> mmﬁiﬂaﬁuawyifﬁ

Iﬂix‘]ﬂ’]i AN HLANIZYDINTENLLN AN u%auuazmﬂm
YRIRIIANANULIBNILLARLAINT EISL‘I«LLQ‘%?N LA

A v P oAa a & a
LW RUAMNUTDUUUU LN N INITLNUN N

=Y =Y =) J
1oy WE.a3.008 Hans

nangiead 2557



Tnaufl MRG5580119

o m’mﬁ'{]"mﬁuamyifﬁ

1ATINT ANBIUSLANIZUAINTANULNANNTIBULRZNNT LAR
YIFIIVNANNLEUN I REAINY LBLATOILAN

A v P Aa a & a
LW RYUAMNUTDUULU LN N INITLNUN A

Q

PP =Y a a A F? R Q/ a g
AU NA.AY.NAG BARNd RINA NRIINLIRLLALTHEALIE

a8l mguiﬂ SRIBNITWN aa‘quaﬁu m&umﬁf{T ¢

@NuARlusnuilduradidn

am. ldndudasiudisanaly)



Abstract

Project Code: MRG5580119
Project Title: Evaporation Heat Transfer and Flow Characteristics of refrigerants
inside Plate Heat Exchanger with enhanced surfaces
Investigator: Asst.Prof.Dr. Kitti Nilpueng South East Asia University
E-mail Address: nilpueng@yahoo.com
Project Period: 2 years
Flow pattern, heat transfer coefficient and pressure drop of refrigerant during
evaporation inside the plate heat exchangers with rough surface are investigated. The
effect of mass flux, heat flux, quality, and saturation temperature on the heat transfer
and flow characteristics is presented. A commercial plate heat exchanger (Alfa Laval
M3) which consists of three stainless steel corrugated plates with symmetrical chevron
angle of 300 and 60 o is examined under counter flow conditions. The plate surface
roughness is made by using a sand blasting machine and measured by surface
roughness measuring machine (Taylor Hobson Talysurf series 2). Working fluids is
water and refrigerant R-134a. The flow direction is vertical downward for hot water and
vertical upward for refrigerant. The test run are done at mass flux ranging between 65
and 95 kg/m2s, heat flux ranging between 5 and 15 kW/m2, quality ranging between
0.2 and 0.8, and saturation temperature ranging between 10 and 20 °C. In order to
observe the flow pattern inside the plate heat exchanger, a transparent plate having the
same configuration as the stainless steel plates is cast and used as a cover plate. Two-
phase flow pattern inside plate heat exchanger is recorded by a digital camera (shutter
speed of 1/2000 s) and video camera. The evaporation heat transfer coefficient and
pressure drop is enhanced with increasing the quality heat flux and mass flux.
Conversely, it is decreased when the saturation temperature and chevron angle is
increased. The heat transfer coefficient and pressure drop of refrigerant through rough
surface plate is enhanced by 20% and 31.2% comparing with the smooth surface plate.

Keywords: Heat transfer coefficient, Pressure drop, Flow pattern, Corrugated

sinusoidal channel, Chevron angle, Rough surface
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dl [ 6 dl v 1 = o &
Luaaﬁnmiaamamﬂ%ahqﬂmmuaﬂLﬂaﬂumwmamm‘uLqumﬂHmzLﬂuaauLLaz
AANUTUTAWLUNTENWI AN UARTNAA 39 IO RNRUAANARYTAINIINT IRaLNARZAIN

TN If I uaIRNNNT
b=p-t (2.3)
A \ ) A \
1ia b = T4INARLVRITAINNTIAR (M)
p = T NTAVBILHBLANILREUANNTDY (M)

t = aNuURLLBUaILHBLANIUREBANNUTEY (M)

I@] UﬁLﬁuN’]%ﬂ%gﬂﬂ’]ﬂﬁ@ﬁaaﬂT E]{‘lLLN'%LLﬂﬂL‘LIaZluﬂ’)’lll%/a%vl,ﬁﬁ]’mﬁllﬂ’]i
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4bw
_ 2.4
D, 2(b + w) 24)

Qo &’ 1
2.9 sulsz@nSmsanamanaion (Heat Transfer Coefficient)

e a Qg 1 v =3 1
ANRNUTEANINITNUNANNIDWIZ LU TANUAMNLIIVAIY ﬂ\‘iv[,‘ﬂﬂ LATHUIANTAINI

A “na 1 e a n{ 1 v arAa o v
mﬂ%amqmauum E]x‘iﬂ’]ﬁ&lﬂizaﬂﬁﬂﬁiﬂ’mLﬂﬂ?ﬁ&]iﬂ%l%ﬂ’]xﬁﬂﬁﬂé ﬁ’]&]’]iﬂﬂ’]%’)m‘lﬂ
IMMNJUNII

D, (2.5)

s a Qg 1 v 2
FUUITRNTMIOUNANNIOW (Wim K)

] ° Y 2
AMNIIUININNID UV DIY a\‘]‘l%ﬂ (W/im K)

o X >
1

v [l 6 a
= Wurugudnaslalasin (m)

1 % a L v & )
lasennaidanuiuas (Nusselt Number, Nu) mvlm’mmsmaaamgmauaaglugﬂ
YaIARWUT (Correlation) Imﬁgﬂ LUUFNNIT

0.17
Nu=C,R'PY3 b

w

(2.6)

i A y &
las C, waz n WudasnanmimaassssdunsnTuvas Reynolds Number was
yuaausaILHBLANIABUANNTaUAIINTIIN 2.1

\ia R, = #La2L3HUaa (Reynolds Number)
P, = @LaDUWIWLAS (Prandtl Number)
A A 2

up = ANURIAVaIVEI IaLafe (Ns/m')

{ Qs 2
i, = ANNRHaUaIUd [anuks (Ns/m)



A 1 o 5 > o 6 > = 1 U
13791 2.1 KEAIAT C, L@z n dnIvandannovadgnlIzandnisnngmannIan

13

yuaan (83¢) Reynolds Number Cy n
<30 <10 0.718 0.349
> 10 0.348 0.663
45 <10 0.718 0.349
10 — 100 0.400 0.598
>100 0.300 0.663
50 <20 0.630 0.333
20 - 300 0.291 0.591
>300 0.130 0.732
60 <20 0.562 0.326
20 - 400 0.306 0.529
>400 0.108 0.703
>65 <20 0.562 0.326
20-500 0.331 0.503
>500 0.087 0.718

1 Qs tﬁ’ 1 v
2.10 a1dxuilsza@ndn1IngmanIanIIn (Overall Heat Transfer Coefficient)

Q a :ﬂf 1 v d { v 1
ﬂ’]ﬂl]ﬂiz&“nﬁﬂ’]iﬂ’]ElLﬂﬂ’)’]&lﬁﬂ%i’]&ll%lﬂ%adLLﬂﬂLlIa‘U%ﬂ’)ﬂl]‘i@%LLiJ‘]JLLN%ﬁ]z

1U32NaUa7Y NMIWIANNTAH NTHNANTOW VBIGIWRIUTAWLAZRILLEY LA2EITIN LD

ANANNFIUNIBNNIAAAZNIUT DI UITDUUAZ LI UAITUNT

1 1

1
—
U R

+—+Ry, + R,

s a QGI ' v ¥ ¥
h, = sudszEntmstismanuiauanuasian Ww/m K)

s a Ag J v v v
h = sudseENdMItNemANUTaUA IR W/ m’ K)

w

t = ANUARMIVEILHNBULANILREUANNTEY (M)

R,, = ANUEUNIUANNTOUDBINNUATZNI UG UEIBTY 1WA

ﬁ”au(mz K/\N)

k, =dimsianuienvaiuinnanitfouanuionw/mk)
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R, = ANUAWNIBANNTOUTBINIUATZNIUA S8 8 [naLdn

(m* /W)

@ a £ ' o 2
U P = ANFNUILRNTNITOUNANNTDUIIN (W/m K)

% a = U 1
21 ﬂ'l?ﬁ'lﬂ')'l&lﬂ%ﬂ@lﬂ'lﬂi%tﬂiaﬂLL'éIﬂL‘]JﬁEI%ﬂ'J'I&Jiﬂ%LL‘]J‘]JtLN%
Qs A a J A A v 1 ' & ! A
ﬂ']']ll@%ﬂ@’l‘i’lLﬂ(ﬂ“ﬂ%ﬂ']ElsLuLﬂia\‘]LLaﬂLﬂaﬂuﬂ'ﬁ"lﬂJia%LLUULLN%LLUGQG‘HLU% 2 Rk A1

AMNANANAILIHDINNANULTIANIUDVAINT IAALAZANUAWNNIILTLEZaaNVAIYID

AP = AP, + AP, 28)
. \V&
\e AP, =1.4p7 (2.9)
2
AP, =f Leff pV— (2.10)
D, 2
K
f=—2F (2.11)
Re"

laof L, fa szozluumideszninsgagudnasvaniadiuazianiiean s K
waz m idudaananmInanesbaduilsduses Reynolds Number UAzajuRUUBILNY

wantaswauTouadluaen 2.2

m m VA
Gp=—:3 __pvn (2.12)
D: A A
4
i D, = \§uruvianiaidnuazn1saan (m)

o { ' ' o ' 2
G, = wandwiaf lwaruriaiduazviaaan (kg/m” s)
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dl 1 A o [ s o 6 Qs
MN1379N 2.2 ANAIN Kp Lag m EUSUaRENNUSVoIAUsznoUANNREIAN N

NNaDW(29AN) Reynold Number K, M
<30 <10 50.00 1.000
10 -100 19.400 0.589
>10 2.900 0.183
45 <15 47.00 1.000
15 — 300 18.29 0.652
>300 1.441 0.206
50 <20 34.00 1.000
20 - 300 11.25 0.631
>300 0.772 0.161
60 <40 24.00 1.000
40 — 400 3.24 0.457
>400 0.760 0.215
> 65 <50 24.00 1.000
50-500 2.800 0.451
>500 0.639 0.213

[ [
212 dNNIINRINVBIAN ﬂﬂaﬂlﬁa%ﬂ%uaza’] ﬂ?.laﬂ\lﬂalﬂ%

AAIINIIENUNANNTOUVAIRIUTDULATEN LI WA TN UNNNTENUNANNI NI LU

RUNIEWI DR LA IT
Q= m,c,, T, (2.13)
Q=mc,.T. (2.14)
e Q = YSumnsanamanusan (W)

M = 8a9N7 aUesvas naLdu (kg/s)

M, = 8093 lauasvas natdn (kg/s)
T, = amnpiivasmsvadinaian (K)
T, = awnniianzvas natdn (K)

9 U




16

C, = AanuSauiinzvasvading (kdkg K)

2.13 ANN1INIIANYNANMNTOU
muluiaTasnaniFouauTanazin13amNANNTUIZTRINILH LA NI UAIY

o Aa ' ' A A 1 ) ' A o =

5aummwamos:mwqm%{]mawaa"lmw"l,mmu"l,ﬂszmwLLNuLLamﬂaﬂumwmaum

luﬂﬁiaaﬂLmuqﬂmtﬁuaﬂLﬂ§yum']m”am‘hLﬂumnﬁ%ﬁaalﬁaumimsmnmmm%fau

Lﬁ'al%ﬁwmml,l,a:aammuqﬂmtﬁ FUNTENUNANNTAURAIN
Q=UAAT, (2.15)

1e Q = YSunmnatngmanuian (W)
o a £ ' @ 2
U = sudszantmstamainusan (W/m' °C)
& A d' 9 2
A = AUNNUINNIILANLU R UANNTOW (m)
a d A & 2
AT, = qm%gumﬁmmaanmawaﬂm (m)
a [ a o . .
214 tnanan1Inaandadladib (Wilson plot technique)
=) a Qs I =) { U s a l§ U v
mﬂuﬂmswﬁamaa’saamﬁumﬂuﬂﬁlﬂumsmmauﬂszaﬂﬁmsmUmm']mau,

I@mﬁgﬂ LULYDIRRRNANUTANNINNNT

Nu = aRe® pro® (2.16)
%30
hD, _ (pVD, | iC, >
k U k
il Nu = D, Re= AVDy Pr= .
k 7 k

Tunsnasauiinuelivinnsmeseufisannsinadauiavasvaslvnaniaasgnoirini
uLaztaInIInTinalanuyme3ineg yuwrafrinaw waznoldgniiznmsmasauauudin
ANURHULHUD 9N R B uu a9BBUNN SINUINEATEIUDIFNL T AN TENLINAINY
‘i”auﬁmtﬁmiaﬁm%amzﬁuagﬁuqmauﬁamawaﬂ%mﬂma:ml,ﬁm%ommmLﬁsu"léﬁ']



17

b .033
h.Dy PV:Dy HCpc
kC _ ILIC k(;
- b 0.33
hhlf)H a(pthDH j (ﬂhcp,hJ
h Hn kh
Li‘iﬂ%’@gﬂaumﬂmiﬁ]zvlﬁ
h k 213 b-0.33
h_, :[_CJ (&j (2.17)
h, K, He

I@ﬂﬂm&&lﬂaﬁl aamiﬁﬂa’mmminm@hwﬁnﬂqm‘ﬁgﬁ LARYTZWINIE LY E]GVL‘VH NIDUUAZLOY

AIUWUNUAT h, = OL b, IINFUNT (2.17) I IWENNMIAIUEN

11, a1 (2.18)
U h k h '
22'lddn
1
h, :—(]1/ “)ZX (2.19)
U k

ﬁnﬂgjwﬁagamsmaaaﬁwu@ﬁwmﬁﬂmmm@h h,, Nu, Re W&z Pr lagnnseuimasd

wsnlFruuGian oL = 1 NRWIHANIAWIINTNEEAANNFUNHBEIERING log Nu/Pr¥/3

uaz log Re uazldiTn1y nanauwnam (Regression Method) tamdnash a, b 289

[ @ & Cd a A ] 1 P o '

RARVNUIAURYURLDA (RUNITN 2.16 ) LAZUIAIAIN a, b y1awItuadagaual o 1%
=
1

RUN1T 2.17 D@ UA ladAaIN andad agngbsAa Nk @1 oL 31nnY

ﬁﬁmmﬁ]xgﬂﬁﬂﬂlﬁﬂumawaLLa:ﬁwsﬁﬁmamuﬂdwm Ol INAMTANWIRUANTNAU

A asf Yo P P v o o a @  § o a A
mwawmaﬁ]:"l@mmw a,b wgﬂ@]aammua%awwuﬁmLamumeﬁa

2.15 WOANITNNITLABANILNITWIAMNIAWUULLISAL (forced convection boiling)
mm?'wa@"?'iLﬁ@%w,ﬁamaammﬁmiwwmwui”amwuﬁ'ﬁuuuﬁuﬁagn%’nmqmvﬁgﬁlﬁ

gaﬂdnqmﬁgﬁéuﬁwawaﬂm nadeamuldaniizadindigniionit nadieadionis

WIANNTAULULLIAY MTENemnaNNTanlunsiiaadsnsniaNNTawwuuIauazlian

gaﬂ’jm’mﬁa@ﬁlﬂ@uuﬁﬁauﬁLLﬁaglumaamm Tasf Rohsenow Was Griffith lalawain
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HaSINVEINTENINaNNTanutaln 2§ Ae mytsmanuienfissnnnnisiden
(Boiling flux, Q,/A) LazNIIEILLNAMUTAUINNNIINIAINIDY (Convective flux, Q,/ A)
SoHaTINYEIA NN e uEIN A pwlen

qd = dbtq (2.20)
mMstomanufowiiasannmsaen (q) sunsamanldnansunuirasmMIdaaiiia
uuﬁﬁauﬁwaghmaamm FIRIUNITNUNAMNTOUINNNITWNIANNTDY (q.) LTWNITW
anuTauuuutIauluviaa o liaunnsved Dittus — Boelter nsENMIDLla aendban
AuFNAIT 0.023 azgmﬂﬁﬂmﬂu 0.019  luATTUIUNSHEAMENNTANIANNTaULLL
ﬁ'ﬂﬁ'mzwmﬁusl,uﬁaﬂﬂLima%uﬁwzﬁmm%’u%aumnLﬁaqmmwvlaﬁﬁw‘iﬁﬁmaLfﬁLLaz
Lﬁas:mmﬁawﬁqmmwiagﬁu lasHoogendooren  WUINTEHINMITLALAIILLAANNT
Lﬂ‘é‘ismmmgﬂLmun'rsvlmaﬁl,mﬂ@mﬁ'u 5 UL
1. mslnaugntu (Stratified flow) nandenisinalddraiuvesasnaiuazle Tas
madmmagjmumwamauaﬂaagjdmumaaﬁa
2. m3lwauuuaiu (Wavy flow) wuinfifngudaszninsvaamaiuas laasiisnwainedn
dlasannanuiduiianszninsfiauda
3. mslnaunuasn (slug flow) tHumylwavastenseanarifvmaiioudutesmisms
mulumslnavesls
4. MIMALULILAIL  (Annular flow) Lﬁflumﬂmmawaamauﬂugﬂ’ammué’uﬁaﬁu
Fasminisinauazilla lwaaguTianununanizastamiinisina
5. MTMAALULRLEN (Mist flow) ANHILMT IAAAEANENLANTINIINNT HAE
msﬁmmmm%am:%ua%iﬁué'@daumaamaammﬁé’uﬁaﬁuﬁaﬁaiﬂﬂwudwﬁuﬂiz§ﬂ§ﬂ7'§
dremanuianasianndwianslnaaswdunslranuuisunin waiovasnan

o > a £ ' o & ' =
FCLAYUAIIURUA ﬂﬂﬁ&ﬂiz&ﬂﬁﬂ’]iﬂ’lEJLY]ﬂ’J’]SJiE]uﬂ%za@adE]EJ’NS’J@]LTJ

O‘b

‘Bubb[ Plu Intermittently dry
g Slug Wavy
ftow flow flow flow Annular flow

Eﬂ‘n 2.7 Eﬂ LL‘]JTJﬂ’ﬁvL%aiZ%’j”ldﬂ'ﬁitLﬂ HAIN Uiu‘ﬁﬂﬂﬂ&l
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A A LA & i = i A
Lwawawserm@waaawiihiL@asaquwsnuuagthJuﬂWiiuaaaﬂLﬂmk3 fIuAa N7 INA
g; d =Y ‘g’ d U g: [~ Q a J
LUULENTUTILLAAUWNNIIT NI UNITIAALULRAN NIT MMALLLIILAINIZLAAT 1
AUSMNaYa eannuImwniaantduwntwawuuryan
a 1 £ 1 A &/ 1 dl dl
wqwnssumaaﬂwsnﬁﬂLﬂﬂanusausz%anoﬂwn@a@a:muagqtunﬁwiaﬂLﬂamuuﬂaaiﬂ
' o a £ ' o ' a & ' & ' @
ﬂawuﬁaawﬂi:aﬂﬁﬂﬁsnﬁﬂLwﬂaﬁusaua:ﬁﬂﬂrwumuauﬁﬂﬁgaq@ INWUIITAIAARIN
{ = @ a £ '
ua@oiugﬂﬁ 2.8 lagNanIINaaaduaIaNIviNaNuLE% R-11WLINENLIZRNTAIEN8INAINY
o A A o o 7 L @ a £ ' o A A
Fouldgegailia x<0.8 Mnivihwudaulssantmsiiomanuianiiangigan x=0.4
{ o a £ ' o ' {
muW@ﬂmﬁumﬁu qwmwmauﬂszammsmymmwmauﬁmgaqwﬁa 04<x<0.8
awnLﬁﬂﬁ%ﬂiﬂﬁ%ﬁﬂgﬂwudﬂﬂwsﬁﬂULﬂﬂJﬁN%ﬂ%%ﬂdﬁdﬁIﬂtn@a§uuu1%aﬂaua:ﬁﬁﬂ
Q a Af 1 v dl v 1 o = 6 v
FuUszANTNITNaMmANTanIaNg (L% C-D) gaﬂaﬂﬂWiﬂﬂdﬁuluaaﬂiﬂrn@asuuuuﬁd
(L% A-B)

[ S, S A

Superheati
ogion

1 1
0 0.2 04 06 08 1.0
X —>

H Qs e 1 e a A€ 1 v s Qs 1 v
31 2.8 mmauwuﬁzmnauﬂs:ammsmmﬂmmiauﬂua@mm NAITNLLAI

u

PYIFNTINAINLE 1



%

Rl Lﬁﬂlﬁ%%"ﬂE]ﬂ’]saﬂl‘]’]é/ﬂ‘]ﬂ'mzl,ﬁwf]zm 84N1INYLNAN N%/QHLLGZTHSVL%Q"D ARNGAP]
o = A o a dl @ o a @ ~ ad A
NIAIULUUNISLALAINT UI%L@]?Q\TLLﬂﬂLﬂﬂﬂuﬂaqujauﬁlz(ﬂ’] FWWNITIAILISLULUIDLD

maaamwﬁ'umauﬁvl,ﬁéﬁLLa@ﬂuLqumwiugﬂﬁ 3.1

a%ﬁa*’g@aqﬂmtﬁmaaa

'

UNANIINARA

'

3 mﬁ:ﬁwamsmaaa

'

a;ﬂwami‘n@aaa

o

3UN 3.1 uRuMINLRAITUABUMTELIIUMN T D EUTDIY

'3
3.1 qﬂnsmmsnmaaa
@ o a £ ' o Y {
q@qﬂmrﬁmimaaammumsﬁnmauﬂs:a‘ﬂﬁmsmslmm’miauuazmm wn
° = A o & A o \ Adaa

a@awaamsmmwLﬂum:mUmmﬂuaqﬂmmuamﬂauumﬂmamwuLmuﬂum
mgmsmamé’ogﬂﬁ 3.2 @3UsTnaudien9aslianuTaut s (pre-heating  loop) 70
Naaad (test section) 19933138% (heating loop) Laz29933%LEW (chilling loop)

lagansvhanudumalazgninadoudiniuaniianuiin (Magnetic  gear
pump) mu‘*q@mamaza@mm%u Tsondiaas LLa:VLﬂaLiwgiLﬂ%aoLLaﬂLﬂﬁyumw%amaa
Naﬂﬁmw%aw*ﬁ'umnLﬁamuguamawaamsﬁﬁmmLﬁuﬂ'au"l,mlfﬁﬁgf’g@maau
mﬂﬁfummmamﬁﬁangnﬁhm"iT’];j"g@maamﬁammmam‘fauﬁlﬁﬁua’nﬁ’lm’m
=1 o v o = g | 1 ‘ﬂl o ~
VeI ml%msmmmwmzmmmnmmﬂuvlamsflwq@maau AdUNFITANANNLI WL
vl,maaﬂmngmmaauLﬁﬁgao'«nsﬁ’nﬁmﬁm:mﬂmw%"auaaﬂdawaﬁﬂﬁmiﬁwmﬂmﬁu

= & ' A o o & o & A & '
waswsn 1wt uuaItnan ﬂ@%ﬂ'ﬂ‘éﬁi‘ﬂﬂﬂaﬂqﬂﬂdﬂNﬁ']iVl']ﬂ'J"l&JLﬂ%ﬂﬂﬂix‘] ANV

aunnimInanaddn gilFuaasasgui 3.3 uaza13nen 3.1
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Sight glass tube T

L

Preheater
L Y
H Flow meter Flow meter

ol
@| = e

Condensing unit
@ D < C:Q{]leater ﬁ
> 13 >

Water tank Water pump Condensing unit Water tank

A\l

Refrigerant
flow meter

@ Sight glass

‘Test section

Water pump

| ©

&

Condensing unit
Heater

Ethylene glycon-

@P@P water tank

Water pump

311 3.3 ﬂ'lwri'lar’g@qﬂmrﬁnflimaao
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13791 3.1 qﬂﬂsmﬂﬁiﬂ@aad
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3.1.1 aaNnILeas

3.1.2 qﬂtﬁuﬂuﬁﬂﬁaga (Data Acquisition

system)

3.1.3 LATAILANLURUWAMNTAULL LA

3.1.4 uHulanilfsuanusan

3.1.5 1AI9NIA8AIINTT IARIN
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3.1.6 LA39N100AIINTT AR

3.1.7 qmﬁ’lmﬁmﬁu

3.1.8 N (ainanuTan + gari

[
AULE)

3.1.9 Ltmmuqumsﬁw’m

3.1.10 LAIDINANAANNAUAS

3.1.11 Juin
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3.1.12 rasluailiila

i
_ =
—emome

lunInagauhlaIadLantl U naINNTo WU ULNLINNTIALTINT IAAFIWNIIN

' S o ° = ' A o A A o &
TR TAULRZENIYINANNLEY  urwuanilAsuanuTaunltluniimasasiantmeiile
sauanuinalanviygy 30 aden PwIaVaILHBLANLUFawAINTaunn lTnaaasural

o

dl dﬂl a 1 dl v 1 ¥
@13719N 3.2 mmm?nswaawumLLNuLLamﬂawmwmaumiﬁimmmumm I@El'%ﬂ”ﬁ

(2 ]
= a =y 1 o A

Wanyondvwauandrinuinalildanuesvzesiuianuandranuda 0.936 mm,
1.189 mm, 1.378 mm, W&z 3.312 mm mmm;ms:maaﬁuﬁagni’mmiﬂUl%Lﬂ%ﬁ@ﬂ’;W
WeU (Taylor Hobson Talysurf series 2) udnsvaswuiiuiuuanilasuanuiauniin
a a e d' 04 a a a v a g; d' o ] v

Fouuaziinrgrszuaasasln 3.4 resludliariia 7 ldgnaaindunibimadiuag
aananangUnsaldng g inaTagmngiiansvianuiu tavaslaianuau  (pressure
transmitter) LaziaIaddatannuduuandagnaaaiiainanuduiiaaainioluge

NAFOLUAZANUABNAUNAUIG

= . 4 v
M1319N 3.2 VUIAVDILHBULANLLRLUAMNTAU

Parameters Dimension
Plate length, m 0.26
Plate width, m 0.10
Mean spacing between plates (b ), m 0.0015
Plate sheet thickness (f), m 0.0005
Port-to-port length, m 0.22
Port diameter, m 0.02

Plate width inside gasket (w), m 0.1
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(®) ()

311 3.4 LLﬁiuLLaﬂLﬂaﬂ%ﬂ?ﬁﬂ%ﬂ%ﬁﬁﬂ’ﬂ&l‘ﬂ‘g‘ﬂizﬁ’sLL@]ﬂ@i’ldﬁ%

(n) 0.936 m (1) 1.189 pUm (@) 1.378 um (4) 3.312 Um

3.2 35nN1INaaa
3.2.1 msm%wqﬂmtﬂumsmaaa
(n) asr93aszavinludsinfounazdaindu IWagluszauimtazarianuion
() mni’m:ﬂ:mdsijwLm'uﬂi:nfum‘%aoLLamﬂﬁmumm%’aul,mmmuua:ﬁu
ammﬂuazm?uﬁaa@msgmuLﬁﬂmmi”amzmwmsmaaq

322 L?J@]a%ﬁmamuqmé’fmﬁamuquﬂ’mﬁmﬂ%aamaau
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(M) Lﬂ@ﬂwﬁ’mam@ Pre- heating, subcooling L8 test section

() WagaluniwhdmIudswningasga pre- heating, subcooling Uaz test
section
(@) Jaissduielmadiouasitanudunsluszuuuss dsuaasnisiva

o = A 2
?ladﬁ’]i‘ﬂ’lﬂ’s’]mﬂuﬁ 65 kg /ms

(9) ﬂ%'uqmﬁgﬁﬁ D\‘lﬁ'ﬂﬁﬁ“g@ pre- heating, subcooling LA test section LN D
muquqmwgﬁ‘éuﬁ’maamiﬁﬂmmLﬂuﬁ 10°
Q) ﬂ%’ué’mwmﬂmmaaﬁﬁﬁﬁhm*ﬁ’w*’g@maau (test section) LﬁamuQaJWé’fneﬁ
o A o ~ 2
mwmaummlﬂmmaam 65 kW/m
(8) hutufinianmasesveIgun)Tuazauaund Ui g dammilna
PYDIRLAEFNITINANNLE Y
v o ° & o 2 2
(5) USUaaTIMTMaveIanIvinanuLiun 80 kg /m's WAz 95kg /m's WAz
@i’]Lﬁuﬂ’ﬁ@l’mLﬁﬂﬁ%ﬁﬂﬁ@%}ﬂ@’]&lﬁﬂ Y
(%) ﬂ%’ué’mwmﬂmmaoﬁwﬁaﬁULﬁwqﬂﬂ@aau (test section) LNaAIUQUWANTS
) { . o { 2 2 < . A = ')
mwmauﬁmml%mmaaoﬁ 80 kKW/m~ W&z 95 kW/m~ 1Nt i un1IanuL AL win
ﬁagamuﬁa 2

2
% o o

(%) ﬂmqm%gﬁﬁmwnﬁ’lﬁg@ pre- heating, subcooling LAz test section Lﬁa
muquqm%gﬁé"u Paasssenuing 157 waz 20° aniudninmsanufiuiudin
Tayamula &
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P a & A ] @
I@IUY] & ANBNNIINULNAINUIDY

3.3.5 Nanguia (G)

Gz% (3.8)
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gﬂ‘ﬁ' 4.11 M3 mauuuWas (Bubbly flow)

2. mﬂmuuuﬂamyu (Bubbly recirculation flow) LﬂugﬂLLUUﬂ’li‘lﬂa@iaLﬁadﬁ]’m bubbly
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LLa:mW&Jmm:meumammm’maamua:mmﬂgmu (Eﬂﬂ 4.12)

311 4.12 mﬂmmmuﬂaamﬁu (Bubbly recirculation flow)
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superficial gas velocity LLRZLLNW y i) superficial liquid velocity ﬁ'\‘lLLamsLugﬂﬁ 413
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5171 4.13 LquﬁgﬂLmumﬂm (Flow regime map)
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;sﬂﬁ 4.14 M3 makuUWas (Bubbly flow)

2. m‘ﬂ%mmuﬂaam;u (Bubbly recirculation flow) Lﬂugmmumﬂm@imﬁaamﬂ bubbly

A = a £ ) @ o A o = o @
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A & A = & & A
LLa:miv\gmm:meuLwammmmaamuazmmﬂgmu (E‘IJYI 4.15)

5 4.15 msvl,ﬁmmwlaamgu (Bubbly recirculation flow)
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%Q%Lﬁ(ﬂﬁ superficial gas velocity L8z superficial liquid velocity LL@ﬂ@iﬂdﬁuﬁdLLa@dlugﬂ
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5171 4.16 LquﬁgﬂLmumﬂm (Flow regime map)
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@]']T]\‘]ﬁ n-1 Nﬂﬂ’ﬁ“ﬂ@aa\‘]ﬁllﬂ5$ﬁ°ﬂﬁﬂ’ﬁﬂ'lElW]ﬂ'J’]llia%LLﬂ:ﬂ'T]&l@]%ﬂ@lﬁ']ﬁﬁJLLN%L‘%UU G=65kg/ms T=10 C g=10 kW/m

X 0.100 0.200 0.300 0.400
T, :[°Cl| 11.512 8.180 6.332 4.680
T, 0,0[°Cl| 10.206 10.782 11.452 11.967
Ty, o1 [°CI| 10.947 13.022 14.202 15.770
Ty,0,0l CC1| 10.842 12.625 13.492 14.837
T, .:[°Cl| 10.107 10.205 10.312 10.381
T, t,0[ C] 9.918 9.680 9.663 9.539
T, «,:[°Cl | 15.939 15.656 15.394 15.217
Ty, t,0[°Cl| 15.006 14.733 14.464 14.278
AP, a1 [kPa]l  5.184 6.592 8.663 11.054
m, ,[L/min])| 0.800 0.800 0.800 0.800
m,,,[kg/s] 0.017 0.017 0.017 0.017
m,, ,[L/min]{ 20.000 20.000 20.000 20.000
my, o [kg/s] 0.333 0.333 0.333 0.333
m, . [L/min][ 0.800 0.800 0.800 0.800
m, [kg/s] 0.017 0.017 0.017 0.017
m, « [L/min][ 5.000 5.000 5.000 5.000
m,,+ [kg/s] 0.083 0.083 0.083 0.083
Qu,p [W] 146.617 | 554.092 | 990.667 | 1300.658
Qu, e [W] 325.126 | 321.735 | 324.205 | 327.241
Glkg/m’s]| 67.794 67.806 67.798 67.803
g[W/m”] [10160.182[10054.221|10131.410{10226.280
UW/m?*°c] | 1867.452 | 1926.991 | 2068.351 | 2161.331
LMTD[°C] 5.441 5.218 4.899 4.732
h, .[W/m°°C] 2572.819 | 2689.936 | 2976.304 | 3174.788




{ o Aa 2 ' o [ ° ) ' Z o] 2z
@]']T]\‘]ﬁ n-2 Nﬂﬂ'ﬁ“/\@ﬂ@x‘]ﬁllﬂﬁzﬁﬂﬁﬂ'ﬁﬂ']ElW]ﬂ'J']&Jia%LLﬂZﬂ'T]&I@]%ﬂ(ﬂﬁ']ﬁﬁJLLN%L‘%UU G=65kg/ms T=15 C q=10 kW/m

X 0.10 0.20 0.30 0.40 0.50 0.60 0.70
T, o :[°C] 16.01 13.73 12.29 10.50 9.88 9.37 9.41
T, ool °C] 15.26 15.54 15.89 16.51 17.22 17.84 18.14
Ty p:[°C] 16.24 18.12 19.73 18.51 19.60 20.78 21.44
Ty o0l °C] 16.14 17.74 19.11 17.59 18.42 19.37 19.81
T,,:,:[°C] 15.15 15.08 15.08 15.17 15.35 15.57 15.59
Tre,0[°Cl 14.97 14.63 14.53 14.49 14.53 14.72 14.57
Ty :[°C] 21.17 20.60 20.34 19.92 19.46 19.59 18.73
Ty t,0[°C] 20.26 19.70 19.42 19.01 18.55 18.66 17.82
APiora [kPa] 4.95 6.08 7.64 10.06 12.21 14.04 15.65
m, o [L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, ,[kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, ,[L/min]| 20.00 20.00 20.00 20.00 20.00 20.00 20.00
m, ,[kg/s] 0.33 0.33 0.33 0.33 0.33 0.33 0.33
m, . [L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, . [kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m,  [L/min] 5.00 5.00 5.00 5.00 5.00 5.00 5.00
m, . [kg/s] 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Q. p [W] 144.94 540.15 | 861.02 | 1291.11 | 1640.92 [1951.57 | 2256.98
Q,,« [W] 317.37 313.45 | 318.89 316.97 317.80 | 321.61 | 316.55
Glkg/m’s] 66.88 66.92 66.93 66.92 66.90 66.86 66.88
q[W/m’] 9917.79 | 9795.43 | 9965.39 | 9905.28 | 9931.24 [10050.26| 9892.10
Uw/m>°c] | 1758.33 | 1859.92 | 1976.58 | 2159.14 | 2481.44 [ 2569.77 | 3191.16
LMTD[ °C] 5.64 5.27 5.04 4.59 4.00 3.91 3.10
h, . [W/m’°C]| 2339.30 | 2526.13 | 2748.25 | 3118.75 | 3847.22 | 4060.21 | 5897.27
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@]']T]\‘]ﬁ n-3 Nﬂﬂ'ﬁ“/\@ﬂ@x‘]ﬁllﬂﬁzﬁﬂﬁﬂ'ﬁﬂ']ElW]ﬂ'J']&Jia%LLﬂZﬂ'T]&I@]%ﬂ(ﬂﬁ']ﬁﬁJLLN%L‘%UU G=65kg/ms T =20 C g=5kW/m

b4 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
T, :[°C] 20.42 19.06 18.44 17.43 16.71 15.25 14.68 13.72
Ty, 0l CI 20.32 20.86 21.12 21.21 21.75 22.33 22.65 22.99
Ty, p,i[°C] 21.63 23.37 24 .37 23.18 24.10 25.80 26.55 27.38
Ty, p,0l CI 21.44 22 .94 23.75 22.32 22.99 24.41 24.94 25.48
Tre,:[°C] 20.08 20.39 20.35 20.26 20.45 20.46 20.52 20.52
T:,t,0l°C] 19.79 19.94 19.89 19.66 19.75 19.69 19.62 19.51
T, ¢,:[°Cl] 23.42 23.40 22.95 22.70 22.061 22.27 21.87 21.82
T, t,0l °C] 22.95 22.93 22 .48 22.23 22.14 21.81 21.41 21.36
APisra1 [kPa] 3.89 5.81 6.59 8.01 9.60 11.90 13.96 16.49
m, ,[L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m,, ,[kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, ,[L/min] 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00
m, ,[kg/s] 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
m, [L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, . [kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, « [L/min] 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
m, . [kg/s] 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Qu,p [W] 257.90 600.28 852.90 1201.37 1535.33 | 1918.43 | 2225.36 |2629.38
Qu,t [W] 162.07 163.54 163.36 164.36 160.69 159.91 161.57 161.86
G[kg/mzs] 65.96 65.92 65.93 65.96 65.93 65.93 65.94 65.95
q[w/mz] 5064.63 5110.52 | 5105.07 5136.37 5021.72 | 4997.17 ] 5048.93 | 5058.07
U[W/m’°C] 1565.91 1713.15 | 1992.92 2087.03 2256.81 | 2630.19| 3479.37 | 3515.48
LMTD[°C] 3.23 2.98 2.56 2.46 2.23 1.90 1.46 1.45
th[W/n€°C] 2000.37 2246.98 | 2758.98 2945.99 3297.82 | 4164.11 | 6893.41 |7114.06
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X 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
T, . :[°C] 20.21 18.33 17.13 16.58 15.63 15.06 | 14.19 13.11
T, ool °C] 20.26 20.56 20.85 21.19 21.71 22.30 | 22.41 | 23.01
Ty o1 °C] 21.48 23.23 24.46 25.21 25.92 25.85 | 27.56 | 27.39
Ty o0l °C] 21.35 22.84 23.81 24 .38 24.81 24.49 | 26.00 | 25.57
T,,:,: [°C] 20.07 20.08 20.08 20.13 20.28 20.54 | 20.31 | 20.53
Tre,0[°Cl 19.92 19.73 19.68 19.67 19.73 19.87 19.56 | 19.61
T, ¢, [°C] 25.88 25.33 25.19 25.12 24.81 24.73 | 23.70 | 23.80
Ty t,0[°C] 24.96 24.40 24.26 24.19 23.90 23.79 | 22.78 | 22.86
AP.o.ar [KPal|  3.72 5.47 7.41 8.48 8.72 10.79 | 13.99 16.67
m, ,[L/min]| 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m,, ,[kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, ,[L/min] | 20.00 20.00 20.00 20.00 20.00 20.00 | 20.00 | 20.00
m,, , [kg/s] 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
m, .[L/min]| 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, . [kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, . [L/min]| 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
m, . [kg/s] 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Oy, p [W] 179.49 | 537.99 | 897.98 | 1151.39 | 1541.51 [ 1888.96|2172.94( 2513.46
Q¢ [W] 319.87 | 320.54 | 320.05 322.95 315.71 | 326.75 | 317.04 | 326.35
Glkg/m’s] | 65.95 65.97 65.97 65.97 65.95 65.91 65.96 65.94
q[W/m’] | 9996.04 [10016.86|10001.52 | 10092.26 | 9865.87 [10211.05| 9907.39[10198.30
UW/m2°c] | 1848.25 | 2029.05 | 2077.47 | 2137.39 | 2291.93 [ 2553.35(3062.89 | 3214.58
LMTD[°C] 5.41 4.94 4.82 4.72 4.30 4.00 3.24 3.17
h, . [wW/m’°c]| 2471.93 | 2810.28 | 2905.59 | 3024.50 | 3346.49 [ 3937.33{5329.56( 5795.60
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% 0.10 0.20 0.30 0.40 0.50 0.60 0.70
T, .:[°C] | 20.6407 | 18.58 17.43 16.51 16.05 15.38 | 14.4533
T, ..L°Cl [ 20.0051 | 20.24 20.57 21.36 21.66 22.07 |22.4699
T, :[°Cl | 19.7657 [ 20.98 21.93 23.17 25.08 26.36 |27.4881
T.ool°Cl [ 19.7151 | 20.70 21.39 22.35 24.07 25.10 |25.9376
T, .:[°C] | 19.8198 | 19.89 19.99 20.38 20.42 20.31 |20.4233
T, . ,[°C] | 20.3535 | 19.81 19.74 20.00 20.00 19.86 | 19.6954
T,e:[°Cl | 27.7371 | 27.29 27.20 27.32 27.02 26.49 |26.2075
T o[°Cl | 26.3701 | 25.90 25.81 25.92 25.63 25.10 |24.8238

AP, owar [kKPal| 4.5325 4.02 6.00 8.53 9.91 11.95 |14.5547

m,, ,[L/min] 0.8 0.80 0.80 0.80 0.80 0.80 0.8
m, ,[kg/s] | 0.0165 0.02 0.02 0.02 0.02 0.02 0.0166

m,, ,[L/min] 20 20.00 20.00 20.00 20.00 20.00 20
m, ,[kg/s] | 0.3327 0.33 0.33 0.33 0.33 0.33 0.3322

m, .[L/min] 0.8 0.80 0.80 0.80 0.80 0.80 0.8
m, [kg/s] | 0.0165 0.02 0.02 0.02 0.02 0.02 0.0165

m, . [L/min] 5 5.00 5.00 5.00 5.00 5.00 5

m, . [kg/s] | 0.0830 0.08 0.08 0.08 0.08 0.08 0.0831
Qu,p [W] 70.2748 | 388.6940| 750.3427 |1133.1766 | ######44 |FHFFFFHH| #HFHFHH
Q. :[W] |473.8495[481.9317(481.7383| 486.7577 | 481.3767|481.9395| #######
Glkg/m’s] | 65.9319 | 65.9774 | 65.9750 | 65.9121 | 65.9085 | 65.9322(65.9372
q[W/mZ] FHffdH44 | HHf44444 | HHHHAEEHE | HHHHHEEEE | HH S (R A
UIW/m?°C] | HH444444 | #4444 444 | #4444 44 (2380, 1575 | #4444 [$HH44444| 444444
LMTD[°C] | 6.9586 | 6.7152 | 6.6114 6.3909 6.0694 | 5.6566 | 5.3875

hr,t[w/m2°C] RS | FHHHEAEE | HHHHHH5F | 35100071 | HHHH4H##444 (HH4444444| #444444
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X 0.10 0.20 0.30 0.40 0.50 0.60
T, :[°C] 19.21 18.26 16.42 14.70 12.36 11.37
Ty, p,0[°C] 20.70 20.95 21.15 21.94 23.01 23.36
Ty p,1 [ C] 21.65 22.67 24.02 26.01 28.21 29.21
Ty o0l °C] 21.45 22.23 23.25 24.82 26.65 27.41
T.,¢,:1[°C] 20.38 20.37 20.12 20.25 20.49 20.42
Tie,0[°C] 20.13 19.95 19.53 19.49 19.44 19.22
Ty, ¢,:[°C] 25.80 25.41 25.08 24.60 24.27 23.85
Ty, t,0[ "C] 24.86 24.50 24.15 23.69 23.34 22.92
AP a1 LkPa] 4.39 5.73 9.08 12.50 16.66 19.53
m,, ,[L/min] 1.00 1.00 1.00 1.00 1.00 1.00
m,,,[kg/s] 0.02 0.02 0.02 0.02 0.02 0.02
m, ,[L/min] [ 20.00 20.00 20.00 20.00 20.00 20.00
m, »[kg/s] 0.33 0.33 0.33 0.33 0.33 0.33
m, . [L/min] 1.00 1.00 1.00 1.00 1.00 1.00
m,, . [kg/s] 0.02 0.02 0.02 0.02 0.02 0.02
m, . [L/min] 5.00 5.00 5.00 5.00 5.00 5.00
m, «[kg/s] 0.08 0.08 0.08 0.08 0.08 0.08
Qu, o [W] 274.60 606.83 | 1073.40 | 1640.61 | 2158.43 |2498.48
Qu, ¢ [W] 324.01 315.72 323.48 317.92 321.26 | 323.87
Glkg/m’s] 82.37 82.40 82.48 82.47 82.44 82.48
g[W/m”] [10125.31| 9866.15 [10108.86| 9934.90 |10039.41(10120.95
U[W/m?°c] | 2004.70 | 2069.81 | 2129.16 | 2353.51 | 2675.85 | 2932.46
LMTD[°C] 5.05 4.77 4.75 4.22 3.75 3.45
h, .[W/m*°C]| 2760.74 | 2888.17 | 3009.22 | 3483.85 | 4243.27 | 4938.86
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x 0.100 0.200 0.300 0.400 0.500
T, i [°Cl] 18.07 16.16 13.91 11.88 10.11
T.,p,0[°C] 20.69 21.15 22.03 22.94 23.72
Ty, o1 C] 21.87 23.68 25.88 27.80 29.37
Ty, p,0l°C] 21.60 23.01 24 .83 26.39 27.57
Ty,,:[°C] 20.28 20.25 20.43 20.64 20.80
Tre,0l°Cl 19.98 19.64 19.63 19.64 19.59
Ty, t,:[°C] 25.93 25.19 25.04 24.77 24.63
Ty,t,0l °C] 25.00 24.27 24.12 23.85 23.71
APiora1 [kKPa] 5.35 8.44 13.01 17.23 20.14
m,,,[L/min] 1.15 1.15 1.15 1.15 1.15
m,,,[kg/s] 0.02 0.02 0.02 0.02 0.02
m,,,[L/min]{  20.00 20.00 20.00 20.00 20.00
m,, o [kg/s] 0.33 0.33 0.33 0.33 0.33
m, «[L/min] 1.15 1.15 1.15 1.15 1.15
m,, . [kg/s] 0.02 0.02 0.02 0.02 0.02
m, « [L/min] 5.00 5.00 5.00 5.00 5.00
m, «[kg/s] 0.08 0.08 0.08 0.08 0.08
Qu,p [W] 379.58 923.88 1462.74 | 1959.60 | 2491.47
Qu,+ [W] 322.009 318.05 321.10 316.92 320.11
Glkg/m’s] 94.77 94.82 94.79 94.76 94.75
g[W/m”] | 10065.36 | 9939.15 | 10034.45 | 9903.69 | 10003.50
U[W/m’°c]| 1894.30 | 2095.99 | 2232.73 | 2417.94 | 2580.05
LMTD [ °C] 5.31 4.74 4.49 4.10 3.88
h, . [W/m°°C] 2554.71 | 2941.28 | 3219.77 | 3622.76 | 4001.77
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X 0.100 0.200 0.300
T, :[°Cl| 11.565 8.082 4.965
T, 5,0l Cl| 10.360 11.150 11.704
Ty,5,:["Cl| 11.464 14.710 17.619
Ty, 0,0l CCl| 11.326 14.313 16.870
T,,.:[°Cl | 10.221 10.563 10.622
T, + o[°C] 9.913 9.922 9.637
T,,c,1[°Cl | 15.240 15.111 14.577
Ty, c,0l "C] 14.316 14.185 13.653
AP o1 [kPa)  6.402 8.641 12.354
m, ,[L/min])| 0.800 0.800 0.800
m, ,[kg/sl| 0.017 0.017 0.017
m,, ,[L/min]{ 20.000 20.000 20.000
m,,,[kg/s]| 0.333 0.333 0.333
m,, . [L/min])| 0.800 0.800 0.800
m,, . [kg/s]| 0.017 0.017 0.017
m,, ¢ [L/min]| 5.000 5.000 5.000
m,, . [kg/s]| 0.083 0.083 0.083
Qu,p W] | 193.4791 | 552.9373 [1042.4939
Q¢ [W] | 322.1560 | 322.7846 | 322.2451
Glkg/m’s]| 67.7843 | 67.7530 | 67.7732
GIW/m] | HHEd s | S R4
U[W/m’°C] [2149.8420(2315.3399(2577.1481
LMTD[°C] | 4.6838 4.3579 3.9080
h, . [W/m°°C]3149.9341(3520.4150[4173.9325
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X 0.10 0.20 0.30 0.40 0.50 0.60 0.70
T, ,1[°C] 15.74 15.84 12.08 10.42 9.54 8.93 8.71
Ty, p,0[°C] 14.85 15.66 16.36 16.81 17.34 17.76 18.23
Ty, p,i[°C] 15.56 17.54 20.64 20.92 19.73 20.50 21.41
Ty o0l °C] 15.43 17.18 19.98 20.03 18.56 19.13 19.78
T.,¢,:1[°C] 14.84 15.25 15.49 15.65 15.56 15.65 15.74
Tie,0[°C] 14.77 14.81 14.85 14.84 14.49 14.46 14.30
Ty, ¢,:[°C] 20.45 20.36 20.12 20.21 19.14 19.05 18.93
Ty, t,0[ "C] 19.53 19.43 19.20 19.29 18.23 18.13 18.00

AP a1 LkPa] 5.65 7.21 10.48 12.82 16.83 19.15 23.01

m,, ,[L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, ,[kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02

m,,,[L/min] 20.00 20.00 20.00 20.00 20.00 20.00 20.00
m, »[kg/s] 0.33 0.33 0.33 0.33 0.33 0.33 0.33

m, . [L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, [kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02

m, . [L/min] 5.00 5.00 5.00 5.00 5.00 5.00 5.00
m, «[kg/s] 0.08 0.08 0.08 0.08 0.08 0.08 0.08

Qu, o [W] 179.56 507.31 912.20 1226.09 | 1627.07 | 1899.09| 2273.81
Qu, ¢ [W] 318.84 321.19 319.50 319.21 316.74 | 319.64 | 323.71
Glkg/m’s] 66.93 66.89 66.86 66.84 66.89 66.88 66.89
q[W/m’] 9963.77 | 10037.15| 9984.45 | 9975.38 | 9898.04 | 9988.8110115.92
Ulw/m?°c] | 1928.14 | 2077.42 | 2250.53 | 2244.43 | 2775.14 | 2915.22 | 3062.55
LMTD[°C] 5.17 4.83 4.44 4 .45 3.57 3.43 3.30
h, . [W/m°°C]| 2654.86 | 2947.53 | 3312.49 | 3297.58 | 4609.53 | 5010.48 | 5468.79
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X 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
T, ,:[°C] 20.44 20.36 17.54 16.66 15.63 15.52 15.12 13.94
T, o o[°C] 20.47 20.81 21.09 21.35 21.60 22.28 22.60 | 22.87
Ty p:[°C] 21.63 22.87 23.71 24.66 25.58 26.88 27.95 | 27.09
Ty p,ol°C] 21.45 22.49 23.03 23.78 24.47 25.54 26.36 | 25.25
Ty, e,:[°C] 20.32 20.42 20.40 20.39 20.30 20.66 20.61 | 20.56
T:,t,0l°C] 20.09 20.01 19.89 19.68 19.41 19.67 19.44 19.25
Ty :[°C] 24.12 23.64 23.38 23.09 22.55 22.78 22.24 | 22.11
T, t,0l °C] 23.66 23.18 22.93 22.63 22.09 22.30 21.77 | 21.65
APiora [kPa] 5.46 6.24 8.45 10.84 13.60 16.05 19.40 | 22.04
m, ,[L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, ,[kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, ,[L/min]| 20.00 20.00 20.00 20.00 20.00 20.00 20.00 | 20.00
m, ,[kg/s] 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
m, . [L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, . [kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, « [L/min] 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
m, . [kg/s] 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Q,,p W] 255.18 530.03 | 941.47 | 1221.88 | 1542.96 [ 1865.41 | 2214.24 |2558.15
Q,,« [W] 161.36 159.36 | 155.22 160.62 159.46 | 165.69 | 163.30 | 161.90
Glkg/m’s] 65.91 65.91 65.92 65.94 65.98 65.92 65.94 65.97
q[W/m’] 5042.47 | 4979.93 | 4850.52 | 5019.52 | 4983.19 [5177.87 | 5103.08 [5059.51
UW/m>°c] | 1373.81 | 1568.67 | 1626.49 | 1806.68 | 2075.22 [ 2270.20 | 2742.38 [2765.12
LMTD[°C] 3.67 3.17 2.98 2.79 2.40 2.29 1.86 1.83
h, [W/m’°C]| 1695.27 | 2003.91 | 2101.20 | 2416.78 | 2921.31 | 3334.71 | 4459.76 |4522.27
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X 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
T, :[°C] 20.49 19.82 17.49 16.04 15.30 15.17 14.36 14.05
Ty, p,0[°C] 20.14 20.46 20.77 21.17 22.03 22.38 22 .45 22.57
Ty p,1 [ C] 21.05 22.53 23.59 24.97 25.63 26.41 27.24 27.47
Ty o0l °C] 20.93 22.19 22.98 24.10 24.51 25.10 25.70 25.70
T.,¢,:1[°C] 20.09 20.14 20.13 20.15 20.67 20.71 20.53 20.32
Tie,0[°C] 20.06 19.84 19.66 19.49 19.85 19.76 19.44 19.52
Ty, ¢,:[°C] 25.57 25.39 24.93 24.66 24.79 24 .45 23.89 23.83
Ty, t,0[ "C] 24.67 24.48 24.01 23.74 23.86 23.54 22.96 22.90
AP a1 LkPa] 5.41 6.37 8.52 11.37 14.64 16.42 20.01 22.27
m,, ,[L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, ,[kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, ,[L/min] [ 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00
m, »[kg/s] 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
m, . [L/min] 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, [kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, . [L/min] 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
m, «[kg/s] 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Qu, o [W] 161.40 473.49 845.46 1209.82 | 1547.98 | 1822.69|2136.74| 2452.78
Qu, ¢ [W] 312.93 317.80 319.28 316.76 322.52 | 316.38 | 323.32 | 320.20
Glkg/m’s] 65.93 65.95 65.97 65.98 65.90 65.90 65.95 65.96
q[W/m’] 9778.97 | 9931.27 | 9977.44 | 9898.63 [10078.63| 9886.80 | #######(10006.23
Ulw/m?°c] | 1943.80 | 2017.90 | 2197.78 | 2285.73 | 2516.81 | 2685.98 [ 3027.63|2977.77
LMTD[°C] 5.03 4.92 4.54 4.33 4.01 3.68 3.34 3.37
h, .[W/m°°C]| 2647.60 | 2788.78 | 3148.61 | 3335.35 | 3849.77 | 4267.79|5217.86| 5082.68
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X 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
T, ,:[°C] 12.36 17.74 16.89 16.29 15.28 15.07 14.76 12.36
T, o o[°C] 21.70 20.38 20.69 21.13 21.56 22.06 | 22.38 21.70
Ty p:[°C] 25.81 22.48 23.89 25.27 25.62 26.76 | 27.90 25.81
Ty p,ol°C] 24.04 22.15 23.33 24.46 24.58 25.51 26.38 24.04
Ty, e,:[°C] 19.30 20.03 20.12 20.29 20.31 20.50 20.50 19.30
T:,t,0l°C] 21.17 19.83 19.77 19.76 19.63 19.72 19.51 21.17
Ty :[°C] 25.21 26.41 26.42 26.23 26.21 26.09 | 25.52 25.21
T, t,0l °C] 23.83 25.03 25.04 24.85 24.83 24.69 | 24.14 23.83
AP, oear [kPal| 23.17 7.08 9.03 11.38 14.28 16.44 19.62 23.17
m, ,[L/min]| 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, ,[kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, ,[L/min]| 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00
m, ,[kg/s] 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
m, . [L/min]|{ 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
m, . [kg/s] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
m, . [L/min]|{ 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
m, . [kg/s] 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Q,,p W] 110.10 | 448.44 | 783.13 | 1123.96 | 1434.10 [1732.47[2102.19( 2460.37
Q,,« [W] 482.27 | 480.66 | 478.39 477.88 478.90 | 484.37 | 479.30 | 477.86
Glkg/m’s] 65.94 65.96 65.96 65.94 65.95 65.93 65.95 65.90
q[W/m?] |15071.07(15020.54|14949.79| 14933.75 |14965.71 [15136.43| ###4##4#|14932.97
UW/m>°C] | 2301.62 | 2611.87 | 2602.66 | 2737.42 | 2727.09 [ 2910.12|3171.49( 3489.36
LMTD[ °C] 6.55 5.75 5.74 5.46 5.49 5.20 4.72 4.28
h, . [W/m’°C]| 3342.76 | 4053.77 | 4031.52 | 4368.27 | 4341.59 |4828.79|5613.06| 6708.98




{ [ Aa 2 ' o [ ° ) ' Z o] Z
@]']T]\‘]ﬁ N-13 NANINARDIRNUILRNINIITIUNANNITDBUIZAMUABRATR IR TULNBREIU G=80 kg/ms T =20 C g=10 kW/m

X 0.10 0.20 0.30 0.40 0.50 0.60
T, :[°C] 18.33 16.71 15.09 13.55 12.18 10.27
T, ool °C] 20.23 20.88 21.35 22.41 23.27 23.76
Ty o1 °C] 21.83 24.07 25.65 25.99 27.69 28.79
Ty o0l °C] 21.58 23.51 24.80 24.87 26.24 26.93
T,,:,: [°C] 19.96 20.18 20.24 20.74 20.96 20.95
Tre,0[°Cl 19.63 19.58 19.46 19.72 19.70 19.47
T, ¢, [°C] 25.19 24.81 24.63 24.82 24.76 24.05
Ty t,0[°C] 24.27 23.90 23.72 23.91 23.84 23.13
AP,oca [kPall  7.22 9.96 13.33 17.83 22.05 26.76
m, ,[L/min]| 1.00 1.00 1.00 1.00 1.00 1.00
m,, ,[kg/s] 0.02 0.02 0.02 0.02 0.02 0.02
m, ,[L/min] | 20.00 20.00 20.00 20.00 20.00 20.00
m,, , [kg/s] 0.33 0.33 0.33 0.33 0.33 0.33
m, .[L/min]| 1.00 1.00 1.00 1.00 1.00 1.00
m, . [kg/s] 0.02 0.02 0.02 0.02 0.02 0.02
m, . [L/min]| 5.00 5.00 5.00 5.00 5.00 5.00
m, . [kg/s] 0.08 0.08 0.08 0.08 0.08 0.08
Q. p [W] 350.34 | 771.40 | 1170.91 | 1557.48 | 2002.32 | 2575.89
Q¢ [W] 319.54 | 317.41 | 316.46 315.49 | 320.43 | 319.56
Glkg/m’s] | 82.48 82.46 82.47 82.38 82.36 82.39
qrw/m?] | 9985.71 | 9918.99 | 9889.45 | 9859.06 [10013.43]9986.14
UmW/m’°c] | 2032.78 | 2237.37 | 2318.29 | 2433.03 | 2588.91 | 3091.41
LMTD[°C] 4.91 4.43 4.27 4.05 3.87 3.23
h, . [wW/m’°c]| 2818.55 | 3232.17 | 3405.70 | 3657.36 | 4023.08 | 5404.91




{ [ Aa 2 ' o [ ° ) ' Z o] Z
@]']T]\‘]ﬁ N-14 NANINARDIRNUILRNINIITIUNANNITDBUIEAMUABRAT IR TUUNUREIY G=95 kg/ms T =20 C g=10 kW/m

X 0.100 0.200 0.300 0.400 0.500
T.,p,1[°Cl] 17.90 15.98 13.68 11.28 7.37
T.,p,0[°C] 20.70 21.36 22.18 22.87 24.47
Ty, o1 C] 22.08 24.32 26.19 28.34 29.14
Ty, p,0l°C] 21.82 23.67 25.19 26.90 27.21
Tee,:[°C] 20.40 20.49 20.72 20.60 21.18
Tre,0l°Cl 20.04 19.81 19.70 19.27 19.53
Ty,¢,1[°C] 25.55 25.26 24.99 24.30 24.13
Ty, t,0l C] 24.62 24.33 24.05 23.39 23.20

AP oo [kPa]  7.70 11.62 17.20 22.51 30.41
m,,,[L/min] 1.15 1.15 1.15 1.15 1.15
m, ,[kg/s] 0.02 0.02 0.02 0.02 0.02
m,,,[L/min]{  20.00 20.00 20.00 20.00 20.00
m,, o [kg/s] 0.33 0.33 0.33 0.33 0.33
m, «[L/min] 1.15 1.15 1.15 1.15 1.15
m, . [kg/s] 0.02 0.02 0.02 0.02 0.02
m, «[L/min]|  5.00 5.00 5.00 5.00 5.00
m, «[kg/s] 0.08 0.08 0.08 0.08 0.08
Qu,p [W] 366.00 906.14 1388.76 | 2002.30 | 2675.11
Qu,+ [W] 320.38 322.62 323.96 315.76 323.98
Glkg/m’s] 94.74 94.76 94.74 94.82 94.70
gq[W/m”] | 10011.74 | 10081.99 | 10123.77 | 9867.58 | 10124.45
Ulw/m*°c] | 2069.14 | 2192.18 | 2390.02 | 2598.33 | 3233.39
LMTD[°C] 4.84 4.60 4.24 3.80 3.14
h, . [W/m°°C] 2886.40 | 3134.17 | 3557.96 | 4051.35 | 5862.67
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Heat transfer and flow characteristics of water inside a plate heat
exchanger with roughed surface

Kitti Nilpueng?® and Somchai Wongwises’

& Department of Mechanical Engineering, South East Asia University, Bangkok 10160, Thailand

® Fluid Mechanics, Thermal Engineering and Multiphase Flow Research Lab (FUTURE), Department of Mechanical
Engineering,King Mongkut’s University of Technology Thonburi, Bangmod, Bangkok 10140, Thailand

Introduction and Objective

The roughed surface is atechnique used for increasing the heat transfer of heat exchangers. This paper
presents the effects of surface roughness on heat transfer coefficient, pressure drop and the ratio of
Nusselt number and friction factor (Nu/f) of water inside a plate heat exchanger.

Methods

A commercial plate heat exchanger which consists of three stainless steel corrugated plates with
symmetrical chevron angle of 30° is examined under counter flow conditions. The plate surface
roughness is made by using a sand blasting machine. Under steady conditions, the water flow rates,
temperature and pressure drop of hot and cold water are recorded to estimate the heat transfer
coefficient and pressure drop of water inside the plate heat exchanger with different surface
roughness.

Results

The experimental results show that Nusselt number is increased by about 4.46%, 8.18% and 17.95%
for surface roughness of 1.1896 um, 1.3782 um, and 3.312 um compared with the smooth surface
(0.936 um). It is also observe that the pressure drops increased with the increasing surface roughness
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O Roughness = 0.936 mm (smooth surface)
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B Roughness= 11896 mm 8} 4 Roughness = 1.3782 mm
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1000 1500 2000 2500 3000 3500 15 .20 .25 .30 .35 40 45 .50 .55
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To obtain the proper performance, the ratio of Nu/f of roughed surface and smooth surface is
presented. It is found that Nusselt number to friction factor ratio of roughed surface is enhanced
within 0.97 — 6.52 % at Reynolds number less than 1700. However, it is decreased within 0.10 — 4.01
% when Reynolds number increased more than 1700.

Keywor ds. Heat transfer coefficient, Pressure drop, Nusselt number, Friction factor
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Experimental study of single phase heat transfer and flow
characteristicsinside a plate heat exchanger with roughed surface
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Abstract

The experimental data of heat transfer coefficient and pressure drop of water flow
inside the plate heat exchanger with roughed surface is investigated and compared with that
obtained from smooth surface. Three commercial stainless steel corrugated plates with
symmetrical chevron angle of 30° is used. The water flow inside the plate heat exchanger is
arranged for a single pass and counter flow. The test run are performed at Reynolds number
ranging between 1300 and 3200 and plate surface roughness ranging between 0.936 um and
3.312 um. The experimental results show that the increase in surface roughness gives an
increase in heat transfer coefficient between 4.46% and 17.95% and increase in pressure drop
between 3.90% and 19.24% with respect to a smooth surface. The correlations for predicting
the heat transfer coefficient and pressure drop of water flow inside the plate heat exchanger
with roughed surface are proposed.

Keywords: Heat transfer coefficient, Pressure drop, Nusselt number, Friction factor, Surface
roughness

Nomenclature



A heat transfer area, m’

be mean spacing between plates, m

Co specific heat at constant pressure, J/ kg K
Dn hydraulic diameter of tube, m

dPe frictional pressure drop, Pa

dPg  gravitational pressure drop, Pa

dPy  pressure loss at the inlet and outlet, Pa

dPr  total pressure drop, Pa

f friction factor
g gravitational acceleration , m/s’
h heat transfer coefficient , W/m* K

Ks thermal conductivity of plate, W/m K

L port-to-port length, m

m mass flow rate, kg/s

Nu  Nusselt number

Pr Prandtl number

Q heat transfer rate, W

Re Reynolds number

T temperature, K

ATy, logarithmic mean temperature difference, K
U overall heat transfer coefficient, W/m* K
\% velocity, m/s

w plate width inside gasket, m

AX  plate thickness , m

Greek symbols

& surface roughness, m

M dynamic viscosity, kg/ m s



p density, kg/ m’

v specific volume, m’/ kg
Subscripts

avg average condition

c cold water

h hot water

i inlet condition

o] outlet condition

1. Introduction

A plate heat exchanger is one type of heat exchangers that has been extensively used
in many engineering applications such as food and beverage industry, chemical processing,
heat pump systems, and cooling system. The plate heat exchangers have been popularly
applied for transferring heat from liquid to liquid. The advantage of plate heat exchangers are
compactness, flexibility, high heat transfer efficiency, and ease of cleaning and maintenance.
However, the plate heat exchanger performance depends on various parameters such as flow
arrangement, plate configuration, corrugation angle, port configuration, and working
conditions. Therefore, to obtain the optimum performance of plate heat exchanger, the clear
understanding of these effects on single phase heat transfer and flow mechanisms are
investigated by previous researchers. Miura et al. (2008) reported the effect of the water flow
arrangement on the pressure drop inside a laboratory scale plate heat exchanger. Thirty two
patterns of flow arrangements were studied. The pressure drop results depended on the
number of pass. But, the relationship between pressure drop and number of flow channel per
pass was unclear. This was because the flow maldistribution in plate heat exchanger. The
predicted pressure drop from CFD model gave agreement with experimental results. The

effects of surface geometries on the performance of plate heat exchanger were studied by



Durmus et al. (2009). Three different plate types which were flat plate, corrugated plate, and
asterisk plate were tested. The experiments were performed under parallel and counter flow
and Reynolds number ranging between 50 and 1000. Under testing conditions, heat gained
and pressure drop of corrugated type was highest. They suggested that optimization between
heat transfer and pressure drop should be considered. Khan et al. (2010) investigated the
convection heat transfer coefficient of water inside plate heat exchangers with different
chevron angles, corrugation depths and configurations. Chevron pattern plates with angle of
30°/30°, 60°/60 °, and 30 ° /60 ° were used. Experiments were performed at Reynolds number
ranging between 500-2500. Heat transfer coefficient greatly increased with increasing
chevron angles and Reynolds number. Nusselt number correlation which was a function of
Reynolds number, Prandtl number, viscosity and chevron angle was also proposed. Kim et al.
(2010) explored the performance of air in plate heat exchangers. The cross-flow of air and
water was tested in the different plate patterns of single-wave plates and double-wave plates.
They reported that air—side heat transfer in double-wave plates increased about 50%.
However, pressure drop was increased about 30% when comparing with single-wave plates.
They recommended that the enlargement of gap in double-wave plates led to a decrease of
pressure drop. Iulian Gherasim et al. (2011) numerically studied the heat transfer and friction
factor of water/water and water/engine oil inside the gasket plate heat exchanger. The k- ¢
model was used to simulate the flow and heat transfer characteristics in a plate heat
exchanger. The influence of smooth longitudinal passages and port configuration was
presented. Test runs were done under laminar and turbulent flow. Heat transfer and friction
factor was decreased when using obstructed longitudinal channels. They also reported that
the temperature distribution in plate heat exchanger slightly changed with the different port
arrangement. Faizal and Ahmed (2011) investigated the heat transfer and flow characteristic

of water through corrugated plate heat exchanger with different spacing between plates. The



spacing of 6 mm, 9 mm, and 12 mm was tested. The results showed that, at given spacing, the
increase of flow rate led to an increase of heat transfer. They mentioned that the spacing of 6
mm obtained the proper heat transfer. Iulian Gherasim et al. (2011) studied the Nusselt
number, friction factor, and temperature distribution of water in a chevron-type plate heat
exchanger. Testing conditions were performed under laminar and turbulent flow. The
temperature distribution was measured on the outside of plates. It was found that the highest
and lowest temperature appeared at the inlet of the hot and cold fluid, respectively.
Temperature gradient was high at the side plates.

Moreover, due to the small size and high performance of heat exchanger are required,
the heat transfer enhancement technique is applied on the plate heat exchanger for practical
application. Therefore, the research about the performance characteristics of plate heat
exchanger with enhancement technique is attractive. The heat transfer coefficient of
refrigerant R-22 inside the plate heat exchanger with enhanced surface was investigated by
Longo et al. (2004). The three different surfaces which was smooth surface, roughened
surface and cross-grooved surface was examined. The experimental results showed that heat
transfer coefficient of cross-grooved surface were higher than that from smooth surface about
30-40 % and up to 60% for vaporization and condensation. The semi-empirical correlations
of heat transfer coefficient were also proposed. Pantzali et al. (2009b) investigated the
efficacy of nanofluid in plate heat exchanger. Three types of nanofluids which were Al,O3,
CuO and carbon nanotubes (CNT) were tested inside a commercial herringbone-type plate
heat exchanger. They reported that the flow type of nanofluid inside plate heat exchanger
showed significant effect on the system performance. The results showed that the use of
nanofluid gave benefit under laminar flow; however, the suspension of nanofluid is unstable.
The heat transfer and friction factor of Al,Os nanofluid inside plate heat exchanger was

studied by Pandey and Nema (2012). The viscosity, density, thermal conductivity, and



specific heat of Al,O3; nanofluid were experimentally measured. The increase of Reynolds
number and decrease the nanofluid concentration resulted in the heat transfer enhancement.
The highest overall heat transfer coefficient appeared at 2% volume concentration and the
Peclet number of 7700.

As described above, it is observed that the main recent researches focus on the effect
of flow arrangement, plate configuration, and corrugation angle on the plate heat exchanger
performance. However, the studies concerning on the plate heat exchanger performance with
enhanced technique are reported by a few researcher. Moreover, the applying the enhanced
surface to improve the liquid to liquid heat transfer inside a plate heat exchanger have never
been found before. Therefore, the clear understanding about the performance characteristic is
still limited. The main purpose of this study is to investigate the influence of the surface
roughness on the heat transfer coefficient and pressure drop inside plate heat exchanger. The
plate heat exchanger performance presented by Nu/f between rough and smooth surface is
also presented.

2. Experimental apparatus

In order to study the heat transfer and pressure drop of water inside the plate heat
exchanger with roughed surface, the experimental apparatus is setup as shown schematically
in Fig.1. It can be separated into three main components: a hot water loop, a cold water loop,
and a test section. The hot water is stored in a 50 liter stainless tank and circulated through a
rotameter, a plate heat exchanger and return to the tank by the centrifugal pump. The hot
water temperature is controlled using 4 kW electrical heater. The cold water which contained
in the 30 liter storage tank is supplied past the rotameter and a plate heat exchanger. The 5
kW vapor compression refrigeration system with 4 kW electrical heaters are installed in cold
water tank to adjust the water temperature. The temperature of hot and cold water is

controlled at 40 °C and 25 °C, respectively. The hot and cold water flow rate is regulated by



using the needle valve and measured by the rotameter within the ranges 2-12 LPM. The

accuracy of the water flow rate measurements is * 2 %.

A commercial plate heat exchanger which consists of three stainless steel corrugated
plates with symmetrical chevron angle of 30° is examined under counter flow conditions. The
flow direction is vertical downward and vertical upward for hot water and cold water,
respectively. The detail of plate configurations and main dimension of plates are shown in
Fig.2 and Table.1, respectively. In the experiment, the plate surface roughness of cold stream
is made by using a sand blasting machine. In order to obtain the different roughness, the size
of sand diameter is changed and roughness is measured by surface roughness measuring
machine (Taylor Hobson Talysurf serie 2). The surface roughness of plate which used in this
study is 0.936 um, 1.1896 um, 1.3782 um and 3.312 um (Fig.3). T-type thermocouples are
installed at inlet and outlet of hot and cold stream to measure the water temperature. The
uncertainty of temperature measurements is £ 0.1 °C. A plate heat exchanger, water tank, and
pipe line are covered with a 6.4 mm thick Aeroflex insulation to reduce the heat loss. The
pressure drop between inlet and outlet port of the cold stream is monitored by a differential

pressure transducer (YOKOGAWA, EJA110A). The accuracy of transducer is = 0.1 %.

3. Datareduction

In this section, the details of calculation about the heat transfer and pressure drop of

water inside a plate heat exchanger are described.

3.1 Heat transfer
The measured data which is recorded in this experiment are water flow rate of hot and
cold water, the hot water temperature at inlet section (Th;), the hot water temperature at outlet

section(Th o), the cold water temperature at inlet section (T¢;), the cold water temperature at



outlet section(Tc). Based on the energy balance, the heat transfer rate of hot and cold water

can be determined by the following equations
Q=M n(Thi = Tho) (1)
Q. =mcC,(Teo—Tei) (2)
The heat transfer rate between hot and cold water is related with the overall heat transfer
coefficient (U), heat transfer area (A) and the logarithmic mean temperature difference (AT)y,)

as follows:

Qavg = UAATln (3)

The logarithmic mean temperature difference can be expressed as

ATln _ (Th,i _Tciltz)_ (-rrh,o _Tc,i ) (4)
h{“j
Th,o - Tc,i

Due to the fact that the heat transfer rate between hot and cold water is difference (+ 5.57 %)
, the average heat transfer rate is applied in Eq.(3). It can be determined by the following

equations

©)

According to Eq.(3), the relation between overall heat transfer and heat transfer coefficient
inside a plate heat exchanger can be estimated by the following equations

11 a1 ©
U h k h

S

where hy is heat transfer coefficient of hot stream, Ax is plate thickness, Kk is thermal
conductivity of plate, and hc is heat transfer coefficient of cold stream. In order to calculate
the heat transfer coefficient of cold water flowing along the roughed surface plate from
Eq.( 6), the correlation of hot water heat transfer coefficient are required. To obtain the hot

water heat transfer coefficient correlation, the experiment of water flow along the smooth



plate is conducted and the modified Wilson plot technique [] is applied to generated the

correlation.

3.2 Pressuredrop

The total pressure drop (dPr) of cold water inside the plate heat exchanger with rough
surface which is measured and recorded by the differential pressure transducer can be
separated into three parts: frictional pressure drop (dPg), gravitational pressure drop (dPg),
and pressure loss at the inlet and outlet (dPy). Therefore, the frictional pressure drop of water
inside the plate heat exchanger can be calculated from

dR. =dR £dR; —dR, (7)

The pressure loss at the inlet and outlet is determined by the correlation obtained from Shah

and Focke [].

~14 Vo
dR, :1.5(%) (8)

where V is the water velocity.
The gravitational pressure drop is related with gravitational acceleration (Q), specific volume

of fluid (v), and vertical distance between inlet and outlet port (L) as follows:

dp, = 9= )
1%

Based on the frictional pressure drop data, the relationship between the friction factor
(f) and Reynolds number (Re) are proposed. It can be estimated from the equations:
dR:
2
{6.%]

Re = 2YPu (11)

f= (10)



where p is density of water, and Dy is hydraulic diameter. Hydraulic diameter can be
determined from

2wb,
D. = c 12
it (12)

where W is plate width inside gasket and b is mean spacing between plates.
4. Results and discussion
4.1 Heat transfer coefficient

Before the heat transfer coefficient of cold water flowing through the rough surface
plate is calculated, Nusselt number correlation of hot water flowing inside the smooth plate is
generated by the modified Wilson plot technique. The measured data between Nu/Pr'” and
Re of hot water for smooth plate is depicted in Fig.4. Under the testing conditions, the
difference of heat transfer rate between hot and cold water is within + 5.57 %. According to
the data, the constant value and the exponent of Reynolds number is estimate by the linear
regression method. The Nusselt number correlation of hot water can be expressed as

_hDb,

Nu =0.471Re"* Pr'"’ for 1300<Re<3200  (13)

The tendency of experimental data and present correlation is similar with previous correlation
[]. Comparison between measured data and proposed correlation gives good agreement with
mean absolute deviation of 1.61 %.

The relation between heat transfer coefficient and Reynolds number of cold water at
different surface roughness is shown in Fig.5. It is discovered from figure that the heat
transfer coefficient is increased with increasing Reynolds number and surface roughness. The
increase of Reynolds number between 1300 and 3200 results in the augment of the heat
transfer coefficient around 89.4%. This is because, in the corrugated channel, the re-
circulation flow at the troughs is higher when the water velocity is increased. This leads to

the increase of turbulence intensity and heat transfer coefficient inside the plate heat



exchanger. The comparison between the roughed surfaces and smooth surface (0.936 pm)
show that the heat transfer coefficient is increased by about 4.46%, 8.18% and 17.95% for
surface roughness of 1.1896 um, 1.3782 um, and 3.312 um, respectively. This is due to the
fact that the higher surface roughness leads to the enhancement of turbulence intensity of
water flow along the plate heat exchanger. Moreover, it is also found that the heat transfer
area of roughed surfaces is higher than the smooth surface. These two effects cause the
increase of heat transfer coefficient. Based on the data in this study, the heat transfer
characteristic of water flow through the heat exchanger plate with roughed surfaces is
presented. The Nusselt number is generated as a function of Reynolds number, Prandtl

number and the ratio of surface roughness to hydraulic diameter (&/Dy).

Nu = 0.061Re"®' Pr***(¢/ D, )"'* for 1300<Re<3200 and 0.936um< & <3.312um (14)

It is found that the mean absolute deviation between measured results and proposed
correlation is 1.21 %.
4.2 Pressuredrop

The effects of water velocity and surface roughness on the frictional pressure drop
(dPg) are represented in Fig. 6. The water velocity change causes the exponential variation of
frictional pressure drop. In addition, it can be clearly observe that the pressure drops
increased with the increasing surface roughness. Comparison of the data obtained from the
surface roughness of 1.1896 um, 1.3782 pum, and 3.312 um with smooth surface (0.936 um)
found that the average pressure drops increased by 3.90%, 8.25% and 19.24%, respectively.
This is because the main flow of water along the channel is disturbed by the re-circulation

flow at the troughs as increasing the water velocity. In addition, the higher surface roughness



results in the enhancement of turbulence intensity. These effects lead to the increase of

pressure drop.

The relation between friction factor and Reynolds number is depicted in Fig. 7. As expected,
the friction factor gradually decreased with increasing Reynolds number. Conversely, friction
factor is increased when surface roughness is high. A correlation of friction factor for

different surface roughness is also proposed as follows:

f =0.88Re™"™(&/Dy)""* for 1300<Re<3200 and 0.936pm < & <3.312um (15)

The mean absolute deviation and relative deviation of calculation are 0.95% and + 2.5% of
the measured data.

To observe the effect of surface roughness on the heat transfer and flow characteristic
of water inside the plate heat exchanger, the ratio of Nusselt number and friction factor of
roughed surface plate is compared with that obtained from smooth surface plate as shown in
Fig xxx. It is found that the ratio of Nusselt number and friction factor of roughed surface is
enhanced within 0.97 — 6.52 % at Reynolds number less than 1700. However, it is decreased
within 0.10 — 4.01 % when Reynolds number is increased more than 1700. This means that,
at Reynolds number less than 1700, the enhancement in heat transfer for rough surface with
respect to smooth surface is greater than the penalty in pressure drop. In contrast, the penalty
in pressure drop dominates the augmentation in heat transfer at Reynolds number more than
1700.

5. Conclusions

This paper investigated the effect of plate surface roughness and Reynolds number on
the heat transfer coefficient and pressure drop of water flow inside the plate heat exchanger.
Three commercial stainless steel corrugated plates with symmetrical chevron angle of 30° is

tested under counter flow conditions. The experiments are performed at Reynolds number



ranging between 1300 and 3200 and plate surface roughness ranging between 0.936 um and
3.312 um. The experimental results showed that, for all surface roughness, the heat transfer
coefficient increased around xxx - 89.4% with increasing Reynolds number between 1300
and 3200. The heat transfer coefficient of roughed surfaces plate increases by about 4.46% -
17.95% by comparing with smooth surface. The frictional pressure drop increased
exponentially when the water velocity change is increased. The increase in surface roughness
gives a 3.90% - 19.24% increase in pressure drop with respect to a smooth surface. Nusselt
number to friction factor ratio of roughed surface is enhanced within 0.97 — 6.52 % at
Reynolds number less than 1700. However, it is decreased within 0.10 — 4.01 % when
Reynolds number increased more than 1700. The Nu and f correlation of water flow through
plate heat exchanger with rough surface plate which is a function of Reynolds number,
Prandtl number and surface roughness is proposed for predicting heat transfer coefficient and

pressure drop.
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Fig. 1. Schematic diagram of experimental apparatus.
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Fig. 2. Schematic diagram of heat exchanger plate.



Table. 1. Dimensions of a Plate

Parameters Dimension
Plate length, m 0.710
Plate width, m 0.125
Mean spacing between plates (bc), m 0.0025
Plate sheet thickness (t), m 0.0005
Port-to-port length, m 0.635

Port diameter, m 0.0254
Plate width inside gasket (W), m 0.1

Heat transfer area per plate, m’ 0.07
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Fig. 3. Photo of smooth and roughened plate surface.

(a) Roughness = 0.936 um (smooth surface)(b) Roughness = 1.1896 um
(c) Roughness = 1.3782 um (d) Roughness = 3.312 um
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Fig. 4. Therelation between Nu/Pr® and Re of hot water inside the plate heat exchanger with
smooth plate.
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Fig. 5. Therelation between heat transfer coefficient and Reynold number of cold water inside
plate heat exchanger with rough surface.
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Fig. 6. Thereation between frictional pressure drop and and Reynold number of cold water
inside plate heat exchanger with rough surface.
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Fig. 7. Therelation between friction factor and and Reynold number of cold water inside plate
heat exchanger with rough surface.
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