuSousesmilu 3 1w Ao @IUKITTIME IUAUAIY LAY dIU
[ 9 4
AU FaRaeuaIniinuewinL Andanasssuanusouaznand
521185 0U (Heating and Cooling jacket) 19 1nurudinzdl4uss9veq
Aq ¥ 2 U o A aa J Ao
Tnafldanudouludiurszive Ao 3alauooed LazusT9ves Inansy

' ' 2 v o {
anwdounnaIunIuLiuAe nau awaaslugli 3.3

41



— ﬂﬁl’@\iig‘UTﬂﬂ'ﬂll%lﬂu

AIUAIVLUY . '
UIDAIUAILLUIY
“«— gutuanudeu
fufuaNLToU
“«—— pgossualiudou
AIUMTLINY

NIDAIUMTLINE

51/ 3.4 nemesTalaveunfinennudouwuiinssevedmelunfnnsndssiunnudon
U

HaZNABIIZTLNLANNIOU

J H [ [ 1 [ [ H
6 wseuglniaingielumsnanes WU ununaaeL LUNATEUNOA NS DU
a o g’/ dy (% 1 = 9 =
1#lumsveasedl amnsodSuamudeslumsnadon’ldanin 0 D3 180 o9
A &2 o q Y ] Aq Y o 1 =
NAUIAL B lneanuseunlsnadeuansaliuanyupsnIInado

vy = ' = o A
ulﬂﬂ'ulﬂ']il@ﬂqsllﬂ\ulﬂunnﬂﬁﬂﬂ Ltazuaﬂymzﬂdllﬁﬂﬂugﬂﬂ 3.5

fuieRaaarien

s nsvununyu
FoudnfuuMunado

GRVESTRIERTREE o

naaou

sUi 3.5 amuﬂﬂmuawm‘nﬂﬁaummm‘mu

42



d d‘ A v
3.7 aunsanlsznevnazinsesiiedn

ISR =2

1 91971Aw5ou 80 HAAKE 1 8N3-B 1i529A2UAN 30 D49 150 °C @aiia

a

[l o o aa J 1
AMLINE £ 0.05 °C 1FTumsauauguugiaa Inueesaiiinaseliaim

R

Y ' o @ A
ii‘)uﬁua\jﬁ?uﬂqiglﬁﬂﬂﬁllﬁﬂqalugﬂ‘ﬂ 3.6

311 3.6 19 NFeY

A o & " & Ay ' Y 1 '
2 IATONNUIUFITVIADLYU 811D Haake thermostat JU N6-C41 °lsmmﬂumwa’é)
< ) [ U ] ] % 1 [l o o %
U ﬁﬁ/ﬁ‘Uﬁ?‘uﬂ?‘ULL'L!1!GU@Qﬂ@ﬂ??ﬂ%@ﬂ@ﬂﬁﬂ?ﬂ??ﬂlmuEﬂ + 0.01 C e

weraslugilin 3.7

d' d‘i o < ' <
51U 3.7 nsesidumsviaetdiv

Y

43



%

3 13091 UANToya (Data logger) 810 Brainchild U VRIS U119 18 %04

U = 1 o 0 4 d'
pANANUUNUG £ 0.1 °C Auaadlugilin 3.8

EES EEE EER

‘IJﬁ 3.8 smmuuﬂﬂmaua (Data logger)

14 v A { a 1 o 4
4 wo3 IuAditla 80 Omega Type K ¥H@A Chromel-Alumel 1¥353ufU1AT 04
v =K 9 Y Y Yo a o 9 Y ! !
Tuiindeyadedu ldiaguuglmsiuanuiewdazosnainndosdiu

auiutazans ianudeuninnaesdihiszive awanalugin 3.9

51/ 3.9 mesTumlidla

44



a o I A a o Y 1 9 =
5 YARNAITNINIU L‘]Ju%ﬂ’e)ﬂﬂimﬂ%hlummmmimdmw1ﬁ1/li>)mmii>)u RN

Q Q U

1 4 d o [
Usgnovudie Tugann1s (Vacuum pump), 2187, 10911 3AA1 AU (Pressure

g 9

gage) HazaeaNa3NU danaalugln 3.10

4 J v

naoaunaI

18IRenUaNY
AT divsulaans
funennuiou M
Mdrdefudy
FUANMA

311 3.10 AN

9 H 9
6 Yugyanmaiminadugyaimanieluneanuiounsdosriia vuia
&% {q 9. 9 ] Y o @ Y
yosdugyamanldne 1/3 usah 1,425 soudeuit Ienuuseau Wi 230

% ad oo 4
Ty 50 1330 Aqueraalugin 3.11

45



A o ?al o aS a Y .. U S ?al o A o =X

7 AT UINUNLUUALIBYA 81D Digicon U GL UFIWNUIHUNNISH 0.005 D3
4 3 Y 1T s 4 v a [

9.990 kg 15191/1uﬂ15611\1u11’iuﬂ5110\1ﬁ1i‘Hﬁ’f)l,ﬂuLﬁ’t’)ﬂﬁ’)ﬂi?ﬂ"ﬁ]’lﬂal%\ﬁ\lﬁa 2N

waaelugiin 3.12

= A oo o a
5UM 3.12 mSestuimiinuuvazoan

'

46



3.8 YUADUMSINATDU

o 3 o 3 14 { 3 <
1 himsadrnomes Tulavou nagviemes Tulavleuniivenudounuudu
] 9
N3ov0gMe UMY DIUAYEINTNAADY AI9819Aeg1N 3.3 wieuuil
9
o 1 [ Y] U ) U ] ) [ I U
Usznpununassdanzaniludiumszmeuazdiuarunuudmiuudiu
Itamdounaziuanuiouvesyanaana
° ] < I o
2 lineanudeunvudursseuilugaanmeudiussyanssiaei lu lu
neanuiounuudunsou Iasldgmanasvau Faz@uaisiauaium
aaaumsaNaIIundens
a g‘/ 4 v | A Y o A o J
3 Angamemes ludlilannuganaaesndiuiiszime 3 30 (T, - T.,) a9
ALY 3 99 (T, — T, wagadiuiunnuiou 2 9a (T, - T,)
a 2 o v a A Y T3 A 1 1
4 faascngmes lualilanvuiiuazesnvyeIdsHaEUNdIUAIVUUUDE

9 £ ] A
as 2 99 (T,., — TCi2 g TCol - TCDZ) GUTHHLLEWﬂlT@@ﬂﬂl@Qﬁﬁiﬁﬂ’JﬂJi@uﬂ

Cil

9
dmlinnudousdiay 199 (T, - T,) 1azQuUNU550IN19 (Tam) 91N1U

ee

a ] 9 d' Y 9 9 o 1 9 v A g}J &' A @
AAMNNDANNUIOUNUNRAUIULAIVINULNUNATOUNIOUNUAAAIUATIINDIN

e :I:L__ -2
| o —— .,g_'::p:_J !ﬂ»
Sour o !
N i
- ] i
S g S QU _. =
Cold bath ,_ .
P il
[ — — e [
. :.: [ e
I P ;
| A
o_ o
EI _uj:m.._.i:.l_._i
Data logger Hot bath

k)
o Gumusaansmemes luaiiila

Y v a 9 d
311 3.13 dnwazmsfadaganaaeutazalnsama g

Y

47



° [ A @ 4 v (A Y o A A 1<
5 imsdoweudygrannyaveunes ludlitladhnuniewdnna tiveny
o a d
doyarh 1 nsziiae i
Aaa o 1 ) 9 %‘ 1 o < Y A a 4
6 U339%a laueswd luorwmhnnuiouuazirluorhinnuauudyilaaindg

A o [ A o < . o [ A o
LTUNTITININIU ﬂiuqmﬁﬂumﬁmmmmu‘ﬁ 20 Cllﬁgﬂiﬂqmﬁﬂuﬂf’ﬂﬁﬂ']

Y

Y A d'
mms@ummq@u”lwmﬁ’ou

2 @

g‘/ = 9 a d‘a [ a 9 g VA Y
7 niniuziuiindoyavesguugiinnyanaaaunes ludlhitlald awasuld

anudousunsznudgannzaeal lagnnrsanannsnasunilasues

1 1 IS

v 4 9
guvrginazAImsdenisnuion wenildganaen Mnuezideya

U
R '
a0 A

a ° a L4 :
ANNICAINNHADIUDY 300 'J‘lﬂ“ﬁ ﬂl@ﬂﬂﬂﬂ?i‘ﬂﬂaﬂﬂNTVITﬂTi'JLﬂinﬁNﬁ“‘]?Qﬁ]gfl

o v ‘ﬂ'
anyazAIgUn 3.13

Q Y

o 1 a [ 1 1 < 1
8 u1ﬂ1ﬂﬂ!ﬁﬂuﬂ'§’]3\|LW]ﬂ@l’N531’1'3’]\1Gll'llslslj'lllagéll']@@ﬂﬂl@\?ﬁ’lﬁwaﬂlﬂuﬁ"lﬁ%']ﬂ

= a

Lﬂ%ﬂﬂ u‘nﬂammmmzmﬂmﬁi’ﬂé’mwmﬂwa WMUIUNIOATINTAIDY

Q u

AMNFTOUVDINBANUSOUVAUZEUMTTNUVOUAAZYANITNATOU

9 9 : f
9 MMINATOUY 3 muﬁaﬁuﬂuwamimﬁau VOULAASYANTTNADDI

120 + —Ted
—Te2

= —Te3

1% - —Tal
- —Ta2
L 80 —Tcl
: —Tc2
E 60 —Tc3
é_ -TEi
o | - ——TEo
-TCi2

20 TCol
TCo2

0 - Tam

0 100 200 300 400

d' Y \ aa 1 d a ' < Y ]
Eﬂ‘i’l 3.14 ﬂ’Ji’)EINQm‘ﬁQNN’J‘VI’P)!‘VIi’;’lﬂﬂﬂ"lﬂl‘li’)ul!ﬁ%’qmﬁ{}ﬂlﬁﬁﬂai’)lﬂ‘lﬂnﬂl1!&@3%1’(’)61161!’?)\17]’0

q d' % a =
!‘i’l@iiﬂ»l"l"lﬂ"l BHUNANITANIATI 300 IUTN

48



UN 4

WHamaaneaoau

o ] 9 I 1 Y 1 4 Yy A ]
UUNRAMINATIUNDANNTO U 2 GEY ]lﬂuﬂ TI?)L‘I/I’O?I?JIIGBV‘I@H?JN?N Hasno
4 A 9 o a ] o a 4
Wl’f)iIll]1“]51/‘]’Ou‘I/Ill‘VIi’)ﬂ'ﬂlli@ul!ﬂﬂﬁu%uﬂlﬂiﬂﬂﬂQﬂWﬂiu MMIAATIZHRANITNAADS laY
9
dwunamlszinnvesainlsasas il mavesa13IviIu HavIYUIBEINATOU HAVDY

YTamsaua s taznaveQurgiaIumszmey

4.1 WAVRITHATIINNY

Y v v
Tuateiina1199 #avesa1ssinumeslunen1ud ouLUUFUYI AT UNTABNT
' 9 ' e P 9 o a ' =
memanuseuvowiemes Iy lweshliennusounuuduriiaisovegnislu Fawanis
A 91::3' I A A o a o
naaean lat iWuwamsnaassiguugiidiusiszive 100 °C USumms@uansihaunelu
1 4 ° =< = ' ° ' Y] < a A o
Nomos Iu lsvouduiuas Wi ad1uisive Noa1Ns o ULUUTUSTIA19TDUTIIUIY
Y dy Y ds‘ 9 ] 4 a A o Aq ¥
TAa@e 15 Taude vinaduriuguanannglu 1.5 Jaamas ssviaunlaiu enivea

R123 1az R134a MMInagounngI N Juuulseau (0 ®3711) az Tuuudag (90 83711)

180
160
140
120

M 33003

M 3390 03

GERTTE R123 R 134a

= ) v Y] d a v y U a v
E‘lh’l 4.1 f’)ﬂ51ﬂ1§ﬁ@ﬂ1ﬂﬂ313~159u6‘1i’)3!‘ﬂi’)511]1’!‘1‘7\'i’)‘H‘ﬂll55?7]@ﬂ'ﬂ“ﬁ@u!!ﬂﬂﬁu‘”uﬂ?ﬂii’n}h
a o d d! d! J o al o
ﬂ]ﬂ1u 1'%111&!?!15!9]11@'157]1@1u!‘ﬂﬂ5131"!“”7\'@“?15\111uﬂslli’)ﬂﬁ?uﬂ1§$!ﬁﬂ qm‘ngumum

s 100 °C NoaNuIaunuudFurtaleseul¥ansinnuemuea R123 uaz R134a



' Y

= v o A o ' a o
"Mﬂgﬂﬂ 4.1 wu’nm@wmﬂu"lmweuﬂuwammiﬂmmuaueqn181utgaztmuﬁ1i%1d1u
U 9 Yy [ Y I o 1 1 1

L@‘Vﬂu@afﬂllTSﬂﬁQQTﬂﬂ'ﬂi\li@uI‘lﬂyﬁlﬂﬁlﬂfNﬂllﬂTiGle' R123 L’]JLI?HSVHQTH UANITNITEAIDNY

v Yy ] < o & o oy
ﬂ'ﬂllﬁ@ullﬂﬂﬂ'nﬂ']iahf R134a L‘]Juﬁ']i'vnxﬂu ﬂizmm 6% IUBIINFATITNINIULONIUDANAN

< 1 o o w

ﬂ:nll%I?Ju!W]Qﬂ15ﬂa’]ﬂ!ﬂu]’lﬂNTﬂﬂﬁnﬁ'ﬁﬂ%ﬂu R123 11 R134a 1ua1al uazmmu’oaﬁ

' H H Y 1]
ANuAUMITHNuaNAIgINga Tasiidimsmemanuieuszanniuilonnudouudianas

D

a o

v 4 v
uazmms%mmiﬁnmaumm u@ﬂ%']ﬂﬁ Qﬂ!‘ﬂﬂﬂﬁﬁﬂﬂTigtﬂﬂﬁ 100 °C €135 M191UOM
o 1 a Aana [ 2 o Yo 1 1 Y 9 [ I
uﬂaﬂﬂqﬂlﬂuqmﬂ{]ﬂﬁﬂi]ﬂan‘Nﬁ']i'VH\ﬂu ’1]\1‘1/”114ﬂﬂﬁTﬂJTiﬂﬁQﬂTﬂﬂ'ﬂﬂJi@HVlﬂ f’)fﬂ\?]liﬂ
= A a o < U o ' 7
@nllﬂTiﬁﬂBTWﬁﬂ'ﬁ‘ﬂﬂﬁ@Qﬂﬂ%ﬂﬂmﬂ']imllﬁTiTnﬂ']uLﬂllﬁ:]uﬂTigH’iﬂﬂl@ﬂﬂ@!ﬂ@iill]l“]fw@u
v lauaasluidenal
A = ] I'4 A 9 ) ] =
LW'E)L‘]_EfJ‘]JWIfJ‘].Iﬂ'J']iJﬁ']?JTﬁﬂGUfNTI?JWI?JiIllul.“]ﬁl\l'01!1/]Nﬂﬂﬂ')']i]iﬂullﬂﬂﬁu@ﬂ‘ﬂ']ﬂﬂlu N
= 1 1 1 9 Y] ] 14 aa A v A w U a
L‘]_EfJ‘]JL‘Vlﬂ‘]Jﬂ']ﬂ']iﬁ\iﬂ']flﬂ')'luiﬂuﬂﬂﬂﬂﬁﬂﬂiIllul"]ﬂ/\l'E)‘LlGUu']ﬂi]@]mﬂ?ﬂﬂﬂﬁﬂﬁ?ﬂﬂ'ﬁ&ﬁﬂﬁ'ﬁ
° a 1 ° ) ] I’ A Y <o A
NNTU 50% ﬂl@ﬂﬂii]']ﬁiﬁ')u‘ﬂ']i%l,ﬂﬂ ﬂuwegweiiu"lmweuwuﬂemmmuu‘}mﬁu%uﬂ
' { A ° o ' 4
'Jﬁ'iﬂﬂﬂgﬂ']ﬂaluﬁlﬂilﬁ']ﬁ/n\ﬂu ONIUoa R123 1tag R134a IﬂﬂﬁTiVITQTuLﬂVﬂu@ﬁﬁluVlﬂwlﬂi
o o ' ' . o ° 4 A o
Twlavlewdumunasaniiavesdruiisziig nadeumsinanunguuglaiumiszive 100

SNG BT LL@$1{!11L?)8N‘VI¢]?{E)‘U 0 tag 90 93

180
160
B THyuo
140 '
W TH yu 90
120 - B TH + OS(temuea)yuo
§" 100 B TH + OS(iemuoea)yu 90
o 80 mTH + OS(R123) 30
Ea o B TH + OS(R123) s
B TH + OS(R134a) yuo
40
m TH + OS(R134a) 9
20
0

= Al v y oA a o £ o= ' o
51U 4.2 !m‘u{]Nf”ﬂf’ﬂiﬁﬂﬁl18]ﬂ’J13»15?)H‘Vlﬂ%iﬂmfﬂilﬂﬂl'@nﬁ‘ﬂn114?15\11414\1%!?)\1%’(3147]158!‘”81

'

QUHHNAININILNE 100 DIAUVATUAZIBIDLINATOY 0 HaT 90

50



' Y

A Y I o o Aa < 2N
nanmsnaaenlugld 4.2 naasldimuimemes Tulaleuniineanudounuuduriia
' a o I 1 [
nsovegmelutazi@uasiiiauiu wniuea R123 uaz 134a Nyuideanadon 0 09N 49
1 U 3 o a 3 J { ] 3
oennuioulagenimemos Tulaeusreds (nemes lulawoun lildussyneniuion
' Yy 9 1] '
nuUdu) Uszanm 20, 18 1az 33% mwdiay Natiolvilowininienuiounnudusiia
A [ ] J ] A [ Y = a A o
nsouNUsTyeglunomes lulewousiamumsdinennudouauiu l)awauyagiuiag
P ' ] M A = o ya a ' Y a
13fe noanwFeunnuduriaresouasausoiiau lanyuides 0 oer szgreldinans
1 [ 4 3 o { ] I'd {
memanuiounielunemes Tu'levouldaau i ldnyudes 0 o vomes Tulawounil
J 9 Y
neanuSounuuFusiaisevegmeluihauldawiasauyagiuld uenvniids wu
] o A I o A A ° 3 o Y]
nomes Iu lavlouniineanuounvuduisseun@umshauiuemusadinenuion

Yt A A A ] g ) o A o
ulﬂﬂﬂq@ !u@ﬂﬂ']ﬂﬁ'ﬁl@ﬂ']u@allﬂ']ﬂfl'llli@u!,!vp\lqﬂ']ﬁﬂa']f]!ﬂuvl:@llagﬂ’)'lllﬂuﬂ'livn\j'luﬂllﬂq

= =

nganga

u

o [ 1 [ 4 { [ ) a
disuyuBenagou 90 o9 wuIemes 1 lsweuniinennudounuuduriia
[ [ 1 9 9 1 ] 4 Yy a 1 = v A
nsovegneludinennudonldgenimemes Tu lavleusrdusw@ernuiyw o oem Tag
' ' A 9 o a ' a ° I
nomnos I lgdeuninennuiounvudusiiniesevegnielunazi@uarsiianmiv o
d’ =1 [ [ 9 9 1 ] 4
Muea R123 uaz 134a Nyudeanaaou 90 o danenuiou laganiemes lulyvleu
$1989 Uszua 28, 18 uaz 7% Mudey  wansnaasnaadliiennuFeunuudun
[] 1 4 A [ 1 ] [ 1 [] @
vssyegnmelunemes lu laeuamnsomvaussouzmsdenionnu laununa layiniin
] o A 9 ] A A ° 3 A 1
waznomes 1ulseuniinennuiounuudulsseun@uasinawiuemusaiainisas

! 9 Y A (] = [ =)
ﬂ?ﬂﬂ’ﬂhi’ﬂuhlﬂq\?ﬂf;:{ﬂ!‘]fu!ﬂfJ’Jﬂ'lJ‘HiJL’é)EJ\‘l‘ﬂﬂﬁfJ‘IJ 0 99

dy 9 [l [ 9 ] 4 g’/ 1
uonanil lanaaevaussougmsdimeanuiouvoaiomss Iu laounaesinguag
' a o J I I J o o I~
wilsanSunamaduasihauveunss I lavewiwaudiuiiszio nageumsvinui
QUUANAIUMIILING 100 DIAUYATO JUDEANATO 0 L 90 DIA WANIINAADIUAAL 1

QU

1N 4.3

Qan

51



145

140
= 135
2
o

130 M 33 0 93N

125 M 3y 90 93

120

%\;Qh ‘\\\ét\\ .\;‘Lb\
& & B
-c\& 0(9 xo
i:;\ X \2\
& QL <

Y

H ¢ o ¢ H
511 4.3 mmsaesaanudeuveanamaslylsweusunamasluleneuninennudou
Q'J | 1 Y a'J a o 1 d a
nuuduegmalu enNuFousuudAnmsiaMeMuea uaz R123 nome 3l lsowd
AIMNNUANTININTZIMY QuUMHNAIMINIZIHEY 100 2IA VAT UAHNDLINATOU 0
uag 90 999N
~ o o A Y <o ] a °
110317 4.3 wuemes Iu lavlouniiveanuounvuduegmelunazi@uamsiau
] I'd I~ [ o % [ [ 1 ] I'4 a
Tunemos Ty lawowaudiurhsziedinsdemennuiou lagandmemes Tu lavleudreds
Y A ] ] < ] 4
NIy 0 1Az 90 vIA1 LAAIIINITUTIPNOANS oUNUDAUIITO D Tunones Tulalou
A 1 [ 1 9 Yy 9 a o 14 =\ = & A
MusoiumMIdaoenNudou lduslaziduasvinaulumes Ty levoueans anilanso
3 [ o A A [ [ [ Y ! o ] o
WuaIuhszve uazieinsanmmsgsniennuioulunguifernuesiomes Tulavou
{ A ° 3 1 ° ] <O A ] 4
navmshaandIuhszvenazivennudeunuudusiiaiesevegnieTunyuide
1 ] o { o I [ [
NAAOY 90 BIA1 WUINBANNT ULV BTUNTouN IFeTihauduemuealinsasnis
9 Y 1 9 I ° ' v 9 A Z A
anwseulaaniims 19 R123 Wluashau mmsdaniennudounugadn 6 — 8% 1oussy
' Y] < v ) < ° A a
neanuFeunuuduaseu 1inelunay ldeniuea tay R123 1Wuasiau dszansam
1 J A ' 9 @ v A o A A 9
yosriomes ' leouniussyneanudounuudulsson Bneuludiokinuiinuialaa
v v = 9 o Y ~ A '
MIaIneANNToUNgINIMs s lunulssan dszunm 5 % snrdulunsanmelune

=

9 ) A = A ) ' 9 2 )
ANUIDULVUTUINITOURN R123 GINwam‘i“nﬂﬁauGluuummazuuaizmmm Glﬂalﬂﬂ\iﬂ

a =Sh.

o & ] o { a o < J o 9 J

ANUU Wﬁﬂ']i“l’lﬂﬁf]ﬂﬂ@m@'iIllll“]fw@uﬁWI3Jﬁ']i°VI'NTL!milﬁ')uﬂuﬂ')'mi@ulla&ﬂﬂﬂ@m@iIiJ
' ¢ = ' Y < Y

"lcls“vl@u Gﬂ%ﬁllﬁﬂ\ﬂﬂﬂ'l%Waéll@Qﬂ@tﬂ@iiﬂq‘%w@uﬂﬂﬁﬁﬂq“l/l@ﬂ'J"INﬁfJULL‘]J‘]JﬁU'NﬁfJ‘Ull'Jﬂ"IEJGlu

a 3 o v &
u,azmuLamu’amﬂumimﬁmmmu

52



4.2 waveslSnamsinmsinau

v 9 dy =Y o ] I'd A 1 [ [

11&%3%@1&&@1@\1Wﬁﬂl@ﬂﬂilﬂﬂl?ﬂi‘Vn\ﬂuﬂ1811!1/]@LTI@iINIIGHW@UTING]@ﬂTﬂTiﬁQQTEJ

9 [ 4 A 9 o [ a o
ﬂ'J111'5@1!GlJf’J\‘1‘VI@L‘VI’E)?Illll‘ﬂﬂ/‘l@lﬁ/lllVI@ﬂ'N?Ji@HLLU’]Jﬁ‘L!@Qiﬂﬂﬂlu IGZJTmﬂTﬁWUJﬁWiTnQTHIU
[ 4 9 =& = [ o <3 [ ° 3 [ 1%
mamaﬂu"lwlau 152noUAIY ATIHUIVOIEIUMITLINY IANTIUITEHY ANTIUAUAIY
9 < 1 4 1 9 A A a ° [ 1 ~
IoU LLZ’I%L@]NW@LW’O?INVL%W’OH NATOUNOANNTOUNYT UM TIANAITTINUAINEG N

QUNANTIUITZINGY 100 DA UFAITIE YUIDYINITNATD 0 1Az 90 DA uawiamm%’au

] QU q

v
[

a I o 1 [ J
uuudusoumelduemueaitluasiiay  nmIsnaassnuemes lulyveu
Yy a = a o =& = [ ) I U o Y [
919993 1AM TANEITINNUATIHLIVBITIUNITEIME naz@uaIumsevie l¥ian1sag
] 9y Yy A o J o A a a o
preadusoulnafesny aenulssuin 3 — 5% wazasaudelSuiumsmuaIsinau
A da! 3 1 @ 9 < 1 4 o w gf/ t:s‘l A =)
MLVUIUANEIUAUANUS oU tazdunomes 1 lovou a1udiay Natliies1nsunaans
o Ay A [ U o o Y J A o Y A
maumelundesnss lududiuriszmeazyilinemes Tu lawouiiosuanusounaiu
o FY I Y1 < o o ] 4 A
Mmszmeudinaaiu le lahwuaziusruunmszmiame luveanoamoes 1u'lsvormile
1 3 A [l [ [ 2K Y1 Y
199U AL UN ANV UHAINAIVLUUUAINININFIUAIULUY IFINA IHAID18ANI O U
Yo [ d’ d’ A o dyd o an 1 4
lagunn awaaslugidi 4.4 etudunamsnasestivuinaueguugiidnomos Tl
Wouddiuvhszine aaununuiou tazgdiuniumiv Nldvinnisnaassawaaslugld
~ VoA =S 1 4 A A o =& =
45uaz 3N 4.6 MIMNLNNYUIBeT 0 83 Nomes Ty laeuAuarsiauas anils
YoIdIUMITZIME HanyULNITUNINVoIgUUYT ludIuAIUNUUNINGA 5090901 AD T
a o < [ o I~} [ 1% o w g’; L
U31NaMIAUNTINNUAVTIUINTENY LAIAUTIUAUANNS DU AIUEIAD NIULT9910
o { A a < [ 1% ] 1
Suamsmaunauunanullszszmenatetiule lddesuanodsunisadruuuu luaiu
] = o Y a ] 1 4 AA (A a
aruuuy 9 ldnsmlgungiidruarvuivaesnemes Iuleounilsuumsi@udas

9 v
MOUNNUUTUVINAN

nansnaaesnemes luleWeuimuasvanudumes Tulovou naasluzili 4.7

a o

Y
wu idunsgumgiinndwmiiansludiussgsie @ausunudou tagdiuaiuiu i
[ 1 9 d' é 1 9 [l 4 Y
AAOUTIIAIN FauaaIn1enInn1To1ema1u3ountelunemoes Tulsweouldeaos
4 a 1 [] @ [] 4 [ 1 9
Usngmsal Ao MANTDIYNAINOINLUUAIAI0ENANYTBIHI 0 liRan1sn1emaNsou
49! o [ dy d‘ a (Y 1 1 1 Y [ <
Ju dimsulumsnasesibiionnisanlugiuainisdenteanuiounuan iuldaiw
S w ' s { A o I3 ' s '
Usingmsainasde vemed I laweun@umsiinuduiomoes Tulewounaziiveni
v 3 \ v v Yy = Y Y ad v 4 &4
Sounvvuduogmeludsmennudouldosiclaidunsvvesguuginaoudwozaei Nl
A a o 1] ] 4 a’i |ddy A 1 1 4
Hosnnmamuasianuaunomoes 1y lsWewiiua: lilinunyeasiemelunemes Tu'ls
o Y { Yo 9 U o ] 4 { U
Wou i lveamarn lasuanudeuluaiuszme luansoszmenaziaaoun lluaiu

1 Y A J Y 1 o 1 o 1A é’
ﬂ’J‘UL!H‘L!]lﬂ ‘Vii’E'Jﬂﬁ1’Jhlﬂ’ﬂ!,EJ“I/ﬂ‘l!'ﬁ')ﬁcluﬁﬁuﬂﬁgmmlf)\‘mﬂmE]’iIiJhlG]SV\IE]uhliJLﬂﬂﬂ1i’i$!,‘lfiEJ"llu

53



[ J a3 Y| ) [ o [ [l 1
Tunemos Iu'lsvouduthufisedrdrorirnnusouluarussssnaz d1ea1UHU UV IND

I'd [ ) o w 4 [ o [
mo3 Iu'lsvou huazeennenNudauuuUTU MUaIAY  BiodIumszreuadnenudou
nuvduldsuanusouriumsiianudsuvsaenmiuea a1 luneanudounuudu
a A J J 9 v 1 [} A A AR ' [} a
amsasauazaanienud ou lldiaruaruniy Wi lomasunasdiuaruuUunNaAnNg

) % A A % [ o o a3 v o [ ~ ' 1
naudazindeunnaudIuiszive iaumiuiginsae 1 Tagreniueanogludin

[ 1 J [ o 1 1 o

Auiuvoanemes 1 laweusislumsihnnudeuszrinanennudsunuuduiesauLay

Amemoes Tulsweouludiuaiuutiv

1w U 3 4 { 3 o a ]
AvaTIMImemanuiouvesnemes I lsweuniinennuioununduriniesovey
A a ° 4 a A 2 o A
moluimanasawfsmams@uashanlumes Ty laveuimuay dwaaluzil 4.4
a Y = o o Yy Aa A F) [ Ada ] 14
aunsaosuglauRenumes lulaleudieds awkanldainmsiaguuginiivemes
Tu'lgwouniinennuiounnudusiinognielugadivur Tdumsauluiamaferdununoe
o a A 3 9 < a A 9
moes T laeu)nd mszmsmeamelueanuounuuduaiiaieseniiussg Bneluge
& A [ o A 1 o o A a ' 4 ]
nageaiuiinannsuazenMIszreiinuashaun@Euluiemes Tuleewmsizie

9
MIFADUANTTTNUFUARSINU

ETHymo

B TH yn 90

B TH + OS(iomusa)yuo
B TH + OS(1omuoa) yu 90
B TH + OS(R123) yuo
B TH + OS(R123) yu 90
W TH + OS(R134a) yuo
W TH + OS(R134a) 390

Vimnamahanuveamaililavleu

d' a o d'd " 1 Y 1 d
TIJ‘VI 4.4 Nﬁ"ll@Qﬂ%ﬂ»l"Imfn5!ﬂ3lﬁ1Tﬂ"IQ11»!‘VI3»1ﬂ@i’)ﬂﬁ1fniﬁnf]!‘YIﬂ'JHJii’)‘I»!slli’N‘ﬂ@!‘i’l@iIN"!“lf‘l"lﬁu

'

d‘d Al b4 Q'J | d‘ Al o =)
‘VIN‘VI@ﬂ’ﬂNi’E’)H!!‘UUﬁH@Qﬂ"IﬂGlH NYUNHHNAIUNMTSLYiEY 100 99 syassee

54



120

—_—Tel
—Te2
100 %j ___=_ Ty
Tal
T 80 Ta2
e Tcl
"E 60 Tc2
8 Tc3
g 40 ol ~——TEi
—TEo
20 —TCil
—TCi2
~TCol
0 - .

0 100 200 300 400

a U

~ aa 1 d I3 v 1| I3
g‘IJ‘VI 4.5 qnmguwmamaﬂu"lqmlewmzqmﬁnumiﬂaawummmazmaanmmmmaﬂu

Y

1 ]

d' a o 4! d! al o
u!"li‘l/\lfi)‘l«! ‘nﬂ‘%mmmimum‘s‘nNmmaﬂmmmammizam UNHUAIUNISITIEY 100 843¢1

(TG HAZYNDEINATO 0 DIA

120 - Tel
Te2
Te3
Tal
g 80 e e —— Ta2
¢ Tcl
3 h_ Tc2
E 60 e ———
-4 Tc3
E L S ——— s 3
O A0 o rnanma s o e S\t ot g p o ~———TEi
-
20 —TCil
—TCi2
0 - : . . ! - TCo1l
0 100 200 300 400

a an 1 d a ' v 1 d
31 4.6 gungiiamemeslulsenezgumgliasnasiduvuduaz vieanveanemaslu

d‘ a o =] \J o al o IS
Ul"’li‘l/‘li’)u wﬂ%mmmimumsmammumumszma aHHNaIUNISITEY 100 93A Y alvea

uazagmﬁm‘nﬂaau 0 93¢



Tel

120

Te2
Te3
Tal

Taz2
Tcl
Tc2

Tc3

_ _ ——TEi
R e o o e e

Temperature (C)

20 | —TCil
—TCi2
0 - . : - -TCol

~ I Y-S d a ' Y 1 dJ
E‘IJVI 4.7 em‘nnuwmamaﬂu"lmwewm::Qm‘ngum‘;mamwummazmeaﬂmmmmaﬂu

Q Y

d' a o < ! U b4 al o
u!"li‘l/\lfi)‘i«! ﬂﬂ‘%mmmimumsmammumunummﬁau UNHUAIUNMISITEY 100 999

(T HAZYNDEINATO 0 DIA

—Tel
120 -
—Te2
100 — I - —Te3
il Tal
O 80 Taz2
s Tel
= Tc2
§ 60 c
Tc3
£ .
! ———TEi
K 40 B ESe— o
— o
20 —TCil
—TCi2
0 -+ - . ' . TCol

0 100 200 300 400

a an 1 d a ' v 1 d
31 4.8 guungiidnemeslalaweneazgumgiiasnasiduvuduaz vieanveanemaslu
3 ) d o
laweou MfSnamsidnmsianudunemeslalavien gamgiiaiwiiszivia 100 09m

(T HAZINDEINATO 0 DA

56



1 o 1 4 [ A [ ]
mMsussgnenudeunvudusoulinelunemes Tu lawousgsemunisasoie
4 1 3 (Y] =Y a o
anwiou UsingmsaimsmemanuiounielusziuegiviSamaanasiaunely
] 4 1 a ° ] I'd 1 o
oo’ lulaou aglldd Usuaasirinulunomes Tulewoudiiimwiz ludauih
° Y 4 ' 9 A Aa = 9 ' ~ o
szimgazm linomes Tulavousemanuioumieuilng uazinnudouursaiui lvamn
Noanudounuudulud Uiz LANTIUAIVUUUUDINO AN DULUTUIITOUL
1 9 (B 4 9 (= A =) [ 1
mumanuioueengnemes 1u laeu ldnnmaz hifvounaivsensulumsdsnisniy
9 [ [ [ 4 [ A o ] I'4 =
Fougdiuadruminvewiemes 1 lavey  uamnuarsihaulunemes Tulavleuauda
' Y
duauuiuazsrslinsoemanusousonnneanudsunuudu Iy tavsInad
[ 4 ] { o 1 a {
melunoamos In'lsvouaz itinmslasuaouzyi ldmsmemanudounammizamsaaguy
amuzvesveural luneanudeunuudusouazmshanuiouruduinszmogdain
[ 1 g‘/ = YR I (Y [ ] 9 o 9
AUy ransnaassh lavadiuma bisamuiimsussyneanudeunuuduissou 13
] 4 A 1 1 1 o
Tunemos Iu'lsWouazmuaimsaameauiou lds1uuann

2y ady ¥ A = = = °
“LJE)ﬂmﬂmﬁuﬂ’ﬂWQmﬁﬂuﬂ%%miﬂ‘l/l 4.5 03 Eﬂﬂ 4.8 !lﬁﬂ\iﬂ\iﬂ’]ﬁllﬁasllﬂ\iﬁ'ﬁﬂ']\ﬂu

Y U

] 4

TuneanuSounvudurssounaz lunemos lulawou mimdunimlvesguungiiliningh
[ [ 4 yw % [~ 1 a [ o

ueaDans liasdeaeiiios uenaniididunamiuanuuananvosgungi luaiuiiszive

A @ o A = a Il ] J =

(Tel tag Ted) NanAulszanm 10 °C tioaninlsuaveunarneglunomes Tulawoun

Y
iy i IRveamar luaiushszwmoriu hiaunsamanmsfon la

1 4 9 a 1 o Aa 9 <
Hansnadeunemes 1u lesouddwaznemes Inlowouniinennuiounuudu
sevedn e TuNguvgNaINMITzIMY 100 BT 1Az YUIDEINATDD 90 BIA1 I
Y oA v A a A a o Y
ud TduFwAEIRUYBLINATaY 0 83en NYNJTINAMIIANMIINNY taziduns Ve

Qd’ o [ 1 g‘J = Y 1 = [
QUUHUNAUNUIAN U N TdurwReINuY

o vy A v v o = v ¢
4.3 wavasdnnulauaINnenNFeuuvdUIeUTiaglunamaslu]svlew

s Ifuduanazasaeuamaunsalumsdemonnudouruenion
uunauNTeD TeenuuumInaassliimsAnansaugmdamennuiouvesiomes
Tu'lwloufifinenufouunuduirssevedaiely Tasusspioanueunvuduiesoy
U 5, 15 1Ay 26 TRuder 1 R uremes Tulanou vieaudeunuuduesoufisiuay

y X < ' v < A s & A ' o =
26 I?NLaﬂ')fﬂglﬂuw@ﬂ?']llﬁﬂuwﬂﬂﬁu’NﬁﬂﬂﬂﬂﬁiﬂqlﬁmWUﬂﬂ’]ﬂiuﬂ@LﬂﬂiINll“]fV‘I?JUWﬂﬂ

57



200

150 - L =
T ¢ .
2 100
o ¢ TH
50 B TH+OS(LE’J‘VHH@§)
0 , |
0 15 30

snulaaag Jauaed)

~ o 4 dw 1 Y o a 1 d Ay
E‘IJTI 4.9 waéummumimmmmmmﬁammuamesaumg"!ummaﬂu"lmﬂauﬂma

[ A Y 1 d ~ 1 Y o a 14
i’)ﬂﬁ]ﬂ]ﬁﬁ\‘iinﬂﬂ’J1Nii’)‘l«!ﬂli’)x‘l‘Vli’)mi’)‘ii?ﬂ"ﬂﬂi’)uﬂ‘lﬁﬁi}ﬂi’)ﬂ’ﬂNﬁi’)‘I—!!!‘U‘lJﬁWU‘Hﬂ'Nii’)‘lJ"l’J

= a 0 £ o= ' o
msﬂu NS namsfumsmMauasarilavesTIUNZIe

~ ] o = ] 9 ] A 9
517 4.9 uamswamanaaeunomss lu laounussgneanuiounvudusiiniesonls
F4 '
malusiuau 5, 15 uay 26 Tawasd wuasiaumesluneanuieunuududlsoniuea
A ' 9 g ] ] o ~ ' 9 o a
ilosnnHamsnadouneunihidnu vemoes ' leeounussgnennudounuuduaiia
Y] a o d Y1 v 9 A ] aa
nsouBmelunazi@uansihauiuemuealdsimsdeniennuiougeiga Idguugian
AIUINTZINY 100 DIFUFATIT NATDUNYUIDH TUUUIAWAZUUITEAD HAMTNATDUNY I
' s = ' 9 ) a Y] ° vy A Y
vomos lulewounussyneanuiounnuduriaiesou 1inmeluiuau 15 Tduaen 1dan
v 9 A Y Ao y X y X o w ' <
mydameanuiouginga mumeniuaulawune 26 uaz 5 Tnuded awday 0819150
] 4 d’d ] 9 ] [] o 9 dy [ 1
awomoes 1y leouniineanuieunuuduednielunniiulsuderamnsndenisnay
9 ] o o 9y a D= A 9 < 9 '
Souldganimomos Tulawoudeds uaaslimunmamuneanudounuudwd 1 Tuve
4 glz [] A 1 1 9 ~ [ 4 ~
mosd T lewouiumuisosiamuainsoiemanuiou 313U 4.9 newmes Tu laoudn
] 9 ] a 9 o Y 4 [ 1 9
vssynennuiounvudursiiaiese linelusiuau 5, 15 uaz 26 1duaen denteauiou
9 1 [ 4 9 a o w ] 9 ]
1dganimomes Tnlewoud19de dszum 5, 11 wag 7% awday Moauiounuudy

° vy X L 2 A A ' 2 v ¥ Yy '
WNITIDUITUIU 26 Iﬂ\uﬂﬂj G]f\uﬁuwu‘ﬂﬂ'lﬂ‘lu‘ﬂ@l‘ﬂ@ﬁIiJllG]W\IE)L!ﬁQﬂ']EJﬂ'J'HJﬁ@u]‘lﬂu@ﬂﬂ')'l

58



o 9 dy g}./ FVN~1 1 [ 1 9 a dy g}./ ] 9 )
ANUIU 15 Tmmm uuuﬁﬂﬂwmum mimawﬂ3miaumﬂmumﬂluw@mwm@mmuau
' s A o v & ' v @ o q ¥
Niauua:w@maﬂu‘lwlau ﬂﬁLWll%11!’JLlI‘ﬂ\ilﬁﬂ’)ﬂlf’NVIf’Jﬂ'NiJif’J‘L!LL‘]J’]JﬁH'Nif’)’]J‘VHﬂlfﬁfﬂi
' Y
mﬂmmm%’aumu‘n@mm%’ammuamﬁ@uqﬁu (Charoensawan et al., 2003) UATIUIU
Y dy A I v v Y A A A U ] 3 J
Iﬂﬂlﬁﬂ’)ﬂﬂ?ﬂﬁ]glﬂuﬁﬁﬂlﬂﬂl’ﬂﬂﬂWiL‘ﬂa’(’)uVIﬂJ@Qll@'ﬂi%ﬁ"iEJhlﬂQﬁ’JLlﬂ’JULLHH%@QVI@W]@?TNIIW
0w ~ Y, ) 0 y A& 4 v vy
Wou d 1T UNTAUNDAIINTOULVUTUINTOUTIUIU 5 ngam %Qﬁﬁﬂ?ﬂﬂ??ﬂi@uqﬂu@ﬂ
[ ] 4 [ ] [ o Y [ 1
(Charoensawan et al., 2003) 16 lo Tuniomes Tu lowon lvagaruaiuuiuiie i linisaenie

9 = yA ] J Jy a
ﬂﬂllii’]‘L!Nﬂﬂﬂmﬂflﬁﬂ@m@iillll‘ﬂfW’e)u’t]N@Q

a 0 d
4.4 wavesaungiaIuszmenamasinlsilon

=} Aa U

a o 1 ] I'4
LW'ﬂﬁﬂETNaﬂJ@\?QﬂJWQNﬁ?uWTﬁZ!Wﬂ N@]’E‘Jﬁlliiﬂuzﬂ']ﬁ?f\?ﬂ']fl%j@usllﬂﬂﬂ@!ﬂﬂﬁillul“ﬂ

a

H [ ) [] [ 4 H o
Wouniineanuiounuudauiesevegnielu Janadounomos Iulawoungumngidiui

u

b4
a (4

N a 1 - I [ H
21WE 60, 80 LAz 100 perITaFed 1o ngaurgimartilugiens lFauinumsanas

9 a

' o < ' { v o

nomos Iu'lsvowiluedanin waminaasan laaznlseuwnesusunomos lu'lsWoud1ed

A 1 9 @ A a I o I A

penNeANUIoULLVAUNIoUNANATIoMUa U T ugaNaTeY 119991NHA
=< ' 9 X o 9 A a a3 o 9 ' 9 A

MIANYINBUNTNY NUNNBANNSoUTANeMUoaTua1sau HaImMsaemausoun

A A a o [ 4 A 9 o o
aANga uazmnmivmmclumm@ﬂu‘lwl@uwwammi@mmUﬁmw@umﬂalummu

=

= 1 o A A a o ds’ Y oo U 1 9
ﬂﬁ\WiLNGUENﬁ'J‘L!‘Vﬂi%L‘HfJLu@\WWﬂVIﬂ%lﬂﬂ!ﬂ'ﬁl@mﬁ1§‘1/n\ﬂuucl‘1’iﬂ1@@]§'1ﬂWiﬁQQWEJﬂ?TiJi@u

AIFAFUASINY

U Q

51 4.10 uaraswamsnageusiomes lulavoudedaz vomes Iulaeuiiussane

anudounvudusiinnseu melunguugiidiuiszmonis wenenslunuiszauuag

QU

1 [ 4 ~ ] 9 @ 9 [ 1
HUAUOU 1NANT WL “I/I’é)W]@iIiJll“]f“l’\l’é)’hl“l/l‘ﬂiiﬂqﬂ@ﬂ')WNi@ullUUﬁuq?ﬂWﬂiuﬂ%ﬁ\?iﬂﬂ
yJ vy T J Yy a v A ' J
ﬂ'JHJ'D"E'JL!hlﬂ1J1ﬂﬂ'JTVI6&%@51“1%W@H913@3ﬂ5$ﬂ1m 20 198 nﬂlﬂ@uhlﬂlﬂWiﬂﬂaﬂﬁ AINITAN

1 9 A 49?' A A a o [ 4 g’/ dy A
mﬂmmiau%mmummwuqmwgumumizmﬂﬂjamamaﬂu'lcwhu NIULIUBIVIN

a

ad o =2 = Y Ay Y o ' o ]
gunginaiwhszenaasnenunnuiounlouldnunemes Tulaou Fegungi

U

[l o % 1% 9 '9/ Y f 3 J
dauhszendsduassnulsuannuieunilowdnly wenviniivemes Tulevounnayga
v 9 g1 A ' a s 9 A
amnsodemeanuionlanoiiioslas limalsingmsainisuie (Dryout) winguwgidiu
o A 3 I 1 @ A [ [l [
Mszmaiuauiiy 80 1az100 oIFEAFa TWUI DATININUAIMITAIMIAUTDUVDI
] o A Y ] 1 A YA @ 1 J
vomos lulewouninennudeunuuduussyedgnielusziisIndifesnunemos Tulawou
81909 agNszanm 2.5 W/C 1ilesninveanuiounnuduiesounielusiemiunisiey
] 4 1 A 3 1 o g}J [ 4
voanomod 1 lawouliiiangsvu Tasveuradr ludruszwenalunemes Tu'lavlou
[ o a a3 [ 1 [
pazluneanudeunnuduirsseunamsszmenaoiulonazdenioarudougdaiu

[} 2 A a o A [} o 3 o
AIVLUU uaﬂmﬂﬁtﬁawmimwmﬁﬁummqmwguﬁmuﬂammuﬁ]z’duﬁ@ﬂaﬂ W@L‘ﬂ@iill]l‘ﬂf



a [ 1 { a o . I~ AaAa
Woudsdsdemeanudonladesiguuglaiuhiazine 60 esruaaiFon Fuiluguugin

]

o a A Y] v s Aa 9 &
F1IINMNIUBNIUDALNANITIADAUDY ll@ﬂ@iﬂ@iiﬂl‘l%weuﬂNﬂ@ﬂ')’]ui@ullﬂﬂﬁu')ﬂi@ﬂ

moluazdamennudeuldganinlszina 55% iiesninanudeuniediu lnakuony

Y < = ' U Y o dé‘

FouuuuauITouNegn ey ¥ lnmsaudvy
180
160
140
120

100 =—TH 3yuooim

Q (W)

=l-TH 3190 0am
TH+OS(1omuoa) 0

== TH+OS(1om110a) 33190

60 DAFTAITUT 80 DA LTI 100 DAFYAIT YA

gaumiianIzime

. o ,
31 4.10 wavesgaungliaauiszmeiinednsimsassenudeuvesnoameslulusou
mamuazmmaﬂu"lmweumﬁ‘;@;n'em31mammnauwmasau"hmdlu nfSnamsiia

AIMNUAIINHIVDITININTINE

= o 1 d
4.5 N’61511?)QHN!E’)ENﬂ”I‘i‘i’INTI»ﬁ’l@!‘VI?JiIN"!“ﬁ‘V‘IE’)u

L“Wf)ﬂﬂ‘]el1Nﬁﬂlfl\1hhlﬂﬂ\1ﬂﬁﬂ1ﬂu "é)ﬁll'iiﬂuwﬂﬁﬁ\m1ﬂi’é)u"ll’é)\‘l1/l’0!fl/lﬂiINVL"’BV\I’E)L!“I/I

a

] [ 1 4 1 o
ﬁmmmmmmuamwa‘uagmﬂslu ﬂwﬂﬁaummaﬂm‘lcﬁv\lauﬁqmﬁﬂumumwma

QU

9
U

= A a [ dy I [ 9 ~ a [ 4
100 oeruaFod Hosnnguvgimaribiugianis IFaunnunisdaasiomes Tulewen
<3 [ 4 o [ [ @
Aued1auIN NYUBEINITNINUY 0, 30, 45, 60 1Az 90 BIA IANGUNVUUITEAL WANTT
A Y ~ YR o Yy a A ' 9 o A a
naaean laazifSeumeusunomoas lu'lsWeud1ade donnoanudounuudUIITOUNAY
< ° 3 A =< ' g X ] 9 ~
asomuoalumsmauiuganaaouilosnnwaMIANEINO UKL WUIINOANNTOUN
a I o Y 1 9 A A a o ] 4
wemuealuasinauldmmsmemanuiounanga taz@auasiaulunemes Ty
A 9 @ o = = [ o A A
TavountunenudsunuudulsseumeslusiuiuasanilauesdIuMITeveIiiod1nn

a o -t Y1 o U 1 Y 1 (%
“lriiﬂﬂ!ﬂTiLSmJ’ETTH"V]NWMﬁGl?‘iﬂWﬂﬂ‘ﬂﬂﬁﬁﬁﬂWﬂﬂ'ﬂiJ‘i@uqqqm%ul?}EJ’Jﬂ‘L!

60



200

n
150 m T o :
o ¢
o
B TH+OS(tan11aq)
50
0 T T |
0 30 60 90

=
UNIDE (D9F1)

% \

~ = Aa oy 1 Y 1 d Y a 1
gﬂﬂ 4.11 NQSIIENHN!E)EN‘mJﬂf’)f’)ﬂ‘i]m‘ii;Ni’l121ﬂ’J13»1561!sllEN‘VIE)!TIE)ii?ﬂ%ﬂﬂﬂﬂﬁﬂﬂ!!ﬁ%ﬂﬁ

d ~ 1 Y o a 1% a a o
ma'ﬂu"lmwauﬂusiﬂq‘nemmiemmuauwmaseu"l:)mﬂclu ﬂﬂ%ﬁl]ﬂ!ﬂ1‘i!ﬂ3~lﬁ1ﬁ‘l’n\ﬂu

S = ' o
AIINHIVIIAIUNISLHEY

A ] 4 Y a ] 4 A ]

517 4.12 uamswamsnadouriomos 1u lawoudredwazomos Iulewounussyve
anudounuudusiinnsou 1ineluyudeanisiineu o, 30, 45, 60 tag 90 o1 datiey
[ [ [ ] 4 ~ ] 9 ] 9 [ 1
AULUITEAY 91nn5 L Nemes T lavleunussyneanuieunuuduineluszdenie

9 9 1 ] 4 9 a = ds' ] 1
anuioulagenimeomes Tulewoudesdnnyuides uenaniinanisnadoudany 1w
A Aq Yo v 9 A v 2 1A = d
BoanIdaimsdemeanuiougengavesionidesogNiszuim 60 o Fuiuldain

= 1 o AN Y U 9 A A ' J A
nguHvesomos ' lawoun lddinmsdeoieanuiougengai 60 o siomoes Tulevoun
= | 9 @ [] [ 1 9 9 1 ] 4 9 a
ineanuiounuudunsevsgnieludinionnuioulagenimoemes In'laoudieds

v Jda I [ 4 [ 1 H
Uszinm 17 Taa aailu 12% siemoes Tulaoudenisanudouldgeganyuides 60 osm
A A ' A o Yo 9 I A A1
iosnnieussveanainaiuiiszme lasuanuieonazszvenaneilu louazindoungdiu
' d o { ' e o { ' °
mMuututaznaudutluveaal veuralrnndr vty lvasiunianu lenuianaiuim
A a 9 Y ) ~ Y ' A =

suve Woyudeud Induuszan n1s lvaasvesvounadiiuss Tdunremeslunsndoud
9 - T a A X A A ' A ' =
oo 133 THUANUTAMGIUULYUID NV Ia IAgegaoad TUHUIAT HALTATIAN 1Y

=

1 a [ = Y ~ 1 9 1 1 A A A
531’131\1W'Jif)ﬂﬁ@ellaﬁlﬁaﬂllagqﬂﬂlluﬂiuuﬂlmﬂﬁ1\1%1ﬂlli\11u3\lﬂﬂl\1 NA1IADNUUIANISUY
' = = = ' o R Y3 3
ﬂ1!,!5\‘1LﬁﬂﬂﬂWqu‘iﬂq@Llazﬁﬂﬁ\?m@@E‘J,Glul,l,u')izﬂ‘l] G]f\'ﬁﬂﬂﬂWi‘Vlﬂﬁﬂﬂllﬁﬂﬁiﬁlﬂu'ﬂ LN

d'd [ Y o a 9 1 = d' =
ﬁf]\‘i‘lflllﬂ'l"llﬂllﬂﬁﬂulﬂﬂﬂ'ﬂiJﬁiJﬂa"U’ENLL'ﬁ\?TuNﬂ'NLlamLiﬁlﬁﬂﬂﬂWHﬂﬂ!ﬂJl@ﬂ\‘lﬂﬁ%NWﬂ! 60 93
o Y A A A 9 ~ =3 Y [ 1 9
‘Vlﬂfl"iﬂTi!ﬂaf]uﬂl@@hlﬂllaﬁﬂlﬂﬁlﬂaﬂlﬂﬁ@u‘ﬂhlﬂﬁ$ﬂ')ﬂ‘ﬂf;]'ﬂ i]thﬂﬂWﬂTiﬁ\?ﬂWElﬂ'ﬂiJ‘i@uq%jﬂ
£ 1 9 @ Y < o a 1o 9 ' J
G?\'iﬂTi1ﬁﬂﬂﬂ31uiﬂullﬂﬂﬁu')\ﬁﬂﬂhl')ﬂ'lflillﬂﬁl\‘iﬂ\?“l"lﬂﬁﬂiﬂJﬂTi’ff\‘iﬂWElﬂ'ﬂﬂJi'ﬁ)ueU@\‘lﬂﬂmﬂi

Tu'levonoy

61



[ o 1 d Ay v o \
4.6 aﬂymzmimmumamamaﬂu‘lmv\leuﬂuﬂammsammuauaaiauagmﬂ”lu

= <KX o o ] I'd 9 a ] I'd A
msfneEnyazmsmauvesomes Iulaweudrivwaznemes Tulaweuniive
) [ { a o [ I'd
anwseunuuduegnisluez ldwamsnaassifsmamsauasianluiemes Tulawon

a o

uauAsanilvesdIuiszivenaz guugid1uiszive 100 esrusalBod Nenuiou

G
9

< A ° Yy A2 ) 2 o ' v o

LLUUﬁU’J\jiﬂuwagﬂ’]ﬂil‘lﬂ’]u’Ju 15 Tﬂﬁlaﬂ’s Gl&]ﬂﬂ"Vl'l‘l!ﬂﬁlﬂuﬁ'lﬁﬂ'l\ﬂuEluﬂﬂﬂ'l'llﬁ@uuﬂﬂﬁu
= ] < Y 1 4 Yy a A =
19591 FITWITOLUINANITNAaIonlu 4 Useinn ulﬂllﬂ ‘1/]@!;1/]’0511]11"]5'1/‘]@1!@']\1’0\1‘V]lqllllf’)fl\?
° ] 4 A 1] < A ]

N1TNINU 0 Lag 90 9371 Llﬁ$VI@LVI@?I?J]‘],"BV‘I@HVINTI@?YN?J5@1!“‘”‘”ﬁu“ﬁuﬂ?ﬂi@ﬂ@gﬂ’]ﬂﬂlu

< o ! o J ]
uaxﬁlﬁﬁamuamﬂumimﬁmﬁgmﬁmmimdm 0 g 90 B3A1 AIUNANITNATDUUDIND
4 A 9 < a ] A A A = o A
W]i’)iillul“]f‘l/\lﬂuﬂﬂVl@ﬂ')']lli@ullﬂﬂﬁu%uﬂ?ﬁi@ﬂ@gﬂ’]fJGlUVIN'(’JHI‘]fU@‘L!“] UHANTININIUN

k) v K o = =
ANYNUIIISUUTAUDINUIYALAY I

1 d A a a o = = 1 0
4.6.1 Nam’a"nﬂaa‘U‘nam?J'ﬂu"lm‘vl?m‘mJ'immm‘a‘mum‘a‘mammfmuwmﬁ’mm
STIME ABBANIFINNM 0 BIAN QMUHHIAINMILHEY 100 BIANBAITBE

A 9 1 1 Y dyl 1 4 A Y 1 1 9 Ao A
zﬂ’]ﬂﬂﬁﬂﬂa’]ﬁu’]ﬂ@uﬁu’]u'ﬂ 'Vl'(’)w]@iillll“]ﬁ/\l@1!V]iﬁﬂ’]ﬂ’]ﬁﬁﬂﬂ’]ﬂ‘ﬂ')’]ui@u‘ﬂﬂ'ﬂ

E)
RO
=
=

@

al ° s A o 4 = 9 AdA [l
PUNYNTIUMITEINY 100 93ALaLse LW’amﬂmimﬂﬁﬂgmimmﬂalumal%qmﬁ{]uﬂm‘n

I v A 4 1 9 v o
1u 'J'Jlﬂi'lgﬂﬂ']ﬁﬂ']fJWIﬂ'J']?Jﬁ@Hﬂ']EﬂUVI@WI@iINhl“]ﬁ\l’t]u

120
Tel
100 — Te2
—
Te3
w = o Tal
v Taz2
=
© 60 Tcl
é‘ Tc2
@ -
TEi
20 TEo
—TCil
o] : TCi2
0 100 200 300 400 TCo1l

a1 (s)

a 1

a Aaa 1 ¢ o v v g
5171 4.12 gamigiiAmemaslulaweunazgamglicnsnaadvuudmazvieenvesniomasu

Tawou Wnamaiumsimhnunisniisvesainiszive aaudeansiau 0 091 uaz

QaUHANaINIIZIVE 100 DIANTAITE X

62



=4 a a a 3 4 a 9
sUN 4.12 LLE‘WNﬂTiL‘]JﬁfJHLL‘]JﬁQQﬂ!Wfq]llEU@QN’JTI@LTI@?T?J]’I,“])'V\IE’JH QUNHUVUI-VIBDN

u

a3 Iawdounazasszuisanuiou s lunurszau dnauelugie 300 Juii #

anzaai MIngUnuNgurglvesd a1 Imnei gamgias manuSeunaziine
v o . Y I Y ] Aa = = A dy

lueiuiszive (TEi, TEo, Tel) anastiuaniiogluegie 150 U1 usn uaziAunwyY

2 4 ! 4 a ay % '
Anesdszuna 3 ssrusadea 1Ho191no19anudoulddamas nuuila-ta dalusaq

=\

a = = 14 1 Y Y] [ A = a A
150 3UM uﬁﬂammmmmmﬂwmmmu'lm/mmﬂlaq"lwamwummmamwgmﬂm UALUD

Q

1 = o

a &KX o VoA 2’, Y Jd Y 9y = g‘/ ) Y
’qmwamlm"lwaaﬂmmmlmuwmm"h 3@]&@]@5@1\111’??]'3']%5@1!ﬂ\?ﬂ'l\i']u@ﬂﬂiﬁvnalﬁ

Y
=

gungivesved lnaldnnufownninilszuna 3 ssrmuaadoa druguuginine

Q G

au

(= o a dy < Y = = Y I 1 A a [
AVLUUTMTFUNAV AN U TZIY 1-2 DR saLTB e “ﬂﬂllﬁﬂﬂiﬁlﬁu’l'ﬂ@ﬂlﬂﬂi qIu

© 2 =S

o d‘ d’ d' = [ [l 9y a (] o d' a a o 9
MSLHUUBAAOUNUIDITIUAIVLUULAAUNANITAIVUUUVITITTIOUNYT DU U IH

'
[

Aan Yy A 9 3 9
UNHUN ﬂllﬂllﬂ?ﬁlﬂﬁﬂuuﬂﬁﬂﬂ’mmﬂu@ﬂ

d Y o
4.6.2 wamsnaaevnamaslulyveuiifinennudeunuvdurssevedmaly Usma
o d : : o o

MaAnasMaunmaslsla ua3InHIveITININIZIME 3BBBINITNINU 0 2977
QNN INMIZIHE 100 2IAIBAITYE

A A o ' ] ' Pz Aa 9

enfseuimisulsingmsainsaiemanuienluvemes Tulaveuniiviennuieunuy
< ] o =R = aa 1 4 A 9
dursevegmelulunuszay Janffeusuguuginivemes Tu leeuniiveanuiou

o 1 { A Y ' o a
puudusevegmeluntou ludenumsnageunemes lu laleudieda

120
Tel
100 Te2
Te3
Tal
. 80
=) Taz2
el
= 60 — Tcl
i " Al |
é.r_ % Te2
1 Tc3
= 40 -
— . , TEi
——TEo
20— —
—TCil
TCi2
&= TCo1
0 100 200 300 400 3
TCo2
na1(S)

d' aa 1 d a v < Y 1 d
517 4.13 gamgiidmemeslulasermazgamgliarsnasivvidmaz vieanvesriamaslu
d‘ Al b4 Q‘J b4 a o 4! 4! \J o
"lclﬂ"l’t’)H‘Vlﬂiﬁ‘ig‘i’l@ﬂ'J“IﬂJi@ul!U‘]Jﬁuul'Jﬂ“lﬂﬁlu ﬂ%u1mﬂﬁ!ﬂ3~lﬁ151’]1\111»!?15\1111»!\151]@\1%’[31!7]1

ITMY AABBINITNNNIY 0 DIA HAZYUHHNTINMNILIVE 100 DA UT TS

63



~A ~ A ] P A Y <
gﬂ‘ﬂ 4.13 Uzﬁﬂ\iﬂ’]ilﬂﬁfluuﬂﬁﬂqmﬂ{]ﬂﬂl@ﬂﬂ@lﬂ@iiﬂqcﬂWf’JUWNﬂ@ﬂ?’]ﬂi@uuuuau
wiiasovegnielu gungivuin-esndis ldanudoumazarsszuennudon ol

HUITEAY WAL gUMYN 1UAIN 300 TN NAN1IZAIN NFUNUINRUHNAILNUIA1E |

] ]
A A 1 1 adaA

AAouT19AIN ondugungiNIIModIUAILILY (Te3) AN TurpIguuginiauduay

u

a ' 3 J

' v v ' Y
uauwagﬂmiﬁwumqmwmummmam@ﬂu"l%ﬂ@ué’nm ﬂ??ﬂﬁﬂl@ﬁﬂ?iﬁuLWNﬁu%Tﬂ

Y

I Y 1 a = A d oa A dg! dy Y I 1 A J o Aa
0.08 1) 0.15 ATIDIUMN ﬂ’Nllﬂﬂ']iﬁuVILWNﬂluuuﬁﬂﬁiﬁlﬁuﬁflﬂ‘ﬂiﬂ%Tﬂﬁ'J‘Ll1/]153&14ﬂlﬂﬂ

v 9
msﬂammu‘ﬁmuﬂammuﬁamaiam‘:}a muqmw{]mmmuﬁﬁzmﬂ NUNPUHHUNIND

i
S 1 ]

I'd [ ) o a 1 ana

LVI’E’]?I?J%D’V‘I@H@"]HVH?ZLWEJ (Te3) ﬁmiﬁuﬂlm’qmwgumﬂququummmummm
A 1 o dy T = A A a X ]
(Tc3) sz 15% L‘Ll’t"]\?ﬂ?ﬂil!ﬁ")‘l!ﬂ?ﬁglﬁﬂm@ﬂ‘gﬂﬂﬂﬁ@ﬂuuTﬂZNﬂ?ilﬂ@ﬂ’ﬂlﬂﬂﬂlﬂ@ﬂ?ﬂ
U ] 4 Y a a 1 [ 9 =l J 9 Aa

?ﬂ!Li\iﬂ’N‘VI@M’OiIMll“]W‘I’éJu’E)N’OQ Qquu“lumuﬂummi@uumﬂ@uw%zm‘mn 60 D3f

= = ? Ee 1 a & J o A = A
IHQUHKYE HANNITAADN 3 AT 'Ll“l«!ﬂ?ﬂ')'liﬂ%?ﬂﬂ']ﬁ@ﬂ@\iﬁTﬂLﬂﬂiTNﬂﬂlﬂa‘ﬂ@T%ﬂzlllIﬂLWENW@

A [} ] 4 A 9 o ] =
garigiduaIuivveseme’ v leweunineanuieunuuduissevegnieluiia
1 ] 4 Y a = = = Y A 1 [
ganiemes Tuloveudeselszum 3 esswaidod Faudasdannuioundiniogdiu

VoA ) Y A o ' J U Y = Y1 A 1 3 J
muminiganinhldidednaummsgsneanuioudslasnganinlszum 9% nemes
g’; 1 ] 9 9 [ P= | ] - U g’/ d’l d’
TulsWounsaewuuansadsoieaud ou lauaiiar liuinin luuulszdy Nailiioaan
') ]
anuenluaiuiiszve drusuanuseutazdIuAIUUUUNTUNE 100 Hadwas 1oh
Y 1
JUMYDONIINAIUINTLIHIVE IHAV UM UV UL DIDINT LIS HIITEHNITIUTT SIS
1 1 d' 1 q; a A ) Y Y dy 9 LU 1] Y d'
daunuudumeny 100 daawas i ld ledoull lvadhgdiunrumiuldde veunan
] @ 1 o 1 { [] 1 ] 4 g’; 1
auiueg Inandudiumszmedsussvsariadnegaiualanomos 1 lsweuriu uavin

QU

1 J = 1 o =~ [
T]@L‘ﬂfJiIllth]ﬁ’\l@‘HMﬂ'NllfJTJll1ﬂﬁ]$llllﬁ11ﬂimmﬁWUTILLN’JigﬂU

64



1 d A A a o =< = v 0
4.6.3 Nﬁﬂ1§ﬂﬂﬁﬂﬂﬂ®!‘nﬂﬁiuqmw?JHTI‘IJ53»]19”115!9]3»1615711\311'!?]53?11435“93?]31!7”

ITIMY ABBINFNNM 90 BIA1 QUNYNAINMNIZITEY 100 dIA U FEsa

=2 v

A o ' 7 ~ a o A = qu
LW@ﬁﬂH']wﬁﬂﬂ’]iﬂ’]iﬂ’]\?’]ﬂﬂlf’)ﬂﬂ@!‘ﬂ@iiﬂq"]ﬁw@uﬂgﬂl@ﬂﬂﬂ’]iﬂ’m’]uﬂluuuﬁﬂ\1 ﬂ\ﬂﬂf

aa ' J L4 L4 ] J
gargiAmeveunesd lulaveulunmsmanisaidsingmsainieluvesnemes Tulawou
Y I 9 k) a ) o =\ [ ] 4 A 9 ) 1
Llagslsmﬂuall@j;!aﬂ']\iﬂﬂﬁ’]‘ﬁi‘]_lLV]fJTJﬂTJ1/]@!1/]@5111]lc]ﬁ/\l@uﬂNﬂ@ﬂ')’]ﬂi@uuﬂﬂﬁu?ﬂi@u@g

ey

120
—Tel

100 e Te2

——— Te3
Tal

Ta2

80

Tcl
Tc2
Tc3

60

Temperature (C)

40 —_—

TEi
—TEo
—TCIL

TCi2

TCol

TCo2

20 e

(8] 100 200 300 400

a1 (S)

a an 1 d a ' o v v d
31 4.14 qaungiiRmemesulwvlewnazganigiimsvderfivvudmaznieenvesnemaslu
Tawou WRnamafumsihnunianilavesaiuiiszive yidean15iau 90 o9e naz

QaHNAININIZIYE 100 DIA VAT

A A a ' s A ] 3
517 4.14 ugasmsulasuuasgungiivesnemes lu lavleuniiveanudounuudu

Fiiasovegn el gurgivud-vesnais Idanuiounazarsszuiennudon sl

v
ada 1

2 o a ] a { { 1 4
uuaag duaueguvgi Tugs 300 il Nanzash nnglwun guuginimemes Tula

QU

' 1A o a < < '
T\I@uﬁ?uﬂ?ﬂlluutﬂﬂﬂ'ﬁﬁum@\?QmwﬂuﬂJUW\uaﬂﬁj@ﬂ ﬂﬁgw']ﬂ! 1 @Qﬂ']l‘;]falc?fﬂﬁ Llﬁﬂ\?clﬁ,lﬁug']

[} o { [} a 3 1
ﬁﬂ15ﬂ3ﬂlluuﬂl@ﬁﬂl@ﬂ1ﬁﬁﬂ’lﬁ'luiﬂﬂéll@\‘llﬁﬁﬁﬁﬂ'JULluuﬂgﬁqmﬁﬂuﬂaﬂﬁﬂmﬂﬁj@ﬂ NITUNN
Y 2 A

4 ]
Yosguuiiuaansmuminludssaoiiosuesiwaia ldgungil ledaliagaay

a

'
= ]

[ @ 9 a { g a 1 ° o
‘]J'IQGB'N'JWhlﬂqmﬁaﬂﬂl@ﬁlﬁaﬂﬁﬂﬂ’m’l 1!@ﬂ%WﬂﬁqmﬂﬂuﬂiuﬁﬁuﬂWi&ﬂﬂﬁﬂ'liﬁu‘ll'l\‘i
3 9 l =2 o A = [l v 19 Y
Lﬁﬂu@ﬂl%ulﬂﬂ')ﬂulu'f)\‘l%'lﬂ"ll@Qlﬁﬁ')ﬂﬂ?ﬂlluuqﬁaaﬁﬁ'mNUQ‘V]?JQ'JEJWQ"U?J\?LL‘Z!'\?IH?JTJ'NGU@Q
4 l Y o Yo 9 a o Y
Iaﬂ Lﬁ'ﬁ)"llf)\?!fl"iﬁ')ﬂ')l]LLHuhl?ia!,"ll'lﬁ?u‘ﬂ'153Lﬁﬂllagqﬂiﬂﬂﬁ'luiﬂu%\uﬂﬂﬂ'liiglﬁﬂ‘lfl'lqh’i

'
A

a ' ° o a ' 3 9
Qﬂ!ﬂﬂuﬂﬂﬁﬂqmuﬁﬁu‘ﬂ'ﬁmﬂﬂﬁﬂWiﬁulmglﬂﬂﬂ’l'ﬁl!ﬂ')\?ll’l\‘llaﬂuﬂﬂ

65



v dJ Sy v o v A
4.6.4 wamsnaaevunamailulaveuiisinennudeunvudurssevedmaly Ymnm
a 0 d < : o o
mstanashaunameslnaouniariiavesaiuiszima YadeIn15MIM 90 2977
gaHNaIMINITNE 100 03A AT

A = [ 9 [ [ 4 A 9 <o
LWE’JL"LGEJ”]_IL‘V]fl”]JﬂTiﬂTflL‘V]ﬂ’Nlli@ui%ﬁ’ﬂﬂﬂ@tﬂ@iiﬂq‘ﬂﬁ‘l@uﬂﬂVli’)ﬂ’ﬂlli@ullﬂﬂﬁu

[] [ ] o o Aaa ] 1 1
wyevegnelunuemes Tulewou Jnitauoguugimimenaiua1e

120
—_—Tel
100 —Te2
—Te3
o 80 | —Tal
o Ta2
=
® 60 —Tcl
2
£ —Tc2
2
40 —Tc3
TEi
20 - - —TEo0
—TCil
0 - - - - TCi2
0 100 200 300 400 TCol
a1 (S)

= an a L] v I3 a v
51 4.15 qungliRmenazgamgiiansridaduvudmazviesnveamesalseuiiussgne
v v Yy a o =2 o= v o a
amdeunuudulinely USinamsfinasinundmilavesaiuiiszivie yades 90
23f1 HazaUHANTIMI15zIMY 100 DIA VBT A

= A A ' 2 A ] 3
51U 4.15 ugasmsnlasuuasgungiivesnemes Tu lavleuniineanudeunuudu
wiiaNsovagn eIy gungivudi-vesnais ldanuiounazarsszuiennuion sl
HUITEAY HiauogaunN TugIe 300 3N NAN1IZAIN 3INFUNUN ANYULVYDIQUUYNN
@ [ ] 4 a { 1 { 1
Taldndrenunanisnaassvesnomes Iulavlousiedsn lanan iudrlugln 414 ua

9 a ] 'l A 9 ] [l ~

idunsigungivesiemoes lulaweuniineaiuieunuuduissevegnisluiinay

= 1 1 1 9 Ay Y T o Yy a Y 1
FWHEEVNINNI tazAmstemanudoud lagenimemes Tuleweus19de uaaslimug

] e A 9 ] A a [l [l ] A

moluviemes Tu lavlouniinennudounuuduriianseunanmsnrvuiuedeaetilowuay

] A

1 ] 4 Y a { a ] [] :; a ] gﬁ
1J1ﬂﬂ’)11/l’é)L1/]’E]iIiJhlG]5W’E)u’E]N’E]\1 ﬂlmmmﬁmmmumaauw’maammmmua@aaﬂW’m@m

U [} U o o Y A o Y1 9 {
GlfL!ﬁ')uﬂ'J‘]JLlu1!Llagﬁ')u‘V]'lﬁ3!fl’iElﬂ’lslﬁqmﬂﬂuﬂﬁ')ﬂulﬂﬁﬂ'lﬂauﬂﬂﬁi]gﬂ\iﬁ

66



wimimemes ' lilsouiiinesimfounvudurssevegniolulilfiuuenainag 1a

U 9 ~ 1 ] 4 a Y o 9 Qg}.l J o
ﬂﬁiﬂﬂmﬂ’ﬂlﬁ@uﬂqqﬂ’JTI/]i’JW]i’JiI?J"lGD’Wf’JH‘]Jﬂmlﬁ’)ﬂﬂ‘]ﬂElﬂlﬁ@‘ﬂ!?iﬂlmﬂﬂluﬁ’JHﬂTi%LWﬂ

Y

[ [] = = 9 (% A 9 ag YA o 'a
HAZaIUAIVUUUUAIAINAIY Lﬁﬂ']gﬂﬂﬂ']uﬂﬁ]gﬂhfﬂluﬂ'ﬁﬂi$ﬂ18QmﬁﬂN1ﬁNﬂ1ﬁN1!ﬁN@

U

a & 9 o A = v Y 1
ﬁ”llﬂﬁﬂ@]ﬂ@ﬂl‘lﬂﬂ‘i_llﬂi@\mﬁﬂlﬂﬁEJl!ﬂ’J”I‘JJﬁi’)uulﬂi’)EJNﬁEl

67



=
UNN S
o v o d
HUUADIAUNIANATNNUD

Y °

ﬁ]TﬂﬂTiVI‘U‘1/]’3LlQTL!?]%JEJ@HHLL‘]_IU%Tﬁ@ﬂﬁﬂﬂ?iﬁﬁﬁﬂﬁﬂfﬁﬁ?ﬂﬂ? %m%’mmmﬁ’mm

[ @ P 9 @ Yaa a 4 4 %
ﬁllﬂ?iﬁ?iﬁllwu‘ﬁ‘ﬂﬂizﬂ@llﬂ'llflﬁ'llllﬂillillﬁ 3Lﬂ§1$ﬁﬂ§1ﬂ§]ﬂ1§mﬂ181u HaguInUavIN

Fl
o w Y A

o w axy é = S v A
NMANIINITNANTIIUDINGA FINT1YASIDYAAIU

5.1 awls13da (Dimensionless number)

v v 1 Y
fu1ls'135a Ao nauwesdulsn lutiviae Feaanls 130an 19 lumsanuinilu

Q

(% A a 9 [ A ] 4
GI'JLL‘]JTV]LﬂEJ'J‘U’O\?ﬂ’UﬂTiulﬁﬁﬂl@ﬁﬂl@ﬁﬁﬁﬁﬁ@ﬁﬁﬂ?ﬂ% ag ﬂ?ilﬂ@ﬂﬂ?ﬂ(lu1/]@&1/]@51%1“])’1/‘]@1!

) <

' o ° o do
Llﬁzclu‘ﬂ@‘ﬂ31%%@”&1“‘].]@11!'3@5@1] ﬂ'liﬁ%l']\ulllllzﬂ’]a@\iﬁllﬂ’]iﬁﬁﬁﬂwu'ﬁﬂuﬂuﬁj@\iﬂﬁ']Uﬁq

aa [

% Yan [ 1 (% 9 d' 0o @w A dy
ﬂ?ﬂJ‘ViﬂJ"lEJ‘ll’éN@?LL’]JilliNﬂ Iﬂﬂ@?ﬁ]m\ﬂl@ﬂﬂﬂuﬂillillﬂ‘ﬂ?ﬂ YNAIY

5.1.1 AaVYBIUdUA (Bond number, Bo)

(3

@ 7 3 [ o =2 a =2 g
ﬂ?!ﬁﬂlm@ﬂﬂﬂu@kﬂuﬁﬂﬁ?umﬂﬁllﬁﬁa@ﬂﬂjﬂ@uﬁﬁﬂﬁW'JGU’E‘NEU’E‘Nll‘ﬁ‘aclﬂ“] BT ua?

A

A = s = q ¥ v 1 A
Lﬁsllﬂﬂﬂﬂﬂ\illﬁ']ﬂgﬂ’]iﬂ!‘ﬂm@ﬂlﬁajv\lﬂ’]ﬂ'lilﬂqhlwﬁlﬂwa\361ﬂ']ﬁﬁq@a@ﬂllﬂﬂ']ﬂWUQV]@ 1ione
=W

t4 { 4 U o @ { T o
Usingmssimaideanlaelaudervesdiuinizmengli 5.1 mina1devveIUoUALAT

] Y v
lﬂﬂﬂ’:ﬂﬁﬁﬁLLﬁﬂ\i3']LﬂﬂfﬂiLﬁ@ﬂ%uﬂTﬂiuﬂ@ﬂ’ﬂN%@uthﬁu mmﬁﬂ@ﬂumzawauﬂﬂlﬁ’m

1
Bo =d{g(mﬂz (5.1)
(e

aung (5.1)

a J =) o a 1'% a \ 0
51]7] 5.1 ﬂﬁ]ﬂ{]ﬂ15ﬂ!ﬂ15!ﬂ®ﬂ$ﬂ®\1ﬁ‘]§‘n‘lﬂ‘]u‘nﬂa1ﬂiﬂﬁ!ﬁﬂ?mﬂﬁﬁ3uﬂ15$!ﬁﬂ

Y



5.1.2 AAAUUNIHAY (Prandtl number)

=1

Usingmsaimsdentsanuieunindenveunadligweslenanacldaagalii 5.2
5 o

Lﬁa“lﬁ’mm%”euufivi@mm%’@mmuﬁ’mﬁau 15991 THa0 UV AN AITINAININY

Q

o
S A

anuFeuganinzdineanudouliunmsihauluaniugle deduils 15Nanmerdey

o’dy 9 (Y Y [
ﬂiwﬂgmimu"lmm AWAUVLNITUAU AITUNIT (5.2)

pr = P (5.2)
kl

NI9ND
Wodle

Lidl
NOUVBIUNAN
Q

= =

51l 5.2 Usingmsaimsdesienindeunnfouvearadligiledle

5.1.3 A212Y21ABY (Jacob Number)
4 o 4 o
Usingnisainssgimeresansiau e ldnnudeunniennuiou anwuiou
Jaa

VAU ‘I/Iﬂﬁwallsll@\imﬁ’J‘UiL’JﬂlNUQﬂ@Lﬂﬂﬂﬁi AN ﬂ\illﬁﬂ\ﬂuiﬂﬂ 5.3 “lf\W]?LL‘]Ji]li

“I/ILﬂfJTU’E‘Nﬂ‘LITJi"Iﬂ{]ﬂﬁmuul,mlﬂ AAAUADY AIANNT (5.3)

h
Ja=—L5_ (5.3)
Cp T,
e — W19 <«
1o
SRS \=

1o Q Q

hfg T, <+—

a o 4
Wﬁﬂﬂlﬂﬂlﬂﬁ?ﬂ?ﬁﬁﬁlﬁ@ﬂﬁnﬂﬂ1§53“’18

‘I.Iﬁ 53 ‘1.]51ﬂ{_]ﬂ1iﬂ!ﬂ1ii°’!‘l’iﬂﬂlf’)~iﬁ1ﬁﬂ1\‘ﬂ1—!

69



(Y} d
5.1.4 AN VUdUUVD3 (Weber number)

o Jd I o 4 1 A
AAVVBDIUUUDT Lﬂuﬁﬂﬁ?uﬂl@ﬂLliﬂlﬁaﬂﬁnﬂﬂ'ﬂﬂﬁﬁﬂ@]@Uj\?a\iwjﬂl@ﬂﬂl@\?llﬁﬁ

[

9
1@61 @Ni‘]J'VI 54 <r]5\150 mmumlamm'lﬁamwumammmummsauam'lﬂ i

We = (5.4)

|
\ —Fe l | T [ liquid film

51l 5.4 Usingmsaivesiaavve e’

5.1.5 Aavuean3a (Froude number)
@ < o 1 A ' A ¥ @ [
dravveagailudadivvewsuioudeus uiioanimiminvevedlnalas as
A = a d%‘ Aa o = v 1 9 a 9Y o dy
310 5.5 Fesznavunilduves Inanimisiennuieumusation laasi
V

Fr = — (5.5)
gl

[\

{

|
1
vapor |
i
:

51l 5.5 Usingmsaivesiuavvesyiza

70



5.1.6 é’fmamﬂﬂumnﬂw (Kutateladze number)

o I [ 4 9 Aq Y 4 9 a
ANQUVANUNAIALY L‘]J'Llﬁﬂﬁ'lusllf’J\W‘Iﬁﬂ“]fﬂ'J']llﬁ@uﬂiﬂ@@ﬂaﬂ“ﬁﬂﬂ’]ﬂﬁ@u')ﬂﬂ@]ﬂl@ﬂ

g = a 49! A o 3 9y a Y v dy
Gumllﬂauu m%sﬂﬂﬂmﬂmu‘mizmElsum‘ﬂammi@ummmuam%mu
_ 9e
Ku = m (5.6)
Pr—P
pvhfg Gg 2 Y
Py

5.1.7 dadIuaunn (Aspect ratio)
@ v o @ o U U o J ] J
aagIUuFTUNA uﬁmﬁmﬂmm}’eNmmEJnmm/nizmEmal,z’?fjumuquﬂﬂmﬁma“lu
] d[ = 1 9 J [ 1 [ (Y] a dal d’ 1 9 =\
VI@“INﬁ']lﬂﬁﬂLlﬁﬂﬁﬂﬁgﬂ’ﬂiﬁﬂl@ﬁ’ﬂ@ﬂ?'ﬂlﬁ@u AFAFTIUTUNAFTUNAVUINDINDANNTDUY
[ 4 A Y A L!y I A 1 Y 1
51]1!']@114’[]3 ‘]Jﬁ']ﬂ{]ﬂ'ﬁmﬂ?ﬁlﬂ@ﬂﬂ?ﬂﬁlﬁlﬁﬂuqﬂluﬂﬁﬁﬁ]glﬂuﬂ'lﬁlﬂﬂﬂllﬂ‘]_lwaﬁ FIUATATIU
] v Y a ds! A 9 ] 4 [ = < = [ ° ~
ﬁu‘nﬂu@EJLﬂmJummﬁumuf;mEJﬂﬁNﬂ’e)‘JJﬁUMMLﬁﬂ“lMJﬂAz‘nmmmaﬁaumizmﬂummEJn
E4 A 9/:&’ g I A (] a
N9 ﬂiWﬂgmimmimaﬂmﬂslmwullﬁuuﬂaiﬂzLﬂuﬂWiLﬂ@ﬂﬂ181uﬂfmuﬂuq AT UYY

v

Taaatl

Le
AR =| — 5.7
[Dz} 5.7

Y] a ° d e .
5.1.8 daaumstanasiauluneamesiuleweu (Filling ratio)
[ [ a o ] 4 =S [ [ =Y
daaruninanasinau luneames 1ulawey uansdedadivveat/suinsans
° ~ [ 1 I'd = @ 1 o a Y o dy
mauiedlunemes TulesWowisunuilSuasvesaruriszme awnsotiow ldast

Ve

FR= (5.8)

e

5.1.9 MR8
< ~ o Aa ) ' ] '
B 1lumaveayudsansihnunidonuanyuMInIgmaINiouyeIionIy

9 < d'dy ) ) . =l ) A
IOUNVVFTUNTOU 1”%”%3ﬂ1ﬁuﬂ1ugﬂm@ﬂﬁ\1ﬂsﬂu Exponential VRIYUDIINTTNNIU D

g(B)=exp(B) (5.9)

A A 9 o <
NINYIVDNNUAITULTINTT

a

d" A o Yand A A Y ) ' @ ya
Lli’)ﬂﬁﬂﬂui’]”Iﬁ]iJ@]’JLL‘]JilliiJﬁ@uVILﬂfJ’JsUi’Nﬂ’JEJ YU G]’JLL‘]Jillill@'l

o @ o~ 4
ulﬁﬁﬂlﬂﬂﬁ?i’ﬂ?\ﬂu ﬁi’) Aavveusd Iuan (Reynolds number) ‘181

71



¢ o
5.2 ﬂﬁmg]msmmﬂ“luﬁamm%auLmuamaﬁa‘u

ApuNIEiMIMENMIaraNius lLN1TIeA19aIINMIdIa1eALS o UIDINOAY

o g}./ a 4 3 o %
%’@Juzmmﬁmﬁauuu %8&5,]}@\11/‘!‘l]ﬁilﬂﬂiTﬂgﬂﬂﬁmﬂiﬂluﬂlﬂﬁ‘ﬂ@ﬂ’ﬂﬂ%@‘LlLL‘U‘Uﬁ‘Ll’Nii’]‘]J ‘:1?\1

Y
maznadiudauaaae 11

wovssyashaud U Tudeanudonuuuduisseudaihnisgaeiniaeenuds a1y

e luneanuousziimstaizesiedludnsazdouveunaazvedleaduiuasgl

aAn o A A o 1
5.6 TaeiWlanveuvainaeuuIs ] NAUIND

Fouveanad

auvounad
v/// oale
nemg O“tg %
A 4 - -
NIFLAADUN
Taginnude

in

AUATIUU

ANUNITLINE

ﬂﬁ 5.6 !!‘]J‘U%‘Iai’)\‘lf’ﬂ’i%ﬂ!’iEl\‘iﬂ'Jslli’)\‘lﬁ]i‘n1\‘i1‘Mﬂ1ﬂjuﬂ®ﬂ31ﬂ‘iﬁullﬂﬂﬁu?ﬂ‘iﬁﬂ

a Jd
awvounan

/ |

Y
NOUVDIHAI ylodle
Wodlo
YUAY o o
AUAINY
p—
(V)

&

(f)

V=0

ﬂ‘ﬁ 5.7 zw‘umammsasaJ‘nNmmmmmmsamwuamasammmmmwmumswma

72



519 5.7 HAAINITTIADIANIZTNITIT VN UVDINDANUToULBBTUSTA19ToU TAY

U

v F4 '
ueraammzdus o Inuaeufen TagauyagureansisuinauueIionuiouL Dy
o A
duno
molunennuiounuuduriinnsousuduINan1Igvgatla @139 1Ud03

=) (Z

] @ I [ { s &
anmzmelunennuioudaiBesdniunny Slug-train asuanaluzin 5.6 Tagnanae luTds

v

sUdguInadIuhszmelniteuvesvamaz e loaaunu i

weisuIdtauseunneanuiounuudulsey dsihauluneanudeuio

a

Tugtuvleslonazdonveurarzmanmsdulunuiunuzii 5.7 (n) quugiidiuiiszive

Y

v Y v 1
MuIUIINQUUYIReIuQuglssaunile  ashnunegluneanudeusuiing

4 4 4 d2a 4 y d y 4 v
waeun Mmanaountnavunnmsveealveanedledioanaindeuveunainegiiufos
Yo 9 = [ é gﬂ I 1 9 d‘
lasuanudousudaszaunils nivezszrionaiailu lotazmemuiaiigaeale e

e @ 1 a v I 1 1 4 o 4 { (Y
WoeloluTduderdsnariamsvereas nezdamasotiiodliansyamluldudernegon 11
a Lﬂ' d‘ = % a d%} ] % d‘ o =
mamsnaeuinaziinsveedirvesroslemavuuny auluigaashiaueziing

A 4 y &
AU lunn A

A ) ) v ¥ 4 A ) a <
ma“lwmmaamm‘wammaamm‘mmuemwmmﬂwLﬁaﬂq Wm”lmzmmmgm
1 1 < 1 o a
611!LL‘H’JLLﬂ‘Llq\‘liﬂﬂiﬂﬂﬁﬂﬂﬂqﬂllﬁﬁzwﬂﬂ’mﬁ]ﬁﬂ’ﬂwL'i’JGlULLu’JLLﬂuLWIﬂﬂNﬂu UASINANIITU
[ [ A o = (] A 2 1o A
nu °1umﬂﬂﬂwm"la‘nmuw133mam%umﬁSamaﬂmﬂuv\laﬂammmﬂﬂnmu LUAYUNANTT
1ENDONIINAU Lﬁmmﬂumﬁmmﬂmmﬁ’umaw\lmhlaéi’q”lajﬁmﬁmawumaﬂﬁﬁwmmq

1018 da31it 5.7 ()

QU

A q 9 y N v d A 2 A A

(1 1MANNTOUUANDANVIOULVUTUNTOVINVUINUYUITOY ] 15 311BI91NAIY
[ 1 49! =R A 9 v o
aunanavesvlodleszgeinauansaoruzussasiivesnodlo’ld Woalovzsaudanu
I { A o < J o [ { - ]
Wurlesleonfianvuzenvududiuhiszme aegii 5.7 () lunszurumsiiveslovs i

A ~ Y 1 (% A o = Aa 1
awnsandeunluuunnuldonae li uadinsiavvesnar lnaaswuadovnarveso

A3 o

73



v v
5.3 auUMIAaNaNNUS

MIANIANANEULYDINMIAInIeA1NS ouvBINEA NS DULDIAUINTOU NUT@IS

A [ [ 9 o = [ FY [] Ea)
NUNAADTUTTIDUSVIINDANUIDUUUUTUINTDY cmmmsmm“lﬁagﬂlugﬂmmﬁm%u

q.=t{ B, Di, L, hy, K;, Cp, p;, Py, g, 0, AT | (5.10)

4 b v Ja X 1% o ' @ aa
IO AITNMI ANAUNUSITINIMINaa0d vzdagilaanls 1ieglugdvesdands 1554

] 1 9

Tagl935v09 Buckingham PI H9aumsduuannsanaziaoglugilves P monlaasil
f(H17H27H3,""):0 (511)

Wi [1, 0aT1, Avngueauls 1354

[ 1 % Aaa [ o 4 J 1 1
drsaiangualnds1iialasldanudunusszriteainisoiomanuion
d A ] o 1 [ 1 @ Aa &
Usingmsslimameninvesnoanuounuudulsseusmnumsdennquaauds 1304 aqld
[ @ o & o [ 1 1 A

imsmaumsanaunusdaldlunsiuenisnsinisasarsn1uioua1nIs Least Square
=\
Ao

0.73

Ku=3.47x10"" (expP)"* Ka"Zua " (1, 10,) " Pr

1 (5.12)

74



a
UNN 6

HUUDIARIANNMUMUANNTOU

o I J
LL‘]J‘]Jflnﬁf’Nﬂ’JT?J@%ITLWITL!ﬂ??ﬂ%@ﬂﬁ]%ilﬂﬂ@@ﬂlﬂuﬁﬁJﬁ’Ju ﬁi’] msﬁ%’nmmé’ﬁumu
v ' 4 £y ] ' ] ) A
mmsauimﬂluw@maﬂﬂ%w@u ﬂ’ﬂll@n‘l.!'i/nuﬂ'ﬂlli@‘l.!i?ﬂil&ﬂ@ﬂ?TNi@uuﬂﬂﬁu‘ﬁuﬂ
3 < a { ] 3 14
NIY UL ﬂ’ﬂﬂJéﬁUTﬂHﬂ’NN%@1!i'Jllﬂlﬂﬁﬂ@ﬂ’l?ﬂ%@ullﬂﬂﬁusﬁuﬂﬂﬁﬁ’l’)ll‘ﬁi’]Qil!'ﬂi’]!'ﬂi’]iill

Toyvlon

o o 1 b4 1 d
6.1 mmmamn1i‘mmﬂmmmsemlmﬂemeﬂuulmﬂau

' 1 3 14 2 [ 1
ﬂ']ﬂ'J']llﬁ']ll']iﬂGluﬂ']ﬁﬂ']fll'i/lﬂ')']ll%li’]usll@\1'VI@WI@5IllVl“ﬂﬂ@uﬁu@ﬂﬂﬂﬂ’]ﬂ?’]ﬂﬁ’]uﬂ’]u

U

Y ' °

anuFousamlunemoes In'laweu Felszneulddroanudrumuanudoudessiuiu 10

7 aaaaslugli 6.1 esnnanudumuanuion z,, z, waz z, Jaiesuin lu

9 9 ]
puuS1aeative lunasan Yuasumsmuinvewuuaswaaalugili 3.1

9
v A

Tuadeil IddenTysunsuTagld GUI voe MatLab e ldmuiamaimsaenioninm
9 1 4 [ L:gll Y A A
Fouvoaomos Iulewoununannisoontu ESDU 81038 uonvnil laias sunaauiia
o d’ 9 9 o J 1 U 9 1
yoemshanuoug lulisunsudie Tasnindesnismuimaimsainisnnuiouvedne
@ ' o A ) H a o ydw
mos luledounussyensirnuriadu Tdsunsuinldninauidetindseuisoldlunis

Y
oonuu g

Evaporator liquid - vapour
interface

Condenser vapour - liquid

interface
Vopour pressure

drop Condenser film

(transverse resistance)

Evaporator film
(transverse resistance)

Evaporator wall
(transverse resistance)

T,

SO
Source - evaporator

external surface

Condenser wall
(transverse resistance)

Lo

Condenser external
surfoce - sink

Wall
1 (axial resistance)

Tsi

SO

Heat source Heat sink

311 6.1 ANUMUMUANNZOUTIN (Engineering Sciences Data Unit, 1981)



o A Jd o [ [
Iﬂi\iﬁ%ﬁﬂﬂl@ﬂllfﬂﬂ‘Nﬁ@ﬂﬂﬁ?ﬂ@%ﬂﬂ?ﬂﬂ'J"I?J%}@Llnlsfﬁﬂ5LLﬂi?Jﬂ@iJW'Jm@iﬁ"lﬁﬁ_Wnu"lﬂ

9
Yo A

[ [ 1 9 [ 4 [ ) ‘d’f =
‘ﬂ’]ﬂ1§ﬁ\?ﬂ’]ﬂ‘ﬂ'l’]llﬁ@uiu%@tﬂ@iiuq%wgugﬂﬂﬂﬂ'ﬁlu “]Nﬁ’]ll’]ﬁﬂﬁ?ﬂllﬂﬂ\iu

6.1.1 gazganaznanmsauvadlilsunsy
N 7 ] a0 & o ] g
Tilsunsuneuiaumesideuduluanuddeil g TsunsuduFogiudnuay (MatLab)

a o S a J [ J { ]
YOIUTHN 1HN35A (Mathwork) FaeTumsudaumsmisianudiumuanudeuioegnisly
] J 4 2 { o o
wemos 1y laleu Woiloudoyaisuduimunz ey TusunsuazinsduIaa1u Flow chart
v 9
nae 13 himsiszunana sazudaswamsmuiamanuasalumsnemanuieunaz il

Y a o ! Y ' 4 Y o o
ANNFEUINgA uuUTImeIMIIIBMANNIouveIiames 1u lavleuilseneudierianan uay

9
4 WYY LA TUITORTUIINANNITUDILUADS AN u],ﬁlﬂﬁ‘ﬁ

1M

D

o [ a3 @ [ o 'w
6.1.1.1 favanTdsunsy dudavdnvealdsunsy nihnsudoyaaind 15

Y Y

o—

RKe

9 ]
ﬂ']ﬁﬂoTLHﬂ!i?iJ“I/I\?ﬂTLI?;INﬂﬁﬁN"ILlGUENI‘]_ISLLﬂﬁJEJ’éJEJ’SuG] HAZAINANTAUIUNAUY %l

u

N1

[ [ o k) [ "9 9 = 9y A w 9y
ﬁﬁﬂfﬂi‘ﬂNTLlGUENIﬂillﬂiﬂﬁﬁﬂﬂizﬂ@ﬂﬂ?ﬂ mﬁummagamﬂ;ﬁmm SFAVDYANTULIVIUN

Y

9 1

v W a Aa o Aaa A <3
zdosaonandosnuanyuz 15Ny 01Ny ¥HaveIaTiau Naveanisuday og1alsna
a 9 Ay B Y ! Y] A ' ' v
iimsasndoudeyaniloudnidrenasandonie lu vin liaeandeTsunsuaziga

o A 9
MImINIazIAoUR ¥
o 1 ° Y Y Aa 1Y
6.1.1.2 {3808 (1) 151U ImMUIUNIANUMIUNUANLS DUNHINOAIUUDN A
o [ v 1 [ 4
Mumuanudounnmainnudsurmumisne tazanudaumuauiounislunomes
Tulawou andoyanilowdw ou'ldun sviadiavesnennuion dadrumsi@uds
o 1 g’; o 1 1 1 { 4
1911 FIAANUMUMUANNT oUNIH VAL AMUIMAIMIaImeaNuTounnomos Tu'le

Wouazi'lg

v 1 o 1 A o = o dy Y
6.1.1.3 W08 (2) °16195'Glumimmmmmﬂmaummﬁ‘mﬂu “]NLL‘U‘U%1E1@\1‘LJ1W?H
o ] J I ] < o Y A 9 wa
wmu“luvmm’aﬂu'lcmamﬂummuaa E)EJNhl'iﬂGﬂiJLL‘U‘]Jﬁna’t’NllﬂLGIiﬂﬂﬂﬂyaﬂmﬁhﬂﬁﬂlﬂﬁ
o a A vy TR ST ¥ o o A g
ﬁTﬁ‘Vﬂ\ﬂu%uﬂﬁ)uqﬂﬂ’Jﬂ I%U U1 R123 R134a L‘]J‘LWI’L! NINADINTITMUIYTITNINIUDUN
o Y A 1 1 2 o g’/
ﬁﬁﬂiﬂﬂflﬂ\'ﬂﬂiﬂﬂﬂﬁlwuT‘]JillﬂﬂJﬂﬁ)ﬂﬂ1ﬂmﬁuﬂﬂﬁﬁﬂ1ﬂuuuﬂ
@ 1 C] g o 1 o o {1 ¥ v
6.1.1.4 #N8DY (3) NQﬂ@ﬂﬁﬂ%UWﬂWﬂﬂ!ﬁﬂJUﬁﬁﬁ‘ﬂNWH‘ﬁhlﬂ UASANHUSNINNIYNTN
1 o 1 1 1 9 G ' 9 a A 9 = [ 1
UBIND ﬂWu’Jil!ﬂWﬂﬁt’NﬂWfJﬂ'ﬂﬂJ3E)uijﬁfjﬂﬁiﬁ)ﬂ1ﬂ'ﬂwﬁﬁ)uﬁﬂﬂﬁLWﬂi%LlﬁﬂULﬂﬂUﬂUﬂ1ﬂ1§
U 9 9 9 1 9 {) o C | { 1w
TND1YNNUIDUIINANUATUNIUANINIDU W?ﬂﬂWﬂ?WﬂJiﬁ)uﬁqﬂmﬂN\‘iflf)ﬂﬁ’g\‘iﬂ'ﬂﬂx‘iEJ’E')EJ (1)

4
uﬁmamamaﬁu”lcmauuu"lmmmmmﬂ%’qm

v 1 v 1 dy 9 o 1 1 1 Y A 9
6.1.1.5 W3YDY (4) PNEJ'E)EJ‘L!i]Zi“])’LLﬁﬂ\‘lNﬁﬂTﬁﬂWH’JmﬂWﬂWiﬁ\‘iiﬂﬂﬂ’ﬂM‘i@u?‘fiﬁﬂ“}f

A J 1 o g 1 ) 9 Y A a A o w o
mammamaiTu”lcmauuu"luﬁm15aumﬂwm”lmuminﬂmmminﬂﬂmivmm

76



6.1.2 srwazaaldsunsy

A dy 9 [ 3 A

6.1.2.1 Tisunsuye ETHANOL L Tisunsutiaglglumsaiuiamiaiguaniia

13U EMUDA NANMZUDAUNAIDUA DULTZNDUAY ANUAUDUAD ANUHUMUY A
] 3 A o ] = a o a £

anudounsamsnateiiule anumilasai anmgauiou anuasii uazdulszdnsnis

hanudou

A L:al‘ 9 [ 3 A
6.1.22 Tilsunsu¥e ETHANOL Vv Tisunsutiaglglumsaiuiamaiguaniia
MIMNUEMUa NN 1odua1 oUUTLNBUAY ANUAUDUA ANMURUILUY AR

¥ < A ¢ v = a
i’t‘)ul,!,[?]\iﬂﬁﬂa']ﬂl‘lluul@ AITUUUAIAU AITUIANNIDU LAZAITUAIND

A dy 9 o ' v
6.1.23 Tsunsude H20 L Tisunsuiiazldlumsamuiumanuaniiaas

a (2 ]

¥ H Q' u U U A 1

MO NANMIZURANAIDNAI BULTLABUAIY ANNAUDUAD ANUNUILUY A1RNT U
I A 4 Y R a o a £ °
ueamsnaeilule anunilavail anwganuion anwdsin uazdulsz@nsinisiina
y
50U
A dal 9 o 3 va
6.1.2.4 Tilsunsuye H20 v Tisunsudiezlylumsannamimauaninans

3 { Q' % u U Q' u 1 1

M inanig ledudd sulszneuals ANNAUINAT ANUHUUY AT oULHINT

< A L4 J =2 a
ﬂanJL']_IHVlE] AITUUUAIAU AITUIANNIDU LAsAITUAINT

d’ dy o v o
6.1.2.5 Tilsunsu¥e R123 L Tdsunsutioglflumsdnnumeuaniaasiieu
RI23NAANNZU0UNAIDNAD DUUTENDUAIY ANUAUDUAD ANUHUIUY A1nNUT UL

< A J 9 =2 A [ a £ o 9
msnmmﬂu‘la AITUUUAIAU AITUIANNIDU AITHAINTD tazdnszansmsihnnuieu

d’ dy o v o
6.1.2.6 Tilsunsue R123 V Tilsunsuilazldlumsmuamauauiaasihau
R1230an172 odudn sulsznoudie ANNAUINAY ANUUUIMUY AT ouLInT

I A 4 Y 2K a
ﬂmﬂ!,ﬂu"l’e) AUV UATAU ANNIAITUIDU LASAITUAIND

dyw =} 1 A Aq ¥ LY o (Y Yy
u@ﬂ%Wﬂu&ﬁﬂJTﬂil!ﬂﬁNﬂ@ﬂﬂuc’l ﬂslﬁmuumgumimmmau"lmm Iﬂillﬂiuﬂi’)ﬂﬁ’ﬁ)‘u
ﬂ’ﬂllﬁﬂWﬁWﬂﬁ’ulﬁ@\‘lNWﬂ1ﬂﬂ’NNﬁﬂWﬁ1ﬂﬁ$ﬁﬂJ W%Tﬂmﬂiwﬁaﬂﬁuﬁﬂmiﬁmamé"ﬁiuﬁﬁ
A 9 o Y o ' ° a9 Ao =2 yy v I
L‘Wf]‘ﬂ’é)\‘lﬂu‘ljﬂlu?i117‘]1"]1%@]%6\‘]55%’)1\1ﬂ15ﬂ1u3m uaﬂﬂmﬂiuwﬂﬂmeyaﬂuuﬂﬂ%umuum

AMUINAD

71



6.1.3 Yuadumslranulilsunsy
Y o [ ) v U 1 9 ] 4
ninaa Ilsunsudmsudnaamsaioieanuiouvesnomos Iulavounana

[

{ { o < o Y
aegin 6.2 gldaudedloudoyansuilu asi
a o { A ] 4 o
1. whavssmsmauneylunemes T lavou TuTdsunsyIdessuasiiau
TRaenlFlszua 10 siia
2. YUIAANVINAIUITENY AIUAUAIINS DU Az aIUAIVLUUY AIU1TD
Youm Idemundsams lunuleiaamag
3. gugdluaiuihiszmenas drunduniu aaseglusisgurgilfauves
o H [ 4
asihnunussy lunemes Tulavleu
1 4 1 4 1 a
4. vinardurugudnaaie TuTdsunsuiildawnasgiuanTsenuduanlag
9 A Y s Aq v ] ' o
Alaaudenvuaduriuguinanildreurslutesnain ualumssiuow
9 9) [ o a 9 A
v ldvnaduriuguinatimelunaznieuonsse Taedldauaisodon
k) v
Tamannalumileiuaz iaduas
= 9 35 1 Lﬂl = [ [
5. YR luns 191 A6 0 — 90 9N B IANBUNUUUITLAL
@ [ a o d’l o Yq Y1 o 1 a
6. aaaiumsauarsiiau Iagluldsunsutimuua i lsadaaiunsauans
M TU%9 0 - 100% MUNBYVDI ESDU 81038
[ a QJ Y 1 [ [ [ d[ 9
7. mdudszansmamanuiouludiuiszenazaiuaiuuiu el
Y ° o s A ° ] A W a £
dosmuanemos I lseunazii ) lFnuiardudszansasniniy

Fouluarrmszmenazaruaruuiusla lurileves wm’K

iofloumdmlsasuauidesmsuaznaljudunaduaaddugili 6.3 Tsunsy
9
° [ [ ] v 1 [ [
WMUIUAINITAIIIIANUTOUA NN YY1 ESDU 81038 niaunudan1nsdinisniy

9y v A o w o A o Y 4 [ o 9 A
iauﬂ‘mmmﬂﬂm’u“m&nwlmﬁ]%vn“lﬁ‘in@m@iTu"lmﬂ@u"lummmmﬁmulﬂ UALHBIATN

9 ]
Aov A = a

A A El [} ) =< 1ra A o w o v J
N’ou'lmwcl%hlmma%w%muwamwnu%qq (100 ©) ‘t]\11111Lﬂﬂﬂlﬂﬁ]?ﬂﬂﬂ?iﬂﬁ?ﬂﬂlﬂﬂﬂ@t‘ﬂ@i

TulynWon

= (g ' = k) o A 2 Fl A
E‘IJVI 6.4 Llﬁﬂﬂﬁji’]EJ'Nﬂ']illﬁﬂ\?WﬁVlulﬂ’1]']ﬂLﬁ_l‘]_lﬁ]?ﬁ@ﬁﬂllﬁﬂﬁﬂiﬂ?mﬂ?’]ﬂi@u1/]

1 9 d' o [] 9 o 1 1 o 3‘., ]
ﬂ”lfll‘ﬂllﬂ a g‘ﬂ'ﬂ 6.5 uﬁmmamﬂmmmNamimuam311/1@m@ﬂu"lmﬂ@uuu"lummm

M ldmszmadasinanisiauriale

78



519 6.3 fegamsileumldnullsunsumuammsgsgeninydeuveanomoaslulalon

U

3
u

} Thermosyphon
File Edt Yiew Insert

Took Desstop Window Hep

Working fluid ______ Working ﬂu.-d____;] Select working fluid

ND
O 012 2]
Oin. g

D Thick oD
8 [12¢ | [ 103 |
mm mm mm

Type of tube
() Copper
) Steel

O Stainless st..

2 Aluminium

Filling Ratio (%) (50 <]

Inclination angle |90 j

Evaporator Temp.

(o)

186 :I

Adiabatic length
()

100 j

Ewvaporator length
{mm)

2800 :l

Condenser Temp
( 0.::|

7

Condenser length
(mm}]

1700 ﬂ

Evaporator convective
(VWi 2 K)
. 1.
=]

Reset
Enter

Concenser convective
MIm2 K)

-

Heal Pipe Laboratory
Chiang Mai University]

Y 1

J Thermosyphon
Fle Edt Wew Tnsert Took Desktop Window Help

Working fuid  [Enanal

j Select working fluid

ND
S Ew

Oin. ==z

D

| =9 |

mm

Thick oD
185 | 22
mm mm

4 o ] o d
19 6.2 nithaaldsunsudamSusnnammsgdesaanudouveanamaslylanon

Type of tube
(&) Copper () Stainless st
O Steel ) Mluminium

Filling Ratia (%) |50 -]

Inclination angle (a0 - |

Adizbatic length
(rmm)

100 [j

Evaporator Temp.

(°C)

1 :l

Condenser Temp
(°C)

Ca—

Evaporator length
(mm)

10 d

Condenser lzngth
(mm)

100 ':‘

Evaporator convective
(Wim2 K)

| 10 j

Reset
Enter |

Condenser convective
(Wiim2 K)

[ = H

Heat Pipa Laboratony
Chiang Mai University

%4 |

79



The theimosyphon can be transfer heat 98.3 Watt
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Abstract

The objective of this study was experimental study in the heat transfer characteristics of
thermosyphon with closed-loop oscillating heat pipe (CLOHP) inside at normal operating condition. The
thermosyphon was made of copper tube with 1.125” of diameter, 300 mm of length and ethanol use as
working fluid with 4 filling ratio, half of evaporator section, full of evaporator sector, full of adiabatic
section and full of thermosyphon. The tested CLOHP were made of copper capillary tubes with 1.5 mm of
inner diameters. The effects of evaporator temperature, number of turn, working fluid types of CLOHP,
inclination angles, and filling ratio of thermosyphon were studied. The evaporator section of the
thermosyphon with closed-loop oscillating heat pipe inside was heated by silicone oil. The heat was
removed from the condenser section by a mixture of water and ethylene glycol. The adiabatic section was
well insulated by insulator material. The outer surface temperature of evaporator, adiabatic and condenser
section were recorded in order to observe the temperature gradient. The inlet and outlet temperature and
the flow rate of the cooling substance were recorded in order to calculate the heat transfer rate of the
thermosyphon with closed-loop oscillating heat pipe inside by calorific method after the system reached
the steady state. It was found from all the experimental results that the heat transfer of thermosyphon with
closed loop oscillating heat pipe inside has higher than those of thermosyphon at the similar condition,
due to the oscillating heat pipe inside the thermosyphon is enhance the heat transfer. The heat transfer rate
of thermosyphon with closed-loop oscillating heat pipe inside depends on the evaporator temperature that
is related to the number of turns. The thermal performance of a thermosyphon with closed-loop oscillating
heat pipe improves by increasing the evaporator temperature and number of turns. The best performance
of all thermosyphon with closed-loop oscillating heat pipe inside occurred at the maximum number of 16
turns. The proper filling ratio for a thermosyphon is 50% of evaporator section. The proper working fluid
for a closed-loop oscillating heat pipe is ethanol. Thermosyphon with closed loop oscillating heat pipe

inside with ethanol as working fluid has the highest in heat transfer, and R123 and R134a are respectively.
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Moreover, thermosyphon with 50 % filling rate of working fluid and 60 degree of inclination angle has the

highest in heat transfer.
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Abstract

The objective of this paper is to study the effect of working fluid types on thermal performance of
a vertical closed-loop pulsating heat pipe. The closed-loop pulsating heat pipes (CLPHPs) were made
from copper capillary tubes with inner diameter of 1.50, and 1.78 mm. Evaporator, adiabatic, and
condenser sections had the same length as of 150 mm. It was bent into 26 meandering turns. The
filling ratio of the working fluid was 50% by volume. Working fluids were R123, R141b, acetone,
ethanol, and water. The adiabatic temperature was constantly controlled at 50°C. The heating
medium’s temperature at the inlet of the evaporator section was 80°C. From the experiments, it was
found that Karman number (Ka), Aspect ratio (Ls/D;) and Prantl number (Pr;)) can reasonably
represent the effect of working fluid types on thermal performance of the vertical CLPHPs through a
term of Kutateladze number (Ku). The results from this study showed that when Ka and Pr; increased,
Ku increased. On the other hand, when Aspect ratio increased, Ku decreased. From relations between
these dimensionless numbers and Ku, the correlation describing the effect of working fluid types and
also effect of tube’s dimensions on the Ku was successfully established. This correlation will be very
useful for heat pipe designers who are choosing the suitable working fluid type which can leads the
thermal performance to the desired quantity under certain operating condition.

Keywords: closed-loop pulsating heat pipe, working fluid type, dimensionless parameter, correlation

1. Introduction phase to vapor. Then, the working fluid flows
In the present, heat pipes are applied in towards condenser section which has lower
electronic devices for cooling heat source and temperature. Working fluid will condense and
transferring heat to heat sink. They were change from vapor phase to liquid phase.
developed into many types, such as, flat heat Because working fluid in evaporator section has
pipe, loop heat pipe, and pulsating heat pipe higher pressure than working fluid in condenser
(PHP) which was focused in this paper. Closed section. Thus the working fluid flows to
loop pulsating heat pipe was made from copper condenser section with lower pressure. In turn,
capillary tube which was bent into meandering when vapor slug in condenser section condenses
turns with both ends connected together. Inside and then liquid volume in condenser section
of the CLPHP was vacuumed and partially increased, pressure of liquid in condenser would
contained working fluid. Flow patterns of increase. It causes higher pressure in the
working fluid inside the CLPHP are vapor plug condenser section than that of in the evaporator
and liquid slug along an axial length of the tube. section. This pressure difference affects the
Working fluid’s phase change is the main restoring force in the evaporator section. The
mechanism for heat transfer from evaporator circulation’s mechanism in the CLPHP
section to condenser section. When CLPHP maintains in perpetual cycle (Akachi e al,
absorbs heat from surrounding in the evaporator 1995).
section, it causes working fluid’s temperature on Heat transfer mechanism of working fluid as
evaporator section increase and changes liquid above mention can be implied that the working
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fluid has significant effect on the heat transfer of

CLPHP, since working fluid has many
thermodynamic properties, e.g., latent heat,
surface tension, density and etc., and they

affection heat transfer of working fluid directly.
Latent heat is a quantity of heat energy required
for the phase change of the working fluid. If the
latent heat was high, heat input quantity required
for a perfect phase change would be increased.
Sakulchangsatjatai et al. (2003) studied CLPHPs
with a 2.03-mm inner diameter, total length of
10 m, evaporator section’s length of 50 mm and
working fluids were R123, ethanol, and water of
which the latent heat were 150, 970, and 2,400
kJ/kg, respectively. It was found that the CLPHP
with lower latent heat has higher heat flux.
Charoensawan et al. (2003) studied CLPHPs
with condenser section’s length of 150 mmy;
number of turns was 16 turns. R123, ethanol,
and water were used as working fluid. It was
found that the CLPHPs with R123 and ethanol
had higher heat flux than the CLPHP with water
while water has the highest latent heat.
However, some studies were found in contrast.
Zhang et al. (2004) used the CLPHP with inner
diameter of 0.7 mm, evaporator section’s length
of 50 mm, heating power of 40 W and working
fluids were FC-72, ethanol, and water. It was
found that the CLPHP with water had the
highest heat transfer rate. From these points, it
could be seen that latent heat does not have
clearly relation with heat flux. Because, when
latent heat of working fluids was increased, heat
flux does not have an exact trend to be increased
or decreased. Therefore, the latent heat cannot
be only one qualitative parameter that relates to
the thermal performance of the CLPHP. From
this point, hypothesis of this study was initially
set as a number of parameters or dimensionless
parameters might have an obvious relation with
the thermal performance instead of the latent
heat individually. Working fluids with relatively
different thermodynamic properties were chosen
to be tested. All properties that have obvious
effects on the thermal performance were
consequently analyzed into a term of
dimensionless parameters and finally a
correlation.

Therefore, the objective of this research is to
study the effect of working fluid types in term of
dimensionless parameters on the thermal
performance of a vertical closed-loop pulsating
heat pipe through the Ku. The advantageous
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output from this study will be acorrelation to
select the suitable working fluid type which can
leads the thermal performance to the desired
quantity under certain operating condition.

2. Experimental setup and procedure

CLPHPs in this study were made from a
copper capillary tube with inner diameter of
1.50, and 1.78 mm. Evaporator, adiabatic and
condenser sections had the same length as of
150 mm. The capillary tube was bent into 26
meandering turns. Chromel-Alumel
thermocouples (Omega, Type K, accuracy +£0.5
°C) were used for temperature measurement.
The thermocouples were installed on the outer
surface in the middle of each part of the CLPHP
as follows: 10 points on evaporator section, 8
points each on adiabatic and condenser section
as shown in Figure 1. Moreover, two points of
thermocouples was installed on each inlet and
outlet of evaporator and condenser jackets, and
also in the air for measuring the ambient
temperature.

i
HIH

Front view

Uuu

Fig. 1: Position of installed thermocouples

Table 1: Properties of working fluids

Working Fluid he o 3 .
(kl/kg) (kg/m’) (Paes)
RI23 159 1388 3.04x10°"
R141b 279 1174 2.97x10™
Acetone 522 677 2.37x10 -
Ethanol 995 775 6.51x10"
Water 2385 989 5.61x10"
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R123, R141b, acetone, ethanol, and water
were chosen as working fluids in this study as
these working fluids had clearly different
thermodynamics properties. For example, latent
heat, liquid viscosity, and density as shown in
Table 1. The filling ratio was 50% of total
volume (Maezawa et al., 1995). Evaporator and
condenser jacket and adiabatic section were well
insulated by insulation sheet (Aero flex, 9-mm
thickness).

COld bath Data Logger
T sombient Condenser
’ Jacket
T {
ol » 2
U ‘ ‘ Tr\in M~
p Ll ?30 -
omn T.T..T.
Ly Trom
w
T':l_:n
M T

)

a

&5
Evaporator Jacket
Hot bath

Fig. 2:Experimental setup

The experimental set up is shown in Figure
2. Evaporator section received heat from hot
water which was circulated from a hot bath
(HAAKE, N6, accuracy =0.01°C). The
temperature of the hot water at the inlet of
evaporator section was constantly controlled at
80 °C by hot bath. Condenser section was cooled
by aqueous solution of ethylene glycol (50% by
volume) which was circulated from a cold bath.
Mass flow rate and temperature of cooling
medium could be adjusted to keep the adiabatic
temperature constantly at 50 °C. When CLPHP
was in steady state, temperature variation of
each point was monitored and recorded by a
data logger (Brain Child, VRIS, accuracy
+0.1°C) for each second. Mass flow rate of
cooling medium was also measured. In a
calculation of heat transfer rate, temperature
difference between inlet and outlet of the
condenser and measured mass flow rate of the
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cooling medium were substituted in Equation

().

Q Cp (Tc,out _Tc,in) (M

when Q was the heat transfer rate (W)

mwas the mass flow rate of cooling
medium (kg/s)

c,was the specific heat of cooling
medium (J/kg.K)
T, — T, Was the temperature difference

of the cooling medium between inlet and outlet
of the condenser (K)

Heat transfer rate calculated from Equation
(1) had an error from measurement and it could
be found from Equation (2) in which dQ was the
error of the heat transfer rate, dm was the
accuracy from measuring the mass flow rate of
cooling medium, dT, and dT.. were the

,out c,in

accuracy from measuring the cooling medium
temperature at the outlet and inlet, respectively.
Analysis in the next section would be focused
on only the data of which an error was less than
30% of the calculated heat transfer rate.

1
T —T )dm) +(medT )
e ) (o,

dQ=
. 2
+ (mcpdTC’i )
Finally, heat flux could be found from
substituting the heat transfer rate into

Q

= 3
2NmD,L, @)

q
when ¢ was heat flux (W/m?)
N was the number of turn (turns)

D; was inner diameter (m)
L. was length of condenser section (m).

Since each working fluid has non-identical
critical heat flux, Kutateladze number (Ku) was
chosen to be a representative of the thermal
performance in this study. Definition of the Ku
was a ratio of experimental heat flux to
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calculated critical heat flux, which is shown in
Equation (4).

q
1/4
P =Py
en ")

when p_ was vapor density (kg/m)
h, was latent heat (kJ/kg)

o6 was surface tension (N/m)
g was gravitational acceleration(m/s”)

“4)

Various dimensionless parameters involving
in working fluid types and tube’s dimensions
were individually plotted against the Ku in order
to find the parameters that have obvious effect
on the Ku. It was basically found from an
analysis that those parameters as mentioned
above were Karman number (Ka), Aspect ratio
(Le/D;) and Prantl number (Pr)). Detail of these
parameters will be discussed in the next section.

3. Results and Discussions
3.1 Effect of Karman number on Kutateladze
number

The first parameter affecting to the Ku is the
Ka which represents the physical ratio of
pressure difference inside the CLPHP between
evaporator and condenser sections to the friction
in working fluid’s circulation as shown in
Equation (5).

AP) D}
Ka= pl( - )sal 1 (5)
Loy
when (AP)™* s the pressure difference

between evaporator and condenser section (Pa)

p1 is the liquid density of working fluid
(kg/m’)

w s the liquid viscosity of working fluid
(Pa.s)

Les is the effective length of the CLPHP

calculated from Equation (6).

Leff = O.S(Le+Lc) + La (6)

108

®RI123 Le 50 mm ORI23 Le 150 mm
ORI41bLe 150 mm

A Acetone Le 150 mm

®RI141bLe 50 mm

Acetone Le 50 mm
MEthanol Le 50 mm O Ethanol Le 150 mm
X Water Le 50 mm
®RI23Le 5
X Water Le 150 mm

X Water Le 150 mm

B Ethanol Le 150 mm (Charoensawan et al., 2003)|

1.0E-01

1.0E-02 X L
£

Ku
o
3

1.0E-03

1.0E-04
1.0E+05

1.0E+06 1.0E+07

Ka

1.0E+08 1.0E+09 1.0E+10

Fig. 3: Effect of Ka on Ku

It can be seen from Figure 3 that when Ka
increases, Ku increases. Because ratio between
driving force that activates the working fluid to
flow from the evaporator section towards the
condenser section and the friction in working
fluid increases. Thus, more vapor slug scan
move from the evaporator section to the
condenser section. This causes the heat to be
transferred more  continuously.  Pressure
difference between evaporator and condenser
sections affects to working fluid’s circulation
inside the CLPHP. When pressure difference
increases, the working fluid in CLPHPs rapidly
circulates, and the heat transfer consequently
increases. Moreover, liquid viscosity is the
physical property which relates to the flow of
working fluid in liquid phase. The working fluid
with higher liquid velocity has lower flow
velocity. This causes the heat transfer from
evaporator to condenser sections to be
decreased. The heat flux or the thermal
performance consequently decreases.

The Ka can be increased by following ways:
(1) working fluid with high pressure difference
between the evaporator and condenser sections
is chosen, since it can increase working fluid’s
circulation and heat transfer. (2) Increasing inner
diameter to reduce pressure drop in CLPHPs.
When the pressure drop decreases, the pressure
difference subsequently increases. However,
inner diameter must not exceed the critical inner
diameter (Maezawa et al., 1995). And (3) low-
viscosity working fluid is selected, since flow
resistance will decrease and the heat transfer
will increase. In addition, the results obtained
from this study were similar to the results from
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the past study of Charoensawan et al. (2003) as
additionally added into Figure 3.

It can be noticed that since the Ka represents
the effects of working fluid’s properties and also
the dimensions of tube, only the Ka cannot
clearly reflect the effect of working fluid types
individually. It shows that other dimensionless
parameters rather than the Ka should involve in
a group of the parameters representing the effect
of working fluid types, which are (Le/Di) and
the Pry, in this study. Discussion will be stated in
the next sections.

3.2 Effect of Aspect ratio on Kutateladze
number

Aspect ratio is ratio of evaporator length to
inner diameter as shown in Equation (7).

Aspect ratio @)

[
1

when L. is evaporator length (m)
D; is inner diameter of CLPHPs (m)

®RI123 Le 50 mm
@RI41bLe 50 mm

ORI23 Le 150 mm
ORI41bLe 150 mm

4 Acetone Le 150 mm
BEthanol Le 50 mm

X Water Le 50 mm

®R123 Le 150 mm (Charoens:

DOEthanol Le 150 mm
X Water Le 150 mm
awan etal., 2003)  BEthanol Le 150 mm (Charoensawan et al., 2003)

X Water Le 150 mm (Charoensawan etal., 2003)
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3 H a
= * =} P
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X
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0 20 40 60 8 100 120 140 160
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Fig. 4: Effect of L./D; on Ku

It can be seen from Figure 4 that when
Aspect ratio increases, the Ku decreases. Since
Aspect ratio represents a geometrical shape of
CLPHPs, i.e., higher Aspect ratio implies that
the CLPHPs are narrower and longer than that
of the CLPHPs with lower Aspect ratio. It was
found from the past study in a case of the
narrower and longer CLPHPs that, annular flow
pattern inside the tube can be investigated with
the frequency of 1 Hz and the collapsing ratio of
the vapor plugs in the condenser section was
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500%. On the other hand, in a case of the wider
and shorter CLPHPs, frequency that the annular
flow took place increased to 2 Hz and the
collapsing ratio also increased to 1,300%. The
latter case caused the CLPHPs to have higher
heat transfer rate (Charoensawan et al., 2003).

This is because the working fluid in the
CLPHPs with longer evaporator section length
takes long time to flow towards the condenser
section. Contrary to the shorter one, the heat can
be transferred more actively. In addition, the
working fluid can easily flow in the wider tube.
Therefore, these are physical reasons to describe
why the CLPHPs with lower Aspect ratio have
better thermal performance than that of the
CLPHPs with the higher one.

3.3 Effect of Prantl number on Kutateladze
number

Pr; is the ratio of kinematic viscosity (v,
m’/s) to thermal diffusivity (o, m*/s) in liquid
phase as shown in Equation (8).

=
®RI123 Le 50 mm ORI23Le |
@®RI141bLe 50mm ORI141bLe
Acetone Le 50 mm AAcetone L

W Ethanol Le 50 mm OEthanol Le 150 mm

* Water Le 50 mm X Water Le 150 mm

@®R123 Le 150 mm (Charoensawan et al., 2003)  MEthanol Le 150 mm (Charoensawan et al., 2003)

X Water Le 150 mm (Charoensawan et al., 2003)
1.0E-01

st
1.0E-02 % L
‘o (]
Lx
= & o ® o
X ° g
N x
1.0E-03
X
1.0E-04
0 2 4 6 8 10 12
Pr,

Fig.5: Effect of Prantl number on Kutateladze
number.

It can be seen from Figure 5 that Ku directly
depends on Pr,. It means that when Pr; increases,
thermal performance increases. Since working
fluid with higher kinematic viscosity has thicker
liquid film, liquid working fluid length
remaining at the inner surface of the evaporator
section is longer, and more heat convection can
be carried out from the evaporator section.
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If kinematic viscosity increases, there is
more liquid working fluid’s quantity in
evaporator section and then it takes longer time
while it exists in the evaporator section. Then
higher heat input’s quantity at the inner surface
of the tube can transfer to working fluid, and the
Ku finally increases. On contrary, if thermal
diffusivity increases, the Pr; decreases, the
CLPHPs have lower thermal performance.

3.4 Correlation representing relation between
working fluid types and Ku

From previous discussions, relation between
a combination of Ka, Aspect ratio and Pr
representing the effect of working fluid types on
the Ku could be found as shown in Figure 6.
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Fig. 6: Relation of Ka(Le/Di)'Pr; on Ku

From Figure 6, the least square curve fitting
was used to find the correlation in power form
as shown in Equation (9) with R* = 0.80 and
STD = 28.70%.

Ku = 5.873x107Ka™*(L/Dy) P **'* (9)

When working fluid’s properties and tube’s
dimensions according to experiments in the part
study of Charoensawan et al. (2003) was
substituted in the correlation to verify the
reliability for prediction, it was found that the
correlation can fairly well predict. However,
some data have quite difference in Kuyge and
Kue, since heat fluxes in the past study were
found to be the maximum heat fluxes while the
heat fluxes in this study were an average heat
fluxes among all repetitions in the same
experimental configuration.

110

®RI23 Le SO mm ORI23 Le 150 mm

@RI41bLe 50 mm ORI41bLe 150 mm

Acetone Le 50 mm A Acetone Le 150 mm

OEthanol Le 150 mm

X Water

@RI23 Le 150 mm (Charoensawan et al., 2003)  WEthanol Le 150 mm (Charoensawan et al., 2003)

X Water Le 150 mm (Charoensawan et al., 2003)

1.0E-01

1.0E-02 &
s °

Kucxp

1.0E-03

1.0E-04

1.0E-04 1.0E-03 1.0E-02 1.0E-01

Ku

'model

Fig. 7: Relation of Kupmeger 0n Kuey,

4. Conclusion

The effect of working fluid types on the
thermal performance of the vertical CLPHPs has
been thoroughly investigated. It can be
concluded that Karman number (Ka), Aspect
ratio (L¢/D;) and Prantl number (Pr) can
reasonably represent the effect of working fluid
types on thermal performance of the vertical
CLPHPs through a term of Kutateladze number
(Ku).when Ka and Prl increased, Ku increased.
On the other hand, when Aspect ratio increased,
Ku decreased. In addition, the correlation
describing the effect of working fluid types and
also effect of tube’s dimensions on the Ku was
successfully established as Ku 5.873x107
Ka®"¥(Ly/D))""*Pr**'® with R* = 0.80 and STD
= 28.70%. This correlation will be very useful
for heat pipe designers who attempt to find the
working fluid type that suits for individual
application.
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