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state
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ARTICLE INFORMATION ABSTRACT

Original Research Paper Supercritical fluids have substituted non-super critical fluids in some areas of industry because of their
Received 16 July 2016 unique characteristics and have been the subject of numerous experimental, numerical and analytic
Accepted 01 October 2016 studies since their discovery. In this study laminar natural convection between a hot vertical tube with

Available Online 26 October 2016 constant temperature and supercritical carbon dioxide with uniform temperature at inlet is simulated by

utilizing a numerical model. The simulation is a two-dimensional, pseudo-transient numerical model

gﬁggg:ﬂfwl Fluid based on finite volume method. The main objective of this study is to investigate and analyze the effect
Natural Convection of severe property variations of supercritical carbon dioxide on the flow and temperature field of natural
Vertical Tube convection that ultimately affect heat transfer rates with respect to non-critical natural convection.
Finite Volume Numerical simulations have been carried out for temperature and pressure ranges of 305K to 312K and

Nusselt Number 7.5MPa to 9MPa respectively. Span and Wagner’s multi-parameter equation of state have been used

directly to determine carbon dioxide properties around pseudo critical temperature for the first time.
Results indicate an increased rate of total heat transfer up to 160% near pseudo-critical temperature and
118% in other temperatures for supercritical natural convection with respect to ideal gas assumption.
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Fig. 9 Nusselt numbers for a tube of 0.2mm diameter and temperature
difference of 1 degree at 8MPa
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Fig. 10 Nusselt numbers for a tube of 0.4mm diameter and temperature
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Fig. 8 Comparison of numerical and semi-empirical results inside a
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Fig. 13 Calculated Nusselt numbers for a tube of 0.3mm diameter and
temperature difference of 2 degrees at 8MPa
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Fig. 14 Calculated Nusselt numbers for a tube of 0.3mm diameter and
temperature difference of 3 degree at 8MPa
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difference of 1 degree at 8MPa
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Fig. 12 Nusselt numbers for a tube of 0.4mm diameter and temperature
difference of 1 degree at 7.5MPa
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Fig. 17 Velocity profiles obtained from current study in various
sections, AT=2, p=8MPa, T,,,=307.75, D-=0.3mm
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Fig. 18 Velocity profiles obtained from current study in various
sections, AT=3, p=8MPa, T.,,=306, D =0.3mm
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Fig. 15 Calculated Nusselt numbers for various temperature differences
between surrounding and wall of 0.3mm tube at 8MPa
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Table 4 Pseudo-critical temperatures of carbon dioxide at different
pressures

(K) O sl 2 sl (MPa) Lz
304.86 7.50
307.83 8.00
310.57 8.50
313.29 9.00
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Fig. 21 Calculated contour of special heat capacity at constant pressure
for carbon dioxide, AT=3, p=8MPa, T.,,=308.25, D =0.3mm
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Fig. 19 Velocity profiles obtained from current study in various
sections, AT=1, p=8MPa, T.,=307.5, D =0.2mm
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Fig. 25 Calculated contour of density for carbon dioxide, AT=3,
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Fig. 26 Calculated contour of temperature for carbon dioxide, AT=3,
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Fig. 23 Calculated contour of viscosity for carbon dioxide, AT=3,
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Fig. 24 Calculated contour of thermal expansion coefficient for carbon
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Fig. 29 Contour of special heat capacity at constant pressure for carbon

dioxide, AT=3, p=8MPa, T.,;=305.5, D =0.3mm
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Fig. 30 Calculated contour of density for carbon dioxide, AT =3,
p=8MPa, Ta;=305.5, D =0.3mm

AT=3, p=8MPa .5 aSliss & (sly oswlomssay ,5ls 30 JSUb

Tay=305.5, D =0.3mm

S 5 4xaii -6
g 09,0 Sl G oS wemSTss )l 5 ST plmlr o)l Ul
ALkl (Sl o8 Sl s (g30e Jue Al (o (30 By 4 S350
A Sl 58 55 5 g ol s ol Sl gl b s
Lyl o (Sl B8 05 wemSlise o1 ol ol Jlal (olss
Sl Gl 398 s 0 sl mll ol (gjledd Codbye
a5 e oo plas |y Jel5 58 @ e ol Ll Gl 4z g5 LB
ad glod (S35 50 (egase b onl o (ol wad Olynds 4
Sl 3 0325 oS el IS alB ool o 3 el S
Wyls gyt G Jlosl 58 Jaw 5 Jlew [lid; Blssl jo o JBs wpas
DB 590 58 Sl and sl 5l g om0 Jlw oglase LS,
s 5355 ST bl &l JE eajly 45 0 esls ol 5 cd S
CeeBye 5 pr Lasgio (Slod ay copre )Lad g Lo B L Gl 398

sl gl aS g ebas ol atly @b:q s gl 4 cod

79

30 lr b g oleS )b S (glo)gils 30 b 27 (slaJSs 5
alold by sloas sy (LB (slo sl b anglie cyz yieS adulb b cdl>
Tt S elyP Olpdi (Sl Sl and los Sl lawgte glos (88
S8y Had S5 Calesys 9 sl S liee (RS 4y e 45 wigd
2gise Jloasl 55 4 Jlw

4 S Jawgie los Cumbse 4 Slu 398 Jlw (b ol
sloo a5 28 5 27 sl o jo o)l (gob; (SKwly gl ad sles
Lyl 1) byl ol Jhw sl i Sl 4l gles 5l lawgie
Iy 0g3 Jlade b yieS Ayl oo (69 50 Jlww ole)S byl 5 JB
Olyee WS Slmn als slos 51 YL slabes jo Lo paen 4 sl
@ Jlenl 5B L Gl 398 ()5 wSlss o) albml> o)l > Jlal
S s e 51 1530 529 oSt 45 ey o 355 polis S
@ Jlw ol calid g aies (LS SO 90 (wSepn eyt Sl
A8 oo azgi |y Jlosl 8L @l Ll ax g5 LB LS wlale

60
50 Go(k] /kgK)
8000
40 7500
7000
= 6500
= 30
& 6000
5500
20 5000
4800
10
0 T = - [
0.5 1.5

X/R
Fig. 27 Contour of special heat capacity at constant pressure for carbon
dioxide, AT=3, p=8MPa, T.,=312, D =0.3mm
(S dmSle culi lad 1o oy ole)S cud bl ssliwsay ,guls 27 JSb
AT=3, p=8MPa, Ta,=312, D =0.3mm
60

50
p (kg/m?)

40 310
305
e 300
S30 ] 295
290
20 285
280
[ 275
10
- T . R
0 0.5 1 1.5
X/R

Fig. 28 Calculated contour of density for carbon dioxide, AT =3,
p=8MPa, Ta;=312, D =0.3mm

AT=3, p=8MPa ., suSliss JEx sly ssnlcmsa ,guls 28 Jsi
Ta=312, D =0.3mm

11 o plads 16 0,93 1395 yars JASSAGslS b L)


www.sid.ir

OPb)gess Ld pule 9 (Slegl HlgSaol g pieds

ol Adoleo jl osliiiwl by (s3g90c algd )3 (S Ggd ()5 IS5 d rub (b w)ha JLsl s ae Ao

[2] M. Perrut, Sterilization and virus inactivation by supercritical
fluids (a review), The Journal of Supercritical Fluids, VVol. 66, No.
Special edition on the occasion of Gerd Brunner's 70th birthday, pp.
359-371, 2012.

[3] D. Huang, Z. Wu, B. Sunden, W. Li, A brief review on convection
heat transfer of fluids at supercritical pressures in tubes and the
recent progress, Applied Energy, Vol. 162, No. 1, pp. 494-505,
2016.

[4] A. A. Bishop, R. O. Sandberg, L. S. Tong, Forced-convection heat
transfer to water at near-critical temperatures and supercritical
pressures, Joint Meeting of the American Institute of Chemical
Engineers and the British Institution of Chemical Engineers, pp.
100-129, London, England, December, 1964.

[5] W. Gang, J. Pan, Q. Bi, Z. Yang, H. Wang, Heat transfer
characteristics of supercritical pressure water in vertical upward
annuli, Nuclear Engineering and Design, Vol. 273, No. 1, pp. 449-
458, 2014.

[6] Z. Q. Long, P. Zhang, B. Shen, Natural convection heat transfer of
supercritical binary fluid in a long closed vertical cylinder,
International Journal of Heat and Mass Transfer, Vol. 80, No. 1,
pp. 551-561, 2015.

[7] L. Wei, Y. Lu, J. Wei, Numerical study on laminar free convection
heat transfer between sphere particle and high pressure water in
pseudo-critical zone, Thermal Science, Vol. 18, No. 4, pp. 1293-
1303, 2014.

[8] A. R. Teymourtash, M. Ebrahimi, Natural convection over a non-
isothermal vertical flat plate in supercritical fluids, Scientia Iranica,
Vol. 16, No. 6, pp. 470-478, 2009.

[9]1 A. R. Teymourtash, M. Ebrahimi Warkiani, Natural convection
over a heated plate in super critical fluids, 11th Fluid Dynamics
Conference, Tehran, Iran, June, 2008. (in Persian _.,)

[10] A. R. Teymourtash, D. R. Khonakdar, M. R. Raveshi, Natural
convection on a vertical plate with variable heat flux in
supercritical fluids, The Journal of Supercritical Fluids, Vol. 74,
No. 1, pp. 115-127, 2013.

[11] A. Teymourtash, S. Noorifard, Natural convection heat transfer of
a supercritical fluid in a vertical channel with isothermal condition,
Modares Mechanical Engineering, Vol. 14, No. 15, pp. 33-41,
2014. (in Persian ..,

[12] W. Elenbaas, The dissipation of heat by free convection the inner
surface of vertical tubes of different shapes of cross-section,
Physica, Vol. 9, No. 8, pp. 865-874, 1942.

[13] Y. Li, L. Baldacchino, Implementation of some higher-order
convection schemes on non-uniform grids, International Journal
for Numerical Methods in Fluids, Vol. 21, No. 12, pp. 1201-1220,
1995.

[14] G. Desrayaud, E. Chénier, A. Joulin, A. Bastide, B. Brangeon, J. P.
Caltagirone, Y. Cherif, R. Eymard, C. Garnier, S. Giroux-Julien, Y.
Harnane, P. Joubert, N. Laaroussi, S. Lassue; P. Le Quéré, R. Li, D.
Saury, A. Sergent, S. Xin, A. Zoubir, Benchmark solutions for
natural convection flows in.vertical channels submitted to different
open boundary conditions, - International Journal of Thermal
Sciences, Vol. 72, No. 1, pp. 18-33, 2013.

[15] D. Rezaei Khonakdar, M. R. Raveshi, Mixed convection on a
vertical plate in supercritical fluids by selecting the best equation
of state, The Journal of Supercritical Fluids, Vol. 107, No. 1, pp.
549-559, 2016.

[16] R. Span, W. Wagner, A New Equation of State for Carbon Dioxide
Covering the Fluid Region from the Triple-Point Temperature to
1100 K at Pressures up to 800 MPa, Journal of Physical and
Chemical Reference Data, Vol. 25, No. 6, pp. 1509-1596, 1996.

[17] R. Span, Multiparameter equations of state: an accurate source of
thermodynamic property data, 1st Eddition, pp. 15-45, Springer-
Verlag Berlin Heidelberg, 2000.

[18] E. Heidaryan, T. Hatami, M. Rahimi, J. Moghadasi, Viscosity of
pure carbon dioxide at supercritical region: Measurement and
correlation approach, The Journal of Supercritical Fluids, Vol. 56,
No. 2, pp. 144-151, 2011.

[19] A. Jarrahian, E. Heidaryan, A novel correlation approach to
estimate thermal conductivity of pure carbon dioxide in the
supercritical region, The Journal of Supercritical Fluids, Vol. 64,
No. 1, pp. 39-45, 2012.

11 o plads 16 0,53 1395 as «yosde SilSe uwdie

e &1 S 6y Gl Syl J s () e bagte
sl p&e o)l > Jsl Gioli8l gauion Slade o)l Jloay! 58 L Joles
oduy £33y ol Lo 5w o 7y Sl ad sleo b ) lass sles (o

el lgas (S0 5o Sidgr 4

e w0 -7
(m?) dg) il mhaw  Ap
Q) sHsale ofil 51 @
(‘]K-lkg-l) ="Jl-’)L‘“‘-‘a Ry csiL")f M*—")Ja Cr
(m) Wy ks D
(Ms?) ooy 23,5 ot 9
(Ikg?) T R
(WmK?) plos Sosls, K
(m) dgf Jsbo L
el sae NU
(kgm's?) Lus P
(kgm's?) (g8 jLad Py
(wm?) ol e g

(m) Wy glass R
OKIMOIY) o5 aenSTss sl 58 <ol R
bl sue Ra
K bs T
(8) oles ¢
(M%) X g 3 e
(ms?)y cgz o cepm ¥
g @l
b tals Hseels o3l s34 @
(KY) &)l bl oy B
(kgm's?) Sslus cxyl K
(M°57) (Seilozw ey Y
(kgm?®) J&> P
ERST
JTessl O
oxilke T
b 552
Ligie Jaie  AVE
S~ ©
S99 in
Sl et PO
asly zals 4 PC
asl zals
o W

&ip-8

[1] Z Knez, E. Markoti¢, M. Leitgeb, M. PrimoZi¢, M. Knez Hrn¢ig,

M. Skerget, Industrial applications of supercritical fluids: A review,
Energy, Vol. 77, No. 1, pp. 235-243, 2014.

80


www.sid.ir

