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Abstract

Experimental results of convection heat transfer to supercritical carbon dioxide in heated horizontal and vertical
miniature tubes are reported in this paper. Stainless steel circular tubes having diameters of 0.70, 1.40, and 2.16 mm
were investigated for pressures ranging from 74 to 120 bar, temperatures from 20 to 110 °C, and mass flow rates from
0.02 to 0.2 kg/min. The corresponding Reynolds numbers and Prandtl numbers ranged from 10* to 2 x 10° and from
0.9 to 10, respectively. It is found that the buoyancy effects were significant for all the flow orientations, although
Reynolds numbers were as high as 10°. The experimental results reveal that in downward flow, a significant impairment
of heat transfer was discerned in the pseudocritical region, although heat transfer for both horizontal and upward flow
was enhanced. The experimental results further indicate that in all the flow orientations, the Nusselt numbers decreased
substantially as the tube diameter shrunk to <1.0 mm. Based on the experimental data, correlations were developed for
the axially-averaged Nusselt number of convection heat transfer to supercritical carbon dioxide in both horizontal and

vertical miniature heated tubes.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Heat transfer to supercritical fluids near their criti-
cal points is important in a number of technological
applications. In modern power plants, heat is trans-
ferred to supercritical water. Superconductivity effects
are achieved by cooling the conductor with fluids that
are close to their critical points. Rockets and military
aircraft are cooled using fuel at supercritical pressure as
an onboard coolant. Highly charged machine elements
such as gas turbine blades, supercomputer elements,
magnets and power transmission cables are cooled with
supercritical fluids.

One of the most important characteristics of super-
critical fluids near their critical points is that their
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physical properties exhibit extremely rapid variations
with a change in temperature, especially near the pseudo-
critical point (the temperature at which the specific heat
reaches a peak for a given pressure).

Forced convection of supercritical fluids such as
water, carbon dioxide, nitrogen, hydrogen, and helium
in large channels has been extensively studied both ex-
perimentally [1-3] and numerically [4-6]. Many corre-
lations, most of the Dittus—Boelter type (Nu = CRe"Pr"),
have been proposed for supercritical fluids with heating.
The reference-temperature method and the property-
ratio method have been employed to incorporate the
variable-property effect [7]. Comprehensive reviews on
previous works associated with variable-property heat
transfer and supercritical heat transfer are given by
Kakac [7], Hall [8], and Polyakov [9]. It is generally
agreed that the correlations do not show sufficient
agreement with experiments to justify their use except in
very limited conditions. The limitations imposed on a
specific correlation should be carefully studied before its
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Nomenclature

A inner surface of the test tube, m?

cp specific heat, J/K kg

d inside-diameter of the test tube, m

g acceleration of gravity, m/s’

Gr Grashof number, Gr = ((p, — py)pogd’)/ 12

Grm Grashof number, Gry, = ((p, — Pm)Ppgd>)/
ey

h average heat transfer coefficient, W/m? K

i enthalpy, J/kg

k thermal conductivity, W/m K

LMTD logarithmic mean temperature difference, °C

m mass flow rate, kg/s

Nu Nusselt number

J4 pressure, bar

Pr Prandtl number

0 heat transfer rate, W

q’ heat flux, W/m?

Re Reynolds number
T temperature, °C or K

Greek symbols

u dynamic viscosity, kg/ms

v kinematic viscosity, m?/s

0 density, kg/m?

Pm integrated density, p,, = Twlrb TZ‘” pdT, kg/
m3

Subscripts

b bulk fluid

cr critical

db Dittus—Boelter correlation

in CO, inlet of the test section

out CO, exit of the test section

pc pseudocritical

w wall

use in practical applications. Most recently, to meet the
demand for designs of gas coolers in transcritical CO,
refrigeration systems, a few papers [10,11] have reported
on the study of heat transfer of supercritical CO, flowing
in mini/microchannels under cooling conditions.

The purpose of this study was to study the heat
transfer of supercritical CO, flowing in miniature cir-
cular tubes under heating conditions. Three circular
tubes having inside-diameters of 0.70, 1.40, and 2.16 mm
were tested. Measurements were carried out at pressures
ranging from 74 to 120 bar and temperatures ranging
from 20 to 110 °C. The critical pressure and the critical
temperature of CO, are p., = 73.8 bar and T, = 31.1 °C,
respectively. In the following, we first describe our ex-
perimental apparatus and procedures. We then report
the experimental results to show the effect of some im-
portant parameters including pressure, flow orientation,
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Cooling
Water
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tube diameter, and heat flux on heat transfer behavior.
Finally, the salient findings of the study are summarized.

2. Experimental apparatus and procedures

The test loop, schematically shown in Fig. 1, is es-
sentially the same as that used for studying heat transfer
of supercritical CO, under cooling conditions [11]. It
consisted of a compressed CO, cylinder, a high-pressure
CO, pump, a filter, a flow meter, a pre-heater, a test
section, an after-cooler, and a number of high-pressure
fittings and valves. CO, with a purity of 99.5% was fed
to the test loop from the compressed CO, cylinder and
was circulated by the CO, pump (Model P-200, Thar
Designs), with an input pressure of 57 bar, a discharge
pressure up to 680 bar, and a maximum mass flow rate

CO2 Container

Fig. 1. Schematic diagram of the experimental apparatus.
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of 0.2 kg/min. The pump is controllable based on feed-
back from a pressure sensor or a flow meter. The mass
flow rate was measured using a Coriolis-type Micro
Motion mass flow meter (Model CFM-010M, with
IFT9701 transmitter). The nominal range of the flow
meter is 0—1.37 kg/min (0-22.8 g/s), with an accuracy of
< +£0.2% of the reading. A pressure gage transducer
(Model 3051CGS5, Rosemount) was used to measure the
static pressure at the inlet of the test section, while a
differential pressure transducer (Model 3051CD3,
Rosemount) was installed at both ends of the test section
to measure the pressure drops. The pressure gage
transducer and the differential pressure transducer were
calibrated using a pressure calibrator, and the accuracy
of the transducers was found to be +0.2% of the read-
ing. The onboard microprocessor monitored the flow
meter, calculated the flow rate and sent the feedback to
the pump. In addition, a portable chiller was used to
provide cooling for the CO, pump and the after-cooler.

Three circular tubes (stainless steel AISI 304) having
inside/outside-diameters of 0.70 mm/1.10 mm, 1.40 mm/
3.18 mm, and 2.16 mm/3.18 mm were tested. Fig. 2
shows the details of the test section. The test tube was
inserted tightly into a copper cylinder having an out-
sider-diameter of 25 mm and a length of 110 mm. An
electrical resistance wire wrapped around the cylindrical
copper was used to heat the test tube and was electrically
insulated from the cylindrical copper with isinglass and
thermally insulated from the ambient air with fiber glass
wool. A thermally insulated length of 110.0 mm pre-
ceded the heated length of 110.0 mm, which was fol-
lowed by a thermally insulated exit length of 40.0 mm.
Between the test tube and the cylindrical copper, a thin
layer of a metal oxide filled silicone oil paste (Heat Sink
Compound Plus, RS) was laid to reduce the contact
thermal resistance, and six uniformly spaced T-type
thermocouples were placed there to measure the outer
surface temperatures of the test tube. The temperatures
of the CO; at both the inlet (7j,) and the outlet (7o) of
the test tube were measured by two armored T-type
thermocouples. All the thermocouples were calibrated in
a constant temperature bath and the measurement error

Isinglass

\

was found to be within +0.2 °C. The temperature of the
CO; at the inlet of the test tube was regulated by the pre-
heater.

The heat transfer rate, Q from the tube wall to the
CO, can be obtained from the energy balance under a
steady state:

Q:m(iout_iin)7 (1)

where 7 is the mass flow rate, and i;, and i, denote the
enthalpy of the CO, at the inlet and the outlet of the test
section, respectively. The test data of the heat transfer
rate Q obtained from Eq. (1) were compared with the
test data of the electrical heating power of the heater
outside the test tube. The electrical heating power was
obtained by measuring the voltages and the currents of
the heater. The differences between the heat transfer rate
and the electrical heating power were within 12% for all
the test data.

Since the addition of heat to the test tube was ac-
complished by heating the outer copper cylinder, which
enhanced the axial heat conduction, the boundary con-
dition for the test tubes was close to a constant tem-
perature condition rather than to a constant heat flux
condition [12]. The outer wall mean temperature aver-
aged over the entire heated length was obtained based
on the readings of the six thermocouples under each test
condition. A corresponding inner wall mean tempera-
ture of the test section T, can then be calculated based
on the wall thickness of the test tube, the outer wall
mean temperature and the heating power given by Eq.
(1). Subsequently, the logarithmic mean temperature
difference LMTD can be obtained for the test tube as:

(TW_Ti )_ETW_TOU[)- (2)

In g

LMTD =

Note that in all the experiments, for a given addition of
heat to the test section, the temperature change in the
CO; (Tou — Tin) near the pseudocritical point was usu-
ally very small (<2 °C) because the specific heat over this
range was very high. On the other hand, large temper-
ature changes (about 12° C) in the CO, took place far
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Fig. 2. Schematic diagram of the test section.
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from the pseudocritical point and the specific heat was
nearly constant over this temperature range. This means
that the use of the LMTD in this study can be justified.
The average heat transfer coefficient / over the entire
heated length is determined from
0
h=—"—— 3
ALMTD’ (3)
where A represents the inner surface of the test tube. The
Nusselt number is defined as
hd
Nuy = — 4
Uy kb ) ( )
where d is the tube diameter, k is the thermal conduc-
tivity of CO,, and the subscript b represent the case in
which the properties are evaluated at the bulk CO, mean
temperature 7y, defined as:

T;n + TQLl
L=, (5)

with T, and T, being the CO, temperature at the inlet
and the outlet of the test section.

All the experimental data reported in this paper were
processed based on the data for the physical properties
of CO, provided by the NIST Refrigerants Database
(REFPROP) [13]. The uncertainties in the experimental
data were evaluated according to the methods intro-
duced in NIST Technical Note 1297 [14]. Since near the
pseudocritical temperature T,., the thermal properties
become rather sensitive to temperature (see Fig. 1), a
small error in temperature measurements will cause a
large uncertainty in the Nusselt numbers. For this rea-
son, the uncertainty of the Nusselt number Nu, near the
pseudocritical temperature (7, &= 3°C) could be up to
30%. Except for the measuring points near the pseudo-
critical temperature, it is estimated that the relative
standard uncertainty of the Nusselt numbers Nu, and
Nu,, was within 8%.

3. Results and discussion

Measurements were carried out at CO, pressures
ranging from 74 to 120 bar, temperatures from 20 to 110
°C, and mass flow rates from 0.02 to 0.2 kg/min. Re-
sulting temperature differences (7;, — 7,,) between the
bulk CO, and the wall ranged from 2 to 30 °C, and heat
fluxes ranged from 10* to 2 x 10° W/m?. The corre-
sponding Reynolds numbers Re, and Prandtl numbers
Pry, ranged from 10* to 2 x 10° and from 0.9 to 10, re-
spectively.

3.1. General behavior

Fig. 3 shows the variation in the heat transfer coef-
ficient /1 with the bulk mean temperature of CO, for the
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Fig. 3. Variations in the heat transfer coefficient /2 with the bulk
mean temperature for the horizontal tube of d = 1.40 mm at
m = 0.05 kg/min and static pressures of 80 and 100 bar.

horizontal tube of d = 1.40 mm for the mass flow rate of
m = 0.050 kg/min at static pressures of p = 80 and 100
bar. It is seen that there was a peak of the heat transfer
coefficient for each pressure near the corresponding
pseudocritical temperature (7, = 34.6 °C at p = 80 bar
and T, =45.0 °C at p = 100 bar), indicating that heat
transfer was enhanced near the pseudocritical region in
horizontal tubes. The behavior of the heat transfer co-
efficient in the vicinity of the pseudocritical temperature
is mainly attributed to the fact that the specific heat c,
varies in a similar manner near the pseudocritical region.
Fig. 3 also indicates that the peak value of the heat
transfer coefficient decreased as the static pressure was
increased from 80 to 100 bar. This is because the peak
value of the specific heat ¢, decreases with an increase in
pressure.

The variations in the heat transfer coefficient /# with
the bulk mean temperature for the tube of d = 0.70 mm
for m = 0.050 kg/min at p = 80 bar are compared in Fig.
4 for different flow orientations. It is evident from this
figure that near the pseudocritical temperature (7, =
34.6°C), heat transfer in both horizontal and upward
flow was enhanced tremendously, reflected by the high
peak values when the bulk temperature passed through
Tpe. However, it is also clear from Fig. 4 that in down-
ward flow, the heat transfer coefficient decreased sig-
nificantly near the pseudocritical region. It can also be
observed that, in the region where the bulk mean tem-
perature was higher than the pseudocritical point the
heat transfer coefficients for downward flow were gen-
erally lower than those for horizontal and upward flow.
Similar behavior of the heat transfer coefficient can be
observed in Fig. 5 for the tube of d =1.40 mm for
m = 0.100 kg/min at p = 80 bar and in Fig. 6 for the
tube of d =2.16 mm for m = 0.154 kg/min at p = 80
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Fig. 4. Variations in the heat transfer coefficient /2 with the bulk
mean temperature for the tube of d = 0.70 mm at 7» = 0.05 kg/
min in horizontal, upward, and downward flow.
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Fig. 5. Variations in the heat transfer coefficient / with the bulk
mean temperature for the tube of d = 1.40 mm at 7z = 0.100 kg/
min in horizontal, upward, and downward flow.

bar. The different heat transfer behaviors caused by the
change in flow orientations suggest that the buoyancy
effect was still significant for heat transfer of supercriti-
cal CO, flowing in the tube having a diameter as small as
0.70 mm and at Reynolds numbers up to 10°. Previous
investigations on mixed turbulent convection in large
tubes showed that buoyancy always enhanced the heat
transfer in downward flow (buoyancy-opposed flow),
whereas it might impair or enhance heat transfer in
upward flow (buoyancy-aided flow), depending on the
strength of the free convection [15,16]. The results pre-
sented in Figs. 4-6 indicate that, due to buoyancy effects,
the heat transfer coefficients for downward flow in
miniature tubes decreased significantly. Apparently, the
present experimental results did not support the con-
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Fig. 6. Variations in the heat transfer coefficient /2 with the bulk
mean temperature for the tube of d = 2.16 mm at s = 0.154 kg/
min in horizontal, upward, and downward flow.

clusions reached in the previous investigations on mixed
turbulent convection in large vertical tubes. Instead, the
present experimental results suggest that the heat
transfer behaviors for turbulent convection in miniature
vertical tubes under some conditions are in agreement
with the theory of laminar mixed convection in vertical
tubes [16].

Fig. 7 shows the effect of the tube diameter on the
Nusselt number Nu, for horizontal flow at p = 80 bar.
To create meaningful comparisons, the experiments
were conducted at a fixed ratio of the mass flow rate to
the tube diameter (i/d = 1.19 kg/ms) in order to keep
both the Reynolds number Rey, and the Prandtl number
Pry, constant in the three tubes of different diameters
(d =0.70, 1.40, and 2.16 mm) at a given bulk mean

400 T
'
horizontal flow = d= 0.70 mm
o d=1.40 mm
A d=2.16 mm
300 Dittus-Boelter

=
Z 200

100

Fig. 7. Effects of tube diameter on the Nusselt number Nuj, at
m/d = 1.19 kg/ms and p = 80 bar in horizontal flow.
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temperature of the fluid. In the above-described experi-
mental conditions, the Reynolds number Re, ranged
from 2 x 10* to 8 x 10* and the Prandtl number Pr,
ranged from 0.9 to 10 as the bulk mean temperature of
the fluid changed. The abscissa in the figure is the di-
mensionless bulk mean temperature T;,/7,., where T
represents the pseudocritical temperature of CO,. Note
that the unit of temperature is K in calculating the ratio
Ty, /Tye. For comparison, the Dittus—Boelter correlation
for heating constant property fluids

Nuy, = 0.023Re)* P4, (6)

is also plotted in Fig. 7. It is noted from Fig. 7 that the
experimental measurements for the tube of d = 0.70 mm
were only 15-35% of the values predicted by Eq. (6),
although most of the experimental data for the tubes of
d = 2.16 and 1.40 mm were favorably in agreement with
Eq. (6). The Nusselt numbers for supercritical CO, in
the range of the measured temperatures (0.95 < 7,/
Ty < 1.10) depended very much on the tube diameter,
and they dropped substantially as the tube diameter was
reduced from 2.16 to 0.70 mm. Fig. 8 presents similar
results for upward flow. It is seen from Fig. 8 that
the experimental data for the tubes of d =2.16 and
1.40 mm were close to the prediction by Eq. (6) when
T/ The < 0.995, whereas the experimental data devi-
ated substantially from the prediction by Eq. (6) when
T,/ Tpe > 0.995. The experimental data for the tube of
d = 0.70 mm were only 15-30% of the values predicted
by Eq. (6). It can also be seen in Fig. 8 that the Nusselt
numbers dropped substantially as the tube diameter was
reduced from 2.16 to 0.70 mm. Similar results for
downward flow are presented in Fig. 9. It is seen from
Fig. 9 that the experimental data for the three tubes were
lower than the values predicted by Eq. (6). Again, the

400
upward flow m d=0.70 mm
o d=1.40 mm
A A d=2.16 mm
300 Dittus-Boelter |7
=° |
Z 200
100
- L] " = m u
- s my ;
0 . .
0.95 1.00 1.05 1.10
T /T
b pc

Fig. 8. Effects of tube diameter on the Nusselt number Nuy, at
m/d = 1.19 kg/ms and p = 80 bar in upward flow.
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o d=1.40 mm
A d=2.16 mm

300 |

Dittus-Boelter
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Z 200
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Fig. 9. Effects of tube diameter on the Nusselt number Nuy, at
m/d = 1.19 kg/ms and p = 80 bar in downward flow.

Nusselt number dropped substantially as the tube dia-
meter was reduced from 2.16 to 0.70 mm. One of the
major reasons for the above-described heat transfer be-
haviors in relation to changes in tube sizes might be
from the buoyancy effect.

For horizontal tubes, it has been shown theoretically
that when
Gr 3
R_eg <1077, (7)
the effect of the buoyancy-induced secondary flow be-
comes negligible [7,17], where the Grasholf number Gr is
defined as:

(Pw = Po)gd> _ (py = Po)Pygd° 8)

Gr = ,
Pb‘% ﬂ%

with p, and p,, denoting the density of CO, evaluated at
the bulk mean temperature 7;, and the wall mean tem-
perature T, respectively; v, and y, represent the kinetic
viscosity and dynamic viscosity of CO, evaluated at the
bulk mean temperature 7;, respectively; and g is the
acceleration of gravity.

Let us now examine the range of Gr/Re] for the
measured Nusselt numbers Nu,, presented in Fig. 7. As
noted from Fig. 10, Gr/Reﬁ for the tubes of d = 2.16 and
1.40 mm was higher than 1073 (see Eq. (7)) when T;/
Tpe < 1.01, but it was lower than 103 when Ty /Tpe >
1.01, meaning that buoyancy effects are important at low
temperatures (7,/7,. < 1.01), but they become less im-
portant at high temperatures (7;,/T,. > 1.01). However,
it is clear from Fig. 10 that for the tube of 4 = 0.70 mm,
Gr/Re} was lower than 107% over the entire temperature
range, indicating that the buoyancy effect is less impor-
tant for this small tube. It is also seen from Fig. 10 that
Gr/Re} grew smaller as the tube diameter was decreased.
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Fig. 10. Gr/Re} values vs. T,/ T, at 7n/d = 1.19 kg/ms for the
horizontal tubes.

Considering that the buoyancy parameter Gr/Re} is
proportional to the tube diameter d, it can be concluded
that the reduction in the Nusselt number because of
reduction in the tube size was caused, partly at least, by
the fact that the buoyancy effect became less important
in small tubes.

For vertical tubes, the influences of buoyancy on heat
transfer behaviors are more complex. Previous investi-
gations on turbulent mixed convection in a large heated
tube showed that heat transfer was always enhanced by
buoyancy in downward flow (buoyancy-opposed flow
under the heating condition) [15,16]. However, in up-
ward flow (buoyancy-aided flow) heat transfer might be
enhanced or impaired, depending on the strength of free
convection. Moreover, it has been shown that the in-
fluences of buoyancy were controlled by the magnitude
of the Grashof number and the Reynolds number in the
form Gry, /Relzj, where Gr, is defined as

— pw)gd’ - &’
Gryy = Po = Pn)8d” _ (P — P)po2d” )

2 2
PoVp Hy

with the integral density p,, being given by

1 T
L= dr. 10
Pm =7 /Tb p (10)

An approximate analysis [15] indicated that buoyancy-
induced impairment of heat transfer in upward flow
could be ignored when

Gry _

R <107, (11)
We now use Eq. (11) to examine our experimental re-
sults. To this end, the range of Gry, /Re?”, over which the
experimental data shown in Figs. 8 and 9 were collected
for the vertical tubes of d = 0.70, 1.40, and 2.16 mm,
was plotted against the range of T, /T, in Fig. 11. Note

10*
. d=2.16 mm, downward
Eq. (11) o d=2.16 mm, upward
10° v  d=1.40 mm, downward |
® oo —
v d=1.40 mm, upward
= d=0.70 mm, downward
P v Yy P o d=0.70 mm, upward
5 10 v V.o
g Yoo
N © ® 0w Vo
= oy % oe,
o 107 !%ﬁ v 08 o .
v %o am,
s Y oo
Yy
u
v
L] W'Wv
-8 L] v % ww i
10 " v
g P
10° : :
095 1.00 1.05 1.10
T/T
b pe

Fig. 11. Gry/ReZ" values vs. Ty,/ T, at ir/d = 1.19 kg/ms for
the vertical tubes.

that the heat transfer coefficients 4 for vertical tubes
presented in Figs. 4-6 were also measured at the same
range of Gry/Rel’ as illustrated in Fig. 11. It is noted
from Fig. 11 that all the values of the parameter
Grm/Re?’, no matter in upward and downward flow,
were lower than 107>, The results presented in Figs. 4-6
in upward flow did not show significant heat transfer
impairment, implying that Eq. (11) is consistent with the
present results in upward flow. It should be recognized
that although all the values of the parameter Gry/Re}’
were lower than 1073, buoyancy effects on heat transfer
were still significant, reflected by the fact that there was
a significant difference of the heat transfer coefficients
between upward flow and downward flow as shown in
Figs. 4-6. This is true even for very small values of
Grn/Re}” ranging from 2 x 107 to 5x 1077 for the
smallest tube (d = 0.70 mm). On the other hand, the
experimental data in downward flow in this study have
shown that heat transfer was impaired in all the tested
tubes. This behavior is inconsistent with the previous
work [15,16] for turbulent mixed convection in large
vertical tubes, in which heat transfer in downward flow
was found to be enhanced by buoyancy.

The criterion for negligible heat transfer impairment
given by Eq. (11) can be further discussed by referring to
Fig. 12, where the measured Nu, in upward flow in the
tube of d = 2.16 mm at 7z = 0.050 kg/min, together with
the range of Gry,/Ret’, were plotted against Ty, /Te. For
comparison, the Nusselt number Nug, predicted by the
Dittus—Boelter correlation (Eq. (6)) for constant prop-
erty fluids was also plotted in Fig. 12. It is seen that
when Gry/Re?’ > 107 (T, /T, < 1) the measured Nuy,
was much lower than that predicted by the Dittus—
Boelter correlation. This observation suggests that the
buoyancy-induced impairment of heat transfer cannot
be neglected in upward flow, which agrees with Eq. (11).



5032 S.M. Liao, T.S. Zhao | International Journal of Heat and Mass Transfer 45 (2002) 5025-5034

10° ¢ . . 150

. Nuh
Dittus-Boelter

o Gr /Re’
m b

107 ¢

10-5 b
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Fig. 12. Gri/Re}’ and Nuy, values vs. Ty, /Ty at d = 2.16 mm
and m = 0.050 kg/min in upward flow.

As buoyancy effects on heat transfer for vertical tubes
are controlled by Gry,/Re?” and this parameter is pro-
portional to d*3, buoyancy should be one of the major
reasons for the size effect on Nusselt numbers in vertical
tubes as shown in Figs. 8 and 9. However, our experi-
mental results show that the Nusselt numbers in both
upward flow and downward flow reduced significantly
as tube diameter was decreased. For this reason, there
might be some other physical mechanisms leading to
smaller Nusselt numbers for vertical tubes, in addition
to the buoyancy effect.

In order to examine the effect of the heat flux on the
heat transfer performance, the reduced Nusselt number
Nuy/Nug, under two different values of the heat flux
(¢" =4.5x 10* and 1.0 x 10° W/m?) for d = 1.40 mm at
m = 0.100 kg/min and p = 80 bar in downward flow
were compared in Fig. 13. The experimental results in-
dicate that the reduced Nusselt numbers changed sig-
nificantly as the heat flux changed even if other
conditions remained the same, implying that the heat
flux has an important influence on the heat transfer rate
for supercritical fluids. This is because different heat
fluxes will give different velocity and temperature pro-
files. The change in heat flux corresponds to the change
in the temperature difference (7;, — T;,) between the wall
mean and the bulk mean temperature. Fig. 13 also
shows that the heat transfer performance of supercritical
CO, in downward flow was impaired significantly
(Nuy/Nug, < 1) near the pseudocritical point (7;,/ T, =
1) compared to that of constant property fluids. In de-
veloping heat transfer correlations, the influence of the
heat flux or the influence of the temperature difference
(Tw — Tp) between the bulk mean and wall mean tem-
perature on the heat transfer rate are usually taken
into account by using appropriate property parameter
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Fig. 13. Effects of the heat flux on the Nusselt number Nuy, for
d = 1.40 mm at 7» = 0.100 kg/min and p = 80 bar in downward
flow.

groups such as py,/py, ¢,/cpp. etc. The mean specific heat
C, is defined as:

_ iw - ib
= 12
Cp To—T, (12)
where i, and i,, denote the enthalpy of CO, evaluated at
the bulk mean temperature 7;, and the wall mean tem-
perature T, respectively.

3.2. Heat transfer correlations

Our experimental results suggest that both the
buoyancy effect and the heat flux or the temperature
difference between the bulk fluid and the wall must be
taken into account in developing heat transfer correla-
tions for heat transfer to supercritical CO, flowing
through miniature tubes. As seen from the following
paragraphs, buoyancy effects on heat transfer in hori-
zontal and vertical tube flow are accounted for by the
parameters Gr/Re} and Gry,/Rel’, respectively. Since
Gr/Reé} and Gry,/Re’ are proportional, respectively, to
tube diameter d and 4% all the effects due to the change
of tube diameter are implicitly included in the heat
transfer correlations.

In horizontal flow, the following correlation was
obtained for convection of supercritical CO, in minia-
ture tubes heated at an approximate constant tempera-
ture based on a least square fit of 68 experimental data
for the circular tubes of d = 0.70, 1.40, and 2.16 mm:

0.203 ogaa /N 0384
M, :5.37(2) (p_w) S ) 1)
Nugy Re} PR o

Substituting Eq. (6) into Eq. (13) yields:
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0.384
08 04 Gr 0.203 P 0.842 Ep

Nub = 0124R€b I)I"b p — e .
€ Py Cpb

(14)

The maximum relative error between Eq. (14) and the
experimental data is about 21.8%, while the mean rela-
tive error between Eq. (14) and the experimental data is
about 13.5%.

In upward flow, a least square fit of 66 experimental
data for the circular tubes of d =0.70, 1.40, and 2.16
mm heated at an approximate constant temperature
yields the following correlation:

0.157 1297 / — \ 029
Ny _ 15.37(Gr2“‘7) (’LW) e (15)
Nugy, Rey; Py Cpb

or

0.296
Gr 0.157 P 1297 (&
Nup, = 0.354ReX3 P24 (R 2“‘7) (—) £ .
) Py Cpb

(16)

The maximum relative error between Eq. (16) and the
experimental data is about 18.6%, while the mean rela-
tive error between Eq. (16) and the experimental data is
about 12.3%.

In downward flow, a least square fit of 70 experi-
mental data for the circular tubes of d = 0.70, 1.40, and
2.16 mm heated at an approximate constant temperature
leads to the correlation equations as follows:

0.186 2154 / =\ 07!
ity :27.94(Gr2’“7) (p—w) = (17
Nugy Re;; Po Cpb

or

= 0.751
Ni 0.643R 0‘8Pr0'4( Grm )0~186 (pw )2,154 E'p
B ¢ R — 2 )
b b b e%i X vab

(18)

The maximum relative error between Eq. (18) and the
experimental data is about 22.4%, while the mean rela-
tive error between Eq. (18) and the experimental data is
about 15.6%.

Egs. (14), (16), and (18) are valid for long tubes of
0.70<d <2.16 mm in the range of 74 <p< 120 bar,
20, <110°C, 2< Ty — T, <30 °C, 0.02<m < 0.2 kg/
min. In addition, Eq. (14) is valid for the range of
10-° < Gr/Re} < 1072, while Eqgs. (16) and (18) are valid
for the range of 2 x 107° < Gry/Re?” <1072,

4. Concluding remarks

Experimental data on heat transfer to supercritical
carbon dioxide flowing in horizontal and vertical min-

iature circular tubes having inside-diameter of 0.70, 1.40,
and 2.16 mm have been presented. The experiments were
undertaken under CO, pressures ranging from 74 to 120
bar and temperatures ranging from 20 to 110 °C. It has
been shown that although supercritical CO, was in
forced motion at Reynolds numbers up to 103, the
buoyancy effect was still significant, reflected by the fact
that the heat transfer coefficients were rather different in
horizontal flow, upward flow and downward flow while
other heat transfer and flow conditions were kept the
same. In downward flow, the heat transfer coefficients
near the pseudocritical point were much lower than
those in horizontal flow, upward flow, and for constant
property fluid flow. This heat transfer behavior is in-
consistent with the results in the existing literature, in
which heat transfer was found to be enhanced for tur-
bulent mixed convection of variable-property fluids
flowing upwards in large vertical tubes. The experi-
mental results also indicate that the Nusselt number
decreased with the reduction in tube diameter. Based on
the experimental data, correlations were developed for
the axially-averaged Nusselt number of forced convec-
tion heat transfer to supercritical carbon dioxide in
horizontal, upward and downward flow in miniature
heated tubes. The results of this study are of significance
to he design of compact heat exchangers of supercritical
fluids.
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