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Effect of the lubrication oil on heat transfer and pressure drop
characteristics of supercritical carbon dioxide in a microfin tube
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Abstract This paper presents an experimental study of heat transfer and pressure drop characteristics of supercritical
carbon dioxide with PAG inside a horizontal microfin tube. Heat transfer coefficient and pressure drop gradients were
measured at 10 MPa in pressure and 520 kg/m’s in mass flux with variation of PAG mass concentration from 0.06%
to 2.26%. The tendencies of both heat transfer and frictional pressure drop characteristics show the same as those
of pure CO; up to 0.3% in PAG mass concentration. In case of 2.26% in PAG mass concentration, measured heat
transfer coefficients showed 50% lower than those of pure CO, near the pseudocritical temperature and measured
frictional pressure drop gradients show 1.6 times higher in comparison with those of pure CO, at 60C in CO; bulk
temperature.

Key Words : Carbon dioxide, Heat transfer coefficient, Gas cooler, Supercritical pressure, Microfin tube, Lubrication
oil, PAG(Poly Alkylen Glycol)
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[Fig. 1] Schematic of experimental apparatus.

2. MEXtx| 2 HitH

X
Fig. 19 2 2100l ALGEL A ks et
7](Pre-cooler), AJ3
Hy, 7] o8
St 2719454 SEEE Aol

L ARRYAS AN AR

oo ¢ OI\El {ﬁ hu
rE i

LR o
R

e

nu)

B

o

=

o

%5 F dYrlE §
ORI )R Solrb) He. Azl
Zreb Gugkst &, CO»-PAG 23HE AR AF

>

JusT|(
N
=2
>
rr
Kl
2 2
1o
olN
N
fru
o
o
2

4z
me e

olAtlElA 5718 $E7192 PAGE SEBT A
290 AHoR)e] FUsH] 913) PAG B Hx

° A
%Ak E3k £ AT CO-PAG EFHEO] PAG

o ok

EEE SASH] HAsiA AFF S0l COrPAG E9t=
Alm AFEeE AR AF FEZE A)E A

2.2 NER
| 2064 |
688 688
@)
50 CO-+PAG mixture ~ ®
— — ——

® T 16

K : K-type thermocouple
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[Fig. 2] Schematic of test section.
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[Table 2] Experimental conditions.

Items Values
P, [MPa] 10
G, [kg/m’s] 520
T, [C] 20~75
Ve [%] 0.06~2.26
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[Fig. 3] Schematic of CO,-PAG mixture sampling section.

2.5 tolel Fa|
vpolaETh) CO:9) WA BHS HA}]
A A, Yot G AMBHQ, ) Wit

1442



o] AR AT 57 H7F 2UA olaksietae] dHdm g Atste] nX= FF
AL AWETHQ, )& Polok 3111, T 4458 b3
¥ Tw,top+ 2rrw‘sicle + Tw.,bottom
ZE q- ge,w,out = 4 (7)
Q(S* 1\/[(s . Cp,(VS/T“-O‘“ (2) él(7)0ﬂk]’ Tw,top’ Tw.,sidc’ Tw,bottom'lf-‘ Z‘ILZ‘I]- LH?-Q‘]
. AR, S5 sl ww 54 £Eg vehich
Que= My * (igein = Lgeout) 3) 249 Qa2 RE npge] o9t gtgaae o
o) Aozne 73t 5 3rk
o}71el A, M 9 M= 212} 7h2 @izb7)% a9
94 -?r%kl} u"UHQJ -r—ﬂa:olli]- _—]_E]_l_ Tm,in’ﬂl— T(x,(mt (AP/AZ)f - (AP/AZ)t + (AP/AZ)ID (8)
B 27t 7ka 7S s et &7 eEg
BRI, Tyep B Ty = 247 7k 92715 o) 714, (AP/AZ),, (AP/AZ), (AP/AZ),= 7
UFS &7 LnB A, Gy 3 G A1 7R = ”Pie“’ﬂ SR QPRI AA ARt el 71k
o5} ore7palE With, B o Lo A mEupek
”047—'1]'7]§ og%_/’\_g]_ %UHQJ H] L]—E]—LHq— T i iy inlq— ‘,]‘_ =] 4 ool‘j‘ ‘/}E]' E]’ ] :r"oﬂ 1 “70#04 =
SUEE AR Ao FPYalol, ok Ao mAEE
lgeout = A2 7k W27] T} S04 S Wri e <l 2AFE QZzgo]  Smakxle]  olet  otE7te)
295 epdich 7k W] aztelAe] A94 . (AP/AZ) = Talar
£ ooheat 22 4 @z ANt
(AP/AZ)m - Gz(l/phout - l/phin) (9)
Q 4
qg"ﬂdlAA ) L ]3HE Ol 50 ZT1o] B
A7, Ppin S Phons DATER At S22 &9 &
o iy~ Jum A=) AA|FHE ol= xe A}SlER
7oA, Qi Al Q)2 AN TA Yzile] depe] o on molah Ofs ST IS oli
4 HF-2E9 AL E FBkGleh ESL olAleteke] o
ok 7223 d s T ol Az% azke) dolg b
] o3} 541} 5=/ REFPROP(HA 8.0)[6]& °©]&
stk 2 A Be) dF ggemel QR Gy a0
A4= V\’%‘H Aol W2 FIFE mAEE, ¢
o 2o] dHEASTE AT Jart 9=t ol=gt =
—/l\_o:]x,h;]_ /\1_. o/i],_Q_E E /\]_ 2 o]tk - _
Ase o= ] AL 4= Stk 3 Jé'%"edﬂl' I;Lcl _T'_’él'
I 5)
gc,loc Tg(:_ Tgc.\vin 31 PAG Jél-'-_cl;%E
Fig. 4= CO»-PAG E3HE A& Aol A RSt A]
9 AHollA, hye o0 7HE WAZINAY] 2797 S48 gaRE 249 PAG A% y ok CO»PAG Z3HE
EHEASE Ui, T, = 7k dZ4710049 Wrl A 833 HzoA A3 A2 E =4 PAG A
LEOI, Ty s 7HS WZ70lA ] W i & FE v, o WAE dEd Aolch AR 3ol met

ot 123, e yEE LEk
219 Aw WA

AAF Adeo|A9] 1
ARgate] ot ol 4 (6) 2.2 A

15

=
Qg(z.sub d{)
Tgc,w,in* ge,w,out m - In E (6)
A7INA, T yoyone = TR A (DT} o] o) AL
ﬂ, Zgpo] iy Lx2 Fgd YT B HH 220
4,9 d = ke Sk ol

1443

Al PAG Ak 542 GetAa,
Ferolsle v, #hel yatoll wls ofF 28 H= et

O|AL A& 7S A-ZAEE 5l CO-PAG £
=5 A o), B} FYT sEE AE7F &7 A
FHEA = Ao wrhEn) o|2RE CO-PAG &3+
= A7 AFFNA F552 COrPAG =S AF

28] £2 PAG 4

A o] o B SES AT 4 Uck gt
A oSt At o] WHOR 23 PAG AFSES of

&3to] ST



S/ 45s)=Ex] A137 445, 2012

y with PAG samping port, y, [%]
°

[323 4] y.9 y,9 PAG Agsr vl
[Fig. 4] Comparison of PAG mass concentration between
Y. and y,.

3.2 G@™EA

Fig. 5= CO»-PAG &3&°| tigt EdgA+9] 54
2 & olilslets P2 W] whaba] vl Aoltt.
O3 FollA FapAd2 o] 10 MPa o o 294 2%
(45C)E Yepd Zlojth PAG AFE=7] 0.06%21 75
RAGATE 2UA 25 IH A X E vehdt
ol &4 YA CO9l W7 dAY EAolAet 5Yst
th[7] PAG AFsE7t S71eS 294 2% <A Y
ALAT= Asekal, A=l 1.03%0f =dstd
ZYA2E B HdgE Ue= A vehdt
A o=t wEba GAGAGR] =B v P4
o3 Zpolz|A| Hrt. o= PAG e ro] 7o wef
PAG7} HAEEH LA]of Rojx] FA|gto] =)7] wijZolch

Fig. 62 o]Al3igtae] HH2%7} 35T, 45T, 55T
Y, PAG Aot dXEAY IAE et A
ojty. oA MREHE Ao S|} &
CO, Yol thafiA] At wio]Z2ATY 54812
2 AAKsE 7-& v mdk Flojk CO,-PAG E3HE9] dA
A= PAG HRFEE7 0.3%0]5o| A= 4= COx9)
GAGAFL} =g g2 YERAEL 03%E T 2 7
$olli= PAG Ao F7I2 Q8 ddeAT= 55
3] A3}t PAG AiFs=rl %71 HH, 294 2%
F450)] A E £ CO0) g4z 1]
g <F 50% Asleict. LEu PAG Hs®rt 1% o)
¢l A, g AS = PAG AFs=rt S7tele A
HE}A] oF=t}. o= PAG AiFsZrt 1% A4 AY
& W Ao PAGZ} H21E]7] w2l Ao g wehEch

= P=10MPa
X s
~ £ G =520kg/(m %s)
E o
= o ©
g o
< 10 o e
"g oe o]
o] v [ ]
o Yv
L
E v’ v vy v 8
% o v Vv v
S s N Q
= O 0.06% v
® ® 0.54%
% v 0.64% PAG mass concentration,y.
v 1.03% [kgsad/k8 cozepag x100]
0 I L i L L
20 30 40 50 60 70

[33 5] CO, BH2Zo| up2 dHLA
[Fig. 5] Heat transfer coefficient with CO, bulk temperature.

1.2 T T
L4 A
s =9
1.0 =
e € a
e o A
Q
o 0871
g ) a
Q
Z o
S osf o
= )
B s
< 0.4 | Pressure =10MPa
Massvelocity = 520kg/(m %)
02f| & L=3¢ o
® T,=45C
o T,=55C
0.0 L L

01 1
PAG concentration,
[O3 6] PAG H=f Flkol| @2 A A9 IF
[Fig. 6] Effect of PAG on heat transfer coefficient with
PAG mass concentration.

3.3 ef2iyst

Fig. 7 CO, -0l tha nhaeteldsis
Aoleh. nhESHASE SErb AstEeE et
PAG ksl npgleladle] vjAL gRke 2917
oE B} e SEaoloA] Eats e, 297
SERT W Gelo i 2ol dig Jao] A,

Fig. 8& CO, BFL=7} 30T, 45T, 60°C LA o||A]
PAG Weps ol ke Aske] A Uik Aloltt.
Yol AREe nhEerZste] 24X\%h ¢4 CO,
ool dhelq ASke vholAmuTh) uhEereiZe o
S A7)0 RE A4 gk vlmet Holck. Fig. 8ol b

1444



mlola gy

B7167 29A olAtsteiag] A7

2 gt A IF

AXE, PAG =57} ok 20401 AL &= CO,
vhareleizkalel s oF 15w Z7keli, €Ol
F 60T oA 12u) JE Zsk)

T
_ *  0.06% P=10MPa
E O 054% G = 520kg/(m %)
g 5T| ® oss% - 1
= m 1.03% : -
g 4| PAG mass concentration, Y. u 1
o .
< [kgPAG/kgC02+PAG x100] a [e] ce
£, -8 '
s =% .
g L] ox * *
o ™1 **
g 2t ot .« 1
5 [ %
° *
7 ®
2 1t 4
2
o

0 , . i , L

20 30 40 50 60 70

(28 7] CO: BFLE T2 opEIE
[Fig. 7] Frictional pressure drop with CO, bulk temperature.

20+
R [ o
53 *
*
e *
Q 15p ° o
o
* [
) L]
§ 10— ——— 8-
o L]
SQ_ o o *x
o o
x
@ [ [ 5
o 05F o * O T,=30°C
d * L4 * T,=45°C
o * o
< ® T,=60°C
00 - S .
0.1 1

[O8 8] ¢4stel m2 PAGS] JgF
[Fig. 8] Effect of PAG on pressure drop.

4. ZE
E oA CO-PAG EE9| npo]azdyh) &
A3 sl B4 dsliA AdHoz Ak

oFshl chgat 2.

d

(1) CO-PAG ZFES] A7 AFLHOEEE PAG

A5z %Xéfél% i}O]% HY7| wjio) &
A& AF R o] Kk
@ < oA PAG <
7P 1%2 ﬂ‘ﬂ FRGA

1445

S %5 C00) AHT ASol Hls) oF 50% 3

= Asgict.

() REE A E42 CO, Ht2Ert 2UAARE
ool FREHA vehaL, AeFsEr) oF 2%41
7S = CO, Yule] mpzkefelitstol] wls) oF
Lovl F7ksict.

References

[1] J. Pettersen, R. Rieberer, A. Leister, Heat transfer and
pressure drop characteristics of supercritical carbon
dioxide in microchannel tubes under cooling, in:

IIR-Gustav
Lorentzen Conference on Natural Working Fluids at
Purdue, July 25-28, pp. 99-106, 2000.

[2] G. Kuang, M.M. Ohadi, Y. Zhao, Experimental study on

gas cooling heat transfer for supercritical CO, in

Preliminary  Proceedings of the 4th

microchannels, in: Seco nd International Conference on

Microchannels  and June  17-19,
Rochester, New York, USA, pp. 325-332, 2004.

[3] C. Kondou, P. Hrnjak, Heat rejection from R744 flow

Minichannels,

under uniform temperature cooling in a horizontal

International
Journal of Refrigeration, Vol. 34, pp. 719-731, 2011.

[4] K. Hambraeus,

phase flow boiling of HFC-134a, International Journal

of Refrigeration, Vol. 14, pp 357-362, 1991.

G. Kuang, M.M. Ohadi, Y. Zhao, Experimental study of

miscible and immiscible oil effects on heat transfer

smooth tube around the critical point,

Heat transfer coefficient during two

[5

[k}

coefficients and pressure drop in microchannel gas
cooling of supercritical CO,, in: Proceedings of the HT
2003, ASME Summer Heat transfer Conference, June
21-23, Las Vegas, Nevada, USA, pp. 671-675, 2003.
[6] E.-W. Lemmon, M.L. Huber, M.O. McLinden, Reference
Fluid Thermodynamic and Transport Properties, NIST
Standard Reference Database 23 Version 8.0 (2007).
[7] S.H. Yoon, J.H. Kim, Y.W. Hwang, M.S. Kim, K. Min,
Y. Kim, Heat transfer and pressure drop characteristics
during the in-tube cooling process of carbon dioxide in
the supercritical region, International Journal of
Refrigeration, Vol. 26, pp. 857-864, 2003.
[8] C. Dang, E. Hihara, In-tube cooling heat transfer of
supercritical carbon dioxide, Part 1. Experimental
International Journal

Vol. 27, pp. 736-747, 2004.

measurement, of Refrigeration,



A7 &8k el Al AlI3E A4E, 2012

7|sM4YH
T+ & Z(Hak-Kuen Ku) [Z3] 9

Ac AA fEoEE )
) s [kI/(kgK)] o 19834 29 : HARRAIST
G AR [kg/(m’s)] Faskat (F8HAh

s I RIAGA S 2 e 19899 29 : RAEw vjgkd
R RS k) )
M . %UH"ITEO]: [kg/h] ° 1994]‘;_] 2% . ‘jﬁEHﬁ'h"ﬂ_ EH{E}"%_
N ) WEFSH (3920h
Q g (kW] e 199219 99 ~ AR : =dcht
T gp [C] I PE5EEeet ue
P [Pa] ;

. 00l MEFler [%] <A Eol> )
oo onoE eed : WEREAce] AP W T4 AR AL 5
AP/IAZ - FE 73} [Pa/m]
g A
B : 3 Aupold A= [deg]
p Ur [kg/m’]
n R d [deg.]
¥ Aol [mm]
ah A}
b ;Y
c C MEHRA 2
cal s AL
cs D YR
exp : AFEG
f S s
ge S EtiRad!
i SRV ES
in DY
m D 2EF
0 g
out i
r : WH(tip)
sub D AAPEE
t : AA
v P HER EEOA 2
w b

1446




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


