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An Experimental Study on the Characteristics of
Evaporative Heat Transfer of Carbon Dioxide
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ABSTRACT: Evaporative heat transfer characteristics of carbon dioxide have been investi-
gated by experiment. The experiments have been carried out for a seamless stainless steel
tube of the outer diameter of 9.55 mm, the inner diameter of 7.75mm and the length of 5.0 m.
Direct heating method was used for supplying heat to the refrigerant where the test tube was
uniformly heated by electric current which was applied to the tube wall. Experiments were
conducted with CO2 of purity 99.99% at saturation temperatures of 0.0 to 10.5TC, heat fluxes
of 12 to 27kW/m® and mass fluxes of 212 to 530kg/m’s. The heat transfer coefficients of
CO2 are decreased as the vapor quality increases and these phenomena are explained by di-
mensionless Weber and Bond numbers. The heat transfer coefficients of CO2 increase when
the heat and mass fluxes increase, and the saturation temperature effects are minor in the
test range of this study. The present experimental data are compared with six renowned
correlations with root-mean-squared deviations ranging from 23.0 to 94.9% respectively.

Key words: Natural refrigerant(:d @ dfl), Carbon dioxide(o]4t8}l%t4), Evaporative heat trans-
fer coefficient(3 %8 A € A %), Direct heating(A 3 7}4)
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4. Test section
5. Heat exchanger
6. Liquid receiver

1. Magnetic gear pump
2. Mass flowmeter
3. Preheater

Fig. 1 Schematic diagram of experimental ap-—
paratus.
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fer coefficient with respect to quality
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Table 1 Deviations between measured and calculated heat transfer coefficients

Correlations err’ (%) abs® (%) rms” (%) min (%) max (%)
Shah (1982) 284 30.3 32.2 —54.6 543
Gungor and Winterton (1987) 134 185 23.0 —86.0 471
Jung et al. (1989) 1.3 16.6 239 —140.9 325
Kandlikar (1990) 26.7 316 338 —-62.0 521
Liu and Winterton (1991) -37.1 39.0 61.4 -339.1 15.8
Kattan et al. (1998) -71.8 71.8 949 —447.0 -23

— — - 2
'm=%z(ﬁ";',—i°—"—)x100, ak:#g‘&%lxm m=\/{§v—z( he ha,,) }xlOO

exp

exp



“ Z2&Y - §43% - AW+

4. 2 E

B dFdAe §438¥L Adydz 2
Hi dE olilseiAE oz FUINE F
He de% AFHFS L WHATEN nRIY

on, 71 ABAEFN 4¥EFAE vzd F
4 g&3 22 ZEE 4y

(1) Z2o) Xgso} Axrt Frgel ot &
AgAFrt ZAsE AHE BIed, o &
AT APzANA o)itseie THAYED
dAdol d§ A7) Wi Axe Ftol whep A
el FAIE gholAHA 9}%‘3}°] n2A Fdgd
YA R3P7] W&ol F99 9%
o2 A3y F AR EH ‘3'4‘1.“] -4 5] of
71739 elitsletAvt BH) AP FEEA He
HE Salololy #ado] #AP ey, o2
3 ddg 297 A ZAHAG

(2) dF%0] AR we dHeAs7 St
sgen, oisletrts A RE AEHYAA
dH&e IFE WYY FFREo FUHEd
u} 2} %7‘4”74]4‘-7} Z7tete AFE HYed,
o] A 7t Wk giFFL FEol
%7P5}9&7l “H—v—°]“‘1 oji gt A AgTE
HANAM n2A Yeigch FE2Te &
o HY Welde dAgAsd & <
2 Eaqdch

(3) B 24382 A2 Shah(1982), Gungor and
Winterton(1987), Jung et al.(1989), Kandlikar
(1990), Liu and Winterton(1991), Kattan et al.
(1998)9] &4 vt o|F Gungor and
Winterton(1987)9] @422 «&%# go] AF
P 230%= £ A7 A¥4x4 M 2
27F Fgpoh, v FaAelM Y dFge A
dad vng BFeAe Hdg, Hagel A
YA #x7 2x 939 AL HolR &gt
k. ol ZEY A#FHozE YAH FINA
AL AXE olistgie dHLATE o

rir rzL
Mo o
2 b I

of

¥

z3te Zo) YETE AL Juian, gad &
07 o)Astg i ZWAAGAFTE 25 A
28 4N Ade] 93t

¥ 7|

B Ad7E A SAT(FAR S 1999-1-304-

006-3)8] Aol S olFoiFom, olol A}
s wholth,

gk |

1. Lorentzen, G. and Pettersen, J., 1993, A
new, efficient and environmentally benign
system for car air-conditioning, Int. J. Re-
frigeration, Vol. 16, No. 1, pp. 4-12.

2. Pitla, S. S, Robinson, D. M., Groll, E. A,
and Ramadhyani, S., 1998, Heat transfer
from supercritical carbon dioxide in tube
flow: A Critical Review, HVAC&R Re-
search, Vol. 4, No. 3, pp. 281-301.

3. Jun, S. H, Hwang, Y. W.,, Yoon, S. H. and
Kim, M. S, 2000, An experimental study on
evaporative heat transfer characteristics in
micro-Fin tubes before and after expansion
process, Korean Journal of Air-Cojndition-
ing and Refrigeration Engineering, Vol. 12,
No. 10, pp. 932-940.

4. Pettersen, ], Hafner, A., Skaugen, G. and
Rekstad, H., 1998, Development of compact
heat exchangers for COz air-conditioning
systems, Int. J. Refrig.,, Vol. 21, No. 3, pp.
180-193.

5. McLinden, M. O, Klein, S. A., Lemmon, E.
W. and Peskin, A. P, 1998, NIST ther-
modynamic and transport properties of re-
frigerants and refrigerant mixtures database
(REFPROP), Version 6.0, National Institute
of Standards and Technology, Boulder, Co,
US.A.

6. Robinson, D. M. and Groll, E. A, 1998,
Heat transfer analysis of air-to-carbon dio-
xide two-phase heat absorption and su-
pecritical heat rejection, HVAC&R Research,
Vol. 4, No. 4, pp. 327-345.

7. Hwang, Y. and Radermacher, R., 1998,
Theoretical evaluation of carbon dioxide re-
frigeration cycle, HVAC&R Research, Vol
4, No. 3, pp. 245-263.

8. Bredesen, A. M., Hafner, A., Pettersen, J.,
Neksa, P. and Aflekt, K., 1997, Heat trans-



olizigtre ZUEAY B A ¥y AF 45

fer and pressure drop for in-tube evapo-
ration of CO Proceedings, IIF-IIR Com-
mission Bl, with E1 & EZ2, College Park
(US.A), pp. 35-49.

9. Knudsen, H. J. H. and Jensen, P. H, 1997,
Heat transfer coefficient for boiling carbon
dioxide, Proceedings, IEA HPC Report No.
HPC-WR-19: CO2 Technology in Refrigera-
tion, Heat Pump and Air Conditioning Sys-
tems, Trondheim (Norway), pp. 319-328.

10. Shah, M. M,, 1982, Chart correlation for
saturated boiling heat transfer: Equations
and further study, Trans. ASHRAE, Vol
88, Part I, pp. 66-86.

11. Gungor, K. E. and Winterton, R. H. S, 1987,
Simplified general correlation for flow sa-
turated boiling and comparisons of correla-
tions with data, Chem. Eng. Res. Des., Vol
65, pp. 148-156.

12. Kandlikar, S. G., 1990, A general correlation
for saturated two-phase flow boiling heat
transfer inside horizontal and vertical tubes,
J. Heat Transfer, Vol. 112, pp. 219-228.

13.Liu, Z. and Winterton, R. H. S, 1991, A
general correlation for saturated and sub-
cooled flow boiling in tubes and annuli,
based on a nucleate pool boiling equation,
Int. J. Heat Mass Transfer, Vol. 34, No. 11,
pp. 2759-2766.

14. Kattan, N.,, Thome, J. R. and Favrat, D.,
1998, Flow boiling in horizontal tubes: Part

3-Development of a new heat transfer mo-
del based on flow pattern, J. Heat Transfer,
Vol. 120, pp. 156-165.

15. Jung, D. S., McLinden, M., Radermacher, R.
and Didion, D., 1989, A study of flow boil-
ing heat transfer with refrigerant mixtures,
Int. J. Heat Mass Transfer, Vol. 32, No. 9,
pp. 1751-1764.

16. Measurement uncertainty, 1986, ANSI/ASME
PTC 19.1-1985 Part 1.

17.Choi, T. Y, Kim, Y. J, Kim, M. S. and Ro,
S. T., 2000, Evaporation heat transfer of R-
32, R-134a, R-32/134a, and R-32/125/134a
inside a horizontal smooth tube, Int. J. Heat
Mass Transfer, Vol 43, pp. 3651-3660.

18. Shin, J. Y., Kim, M. S. and Ro, S. T., 1996,
Experimental study on convective boiling
heat transfer for pure refrigerants and re-
frigerant mixtures in a horizontal tube,
Trans. KSME (B), Vol. 20, No. 2, pp. 730~
740.

19. Wang, C. C.,, Chiang, C. S. and Yu, J. G,
1998, An experimental study of in-tube
evaporation of R22 inside a 6.5mm smooth
tube, Int. J. Heat and Fluid Flow, Vol. 19,
pp. 259-269.

20. Jung, D. S., McLinden, M., Radermacher, R.
and Didion, D., 1989, Horizontal flow boiling
heat transfer experiments with a mixture
R22/R114, Int. ]J. Heat Mass Transfer, Vol.
32, No. 1, pp. 131-145,



