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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.

* Corresponding author.
E-mail address: Jiangpx@tsinghua.edu.cn (P.-X. Jiang).

0017-9310/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijheatmasstransfer.2007.09.008

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-
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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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