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To reveal how buoyancy affects heat transfer of supercritical carbon dioxide (sCO3), the flow and heat transfer
characteristics of sCO3 in circular tubes with an inner diameter of 19 mm at different inclination angles were
numerically investigated. The calculation results of RNG k — ¢, RKE k — ¢, SST k — @ and SST k — @ using a
variable turbulent Prandtl number model (TWL model) have been compared with experimental data. The TWL
model is chosen for numerical calculations because of its significant advantage in predicting wall temperature.
Both forced convection (Richardson number Ri < 0.1, weak buoyancy) and mixed convection (Ri > 0.1, strong
buoyancy) of sCOy are calculated. Result shows that the position of the velocity peak moves upward, then
downward as the flow changes from vertical upward (inclination angle @ = 0°) to horizontal flow (@ = 90°) due
to the secondary flow caused by radial buoyancy and the increase in velocity magnitude in the near top wall
region caused by axial buoyancy. Under strong buoyancy effects, as a increases from 0° to 90°, the heat transfer
deterioration (HTD) becomes severe when a < 15°, then alleviated and finally severe again when a approaches
90° due to the change of the heat transfer mechanism. This work deepens our understanding of sCO heat

transfer and may provide reference for the design of heat exchangers in nuclear reactors.

1. Introduction

Carbon dioxide (CO3) possesses favorable characteristics such as
non-toxicity, non-flammability, chemical stability, widespread avail-
ability, and cost-effectiveness, rendering it a suitable candidate for
implementation as a working fluid in supercritical CO2 (sCO3) Brayton
cycles. These cycles have several advantages over conventional power
cycles, such as reduced compression work due to the incompressible
behavior of CO5 near the critical point (7.38 MPa, 31 °C) (Ahn et al.,
2015; Dostal et al., 2004) and smaller size of turbomachinery and heat
exchangers owing to the high density of sCO2 throughout the cycle.
Therefore, sCO2 and the relevant cycles have been widely applied to
various energy sources, such as nuclear power(Wu et al., 2020), solar
energy(Wang and He, 2017), and high-temperature fuel cells(Sanchez
et al., 2011).

One of the distinctive features of sCO is the rapid variation of its
thermophysical properties near the pseudocritical temperature (Tj), as
shown in Fig. 1. The specific heat and thermal conductivity exhibit
peaks, while the density and viscosity decrease sharply in this region.
This phenomenon leads to complex and unique flow and heat transfer
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characteristics of sCO5, which have attracted considerable attention
from researchers.

Most prior investigations regarding sCOy heat transfer have pre-
dominantly centered around vertical flow, which is relevant to nuclear
reactors using the sCO5 indirect cycle, transpiration cooling of high heat
flux surfaces. Kim et al. (Kim and Kim, 2011) performed experiments to
investigate the turbulent heat transfer of sCO5 in vertical upward and
downward flow. They observed a wall temperature peak for upward
flow and none for downward flow at moderate wall heat flux and low
mass flux conditions. Bae et al. (2010) conducted experimental tests to
investigate the heat transfer of sCO; in vertical upward and downward
flow in a circular tube with a diameter of 6.32 mm. They observed a
significant decrease in Nusselt number in the range of 107 < Gr,/
Re§'7 < 2 x 1075 (where Gry and Rep denote the Grashoff number and
Reynolds number determined by the bulk temperature) before entering
a serious heat transfer deterioration regime.

In view of the heat transfer deterioration (HTD), many scholars have
tried to analyze the intrinsic mechanism in detail. Buzzi et al. (2019)
tried to provide a description of the reasons for its occurrence with
numerical simulation. The simulation results of wall temperature
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Nomenclature

Latin symbols

A constant of TWL model

Bo* buoyancy factor

Cp specific heat at constant pressure, J/(kg-K)
d inner diameter of tube, m

g gravitational acceleration, m/s?

G mass flux, kg/(mz-s)

Gr Grashof number

Gr* Grashof number based on heat flux

Gr Grashof number based on mean density
H enthalpy, J/kg

h heat transfer coefficient, W/(m?K)

l effective heating length, m

m mass flow rate, kg/s

ny, ny, n3 number of the edge node

% velocity magnitude, m/s

X, y, 2  coordinates

¥t non-dimensional distance from wall

Greek symbols

a inclination angle of tube

14 circumferential angle of tube

A thermal conductivity, W/(m-K)

u molecular viscosity, kg/(m-s)

Ue effective viscosity, kg/(m-s)

Ue turbulent viscosity, kg/(m-s)

p density, kg/m®

P Integrated density, kg/m>

Subscripts

b bulk temperature

f fluid temperature

i general spatial indices

in inlet

out outlet

pc pseudo-critical

w inside wall

Abbreviation

AKN Abe, Kondoh and Nagano turbulence model(Abe et al.,
1994)

HTD heat transfer deterioration

sCO, supercritical carbon dioxide

RANS Reynolds-Averaged Navier-Stokes

Power  heating power, W
Pr Prandtl number
Pr, turbulent Prandtl number
q inner wall heat flux, W/m?
r radial coordinate, m
tube radius, m
Re Reynolds number
Ri Richardson number
T temperature, °C
TKE, k  turbulence kinetic energy, m?/s>
u component of the velocity vector, m/s
T,=34.73°C
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Fig. 1. Thermophysical properties of sCO, at 8.0 MPa (Lemmon et al., 2002).

correspond well with the experimental results. Cheng et al. (2017)
numerically analyzed the two wall temperature peaks in circular tubes
at high heat fluxes and low mass fluxes. The findings indicate that the
initial peak is attributed to the buoyancy effect, while the subsequent
peak arises from the shear stress-induced flattening of the velocity dis-
tribution in the main flow region. This flattening, in turn, results in a
reduction of turbulent kinetic energy, further compromising heat
transfer and giving rise to the second peak.

Recently, more attention has been paid to the applications of sCO3 in
horizontal operating conditions, such as printed circuit heat exchangers
and air cooling sCO3 heat exchangers. Zhang et al. (2019) numerically
investigated the coupled heat transfer characteristics of sCO; in hori-
zontal semicircular channels using SST k-o model. The numerical results
show that the buoyancy effect becomes weaker with increasing mass

flow rate, and that the asymmetric flow has better heat transfer per-
formance than the symmetric flow at low mass flow rate. Wang et al.,
2018a, 2018b numerically studied the flow and heat transfer charac-
teristics of turbulent sCO; in a large horizontal tube under heating and
cooling conditions using AKN k-¢ model (which is proposed by Abe,
Kondoh and Nagano(Abe et al., 1994)). The findings indicate that
buoyancy effects predominantly impact the flow structure and turbu-
lence levels by means of the induced secondary circulation. Particularly
under heating conditions, stronger buoyancy effects are observed at
higher heat flux values, leading to a greater temperature disparity be-
tween the upper and lower surfaces of the tube. Under cooling condi-
tions, as the values of Richardson number (Ri) continue increasing
within Ri > 0.1, the buoyant force is enhanced, which in turn de-
teriorates the heat transfer near pseudo-critical temperature (Tp).
With the development of sCO5 applications, the flow and heat
transfer of sCO; in inclined circular tubes have also received great
attention from many researchers(Wang et al., 2022). Forooghi and
Hooman (2013) numerically studied the convection heat transfer in
inclined pipes with significant buoyancy influence using the V2F model.
They found that the heat transfer deterioration due to reduced turbu-
lence production in vertical upward flow also occurs in inclined circular
tubes, and it becomes less pronounced when a > 30°. Yang et al. (2013)
numerically simulated the laminar mixed convective flow and heat
transfer of sCO- in an inclined tube with a diameter of 0.5 mm under
cooling condition with a constant wall temperature. The result shows
that the horizontal flow has the highest heat transfer coefficient among
the selected inclination angles. The inclined flows at @ = 60° and 120°
also have better heat transfer performance than other angles. Dong et al.
(2022) investigated the flow and heat transfer of sCO3 in tubes with
inclination angle a = 60°. They observed two wall temperature peaks in
the circumferential direction of the tube when the inlet temperature was
relatively low. Diao et al. (2019) conducted a numerical simulation on
the turbulent mixed convection and heat exchange of sCO; cooled by
constant heat flux in an inclined circular channel. They found that the
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maximum heat transfer coefficient (HTC) decreases significantly with
the deviation of the operating pressure from the critical pressure. A
nonlinear stability analysis on sCO; in an inclined heating tube is also
conducted by Singh (Singh and Singh, 2019). Based on the existing
literature, it appears that most studies have focused on analyzing the
heat transfer characteristics at a limited range of angles, such as 30°,
60°, and 90°. However, to date, comprehensive investigations into the
overall trends of heat transfer and flow characteristics across the entire
angular range from 0° to 180° have yet to be conducted.

As discussed above, Computational Fluid Dynamics (CFD) method is
a popular tool to investigate the heat transfer mechanism(He et al.,
2021; Li et al., 2020; Qin et al., 2019; Sun et al., 2022). Among various
CFD methods, Reynolds-Averaged Navier-Stokes (RANS) method is the
most widely adopted one for turbulent sCO5 heat transfer simulations.
This is because it can offer valuable and reliable insights into the
thermal-hydraulics of turbulent sCO5 flows with reasonable accuracy
and low computational cost(Chen et al., 2018; Yang et al., 2010; Yu
et al., 2018). To improve the prediction accuracy of the RANS model,
some modifications have been proposed for the turbulence model. In
2016, a variable turbulent Prandtl number (Pry) model (TWL) is pro-
posed by Tang(Tang et al., 2016). The comparison between TWL model
and 14 experimental data shows that TWL model can correctly predict
the heat transfer deterioration (HTD) of supercritical fluid. Guo et al.
(2019) studied the thermal-hydraulic characteristics of sCO2 in vertical
tubes under cooling and heating conditions with TWL model. Du et al.
(2020) added pressure and tube diameter correction factors to the model
considering the effects of pressure and tube diameter. The modified
variable Pr, model was validated by comparing it with 26 reported
experimental data, especially for HTD cases. In Section 3.2, the TWL
model is compared with other turbulence models. The TWL model has
obvious advantages in predicting heat transfer deterioration. Therefore,
the TWL model is chosen for simulation calculation in this paper.

Despite considerable research efforts, the intricate heat transfer
mechanism of sCO, heat transfer remains inadequately understood. In
this numerical study, the authors examined the flow structure and heat
transfer characteristics of sCOs in circular tubes inclined at various an-
gles using the TWL model. The primary goal is to gain insights into the
progressive influence of buoyancy on heat transfer and flow as the
inclination angle @ changes from 0° to 180°, which is still a fundamental
question yet to be resolved. Additionally, the authors investigated the
impact of buoyancy on heat transfer deterioration at small inclination
angles, which is a crucial consideration for optimizing heat exchanger
design (Forooghi and Hooman, 2013). Findings from this study could
significantly advance our understanding of sCO5 heat transfer and serve
as a reference for the design of advanced heat exchangers in nuclear
reactors.

The structure of this paper is as follows: firstly, a numerical model
based on TWL model is established and its mesh independence is verified
in detail. Then, the influence of buoyancy on sCO; flow structure and its
internal mechanism are discussed in detail. Finally, the influence and
mechanism of a on sCO heat transfer under strong/weak buoyancy are
analyzed.

2. Numerical approach
2.1. Governing equations
Governing equations for steady flow simulated in this study are given
by (Wang et al., 2019):
Continuity:
0
—(pu;) =0 1
3 (o) &)

Momentum:
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Inner diameter of tube : 19mm
Thickness of the wall : 1.625mm
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Fig. 2. Physical model and boundary conditions of the inclined tube.
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where g, is the effective viscosity defined as the sum of the molecular
viscosity u and the turbulent viscosity u, defined as Eq. (6) in SST k-@
model. In the SST k-w turbulence model, the transport equations of
turbulent kinetic energy k and specific dissipation rate » are defined in
Eq. (4) and (5). 4 indicates the thermal conductivity and Pr; is the tur-
bulence Prandtl number which is defined as Eq. (7) in TWL model (A is
recommended to be 15 (Tang et al., 2016)).
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where a* is the damping coefficient of the turbulent viscosity causing a
low-Reynolds number correction (see Ref. (Fluent, 2011)). The Pr in Eq.
(7) refers to the Prandtl number of the fluid here, which is determined by
the physical properties of sCO,. Under the working conditions calcu-
lated in the paper, the value of Pr varies between 1 and 35. The
computational fluid dynamics (CFD) software employed in this study is
ANSYS FLUENT 2021R1, a commercially available software that utilizes
the finite volume method for discretizing the governing equations.

2.2. Physical model and boundary conditions

The RANS models are validated by experimental data from Weinberg
(Weinberg, 1972) and a similar physical model is used to analyze the
flow structure and heat transfer of sCO; in this study. Due to the sym-
metry of the physical phenomenon on both sides, only half of the tube is
considered to reduce the computational cost. As shown in Fig. 2, the
circular tube has an inner diameter of 19 mm, a wall thickness of 1.625
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Table 1 are set as mass flow inlet and pressure outlet. The Coupled algorithm is
Thermal physical properties of solid(Sweet et al., 1987). chosen for pressure-velocity coupling. The temperature and pressure
TCC) p(kg /md) AW /(mK)) ¢,(J /kg K) dependent properties of CO5 used for the solver are obtained from NIST
Standard Reference Database(Lemmon et al., 2002). Thermal properties of
0 7930 14.5 460.5 . ,
20.75 148 472.9 stainless steels are based on Sweet’s work(Sweet et al., 1987), and the
26.55 15.7 476.9 specific values are given in Table 1. The specific calculation conditions are
75.85 16.4 497.6 shown in Table 2. Cases 1-5 are calculated for model validations; cases a
125.95 17.1 514.9 and b are used for analyzing the flow structure and heat transfer of sCO- in
177.60 17.9 5279 tubes with different inclination angles.
Table 2
Calculation conditions for numerical investigation.
Tin (°C) q (kW/m®) P (MPa) G (kg/m®s) d (mm) a©) buoyancy
effects
case 1 (Weinberg, 1972) 14 56.7 7.58 564.32 19 0 strong
case 2 (Weinberg, 1972) 14 40.5 7.58 564.32 19 0 & 180 weak
case 3 (Weinberg, 1972) 20 50 7.58 437.3 19 0& 180 strong
case 4 (Adebiyi and Hall, 1976) 15.4 15.1 7.59 384.4 22.14 90 weak
case 5 (Adebiyi and Hall, 1976) 21.1 21.4 7.607 201.6 22.14 90 strong
case a 15 50 7.58 550 19 0~180 weak
case b 15 20 7.58 550 19 0~180 strong
3. Validation of numerical solution
3.1. Mesh independence verification
Wall yplus To improve the prediction accuracy of the near-wall area, the mesh is
0.080 thinned along the wall. With reference to the research of Tang et al.
22;8 (2016), the initial width is 0.0002 mm and the fixed growth rate is 1.06.
832(5) As shown in Fig. 3, this setting can ensure that the dimensionless wall
0.055 distance y* is always less than 0.1, ensuring the accuracy of the calcu-
ggzg lation results (it is generally believed that when y™ < 1, the calculation
0.040 has converged(Hou et al., 2022)). The axial mesh length is set to 2 mm,
gggg which has been extensively verified (Du et al., 2020; Guo et al., 2019;

Fig. 3. Contours of wall y* with mesh settings for n; = 13, ny = 11, n3 = 70.

mm, and a total length of 3000 mm. Adiabatic sections of 570 mm (30 d)
and 151 mm (8 d) are placed at the inlet and outlet respectively to
minimize the influence of inlet and outlet effects. The inclination angle
and the circumferential angle of the tube are denoted by a and 6
respectively.

To simulate the engineering scenario more realistically, a constant heat
flux (equal to 0.854 times the heat flux of the inner wall q) is applied to the
outer wall of the circular tube. The inlet and outlet boundary conditions

(a) Meshing method.

Tang et al., 2016). Sensitivity analysis was conducted on the remaining 3
edges of the mesh: circumferential edge nj, radial edge of solid ny and
radial edge of fluid ny, as is shown in Fig. 4(a).

Nine sets of different grids of nj, ny and n3 were calculated, and the
calculation results of wall temperature and central axis velocity under
various mesh settings were shown in Fig. 5. As can be seen from Fig. 5(a
and b), changes in n; and ny have basically no impact on the calculation
results, while the calculation results of wall temperature only have a
small difference, and the calculation results of velocity distribution are
almost completely covered together. It can be seen from Fig. 5(c and d)
that n3 has a great impact on the calculation results, and the peak value
of wall temperature will gradually decrease with the increase of ns.
When n3 increases to 60, the calculation results remain basically un-
changed. To obtain better convergence, the combination of n; = 13, ny
= 11, ng = 70 was selected for the following calculation. The final
meshing result is shown in Fig. 4(b).

(b) Mesh used in the simulation.

Fig. 4. Structured meshing division and its results.
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Fig. 5. Temperature and velocity distributions obtained from various grid calculations.
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3.2. Turbulence model correction and selection

Tang (Tang et al., 2016) proposed the TWL model after theoretical
analysis and adopted a series of reasonable assumptions. There is an
undetermined coefficient A in the TWL model. After selecting different
values of A and comparing them with the experiment, Tang recom-
mended the value of A to be 15, because A = 15 corresponds well with
the experimental results. When Tang proposed this model, he used a 2D
model that did not consider the solid domain, while the model adopted
in our work was a 3D model that considered conjugate heat transfer.
Therefore, it is necessary to conduct a comparative analysis again.

To ascertain the optimal value of parameter A, a sensitivity analysis
was conducted by varying its values and subsequently comparing the
simulation results against the experimental data obtained from case 1.
The results of RNG k — ¢ and RKE k — ¢ turbulence models are also
compared. As shown in Fig. 6, RNG k — ¢, RKEk — ¢ and SSTk — w (Pr;=
0.85) turbulence models cannot calculate the peak value of wall tem-
perature, while TWL model can simulate the peak value of wall tem-
perature well. Moreover, the peak value of wall temperature calculated
by TWL model decreases with the increase of A, and the peak position
moves forward accordingly. Since the TWL model (A value of 17) pre-
dicted the wall temperature best compared to other turbulence models
and different A-values, the TWL model was used for subsequent calcu-
lations. Tang et al. (2016) analyzed the difference of calculation results
of different turbulence models in detail in his work, and the results
showed that the TWL model could predict the peak wall temperature
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Fig. 7. Extensive comparisons with experimental data.

because it could predict the restrain of turbulent mixing in the transition
region, while other models cannot.

3.3. Model validation

To validate the numerical model, an extensive experimental com-
parison is performed. The vertical upward, vertical downward and
horizontal flow under strong and weak buoyancy effects is validated.
The verified experimental data used were measured by Weinberg (1972)
and Adebiyi (Adebiyi and Hall, 1976), and detailed experimental

conditions are shown in Table 2. Weinberg conducted an experimental
study on convective heat transfer of sCO; in a vertical tube in 1972. The
inner diameter d of the test section was 19 mm, the heating wall
thickness was 1.625 mm, the total heating length was 129d, and there
was a 64d adiabatic section at the entrance. Adebiyi and Hall conducted
an experimental study on convective heat transfer of sCO2 in a hori-
zontal circular tube in 1976. The inner diameter d of the test section was
22.14 mm, the heating wall thickness was 1.63 mm, the total heating
length was 110d, and there was a 55d adiabatic section at the entrance.
In the experiment conducted by Adebiyi, thermocouples were affixed at



J. Hou et al.

regular intervals of 76.2 mm along the tube, specifically at angular po-
sitions of 0°, 90°, 180°, and 270° from the top of the tube. Additionally,
thermocouples were placed at intervals of 152.4 mm along the tube at
angular positions of 45°, 135°, 225°, and 315°. In this section, a uniform
body heat source heating method is used to be consistent with the
experiments.

Fig. 7 shows the results of comparison between numerical simulation
and experiment. The predicted temperature with the TWL model agrees
well with the experimental data in all the cases. For the vertical flow
under weak buoyancy effects, the calculated results match the experi-
mental data closely, with only a temperature difference of less than 5 °C
over most of the heating distance, as shown in Fig. 7(a). The TWL model
successfully captures two wall temperature peaks in the upward flow
under strong buoyancy effects (to the best of our knowledge, so far there
is no turbulence model capable of simulating three peaks), as shown in
Fig. 7(b). Fig. 7(c) shows the wall temperature comparison for the
horizontal flow with weak buoyancy effects. The wall temperature at the
bottom is remarkably consistent with the experimental results, though
the wall temperature at the top is relatively low. Fig. 7(d and e) show the
comparison of axial and circumferential wall temperatures for hori-
zontal flow with strong buoyancy effects. The temperature distributions
along the surfaces under strong buoyancy effects are still consistent,
although the circumferential wall temperature difference can reach up
to 50 °C, which will be explained in section 4.3.

4. Results and discussions
In order to assess the influence of the buoyancy in cases a and b, three

criterions @/Rezj(Jackson, 1979), Bo*(Jackson et al., 1989) and Ri
(Wang et al., 2018a, 2018b, 2019) were adopted, as defined below.

Gr
727 > 10 i ®)
With:
— — D)8’
r— o D)t ©

M, T, < TyeorTy > T
p= pdT ~
T, — Tb/TFT., Po(Tpe = Tp) + P (T — Tpe)
- T, < T, <T,
B Gr* B
Bo* = RSP >5.7x107° an
With:
d4
Gr = 8/3112 12)
k;,vh
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Fig. 8. Variations of buoyancy factor under case a and b with a = 0°.
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when Ri < 0.1, the buoyancy effect can be ignored; when Ri > 10, the
buoyancy plays a major role; when 0.1 < Ri < 10, at this time called
mixed convection.

The dimensionless parameters for buoyancy effects of case a and b
with @ = 0° have been presented in Fig. 8. The dimensionless parameter
Gr/Re?7 Ri of case a is less than its threshold, and Bo* is slightly greater
than its threshold, which means buoyancy effects are weak in case a.
However, all criterion of case b is greater than its threshold indicating
that buoyancy effects play an important role in heat transfer and flow.
Therefore, cases a and b are calculated to analyze how the flow and heat
transfer gradually change as the inclination a increases from 0° to 180°
under strong and weak buoyancy effects.

4.1. Flow structure with different inclination angles

The results and mechanisms of buoyancy effects on sCOy flow
structure in detail from fundamental aspects are discussed in this sec-
tion. Fig. 9(a—c) shows that when buoyancy effects are weak, the ve-
locity peak location is in the upper part of the tube when a = 15°, moves

(10)

to the lower part when a = 60°, and stays at the lower part when a = 90°.
However, Fig. 9(d-i) shows that when buoyancy effects are strong, the
velocity peak is always at the upper part of the tube until a < 85°. When
85° < a < 90°, the velocity peak quickly moves to the lower part of the
tube from the upper part as a increases. Then the velocity peak position
stays at the lower part of the tube until it returns to the center at a =
180°. It can also be seen that when a = 0°, the velocity near the wall is
higher than that at the center, and the velocity distribution forms an ‘M’
shape due to the strong buoyancy effects.

Fig. 10 shows profiles of normalized velocity v/vy along y-axis at z/d
=110, where vy is determined by v, = G/pp. As a increases, the position
of velocity peak will first move upward, then downward, and finally,
return to the center. And the velocity peak position in the horizontal
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Fig. 9. Velocity magnitude contours and secondary flow velocity vectors at a z/d = 110.

tube is always in the lower part of the tube. The magnitude of the
buoyancy primarily affects the threshold of a for the downward move-
ment of the velocity peak. The velocity peak will move downward when
a > 15° in case a with weak buoyancy effects, as displayed in Fig. 10(a).
And the velocity peak position will move downward when a > 85° in
case b with strong buoyancy effects, as displayed in Fig. 10(b).

The reasons for the above phenomenon are as follows. The buoyancy
can be decomposed into two components: axial buoyancy and radial
buoyancy. Axial buoyancy parallel to the sCO, mainstream increases the

velocity magnitude of low-density fluid for upward flow and decreases it for
downward flow. Radial buoyancy perpendicular to the mainstream induces
a secondary flow, as shown in Fig. 9(c, ). Fig. 11 shows that the secondary
flow transports the low-density sCO» to the upper part of the tube by up-
ward flow and transfers the momentum to fluids in the lower part by
downward flow through the core area mainstream. Therefore, the sec-
ondary flow tends to have the velocity peak position in the lower part of the
tube.

When sCO; flows upward, axial buoyancy transports the low-density
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Fig. 11. The mechanism analysis diagram of buoyancy influencing flow structure for upward flow.

32 T T T T T T T T T T
—a—7/d=0 —e—2z/d=10
2Id=20 —v— 2/d=30
—~30 —o—2/d=40 —¢—1z/d=50
‘ 1% —>—2/d=60 —e— 2/d=70
Deperamte = —+—2/d=80 2/d=90
l 0 g 281 —=—2/d=100—e—2/d=110 |
310 )
300 =
290 ';;
70 £ 207 1
= s
o4 £ M
230 3 24 4 4
220 -—w
210 s
200 )
19.0 =
g 22 4
@
2=
20 1
T T T T T T T T T T
0 20 40 60 8 100 120 140 160 180
0
(a) Contour of temperature at z/d =110 (b) Variations of 75, and &

Fig. 12. Schematic diagram of circumferential temperature distribution trend in case a of a = 90°.



J. Hou et al. Progress in Nuclear Energy 168 (2024) 105028

T T T T T
—a—g=0 —eo—0=0°
0=15° —v—0=30°
——0=45° —4—0=60°
—>—0=75° —e—0=90°
—*—0=105° 0=120°
—#—0=135"—e—0=150°

2.554

N

93

S
1

g
o £
T g
E - 2.454 —A—=165"—¥—0=180° v
-9 2.40 4
] g
8 =
@ f——g=0 —o—a=0° e.; 2354
b4 0=15° —— a=30° g
el —o— =45° —— a=60° £ 230
—— 0=75° —— a=90° ]
——a=105° =120 = 505 4 i
—=— ¢=135°—— a=150° ’
—a— 0=165°—— 0=180°
78 T T T T T T T T T T T 1 2.20 T T T T T
0 10 20 30 40 50 60 70 8 90 100 110 120 0 20 40 60 80 100 120
z/d z/d
(a) Local excess temperature (7, - 75) (b) Heat transfer coefficient

Fig. 13. The variations of local excess temperature (T,,- Tp) and heat transfer coefficient of different « in case a.

Turbulent kinetic energy Turbulent kinetic energy
(mglsp) - (m'is?) B

0.0034 0.0034
0.0032 0.0032
0.0030 0.0030
0.0028 0.0028
0.0026 0.0026
0.0024 0.0024
0.0022 0.0022
0.0020 0.0020
0.0018 0.0018
0.0016 0.0016
0.0014 0.0014
0.0012 0.0012
0.0010 0.0010
0.0008 0.0008
0.0006 0.0006
0.0004 0.0004
0.0002 0.0002
0.0000 0.0000
(a) upward (b) downward

Turbulent kinetic energy Turbulent kinetic energy
(mg/sg) (m‘%,s?)

0.0034
0.0032
0.0030
0.0028

0.0026

. 0.0024
0.0022
0.0020
0.0018
0.0016
0.0014
0.0012
0.0010
0.0008
0.0006
0.0004
0.0002
0.0000

Fig. 14. Contours of turbulent kinetic energy at z/d = 110 under different flow conditions.

0.0034
0.0032
0.0030
0.0028
0.0026
0.0024

0.0022
0.0020
0.0018
0.0016
0.0014
0.0012
0.0010
0.0008
0.0006
0.0004

0.0002
0.0000

(¢) horizontal (d) g=0

fluid to the upper part of the tube, as shown in Fig. 11. This means that upward flow. The velocity peak position in the upper part of the tube

axial buoyancy tends to have the velocity peak in the upper part of the indicates that axial buoyancy effects are stronger than radial buoyancy
tube. Since axial and radial buoyancy have opposite effects, the position effects. When « is below the threshold for the downward movement of
of the velocity peak moves upward and then downward as a increases for the velocity peak, axial buoyancy effects grow faster than radial

10
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Fig. 15. Schematic diagram of the effects of buoyancy and its components on
heat transfer.

buoyancy effects, and the velocity peak moves upward. Conversely,
when a is above the threshold, the velocity peak moves downward. The
threshold value increases with increasing buoyancy, which means that
axial buoyancy effects increase more than radial buoyancy effects as
buoyancy increases.

For horizontal flow, axial buoyancy disappears, so the velocity peak
position is always in the lower part of the circular tube. For downward
flow, axial buoyancy decreases the velocity of low-density fluid in the
upper part, which also means that axial buoyancy tends to move the
velocity peak position downward. Therefore, the velocity peak position
is always in the lower part of the tube.

4.2. Heat transfer with weak buoyancy effects

This section will discuss the results and mechanisms of the influence
of inclination angle on sCO; heat transfer under weak buoyancy effects.
As shown in Fig. 12, when a = 90° (as well as other angles except 0° and
180°) the wall temperature will be uneven, with high temperature at the
top and low temperature at the bottom. As mentioned in section 4.1, the
secondary flow will transport the heated fluid to the upper part of the
tube, and the velocity in the upper part is lower at most inclination
angles resulting in a lower heat transfer coefficient at the upper part.
According to Newton’s law of cooling as Eq. (16), since the properties of
sCO2 do not change drastically with the T,, < Tj and the local heat flux
is the same, the wall temperature at the top will be higher than that at
the bottom.

(16)
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Fig. 13 illustrates the trend of both the average excess temperature
and heat transfer coefficient. The average excess temperature represents
the disparity between the average inside wall temperature T,, and the
bulk temperature T} across the cross-sectional area. Tp is computed from
the bulk enthalpy Hp, calculated by Eq. (17). The heat transfer coefficient
h is calculated from Eq. (18). Fig. 13(a) shows the excess temperature
gradually decreases with the heating of sCO2, and accordingly, the heat
transfer coefficient gradually increases, as displayed in Fig. 13(b). This is
because Tj gradually approaches T, as sCO, is heated, and the specific
heat increases as well, as shown in Fig. 1, which in turn enhances the
heat transfer. The phenomenon has also been observed in Liu’s experi-
ments (Liu et al., 2014).

P
ower;z H, +4£

H, = H;, + Gd

@7)

q

h=—=_
T, — T,

18)

Figs. 10(a) and Fig. 14(a, d) show that when the sCO, flows upward,
the buoyancy force effects (although still weak) increase the velocity
near the wall and decrease it in the central region, which causes a sig-
nificant decrease in shear stress and turbulent kinetic energy (TKE). The
reduction of TKE then reduces the turbulent diffusion of heat and further
increases the wall temperature, as Fig. 13(a) shows. Similarly, Fig. 14(b,
d) show that buoyancy effects increase the stress and TKE for vertical
downflow, which enhances heat transfer. In the horizontal flow, the
downward movement of the velocity peak increases the TKE at the
bottom and enhances heat transfer, and decreases it at the top and
weakens heat transfer. The enhancement in the lower part is greater
than that in the upper part, so the overall heat transfer enhancement is
shown. From the above analysis, it can be concluded that axial buoyancy
effects weaken heat transfer in the upward flow and enhance it in the
downward flow, and the secondary flow caused by radial buoyancy has
a positive effect on sCOy heat transfer overall under weak buoyancy
effects.

Fig. 15 shows the effects of buoyancy and its components on heat
transfer as a varies. As a increases, axial buoyancy increases and radial
buoyancy decreases, which leads to stronger heat transfer for upward
flow. Axial buoyancy decreases and radial buoyancy increases, which
results in stronger heat transfer for upward flow before @ < 150° and
weaker heat transfer after that in downward flow, as Fig. 13 shows. The
above process also leads to an overall deterioration of heat transfer for a
< 30°, and an overall enhancement of heat transfer for a > 30°.
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Fig. 16. The variations of wall temperature and heat transfer coefficient of different a in case b.
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Fig. 17. The local wall temperature distribution with different inclination angle @ in case b.

4.3. Heat transfer with strong buoyancy effects

Fig. 16 shows the trend of the inside wall temperature and heat
transfer coefficient in case b under strong buoyancy effects. The figure
shows that there are two wall temperature peaks under strong buoyancy
effects. Cheng et al. (2017) analyzed the mechanisms of the two tem-
perature peaks under vertical upward flow and found that buoyancy
effects caused the first peak and shear stress caused the second peak. In
this section, the phenomenon and mechanisms of the two wall

12

temperature peaks changing with inclination angle are analyzed.

Fig. 17 shows a more detailed temperature distribution of the inside
wall temperature with different inclination angles. It can be found that
the first wall temperature peak is due to heat transfer deterioration at
the top by comparing Fig. 17(a-e). Fig. 18 shows the profiles of velocity
magnitude and turbulent kinetic energy along the y-axis with a = 20°
and 30°. The secondary flow transports the heated fluid to the upper part
of the tube and the wall heating makes the upper fluid reach T, quickly,
which leads to a significant decrease in fluid density. Strong axial
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Fig. 20. Contours of turbulent kinetic energy at z/d = 60 in case b with a
=10°.

buoyancy effects increase the upper fluid velocity drastically. Fig. 17
shows that the velocity profile is nearly flat near the wall (0.85 < r/R <
1) when z/d = 18 for a = 20° and z/d = 16 for a = 30°, resulting in a
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significant decrease of shear stress and TKE. The reduction of TKE then
reduces the turbulent diffusion of heat and further increases the wall
temperature. Because TKE drops almost to 0, heat transfer is mainly
through conduction, so the wall temperature at the top (0 = 0°) is always
around 60 °C when the first heat transfer deterioration occurs for a <
45°, as Fig. 17 shows. With continuous heating, the velocity magnitude
increases continuously, TKE gradually recovers and heat transfer dete-
rioration is mitigated for z/d > 20, as Fig. 18 shows. It can be concluded
from Fig. 18 that axial buoyancy effects cause heat transfer deterioration
at the top and then the first wall temperature peak. Fig. 17 also shows
that the position where heat transfer deterioration occurs in advance
gradually as a increases, peaking at z/d = 25 for @ = 10° and peaking at
z/d =15 for a = 45°. The reasons are as follows: the radial buoyancy is
the result of the radial component of gravity (gesin(a)). Due to the
existence of radial buoyancy, the low-density flow at the wall will flow
upward, and the high-density fluid at the center of the pipe will move
downward, thus inducing secondary flow. With the increase of a, the
gravity radial component increases, the radial buoyancy effect is
enhanced, and the secondary flow is enhanced, so that the heated sCO4
is transported to the top faster, and the temperature of sCO3 near the top
reaches T, earlier.

The velocity magnitude near the top region increases continuously
after the first temperature peak. Fig. 19 shows the profiles of velocity
and turbulent kinetic energy along the y-axis for different z/d with a =
10°. In this phase, the shear stress caused by the velocity gradient
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increases the velocity magnitude of the fluid in the lower part of the tube
gradually. When the effect reaches the bottom at z/d = 60, the velocity
near the lower part becomes flat, resulting in a significant decrease in
TKE, as Fig. 19 shows. The decrease of TKE occurs near most of the walls
except for the top, as Fig. 20 shows, which reduces the turbulent
diffusion of heat and further increases the wall temperature, as Fig. 16
(a) shows. The above analysis shows that shear stress flattens the ve-
locity profile near the wall except for the top, causing a decrease in TKE
near the wall, which leads to the second wall temperature peak.

The heat transfer deterioration mechanism of the second peak
changes with the increase of @ compared to the vertical upward flow (the
deterioration mechanism for vertical upward refers to Cheng’s work
(Cheng et al., 2017)) when the tube starts to incline (¢ < 15°). The in-
clined tube has a greater velocity gradient, which causes greater shear
stress and more severe heat transfer deterioration compared to vertical
upward flow, as Fig. 16 shows. When « increases from 15° to 75, the
secondary flow strength increases, the velocity of the lower fluid in-
creases, the velocity gradient decreases, and the effect of shear stress
decreases. Therefore, heat transfer deterioration is relieved as a in-
creases (@ > 15°). This implies that a slight inclination of the circular
tube causes more severe heat transfer deterioration for upward flow
with strong buoyancy, which needs to be considered in engineering.
Similar to the first peak, the position of the second wall temperature
peak also shifts forward, because the secondary flow becomes stronger
and accelerates the above process.

Fig. 21(b) shows the circumferential wall temperature distribution at
z/d = 110 with different inclination angles. The circumferential wall
temperature changes gradually from uniform to the highest temperature
at @ = 30° as a increases, and when « increases to about 90°, the top wall
temperature soars, turning into a distribution trend of higher tempera-
ture at the top and lower at the bottom, which is quite different from
case a. The main reason for this phenomenon is that when a < 85°, the
velocity magnitude near the upper part is high, as Fig. 9 shows, resulting
in an increase in TKE at this location, as Fig. 20 shows, which greatly
enhances convection heat transfer. According to Newton’s law of cool-
ing in Eq. (16), although the fluid temperature is higher at the top, the
high velocity magnitude increases HTC greatly, making the wall tem-
perature at the top lower than a little further from the top (¢ = 30°).
However, when «a continues to increase to about 90°, the velocity peak
moves to the lower part, and the thermophysical properties change to
the gas-like phase because the fluid temperature is higher than T
(32.2 °C at 7.58 MPa). The change of flow field and thermophysical
properties sharply reduces the local h at the top, resulting in a sharp rise
in the top wall temperature. This is also the reason why sCO; heat
transfer weakens again when a increases to near 90°, as Fig. 16 shows.

This means that for horizontal flows with strong buoyancy, a slight
inclination of the tube can mitigate heat transfer deterioration, which
can be easily applied to engineering.

5. Conclusions

The study focused on the heat transfer and flow characteristics of
supercritical pressure CO, within an inclined tube, particularly under
weak (G = 550 kg/(m?2-s), Tin = 15 °C, Poye = 7.58 MPa, g = 20 kW/m?)
and strong (G = 550 kg/(mz-s), Tin=15°C, Pyy = 7.58 MPa, ¢ = 50 kW/
m?) buoyancy effects using variable turbulent Prandtl number turbu-
lence model. The phenomenon and mechanisms of the variation of flow
and heat transfer with inclination angle were analyzed and discussed.
From the obtained outcomes, the following conclusions can be
summarized.

@ The variable Pr; model used could accurately predict heat transfer
deterioration under the calculation conditions in this paper. An
extensive experimental comparison was performed to validate the
TWL model. The result shows that the predicted temperature with
TWL model has the best agreement with all experiment data among
selected RANS models. It is recommended that this model is used in
designing the heat exchangers using the sCO, Brayton cycle.

® The buoyancy can be decomposed into two components: axial
buoyancy and radial buoyancy. When sCO5 flows upward, axial
buoyancy moves the peak velocity position to the upper part of the
tube, and when it flows downward, it moves it to the lower part. The
secondary flow induced by radial buoyancy moves the velocity peak
to the lower part of the tube. The combined effect of the two com-
ponents makes the position of the peak velocity move upward, then
downward, and finally back to the center as « increases.

@ Under weak buoyancy effects, axial buoyancy effects weaken heat
transfer in the upward flow and enhance it in the downward flow,
and the secondary flow caused by radial buoyancy has a positive
effect on sCO5 heat transfer overall. Therefore, sCO, heat transfer is
gradually enhanced before a < 150° and weakened after that with
the increase of a.

@ Under strong buoyancy effects, there are two wall temperature peaks
in inclined tubes. The buoyancy effect causes the first peak, which
flattens the velocity distribution near the top and reduces TKE and
heat transfer. The shear stress causes the second peak, which flattens
the velocity profile near the wall except for the top, reducing TKE
and heat transfer again.

@ A notable finding is that the best heat transfer occurs at a = 150° for
both strong and weak buoyancy effects, a slight inclination of the
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tube causes more severe heat transfer deterioration for upward flow
under strong buoyancy effects, and a slight inclination of the tube
mitigates heat transfer deterioration for horizontal flows under
strong buoyancy.
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