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We performed the numerical simulations of laminar mixed convective flow and heat transfer in a 0.5 mm
diameter and 1000.0 mm length tube. The supercritical carbon dioxide in the tube was cooled at constant
wall temperature. The inclination angles were in the range of —90° (vertical downward flow) to 90° (ver-
tical upward flow). The velocity and temperature distributions, secondary flow, friction factor and heat
transfer coefficient were plotted vs. inclination angles and gravity force magnitudes. The kinetic energy
of secondary flow was introduced to quantify its effect on the heat transfer. It is found that under the
mixed convective flow and heat transfer conditions, the horizontal flow display the largest heat transfer
coefficients. The inclined flows at o = —30° and 30° also behave better heat transfer performance among
various inclination angles. The effect of inclined angles on the heat transfer is decreased with decreases in
the gravity force magnitudes. The combined parameter of Gr/Re} was used to quantify the buoyancy
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force effect on the flow and heat transfer.
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1. Introduction

Supercritical fluids have wide applications in air-conditioners,
nuclear reactors, supercritical fluid extraction due to their distinct
physical properties. In modern power plants, heat is transferred to
supercritical water. Rockets and military aircraft are cooled by fuel
at supercritical pressures. Carbon dioxide is considered as a major
alternative refrigerant for automotive air-conditioners and heat
pump systems due to its good thermodynamic, transport, and
environment properties [1]. It is also considered to be a possible
working fluid for an Organic Rankine Cycle to recover low grade
thermal energy. In order to develop compact heat exchangers,
the channel hydraulic diameter is required to be smaller than
1.0 mm with CO, as the working fluid [2,3].

Great progress has been made on the flow and heat transfer
with supercritical CO, in circular channels [4-9]. The test section
was either vertically or horizontally positioned. Liao and Zhao
[10-12] investigated the flow and heat transfer of supercritical
CO, in vertical and horizontal tubes with inside diameters of
0.15-2.14 mm experimentally and numerically. The Reynolds
number covered the range of 10*-2 x 10°. It is found that the effect
of buoyancy force cannot be neglected even when the Reynolds
number reached the value of 10°. The tube diameter has significant
influence on the heat transfer. The Nusselt number is decreased
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with decreases in tube diameters, no matter for horizontal, upward
and downward flows.

Jiang et al. [13-15] performed numerical and experimental
studies on the flow and heat transfer of supercritical CO, in small
diameter tubes. They analyzed effects of inlet temperatures, pres-
sures, heat fluxes, flow directions, buoyancy force, and thermally
induced flow acceleration on the convective heat transfer. The ef-
fect of tube wall thickness on the heat transfer was found to be
weak, and the local heat transfer coefficients were decreased with
increases in inlet pressures. The effect of buoyancy force is not
important even at high heat fluxes with the tube diameters of
0.27 mm and 0.992 mm. The flow acceleration is the major reason
to cause the abnormal heat transfer behavior. The numerical re-
sults show that there is no any turbulent flow model could give
satisfactory results in comparison with experimental ones at this
stage.

He et al. [16] numerically simulated the forced convection heat
transfer of supercritical CO, in a 0.948 mm diameter tube using the
low Reynolds number turbulent flow model. Even though there are
some discrepancies between numerical and experimental results,
the numerical simulations could reproduce the experimental phe-
nomena. The effect of buoyancy force can be neglected for the
forced convective heat transfer. The significant physical property
variations and flow acceleration influence the heat transfer, to dif-
ferent degrees, causing the enhanced or deteriorated heat transfer.

The flow and heat transfer of supercritical CO, are very complex
due to the significant change of physical properties. It is difficult to
obtain the detailed flow structure in small diameter tubes by
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Nomenclature

A top generatrix point

Ac cross section area of the tube, m?
B bottom generatrix point

Ce finning fraction factor

d tube diameter, m

enthalpy, J/kg

gravity force, m/s?

Grashof number

heat transfer coefficient, W/m? K
kinetic energy of secondary flow, m?/s
tube length, m

mass flow rate, kg/s

Nu Nusselt number

2

=== o
3T FsQm

p pressure, Pa

q heat flux, W/m?

r radial coordinate, m
R tube radius, m

Re Reynolds number

T temperature, K

Tpe pseudocritical temperature, K
u, v, w velocity of x, y, z direction, m/s
Xx,y,z  Cartesian coordinate

Greek symbols

o, 0 angle, °©

2 thermal conductivity, W/m K
u dynamic viscosity, Pa s

0 density, kg/m>

T shear stress, N/m?

Subscripts

b bulk fluid

in inlet condition

pc pseudocritical

w wall

experiments, but this can be done by computational fluid dynamics
(CFD) simulations. Du et al. [17] used the commercial software
FLUENT to simulate heat transfer of supercritical CO, in a 6 mm
diameter tube for the cooling boundary conditions. Almost all the
turbulent flow models could predict the heat transfer trend. The
low Reynolds number turbulent flow model gave the best results
among various turbulent flow models. With continuous decreases
in the bulk fluid temperatures, the buoyancy force is increased, at-
tains the maximum value at the pseudocritical temperature, and
then decreased, resulting in great effect on the convective heat
transfer in tubes.

Cao et al. [2] numerically simulated the laminar heat transfer of
supercritical CO, in horizontally circular and triangular channels
with cooling boundary conditions. The effects of fluid physical
properties and channel geometries on the heat transfer were ana-
lyzed. The buoyancy force could enhance heat transfer near the
pseudocritical temperature region. The effect of secondary flow
on the heat transfer was analyzed qualitatively.

Great progress has been made on the convective heat transfer in
inclined tubes. ORFI [18] numerically simulated the laminar mixed
convective heat transfer of air and water in inclined tubes. The
buoyancy force induced secondary flow was analyzed. The second-
ary flow induced by air flowing in tubes is much stronger than that
caused by water flowing in tubes. The secondary flow is weakened
with increases in inclination angles, and enhanced with increases
in the Grashof number. The average Nusselt number was increased
by increasing the Grashof number for any inclination angles. There
is an optimal inclination angle to reach a maximum Nusselt num-
ber for a specific working fluid and Grashof number.

Walisch et al. [19] experimentally investigated the mixed tur-
bulent heat transfer of supercritical CO, in horizontal, vertical
and inclined tubes. The results show that the large thermal capac-
ity of CO, enhances heat transfer for any Reynolds number and
inclination angle. The heat transfer is enhanced by the buoyancy
force for the Reynolds number smaller than 104 sensitive to the
inclination angles for Reynolds number in the range of 10 to
7 x 104, and not influenced by the buoyancy force for Reynolds
number larger than 7 x 10%. Busedra et al. [20] experimentally
investigated the laminar mixed convective heat transfer in half cir-
cular tube using water as the working fluid. The inclination angles
and Reynolds number were in the range of —20° to 20° and 500-
1500, respectively. The heat transfer is influenced by the Grashof
number, Reynolds number and inclination angle for the downward

flow with inclination angles of —20°-0°. The heat transfer is mainly
affected by the Grashof number for the upward flows with inclina-
tion angles of 0°-20°. Ozsuanr et al. [21] experimentally studied
the mixed convective heat transfer in horizontal and upward rect-
angular ducts with inclination angles of 0°-30° and Reynolds num-
bers of 50-1000. The heat transfer performance can be improved
by increasing the inclination angles. Mohammed et al. [22] exper-
imentally investigated the mixed convective heat transfer of air
flowing in inclined circular tubes. The results demonstrate that
the Nusselt numbers were increased by raising the heat fluxes
and decreased with increases in inclination angles. Chong et al.
[23] investigated the laminar mixed convective heat transfer of
air flowing in inclined tubes. The optimal inclination angles to
reach the maximum heat transfer coefficient were decreased from
30° to —30° with Reynolds number increased from 420 to 1720.
With continuous increases in inclination angles, the heat transfer
coefficients were increased, attained the maximum value and then
decreased. The inclination angles have mini influence on the heat
transfer coefficients at high Reynolds number.

The above literature survey shows that most studies focused on
the investigations of air and water flowing in inclined tubes. Less
studies have been performed for supercritical CO, flowing in in-
clined tubes. The objective of this study is to investigate the lami-
nar mixed convective heat transfer of supercritical CO, flowing in
tubes with inclination angles of —90° to 90°. The optimal inclina-
tion angles were identified for the laminar mixed convective heat
transfer to have maximum heat transfer coefficients. The second-
ary flow mechanism and its intensity were analyzed. The effects
of various parameters such as gravity force, inlet Reynolds number
as well as wall temperatures on the mixed convective heat transfer
were obtained. This study provides the guidelines for design and
operation of compact heat exchanges using supercritical CO, as
the working fluid.

2. Numerical simulations
2.1. Physical configuration and governing equations

Evaporator and condenser are key components of air-condition-
ers. Compact heat exchangers with CO, as the working fluid run at
high pressures. Air-conditioner for vehicles is one of the example
applications. Capillary tube with diameters of a couple of millime-
ters is attractive for such applications. This is because the capillary
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Fig. 1. Physical configuration and coordinate system.

tube has high heat transfer coefficients and thin metal wall thick-
ness can be used to sustain high pressures. Laminar flow can be en-
sured due to the miniature or microchannels used.

The supercritical CO, in the tube was cooled at the constant
wall temperature. The problem is a steady three-dimensional lam-
inar flow. Fig. 1 shows the physical configuration and coordinate.
The tube had a diameter of d=0.5mm and length of
L=1000 mm. The circumferential angle was recorded as 0. The
tube inclination angle was «, having the range of —90° to 90°, in
which o =90°, 0° and —90° referring to the vertical upward flow,
horizontal flow and vertical downward flow, respectively. The
gravity force can be decomposed into the x-component and y-com-
ponent. The 0 =90° and —90° refer to the top generatrix and bot-
tom generatrix, respectively. The governing equations are:

Mass conservation equation:
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Energy conservation equation:
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The bulk mean temperature is defined as
Ty :/ pquA/ pudA (6)
Ac Ac

The bulk mean Reynolds number is defined according to the phys-
ical properties of the bulk mean temperature

Pylind

Re, =
Hy

(7)
The heat flux at the wall is calculated by
oT
- n(),

The local heat transfer coefficient is defined as

_ Qw
hiTW_Tb 9)

The local Nusselt number is

Nu, = 4 (10)
b

2.2. Grid generations and boundary conditions

The commercial software FLUENT 6.3 simulates the three-
dimensional problem. The control volume method treats the mass,
momentum and energy conservation equations. The model shall
consider the buoyancy force and secondary flow. Grid generation
and size are important for the numerical simulations. The refined
grids were adopted near the wall to deal with the great velocity
and temperature gradients. The final grid number was 0.6 million
using hexahedral unstructured grids. Further refinement of grids
yields no apparent improvement of the computation results. Veloc-
ity and temperature are assumed uniform at the tube inlet. The
free outflow boundary condition was applied at the tube outlet.

35 900 r0.10
8.0x10°
304 800+ L0.09
-5
7004 008 F7.0x10
254
” ~ 600 Loo7 ~  [6.0x10°
2™ £ E ]
500
= E 10.06 E F5.0x10° B
= P10 =< X
S 005 F4.0x10°
104 300+
L0.04 .
F3.0x10°
2004 q
51 F0.03
100 E F2.0x10°
0- r r r r 0.02
290 300 310 320 330 340
Temperature (K)

Fig. 2. Physical properties of CO, at 8.0 MPa.
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Fig. 3. Comparison of the present numerical simulation with that of Cao et al. [2].

The no-slip boundary condition was applied on the wall. The tube
was cooled by the constant wall temperature of T = T,,.

x/d=40, =0°

x/d=40, r=30°

x/d=40, or=60°

x/d=40, r=90°

310
305
300

x/d=180, o=0°

4

x/d=180, =30°

2986
29835
29817

x/d=180, =60°

330 310
310 305
300 300

x/d=180, 0r=90°

The implicit-double-accuracy-solver computes the steady
three-dimensional laminar problem. The SIMPLEC method treated
the pressure and velocity coupling. The skewness correction value
was set as one. The second-order-upwind scheme was applied to
solve the momentum and energy equations. The under-relaxation
factor was set as the default value to reach fast convergence. The
solution was assumed to be convergent when the residual errors
are smaller than 1.0 x 107 for mass conservation equation and
1.0 x 108 for momentum and energy conservation equations. Un-
der such circumstances, the mass flow rates at the tube inlet and
outlet are exactly equal. The outlet temperature and the residual
error curve do not change any more.

The computational time and cost shall be considered during the
numerical simulations. Regarding Fig. 1, the geometry configura-
tion is symmetric against the Y direction, thus only half of the com-
putational domain is enough. We did not use the symmetric
boundary condition against Y. Instead, the whole computation do-
main (the entire cross section of the tube) was applied to perform
the computations. Each case needs about a couple of hours, which
is acceptable for the numerical simulations.

Fig. 2 shows thermal capacities, thermal conductivities, dy-
namic viscosities and densities of supercritical CO, at a pressure
of p=8.0 MPa. The physical properties were cited from the NIST

x/d=500, or=0°

x/d=500, 0r=30°

x/d=500, =60°

x/d=500, x=90°"

Fig. 4. Temperature contours vs. inclination angles (o = 0°, 30°, 60° and 90°) at various axial locations for run 1.
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Fig. 5. Flow contours vs. inclination angles (o = 0°, 30°, 60° and 90°) at various axial locations for run 1.

Standard Reference Database 23 (REFPROP Version8.0) [24]. The
thermal capacity reached the maximum value at the temperature
of 307.6 K (identified as the pseudocritical temperature, Tp,.). The
physical properties had significant changes near the pseudocritical
temperature. The varied physical properties of CO, are incorpo-
rated in the computation via the piecewise-liner input.

3. Result and discussion
3.1. The temperature and velocity fields

The following parameters of p=28.0MPa,

Tin=393.15K,
Min=1.6 x 107> kg/s and T, =298.15K were set for the present
1.0 0.8
A a=-60° A / Y
x/d =140 a=-30° /) !
0.8 x/d =200 0.6 a=0° , |
= \
0.6 * £ -~ a=60° B '
3 B S 0.4 TN
~ S [ AT
A
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S g4 = VY
PRaRd iy
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0.2 AR \\
- \
4
0.0 . ; . J 0.0+ - ; ;
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
(B) r/R (A) B) rIR (A)
Fig. 6. Axial velocities vs. radial coordinate at various axial locations for run 2
(p=8.0MPa, o =30).

Fig. 7. Effect of inclination angles on the axial velocities at x/d =200 for run 2
(p = 8.0 MPa).
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Fig. 8. Kinetic energy of secondary flow (ki) vs. axial locations at various inclination
angles for run 2 (p = 8.0 MPa).
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Fig. 9. Friction factors vs. axial coordinates at various inclination angles for run 2
(p=8.0 MPa, a: top generatrix point, b: bottom generatrix point).

numerical simulations. Fig. 3 plotted the local Nusselt numbers vs.
the circumferential angles at two axial locations. It is seen that our
present numerical simulations agree well with those reported by
Cao et al. [2]. Fig. 4 illustrates the temperature contours at three
axial locations of x/d = 40, 180 and 500 and four inclination angles
(oe =0°,30°, 60° and 90°) for run 1 (see Table 1 for run parameters).
The vertical upward flow (« = 90°) behaves a set of concentric cir-
cles for temperature contours. The temperature contours are se-
verely distorted for the inclined flows. The temperatures are

7000
6000
_ 5000+
6IM ]
4000
£
% 3000
= ]
2000
1000
0 T T T T T T
300 310 320 330 340 350 360 370
T, (K)
1000 ;
(b) bottom
8001 ‘ a=-90°
a=-60°
| ---a=60°
600 ---a=90°
"

300 310 320 330 340 350 360
T, (K)

Fig. 10. Heat transfer coefficients vs. bulk fluid temperatures at various inclination
angles for run 2 (p = 8.0 MPa, a: top generatrix point, b: bottom generatrix point).

higher at the upper part of the tube cross section, and decreased
gradually toward the wall. The distortion of the temperature con-
tours became weak with fluid flowing downstream. The tempera-
ture contours approach the concentric circles at x/d = 500 for any
inclination angles (see Fig. 4).

Fig. 5 shows the flow contours at four inclination angles (o = 0°,
30°, 60° and 90°) and three axial locations (x/d = 40, 180 and 500).
Certainly there is no secondary flow for vertical upward flow
(o =90°). Inclined flows result in apparent secondary flow near
the tube entrance (x/d = 40), under which vortex can be observed.
The secondary flow intensity is weakened when the CO, fluid flows
downstream. The gravity force can be decomposed into compo-
nents along the axial flow direction and radial direction for in-
clined flows. For the wall cooled at temperature T, the CO, fluid
is heavier close to the wall but lighter in the upper part of the cross
section. The secondary flow is generated by the density difference
over the tube cross section, ensuring the downward flow along the
tube wall and upward flow in the center part of the cross section.
Vortex is created when the upward flow meets with the downward
flow. The heat transfer is enhanced by the secondary flow near the
wall. There is no radial-component of the gravity force for the ver-
tical flow, yielding no secondary flow at o =90°. The secondary
flow intensity is enhanced when the bulk CO, temperature reaches
the pseudocritical temperature, at which the CO, density is very
sensitive to the mini changes of temperatures. With fluid flowing
downstream, the fluid temperatures are below the pseudocritical
temperature, shortening the temperature difference between the
fluid and wall to yield the decreased secondary flow intensity.

Fig. 6 shows the axial velocities (u/u;,) vs. the radial coordinate
(r/R) along the AB line. The location of r/R = 1.0 and r/R = —1.0 rep-
resent the top generatrix A and the bottom generatrix B respec-
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Fig. 11. Heat transfer coefficients at the top generatrix point vs. bulk fluid temperatures at various inclination angles (a: run 1, b: run 3, ¢c: run 4, d: run 5, e: run 6, f: run 7).

tively. These velocities were plotted at four axial locations of x/
d =140, 200, 300 and 600. Because the CO, density is increased
along the tube, ufu;, is always smaller than unity. The axial veloc-
ities are not symmetric vs. the radial coordinate r, which are larger
at the upper part of the tube (0 < /R < 1.0) than those at the lower
part of the tube (—1.0 <r/R <0). This is especially apparent at the
tube entrance (see the curves of x/d = 140 and 200). When the flow
is far away from the tube entrance, the velocity profiles approach
the parabolic curves (see the curves of x/d = 300 and 600). The dis-
tortion of velocity profiles is weakened with flow development.

Fig. 7 considers the effect of inclination angles on the axial
velocity distributions. Five inclination angles of o =—-60°, —30°,
0°, 30° and 60° were demonstrated. The axial velocity profiles are
less distorted and behave small differences for o = —60°, —30°, 0°
(inclined downward and horizontal flows). However, the axial
velocities are severely distorted for the inclined upward flows
(e =30° and 60°). The peak axial velocity appears between the tube
center (r/R=0) and the top generatrix A at r/R=1.0.

Gessner et al. [25] analyzed the secondary flow mechanism in
the rectangular corner for turbulent flow. To the authors’ knowl-
edge, the quantitative analysis of the secondary flow cannot be
found in the open literature. Here the kinetic energy of the second-
ary flow is introduced to quantify the secondary flow intensity,
which is expressed as

k= / (02 +w)dA (11)
Ac

Ac

where the kinetic energy k; has the unit of m?/s?.

Fig. 8 shows the kinetic energies of secondary flow vs. axial
coordinate for various inclination angles. The kinetic energies of
secondary flow can be neglected for the downstream flow of x/
d > 200. They are almost zero for the vertical upward and down-
ward flows (o =90° and —90°), at which there is no component
of gravity force perpendicular to the axial flow direction to create
the secondary flow. The kinetic energies are increased, attain the
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Fig. 13. Effect of gravity force magnitude on temperature contours at x/d = 120 for inclination angle o =0° (a: run 2, b: run 11, c: run 12, d: run 13, e: run 14).

maximum value at the horizontal flow (« = 0°) and then decreased,
with increases in inclination angles from —60° to 60°. For the hor-
izontal flow the total gravity force is acted over the tube cross sec-
tion thus the secondary flow intensity is maximized.

3.2. The Finning friction factor and heat transfer coefficient

The local Finning friction factor C; is defined as
Tw

— (12)
A /A purda

Cr =

where t,, is the shear stress on the wall, which is expressed as
Tw = — MU, (0u/dr),. This study used C; x Rey, instead of Cr.

Fig. 9 shows the C; x Re}, curves along the axial coordinate (x/d)
at various inclination angles, in which Fig. 9a and b for the top gen-
eratrix point A and bottom generatrix point B, respectively. The C¢ -
x Re, values do not change and reach 16 for x/d > 1000,
corresponding to that for the fully developed laminar convective
flow in circular tubes, consistent with the classical solution [2].
The Cf x Re, behaves significant changes for x/d < 1000. For the
vertical downward flow (o =—-90°), the fluid in the tube core is
lighter thus the buoyancy force is upward, decreasing the down-
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ward flow velocity in the bulk region but increasing the fluid veloc-
ity and its gradient near the wall. This explains the reason that the
vertical downward flow behaves the maximum C; x Re;,, values
among various inclination angles. On the other hand, for the verti-
cal upward flow (& = 90°), the upward buoyancy force accelerates
the fluid velocities in the core region but decreases the fluid veloc-
ities near the wall, yielding the smallest C; x Re, among various
inclination angles. Under specific conditions the fluid velocity be-
comes negative near the wall, causing the negative C; x Re,, near
the wall. At the bottom generatrix point B, C; x Rey, is decreased
with continuous increases in inclination angles.

Fig. 10 illustrates the heat transfer coefficients vs. bulk fluid
temperatures at various inclination angles. The following phenom-
ena can be identified: (a) With continuous decreases in bulk fluid
temperatures, heat transfer coefficients are slightly decreased at
the tube entrance, continuously increased until maximum heat
transfer coefficients are reached at the bulk temperature slightly
smaller than the pseudocritical temperature T,.. Then the heat
transfer coefficients are further decreased. The variation of heat
transfer coefficients is consistent with the trend reported by Refs.
[26-28]. (b) The heat transfer coefficients at the top generatrix
point A are several times larger than those at the bottom generatrix
point B. This is due to the stratified fluid structure over the tube
cross section. The lighter fluid at the top part of the tube cross sec-
tion yields the enhanced heat transfer at the top generatrix loca-
tion. (c) The horizontal flow (o = 0°) behaves the maximum heat
transfer coefficients at the top generatrix point. This is due to the
fact that the horizontal tube creates the strongest secondary flow
over the tube cross section. Slightly inclined downward flows also
have better heat transfer performance.

In order to verify the effect of running parameters on the heat
transfer characteristics, we plotted the heat transfer coefficients
vs. bulk fluid temperatures for various inclination angles in Figs. 11
and 12. Nine runs were selected (see Table 1 for runs 1 and 3-10).
These variations of heat transfer coefficients do coincide with those
given in Fig. 10. The horizontal flow (o =0°) or slightly inclined
flow (o0=30° or —30°) displays the better heat transfer perfor-
mance, providing the guidelines for the design and operation of
compact heat exchangers. This trend of heat transfer coefficients
is consistent with the secondary flow and its intensity shown in
previous figures.

Fig. 13 demonstrates the effect of gravity force magnitude on
the temperature contours at the tube entrance (x/d = 120). Five
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Table 1

Run parameters for the present computations.
Cases min (kg/s) Ty (K) Rein g (m/s?) (%) p (MPa)
Run 1 1.8x107° 298.15 2176 9.81 —90°-90° 8.0
Run 2 1.6 x107° 298.15 1934 9.81 —-90°-90° 8.0, 9.0, 10.0
Run 3 12x107° 298.15 1451 9.91 —90°-90° 8.0
Run 4 7.7 x10°6 298.15 930 9.81 —90°-90° 8.0
Run 5 1.8x107° 293.15 2176 9.81 —-90°-90° 8.0
Run 6 12x107° 293.15 1451 9.81 —90°-90° 8.0
Run 7 7.7 x10°¢ 293.15 930 9.81 —90°-90° 8.0
Run 8 1.8x107° 303.15 2176 9.81 —-90°-90° 8.0
Run 9 12x107° 303.15 1451 9.81 —90°-90° 8.0
Run 10 7.7 x 107 303.15 930 9.81 —90°-90° 8.0
Run 11 1.6 x 10°° 298.15 1934 4.905 —90°-90° 8.0
Run 12 1.6 x107° 298.15 1934 0.981 —-90°-90° 8.0
Run 13 1.6 x107° 298.15 1934 9.81 x 1074 —-90°-90° 8.0
Run 14 1.6 x107° 298.15 1934 0 0° 8.0

Note: The CO, inlet temperature is T;, = 393.15 K for all the cases. The range of —90°-90° represents the inclination angles of —90°, —60°, —30°, 0°, 30°, 60° and 90°.

2500
2000
inlet
- 1500
&
—Tw=293.15K
10004 —Tw=298.15K
——Tw=303.15K
500 T T T T
300 320 340 360 380

T, (K)

Fig. 16. Reynolds number vs. bulk fluid temperatures at various wall temperatures
for runs1,5 and 8 (=0 ).

gravity forces were used for comparison. Temperatures show non-
uniform distribution over the tube cross section at g=9.81 m/s?
(earth level) and 4.905 m/s?. This behavior is still apparent at
g=0.981 m/s?, which is one-tenth of the earth level. Generally,
temperatures are higher at the upper part of the tube cross section
under such circumstances. Temperature contours show a set of
concentric circles at micro (g=9.81 x 10~* m/s?) and zero gravity
environment. We also note that temperatures in the tube core
are higher at the micro or zero gravity environment than those
at larger gravity forces. The micro or zero gravity forces result in
weak or no buoyancy force and secondary flow over the tube cross
section to yield poor heat transfer.

Fig. 14 illustrates the effect of gravity forces on heat transfer
coefficients at the top generatrix point, in which Fig. 14a for
g=4.905m/s? (half of the ground level), 14b for g=0.981 m/s?
(one-tenth of the ground level) and 14c for g=9.81 x 10~* m/s*
(micro gravity). In each subfigure, heat transfer coefficients were
also plotted for zero gravity (g =0). The horizontal flow or the in-
clined flow behaves much higher heat transfer coefficients than
those for vertical upward or downward flows at g=4.905 m/s?
(see Fig. 14a) and 0.981 m/s? (see Fig. 14b). Heat transfer coeffi-
cients for vertical flows at larger gravity force level are quite close
to those at zero gravity force. At larger gravity force the buoyancy
force has neglectable effect on the heat transfer and the secondary
flow cannot be generated for vertical flows. Fig. 14c demonstrates
that the micro and zero gravity forces behave similar heat transfer
performance for any inclination angles.

The Grashof number is introduced to quantify the buoyancy
force effect on the flow and heat transfer:

3
Gr:gd (pw;pb)pb (13)
Hy

When supercritical fluids in tubes are cooled at constant wall
temperature, the fluid temperatures are continuously decreased
to cause the density variation along the flow direction. The density
changes near the pseudocritical temperature region are significant.
The thermal induced density variation may cause the secondary
flow over the tube cross section under horizontal or inclined flows,
affecting the heat transfer coefficient magnitude and distribution.

Many heat transfer handbooks discuss the mixed convective
flow and heat transfer in straight channels [29]. The combined
parameter of Gr/Re? quantifies the effect of buoyancy force on
the heat transfer. Usually, the mixed convective flow is important
when Gr/Reﬁ was in a range of Cy;;, and Cpax, Where Gy is the crit-
ical minimal Gr/Re? below which the flow approaches the forced
convective flow, and G4 is the critical maximum Gr/Reﬁ above
which the flow approaches the pure free convective flow. For com-
monly used fluids such as water or air flowing in ducts, the mixed
convective flow occurs with 0.1 < Gr/Ref,<10 [29]. The working flu-
ids may influence the two critical limit values. Cao et al. [2] and Du
et al. [17] noted that the mixed convective flow effect is significant
for 1073 < Gr/Re? < 1072 with CO, as the working fluid. Fig. 15 gave
the Gr/Re? variations along the axial coordinate (x/d) for horizontal
flows. Three inlet Reynolds numbers were selected for the presen-
tation. It is seen that Gr/Re} is increased at the tube entrance, at-
tains the maximum value and then decreased along the flow
direction. The locations at which Gr/Re] reached 10~> depend on
the inlet Reynolds number. For example, Gr/Re? reached 1073 at
x/d=235 for Rej,=930 but this happens at x/d=382 for
Re;, = 2176.

It is noted that this study is for the laminar mixed convective
flow and heat transfer of CO, at supercritical pressures. During
the computations we shall guarantee the laminar flow when the
buoyancy force is involved. Jiang et al. [14] performed experimen-
tal and numerical studies of CO, in a 0.27 mm diameter microtube
at supercritical pressures. Heating boundary condition was applied
with inlet Reynolds numbers (Re;j,) of 2900 and 1900. For Re;j,
smaller than 2900, the local wall temperature varies non-linearly
for both flow directions at high heat fluxes (113 kW/m?). For the
microtube used in their study, the buoyancy force effect is nor-
mally low even when the heating is relatively strong, while the
flow acceleration due to heating can strongly influence the turbu-
lence and reduce the heat transfer for high heat fluxes.

Table 1 shows the run parameters in this study with Re;, in the
range of 930-2176. Different from the studies by Jiang et al. [14],
this study used the cooling boundary condition on the wall. As
noted above, the horizontal flow behaves the strongest buoyancy
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Fig. 17. Effect of pressures on the specific heat of CO, (a), kinetic energy of secondary flow (b), C; x Rey, (c), and heat transfer coefficient (d) for run 2 at (¢ =0").

force effect among all the inclination angles. Fig. 16 plotted Rey-
nolds number vs. bulk fluid temperatures at three wall tempera-
tures for runs 1, 5 and 8 for horizontal flow. It is seen that local
Reynolds numbers are decreased from large to low bulk fluid tem-
peratures. In summary, the laminar flow is ensured by using low
inlet Reynolds number, as well as by the reduced Reynolds num-
bers along the flow direction due to the cooling boundary
condition.

3.3. Effect of pressures on the flow and heat transfer

The above computations focus on the pressure of 8.0 MPa,
which is close to the critical pressure of 7.38 MPa for CO,. Real
applications of compact heat exchangers may deviate from the
pressure of 8.0 MPa. Here we discuss the pressure effect on the
laminar mixed convective flow and heat transfer. Fig. 17a shows
the specific heats vs. CO, temperatures. The pseudocritical temper-
atures (Tpc) are shifted to larger temperatures with increases in
pressures. Meanwhile, the maximum specific heats are decreased
with increases in pressures. The specific heat, as well as other
physical property variations vs. pressures, cause the change of flow
and heat transfer behavior deviating from p = 8.0 MPa. Fig. 17b-d
show the kinetic energies of secondary flow, friction factors and
heat transfer coefficients with pressures of 8—-10 MPa. All the three
pressures share similar trends for these parameters. The increased
pressures slightly decrease the kinetic energies of secondary flow.
Further flow development evolves very small kinetic energies at
the flow downstream (see Fig. 17b). Fig. 17c¢ shows that friction
factors at the top generatrix points are increased to a peak value
and then decreased. The maximum friction factor appears at the
pseudocritical temperature. The increased pressures increase the
friction factors for small x/d, but decrease the friction factors for

large x/d beyond the pseudocritical temperature. The friction fac-
tors at the bottom generatrix points are not changed by pressures.

The heat transfer coefficients are changed by pressures appar-
ently (see Fig. 17d). At low bulk fluid temperatures (T;, < Ty), high
pressures decrease the heat transfer coefficients. But high pres-
sures increase the heat transfer coefficients at larger bulk fluid
temperatures (T, > Tpc). The peak heat transfer coefficients are de-
creased from 6103 W/m?K at p=8.0MPa to 4880 W/m?K at
p=10.0 MPa.

4. Conclusions

We performed the numerical simulations of mixed convective
flow and heat transfer in a 0.5 mm diameter and 1000.0 mm length
tube. The following conclusions can be drawn:

e Temperatures are significantly non-uniform for inclined flows
at the tube entrance, which are higher at the upper part and
lower at the bottom part of the tube cross section. The non-uni-
form degree is improved with flow development. The thermally
developed flow at inclined conditions and vertical flows behave
the uniform temperature distributions.

e Velocity contours are distorted with higher values at the upper
part and lower values at the bottom part of the cross section for
horizontal and inclined flows at the tube entrance. The fully
develop flow behaves the parabolic velocity curve. The Kinetic
energies of the secondary flow are larger for the horizontal
and inclined flows. They approach zero for the vertical upward
and downward flows.

e The vertical upward and downward flows yield smallest and
largest C¢ x Rey, values respectively. The C¢ x Rey, values at the
bottom generatrix point are decreased with increases in inclina-
tion angles, and attain the value of 16 for the fully develop flow.
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e The heat transfer coefficients are significantly larger at the top
generatrix point than those at the bottom generatrix point with
the inclination angles of —60°-60°. The horizontal flow and
slightly inclined flows (¢ =—30° and 30°) behave larger heat
transfer coefficients.

e The heat transfer performance is best under the earth environ-
ment. The effect of inclination angles on the heat transfer is
decreased with decreases in the gravity force magnitudes. This
effect can be neglected at micro gravity of 9.81 x 10~* m/s>.
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