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Abstract

Convection heat transfer of CO, at supercritical pressures in a 0.27 mm diameter vertical mini-tube was investigated experimentally
and numerically for inlet Reynolds numbers exceeding 4.0 x 10°. The tests investigated the effects of heat flux, flow direction, buoyancy
and flow acceleration on the convection heat transfer. The experimental results indicate that the flow direction, buoyancy and flow accel-
eration have little influence on the local wall temperature, with no deterioration of the convection heat transfer observed in either flow
direction for the studied conditions. The heat transfer coefficient initially increases with increasing heat flux and then decreases with fur-
ther increases in the heat flux for both upward and downward flows. These phenomena are due to the variation of the thermophysical
properties, especially ¢,,. The numerical results correspond well with the experimental data using several turbulence models, especially the

Realizable k—¢ turbulence model.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the supercritical region, small fluid temperature and
pressure variations can lead to significant changes in the
thermophysical properties. Convection heat transfer of flu-
ids at supercritical pressures has many special features due
to the sharp variations of the thermophysical properties. A
number of detailed reviews covering the research on heat
transfer to fluids at supercritical pressures can be found
in the literature, for example [1-4].

Recently, there has been increasing interest in heat trans-
fer of fluids at supercritical pressures in small/mini/micro-
scale tubes or channels [5-7]. However, there have been very
few investigations of the local heat transfer performance in
the mini/micro-tubes which is important to understanding
the heat transfer mechanism. In addition, the published
results for mini/micro-tubes have contradictions.
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He et al. [7] carried out computational simulations of
experiments of turbulent convection heat transfer of car-
bon dioxide at supercritical pressures in a 0.948 mm diam-
eter vertical tube. Their results showed that for mini tubes
such as the 0.948 mm diameter tube and for a large Rey-
nolds number of 10% the buoyancy effect is insignificant.
However, heat transfer can still be significantly impaired
as a result of flow acceleration at high heat fluxes, which
reduces the turbulence production.

Jiang et al. [8] experimentally and numerically investi-
gated convection heat transfer of supercritical pressure
CO; in a small 2.0 mm diameter vertical tube at low Rey-
nolds numbers (<2500).

This present paper describes experimental and numeri-
cal investigations of the local convection heat transfer of
supercritical pressure CO, in a 0.27 mm diameter vertical
mini-tube for upward and downward flows at high Rey-
nolds numbers (from 4.0 x 10* to 13.0 x 10%). The effects
of heat flux, flow direction, buoyancy and flow acceleration
on the convection heat transfer are investigated.
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Nomenclature

p specific heat at constant pressure (J/(kg K))
d tube inner diameter (m)

h, local heat transfer coefficient (W/(m? °C))
p pressure (N/m?)

G heat flux on the inner tube surface (W/m?)
Re Reynolds number

T temperature (°C) or (K)

Tpe pseudo-critical temperature (°C) or (K)

u x-direction velocity (m/s)

X axial coordinate (m)

Greek symbol

u dynamic viscosity (kg/(m s))
Subscripts

b bulk fluid temperature

f fluid

i inner surface

in inlet section

w wall

X local values

2. Experimental system and data reduction

The scheme and detailed description of the experimental
system were presented by Jiang et al. [§]. The test section
was a vertical stainless steel 1Cr18NO9T tube with inside
and outside diameters of 0.27 mm and 1.59 mm. The
heated part of the test section was 90 mm long, and the sec-
tions before and after the heated section were each
10.8 mm long (40d). The test section was heated directly
using low-voltage alternating current to simulate a con-
stant heat flux. CO, flowed into the test section either from
the bottom for upward flow or from the top for downward
flow.

The parameters measured in the experiments included
the wall temperatures, the inlet and outlet temperatures,
the mass flow rate, the inlet pressure, the pressure drop
across the test sections, the heater voltages, the current
and the electrical resistance. The local wall temperatures
along the test section were measured with 14 fine T-type
thermocouples welded onto the outer tube surface. Flow
mixers were installed upstream and downstream of the test
section to mix the fluid before the inlet and outlet fluid tem-
peratures were measured by accurate RTDs.

The local heat transfer coefficient, /., at each axial loca-
tion was calculated as

[
C Tywi(x) = Trep(x)

The methods to determine the local temperatures of the in-
ner tube surface Ty, ;(x), the heat flux on the inner surface
gw. the local bulk fluid temperature 7 p(x), and the Rey-
nolds number can be found in [8].

A detailed uncertainty analysis showed that the maxi-
mum uncertainty of the heat rate into the test section
was +11.0%. The relative uncertainty of the mass flow
rate varied from 1.1% to 0.20%. The root-mean-square
experimental uncertainties of the heat transfer coeffi-
cient were estimated to be +12.4%. The experimental
uncertainties in the inlet pressures were estimated to be
+0.13%.

3. Experimental results and discussion

3.1. Local wall temperature, bulk fluid temperature and heat
transfer coefficient

Fig. 1 presents the local wall temperature (solid sym-
bols) and local bulk fluid temperature (hollow symbols)
distributions along the tube for upward flow (a) and down-

a 160 T T T T T
L[w 7, 8 T, 47969 kW’
140 || & 7. 8 T, 47153 kW/mi ¢
) L& T, 0 T, qz215 kW’
é) 120 L | v T“_\ v I}X qw:293 kW/mZ b _
~ . ' 2 .
o L[ * T, = T, q2371 kW
‘5 100 k| ® Touo© Ty am454 KW’ * o
= Lo T, 0T, q=54 kwm’ . .
S b )
g 80 - .. . .
L . .
g 60 o * : : « o0 *® * * * i : 7
e [ @ 9 4 % x xx X ¥ vy o T b
i —i i v yYyVYYY °
orbH b
I 5 g g g pc
20 1 1 1 1 1 1
0 50 100 150 200 250 300
x/d
b 160 T T - T T .
BT, 0 T 4922 kW R
140 H & 7,8 T q7150 kwm’ -
- o7 0 Tf"r 4,215 kWin® N *
O 120H v 7.V 7 479 kwm’ i
_ X T % 7 4,370 kWi . o
o o1 o 1 g5 KW’ . .
= 100 H we gy ) . . E
: 7T OT q»v':546 kW/m’ * Y ]
g 8or o @ . Py . ¢ * * S -.
= . ¢ ® x * o
560' o ::: o * 0l
= ot yyy yyyyx oo § s ]
40p..-%...2. 22 2B -é%-é- - -g-%---:
20 n 1 n 1 n 1 n 1 n 1 n 1
0 50 100 150 200 250 300 350

Fig. 1. Local wall temperatures (solid symbols) and bulk fluid tempera-
tures (hollow symbols) for (a) upward flow and (b) downward flow. (a)
Py, =8.60 MPa, T, =25.0°C, Rej,=10.6 x 10% (b) P;, =8.60 MPa,
Ty = 25.0 °C, Rey, = 10.5 x 10°.
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ward flow (b) for various heat fluxes at an inlet pressure of
8.60 MPa and inlet temperature of 25.0 °C. The inlet Rey-
nolds numbers are 10.6 x 10° (Fig. la) and 10.5 x 10°
(Fig. 1b). The inlet fluid temperature is less than the pseud-
ocritical temperature (T, =37.9°C for p=8.60 MPa).
For both low and high heat fluxes, the local wall tempera-
tures increased monotonically along the tube for both
upward and downward flows without abnormal tempera-
ture distributions.

Fig. 2 presents the local convection heat transfer coeffi-
cient (HTC) distributions for both upward and downward
flows for the same conditions as in Fig. 1. At relatively low
heat fluxes (96.9 kW/m? in Fig. 2a and 92.2 kW/m’ in
Fig. 2b), the HTC decreased along the tube in the entrance
region and then increased further down the tube. For this
case the wall temperature and fluid temperature along the
tube are lower than the pseudocritical temperature as
shown in Fig. 1. With increasing temperature along the
tube, the viscosity and thermal conductivity decrease while
the specific heat capacity (c,) increases. The increase of
HTC along the tube is mainly due to the increase in c,,.

For higher heat fluxes (153 kW/m? in Fig. 2a and
151 kW/m? in Fig. 2b), the local HTC increased along
the tube on most of the tube for both upward and down-
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Fig. 2. Local heat transfer coefficients for various heat fluxes for (a)
upward flow and (b) downward flow. (a) P;, =8.6 MPa, T;, =25°C,
Rej, =10.6 x 10%; (b) Py, = 8.6 MPa, T}, =25 °C, Re;,, = 10.5 x 10°.
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ward flows. For these conditions, the wall temperature on
most of the test section is a little larger than the pseudocrit-
ical temperature, while the fluid bulk temperature along the
tube is lower than the pseudocritical temperature as shown
in Fig. 1. With increasing temperature along the tube, the
viscosity and thermal conductivity decrease while the inte-
grated specific heat capacity (c,) along the tube increases.

With further increasing the heat fluxes (215-549 kW/m?
in Fig. 2a and 215-546 kW/m? in Fig. 2b), the local HTC
increased along the tube and then decreased further down
the tube. For these conditions, Fig. 1 shows that the wall
temperature on the later part of the test section is much
higher than the pseudocritical temperature. When the bulk
temperature approaches to (but is a little less than) the
pseudo-critical temperature and the wall temperature is lar-
ger than the pseudo-critical temperature, the convection
heat transfer coefficient reaches a maximum as shown in
Figs. 1 and 2. Fig. 2 also shows that with increasing heat
flux, the position of the maximum convection heat transfer
coefficient moves towards the inlet. The results presented in
Fig. 2 demonstrate that the sharp variations of the themo-
physical properties of CO, at supercritical pressures signif-
icantly influence the convection heat transfer.

3.2. Effect of buoyancy on the convection heat transfer

The buoyancy parameter, Bo”, introduced by Jackson
and Hall [9] can be used to estimate the influences of buoy-
ancy on the heat transfer. The buoyancy number, Bo™ was
defined as [9]:

Bo* = Gr*/(Re3.425Pr0.8)

According to Jackson and Hall [9], for turbulent flow the
buoyancy will significantly influence the heat transfer for
Bo*>5.6 x 1077 Gr/Re*> 1072 is also a commonly used
criterion for buoyancy to be significant.

The experimental results in the present study showed
that for P;, =8.60 MPa and Re;, =4.0 x 10°, 6.0 x 107,
7.7 x 10°, 10.5 x 10°, 13.0 x 10°, the buoyancy effect is
insignificant for both low and high heat fluxes. Fig. 3
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Fig. 3. Wall temperature for upward and downward flows
Pin=28.60 MPa, T;,=30.0°C, Rej,=4x 10>, Gr/Re>~107% and
Bo" ~ 107",
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compares the local wall temperatures for upward and
downward flows for Rey, =4.0 x 10°. The similarity
between the local wall temperatures for upward and down-
ward flows indicates that the buoyancy effect is insignifi-
cant for these relatively high Re. For the experimental
conditions shown in Fig. 3 and with the parameters Gr,
Re and Bo™ based on the average of the inlet and outlet
fluid temperatures, Gr/Re* ~ 10~*<0.01 and Bo* ~ 1075,
Therefore, for this 0.27 mm inner diameter mini-tube and
relatively high Reynolds numbers such as Re > 4.0 x 10°,
the buoyancy effect is very weak even for high heat fluxes.
This conclusion is consistent with those in [7].

3.3. Effects of flow acceleration

McEligot et al. [10] investigated the influence of flow
acceleration due to heating. McEligot et al. [10] introduced
a heating acceleration parameter to assess this effect:

_ 4q,d
e Re*uc, T

McEligot et al. [10] suggested that for turbulent flow when
K, <3 x 107% the fluid flow remains turbulent. When
K, > 3 x 10° the turbulence may be significantly reduced
and the flow may even re-laminarise, which reduces the
overall heat transfer.

For the experimental conditions shown in Fig. 3, K, is
about 10~%. Therefore, according to the abovementioned
criteria the effect of flow acceleration due to heating on
the heat transfer for the experimental conditions at rela-
tively high Reynolds numbers such as Re > 4.0 x 10 is
insignificant.

4. Numerical simulation and comparison with experiments

In the present study, the inside and outside diameters of
the vertical stainless steel tube were 0.27 mm and 1.59 mm,
so the tube is relatively thick and heat is also transported
along the axial direction in the tube wall. Therefore, the
model analyzed both convection heat transfer in the verti-
cal mini-tube and the heat conduction in the tube wall
with an internal heat source. The heated section was
90 mm long, the sections before and after the heated sec-
tion were 10.8 mm long (40d). Flow enters the tube with
a constant velocity, u;,, and constant temperature, Tj,.
The flow was assumed to be two-dimensional, steady, tur-
bulent flow.

The conjugate heat transfer with an internal heat source
in the vertical mini-tube was numerically simulated using
FLUENT 6.1 with various turbulence models used to
model the turbulence.

The governing equations for the steady-state, two-dimen-
sional turbulent flow of a supercritical pressure fluid in a ver-
tical tube with consideration of the temperature-dependent
property variations and buoyancy can be found in [7].
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The NIST Standard Reference Database 23 (REF-
PROP) Version 7 was used to calculate the temperature
and pressure dependent properties of carbon dioxide. The
SIMPLEC algorithm was used to couple the pressure and
velocities. The QUICK advection model was used in the
momentum, energy, turbulent kinetic energy, and turbulent
energy dissipation equations. Calculations with various
numbers of elements in the axial direction and in the radial
direction showed that the results with 1240 nodes in the
axial direction and (60 + 25) nodes in the radial direction
(fluid region + tube wall) were grid independent. The con-
vergence criteria required a decrease of at least six orders of
magnitude for the residuals with no observable change in
the surface temperatures for an additional 200 iterations.

The numerical simulations showed that for Re;, >
4.0 x 10? the calculated wall temperatures for upward flow
and downward flow are very close and the effects of buoy-
ancy and flow acceleration due to heating are very weak
even for high heat fluxes. These results are consistent with
the experimental results. Therefore, the calculated wall
temperatures for upward flow will be presented for
Rein = 4.0 x 10°.

The comparison of the predicted and measured wall
temperatures for supercritical pressure CO, upward flow
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Fig. 4. Comparison of experimental and calculated wall temperatures for
upward flow p;, = 8.60 MPa, T}, = 25.0 °C, and Re;, = 10.5 x 103,
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in the vertical heated mini-tube using various turbulence
models such as the standard k—e, RNG k—¢, Realizable
k—¢, and LB low Reynolds number turbulence models show
that the predicted wall temperatures using the Realizable k-
¢ turbulence model giving the best results for the studied
conditions.

Fig. 4 compares the measured and the predicted wall
temperatures for supercritical pressure CO, upward flow
in the vertical heated mini-tube for Re;, = 10.5 x 10°.
The results show that the predicted wall temperatures cor-
respond well with the experimental results for lower heat
fluxes (<293 kW/m?); for high heat fluxes the predicted
wall temperatures corresponded well with the experimental
data in the later part of the tube. Therefore, the numerical
model using the Realizable k—¢ turbulence model can accu-
rately predict the convection heat transfer of supercritical
pressure CO, in the vertical mini-tube when the Reynolds
number is relatively high and when the heat fluxes are
not very high, for these conditions the buoyancy and flow
acceleration effects are small. For very high heat fluxes
(371, 454 and 549 kW/mz), the turbulence model should
be improved.

5. Conclusions

(1) For relatively high Reynolds numbers (Re;, =
4.0 x 10°) and both low and high heat fluxes, the
local wall temperatures increase monotonically along
the mini-tube for both upward and downward flows
with no abnormal temperature distributions and
the buoyancy and flow acceleration effects are
insignificant.

(2) Numerical simulations using various turbulence mod-
els accurately predict the convection heat transfer of
supercritical pressure CO, in the vertical mini-tube
when the Reynolds number is relatively high and
when the heat fluxes are not very high with the Real-
izable k—¢ turbulence model giving the best results.
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