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a b s t r a c t

An experimental study has been conducted to investigate the heat transfer characteristics of supercritical
carbon dioxide (sCO2) uniformly heated in the horizontal circular smooth tube. The results illustrated
that there was a significant difference in heat transfer between the top wall and bottom wall due to the
buoyancy. Bulk flow acceleration cannot be negligible in the high heat flux region, which leads to heat
transfer deterioration. A new heat transfer correlation is proposed, in which the buoyancy parameter and
bulk flow acceleration have been taken into account. The new correlation and six classic correlations for
sCO2 are examined in horizontal tubes. The comparison indicates that the new correlation has a better
performance for sCO2 flowing through a horizontal heating tube under natural circulation conditions. For
example, 94.9% of the calculated results using the new heat transfer correlation were within ±30% of the
experimental results while only 87.9% of that using the Jackson correlation (the best of the six) were
within the same error bands.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carbon dioxide is inexpensive, environmentally-friendly,
abundant in reserves, and has moderate critical conditions. The
critical pressure and temperature are 7.38 MPa and 31.26 �C,
respectively. Because of the outstanding thermodynamic charac-
teristics, supercritical carbon dioxide (sCO2) is regarded as the most
attractive working fluid for GEN IV nuclear reactors. For example,
the Brayton cycle with sCO2 as working fluid can not only effec-
tively improve the thermal efficiency of lead-cooled or sodium-
cooled fast reactors, but also significantly reduce the size and the
power consumption, making the cycle system more compact [1].
The widespread use of sCO2 in the field of nuclear energy is of great
significance to the optimization of nuclear power systems and the
rapid development of the nuclear industry.

The heat transfer characteristics of sCO2 heated in tubes are very
important for the design and optimization of industrial energy
conversion systems. However, in the pseudo-critical region, the
University, Xiamen, Fujian,
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physical properties of sCO2 exhibit extremely rapid variations with
the temperature, as shown in Fig. 1, which makes the heat transfer
characteristics more complex. Therefore, in recent years, a number
of researchers have investigated the heat transfer performances of
sCO2 in tubes. Kim et al. [2] carried out convection heat transfer
experiment of sCO2. The heat transfer correlation of vertical heating
tube was obtained by using piecewise function correction and
considering the buoyancy factor. Bae et al. [3] investigated the ef-
fects of buoyancy and bulk flow acceleration on the heat transfer of
vertical tube. They believed that it was necessary to develop cor-
responding correlations for normal heat transfer and heat transfer
deterioration, in order to improve the accuracy of calculations.
Based on experimental data and theoretical analysis, Kim et al. [4]
developed a different type of the heat transfer model for vertical
tube. Liu et al. [5,6] evaluated typical heat transfer correlations
based on the published experimental data of sCO2 forced convec-
tion heat transfer. They found that the calculation results of the
existing heat transfer correlations were quite different from the
experimental results, in the pseudo-critical region. The ambiguous
heat transfer mechanism, imperfect mathematical model, and
limited measurement accuracy are the main reasons for the poor
prediction results of heat transfer correlations. Zhang et al. [7]
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Nomenclature

cp specific heat, J/kg$K
U voltage from the DC power supply, V
I current from the DC power supply, A
Rel electrical resistance, Ohm
Q heat transfer rate, W
Gm mass flow rate, kg/s
h specific enthalpy, J/kg
r radius, m
l heated length, m
q heat flux, W/m2

D diameter, m
T temperature, K
P pressure, Pa
qv volumetric heat generation, W/m3

x axial location in the flow direction, m
HTC convective heat transfer coefficient, W/m2 K
g acceleration of gravity, m/s2

G mass flux, kg/m2s
A Inner surface area of heating section, m2

Greek Symbols
r density, kg/m3

l thermal conductivity, W/m$K

v kinetic viscosity, m2/s
m dynamic viscosity, Pa$s
b thermal expansion coefficient, 1/K

Dimensionless
Nu Nusselt number; (HTC�Di

l
)

f friction factor
Re Reynolds number; (GDi

m )
Pr Prandtl number; (mcp

l
)

Buc buoyancy parameter; (GrbRe�2
b )

Gr Grashof number; (gbðTwin�TbÞD3
i

n2
)

qþ bulk flow acceleration; ( qbb
Gcp;b

)

Subscripts
pc pseudo-critical point
in inlet
out outer
i inner
o external
b bulk
w wall
exp experimental data
cal calculated data

Fig. 1. Variation of thermal and transport properties of CO2 at 8.2 MPa.
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studied experimentally convection heat transfer of sCO2 in a ver-
tical heating tube. They found that there are significant differences
in the heat transfer characteristics under various mass flow rates.
Based on the experimental data, a model was established for ver-
tical heating tubes. Zhang et al. [8] proposed the supercritical-
boiling- number to judge the transition boundary between the
normal heat transfer and heat transfer deterioration of sCO2 in a
vertical tube. In the case of the horizontal flow, since buoyancy
appears in the perpendicular direction of the flow, heat transfer
characteristics are more complicated than that in the vertical flow,
which results in a non-uniform temperature distribution in the
circumferential direction. Therefore, many conclusions obtained on
vertical pipes are not applicable to horizontal pipes. Zhao et al. [9]
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experimentally studied heat transfer coefficients from sCO2 flowing
in horizontal mini/micro channels. They found that although sCO2
was in forced motion through the horizontal tubes at Reynolds
numbers up to 105, the buoyancy effect was still significant. Then, a
correlation was developed for the axially averaged Nusselt number
in terms of buoyancy parameters for forced convection of sCO2 in
horizontal mini/micro tubes. Tanimizu and Sadr [10] compared
three commonly used buoyancy parameters including Buc, BuJ and
Bup in the heated horizontal tube. They deemed that Buc was the
best prediction of the buoyancy effect among three parameters.
Wang et al. [11] used the experimental data of Adebiyi and Hall [12]
to simulate the flow of sCO2 in a horizontally heated circular tube.
The simulation results showed that secondary circulation caused by
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buoyancy will influence the flow structure and turbulence levels.
For large horizontal tubes, the heat transfer is slightly enhanced
near the pseudocritical point, but the heat transfer deteriorates
significantly at higher heat fluxes. This result is contrary to the
results of small-diameter tubes published in the past. Zhan et al.
[13]numerically studied the asymmetric heat transfer characteris-
tics of sCO2 in a horizontal tube considering buoyancy parameter.

It should be pointed out that many of the heat transfer charac-
teristics of sCO2 are explored under vertical heating tubes, and
these results cannot be directly used in horizontal heating tubes.
Moreover, many scholars have fitted some heat transfer correla-
tions considering different factors, and these correlations need to
be compared. Most of all, the current research focuses on the heat
transfer characteristics of sCO2 under forced circulation, while
there are relatively few researches on natural flow under horizontal
heating condition. Especially, there is almost no specific heat
transfer correlation for sCO2 flowing through a horizontal heating
tube under natural circulation conditions.

In this study, an experimental system was established to
investigate the heat transfer characteristics of sCO2 heated in a
horizontal tube. The effects of buoyancy and bulk flow acceleration
on the heat transfer coefficient were examined. Based on the
experimental data, a new heat transfer correlation was derived.
Compared with other correlations in published literatures, the new
correlation stands out as the better choice for the scenarios
involving natural sCO2 tube flow under heating conditions. This
study can provide a reference for the heat transfer design of an
energy conversion system using sCO2 as working fluid.
2. Experimental facility and method

2.1. Experimental loop

An experimental system was designed and constructed to
quantify the heat transfer in sCO2 horizontal flow as depicted in
Fig. 2. The main facilities include vacuum pump, Coriolis force mass
flowmeter, CO2 tank, water cooling machine, pressurizer, differ-
ential pressure transmitter, pressure transmitter, T-type
Fig. 2. Schematic diagram of
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thermocouple, etc. According to different functions, the system can
be divided into six subsystems. (1) Vacuum subsystem: Before the
experiment, the non-condensable gas in the gas supply system, the
primary circuit and all related pipelines was purged “completely”
by long operation of the vacuum pump. (2) CO2 gas supply sub-
system: The gas supply system is turned on to allow gaseous carbon
dioxide in the CO2 tank to enter at about 7 MPa. In the gas supply
subsystem, the gas is first liquidized by cooling. The liquid is then
compressed by the plunger pump to the working pressure, up on
which it is injected into the primary circuit. (3) Cooling water
subsystem: The water cooling machine provides a stable cold
source, and the heat is continuously taken out of the experimental
loop through the double-pipe heat exchanger. (4) Heating subsys-
tem of the horizontal experimental section: The positive and
negative terminals of the DC power supply are clamped at both
ends of the heating section tube to heat the test section. (5) Stable
pressure control subsystem: In the primary circuit, the pressurizer
is used to suppress the pressure fluctuations while the back-
pressure valve is used to prevent the loop pressure go higher than
the working pressure. When that happens, the backpressure valve
will open to release the excessive carbon dioxide liquid and bring
the loop pressure back to the desired level. (6) Data acquisition and
display subsystem: Sensors collect measurement signals. Then
these signals are processed, displayed and saved in real time by
computer. The six subsystems make sCO2 flow stably in the rect-
angular loop. The circulation loop has no external power equip-
ment, such as pumps, compressors, etc., and is driven entirely by
the density difference between the cold and hot fluids. Therefore,
this is a natural circulation.

The primary circuit is a regular rectangular structure, the length
and height are 4.35 m and 2.65 m respectively. The specific posi-
tions and geometric parameters of each equipment in the experi-
mental bench are shown in Fig. 3.
2.2. Layout of the test section

The experimental section is made of 316L stainless steel pipe
with a total length of 3350 mm. The length of heated section is
the experimental loop.



Fig. 3. The geometry of the experimental facility.
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1500 mm, and there are two adiabatic sections with 160 mm and
700 mm, respectively, as a developing section. The inner diameter
and thickness of tube are 7 mm and 1.5 mm, respectively. Two
electric insulation flanges are set at the two ends of the experi-
mental section. The structure of the experimental section and the
arrangement of temperature measurement points are shown in
Fig. 4. The pipeline between the two copper electrodes is the
effective heating length, and 20 equidistant sections are set on it.
Fig. 4. Schematic of
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The first thermocouple section is 50 mm away from the positive
terminal, and the negative terminal is 120 mm away from the last
thermocouple section. A thermocouple is arranged at top and
bottom of each section, a total of 40 wall temperature measuring
points. The experiment section is wrapped with two materials of
50 mm thick high-temperature and fire-resistant ceramic fiber
cotton and aluminum foil glass wool roll felt for double insulation,
reducing the heat loss of the experiment section.
the test section.
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3. Data reduction and uncertainty analysis

3.1. Data reduction

The experimental data was reduced to calculate local heat
transfer coefficients as a following procedure. The output power of
the power supply is calculated as

Qtotal ¼UI ¼ I2Rel (1)

Where U is the voltage imposed on the test section, I is the current,
Rel is the resistance of the heating section.

The heat transfer rate Q from CO2 to the tube wall can be ob-
tained from the energy balance under a steady state:

Q ¼Gm

�
hf ;out �hf ;in

�
(2)

Where Gm is the mass flow rate, hf ;in and hf ;out are the enthalpies at
the inlet and outlet of the test section, which are obtained from the
relevant look-up table in the NIST REFPROP library [14] given the
temperatures and pressures of the two locations.

The experimental section is uniformly heated and the heat flux
qw can be evaluated as:

qw¼ Q
2pril

(3)

The heat loss in the heating section can be calculated as

Qloss ¼Qtotal � Q (4)

The heat flux loss is expressed into Eq. (5).

qloss ¼
Qloss

2prol
(5)

Where l is the effective heated long，ri and ro is the inner radius
and outer radius of test section.

The heating efficiency can be calculated by Eq. (6)

h¼ Qloss

Qtotal
(6)

The results of the data show that the heating efficiency can
reach more than 93%, indicating that the heat insulation effect is
great and meets the experimental requirements.

The equivalent internal heat source generated by the resistance
of the experimental section is:

qv ¼ 4Qtotal

p
�
D2
o � D2

i

�
Lh

¼ Qtotal

p
�
r2o � r2i

�
l

(7)

The temperature of the outer wall is measured in the experi-
ment, and the temperature of the inner wall needs to be derived.
Eqs. (8) and (9) show the one-dimensional heat-conduction equa-
tion and the boundary conditions.

1
r

d
dr

�
rl

dT
dr

�
þ qv ¼0 (8)

8><
>:

�l
dT
dr

����
r¼ro

¼ qloss

TðroÞ ¼ Tw;out

(9)

The local inner wall temperature (Tw;in) can be evaluated as:
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Tw;in¼ Tw;out � qv
4l

�
r2i � r2o

�
þ ro

l

�qvro
2

� qloss
�
ln

ri
ro

(10)

Where l is the thermal conductivity of the experimental section.
The heating section is a boundary condition of uniform heat

flux. According to the energy balance equation, the local fluid bulk
enthalpy is calculated by:

hb;x ¼hin þ
Q
Gm

x
l

(11)

With the local specific enthalpy value and pressure known, local
fluid temperature Tb;i can be obtained from NIST REFPROP library.
Then, local heat transfer coefficient is calculated from:

HTC¼ qw
Tw;i � Tb;i

(12)

The Nusselt number obtained by the experiment is:

Nu exp ¼HTC � Di

lb
(13)

where lb is the thermal conductivity of the fluid and Di is the inner
diameter.

In order to analyze heat transfer enhancement or heat transfer
deterioration, Kim et al. [15] believed that when the ratio (Nu*) of
Nu obtained from the experiment to Nu calculated by the Gnie-
linski [16] correlation is greater than 1, the heat transfer is
enhanced. When the Nu* is less than 1, heat exchange deteriorates.

NuGnielinski ¼
ðf=8ÞðReb � 1000ÞPrb

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p �
Prb2=3 � 1

	
"
1þ

�
d
l

�2=3
#�

Tb
Tw

�0:45

(14)

Nu* ¼ Nuexp

NuGnielinski
(15)
3.2. Uncertainty analysis

If an indirect measurement is composed of a number of direct
measurements, that is, R ¼ fðx1;x2;:::;xnÞ, then the uncertainty of this
indirectmeasurement is defined by the expression fromMoffat [17]
as follows.

DR¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vR
vx1

Dx1

�2

þ
�
vR
vx2

Dx2

�2

þ//þ
�
vR
vxn

Dxn

�2
s

(16)

The calculation formulas for the uncertainty of q, h andNu are as
follows:

dq
q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dQ
Q

�2
þ
�
dA
A

�2
s

(17)

dh
h
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dq
q

�2

þ
�
dA
A

�2

þ
 

dT
Tw;in � Tb

!2
vuut (18)

dNu
Nu

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dh
h

�
þ
�dl
l

�
þ
�
dd
d

�s
(19)



Table 1
Uncertainties of the main experimental parameters.

Parameters Units Uncertainties (%)

Temperature K ±0.41%
Pressure Pa ±0.12%
Mass flow rate kg/s ±0.1%
Heating power W ±3.42%
Heat flux W/m2 ±3.85%
Convective heat transfer coefficient W/(m2$K) ±4.26%
Nu / ±4.29%
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Table 1 below shows the uncertainty of the relevant measured
and calculated quantities.
Fig. 6. Heat transfer coefficient at different positions when P ¼ 9.2 MPa and
q ¼ 132.35 kW/m.2.
4. Experimental results and discussion

4.1. Heat transfer characteristics

Under all experimental conditions, the top wall temperature of
the same heating section is higher than the bottom wall tempera-
ture. Fig. 5 shows the distribution of wall temperature at different
positions of the experimental section. It can be found that when the
pressure is 9.2 MPa and the heat flux is 132.35 kW/m2, the
maximum temperature difference between the top wall and the
bottomwall can reach 33.4 K. For the bulk temperature, it increases
gradually at the beginning, changes little near the pseudo-critical
temperature, and increases again after passing the pseudo-critical
region. This is because the specific heat capacity of sCO2 first in-
creases and then decreases with the increase of temperature. In the
pseudo-critical region, the specific heat capacity is larger and the
fluid has a stronger ability to absorb heat. However, when the bulk
temperature exceeds the pseudo-critical temperature, the specific
heat capacity has dropped to a lower level. Such a large heat flux
can only remove the heat in the form of increasing the temperature
difference, which shows the wall temperature soaring. Fig. 6 shows
the distribution of heat transfer coefficient at different positions of
the experimental section. It can be found that the fluid has obvious
heat transfer enhancement in the pseudo-critical region, and the
heat transfer coefficient is larger.
Fig. 5. Distribution of wall temperature when P ¼ 9.2 MPa and q ¼ 132.35 kW/m.2.
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4.2. Effect of buoyancy and bulk flow acceleration

When sCO2 flows through the heated horizontal tube, the
temperature field distribution on the section is uneven due to the
buoyancy effect, making the top wall temperature of the same
section higher than the bottomwall temperature. Jackson et al. [18]
summarized the dimensionless number of buoyancy on the heat
transfer of horizontal tubes. They believe that when Buc < 10�3, the
effect of buoyancy can be negligible.

buC ¼GrbRe
�2
b (20)

Regarding the effect of bulk flow acceleration on the heat
transfer in the heated horizontal tube, many scholars [2e4,19,20]
used the dimensionless factor qþ to characterize the strength of
bulk flowacceleration in the experiment. It is considered that when
qþ � 5 � 104, the bulk flow acceleration can be ignored.

qþ ¼ qbb
Gcp;b

(21)

where bb is the thermal expansion coefficient of the fluid and G is
the mass flux.

When q< 40 kW/m2, it is a lowheat flux area, when 40 kW/m2 <
q < 80 kW/m2 is a medium heat flux area, and when q > 80 kW/m2,
it is a high heat flux area.

Fig. 7 and Fig. 8 show the changes in the buoyancy parameter
and bulk flow acceleration of the top wall temperature and bottom
wall temperature in different heat flux areas along the flow direc-
tion. It can be seen that Buc is far greater than the threshold 10�3

under all experimental conditions, which indicates that buoyancy
always exists and significantly affects the heat transfer of the sCO2.
In the low heat flux area, the heat transfer deterioration of the top
wall is not obvious, and Nu* is around 0.9. When in the region of
high heat flux, Buc drops rapidly, at this time bulk flow acceleration
has a greater impact on heat transfer. It can be seen that both the
top wall and the bottom wall will have heat transfer deterioration,
but the heat transfer coefficient of the bottomwall is always higher
than that of the top wall. Due to buoyancy, flow stratification occurs
in the pipe flow. The density difference induces a secondary flow,
transporting the heated fluid to the top of the tube. As a result,



Fig. 7. Buoyancy parameter and bulk flow acceleration for the top wall at different heat fluxes.

Fig. 8. Buoyancy parameter and bulk flow acceleration for the bottom wall at different heat fluxes.
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high-temperature with low density is accumulated at the top,
making the top wall temperature higher than the bottom wall
temperature. For bulk flow acceleration, it can be found that in the
low heat flux area, qþ is much smaller than the threshold, and the
effect of bulk flow acceleration can be negligible. The Nu* is close to
1, and the heat transfer is normal. When in the high heat flux area,
qþ is greater than 5� 10�4 in the experimental section, the effect of
bulk flow acceleration is prominent, and the heat transfer has also
been significantly deteriorated. As shown in the figure, when the
heat flux is 107.81 kW/m2, Nu* is only about 0.6 at this time, and
the heat transfer is deteriorated. The bulk flow acceleration will
cause the fluid flow to re-laminar fluidization, leading to
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deterioration of heat transfer. All in all, that the bulk flow acceler-
ation has little effect on the heat transfer of sCO2 when the heat
flow density is low, but when the heat flow density is high, it will
worsen the heat transfer of the fluid. It can be seen that the
buoyancy and bulk flow acceleration have an important influence
on the heat transfer of the natural circulation horizontal tube.
Therefore, these two factors should be considered in the correlation
of convective heat transfer under natural circulation conditions.
4.3. Assessments of heat transfer correlations for sCO2

So far, the heat transfer empirical correlation is still the most



Table 2
Heat transfer empirical correlations.

Author Correlation Flow direction

Dittus-Boelter [21] NuD� B ¼ 0:023Re0:8b Pr0:4b
Horizontal/Vertical

Petukhov-Kirillov [22]
NuP� K ¼ ðf=8ÞRebPrb

1:07þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3b � 1Þ

f ¼ ð1:82lgReb � 1:64Þ�2

Horizontal/Vertical

Gnielinski [16]
NuGnielinski ¼ ðf=8ÞðReb � 1000ÞPrb

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3b � 1Þ

"
1þ
�
d
l

�2=3
#�

Tb
Tw

�0:45 Horizontal/Vertical

Jackson [23]
NuJackson ¼ 0:0183Re0:82b Pr0:5b

�
rw
rb

�0:3
 

cp
cp;b

!n

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

n ¼ 0:4 ; Tb < Tw < Tpc or 1:2Tpc < Tb <

T

w
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� 1
�
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�
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� 1
�
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Tb
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� 1
��
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Horizontal/Vertical

Zhao [9]

NuZhao ¼ 0:124Re0:8b Pr0:4b
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!0:203�
rw
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�0:842
0
@ cp
cp;b

1
A

0:384 Horizontal

Li [24]
NuLi ¼ 0:023Re0:8b Pr0:4b

�
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�0:3
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cpb

!n

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

n ¼ 0:4 ; Tb < Tw < Tpc or 1:2Tpc < Tb <

T

w

n ¼ 0:4þ 0:2
�
Tw
Tpc

� 1
�

; Tb < Tpc < Tw

n ¼ 0:4þ 0:2
�
Tw
Tpc

� 1
�


1� 5
�
Tb
Tpc

� 1
��

; Tpc < Tb <1:2Tpc ; Tb < Tw

Horizontal

Table 3
Comparison of the experimental and predicted Nu using empirical correlations.

Correlation E±10% E±20% E±30% MAPE% s

Zhao 0.5 1.4 3.2 90 45.8
Dittus-Boelter 18.2 34.3 48.1 61.7 96.3
Gnielinski 18.8 35.6 47.6 72.6 116.3
Petukhov-Kirillov 18.5 34.5 46.8 74.5 120.3
Li 39.8 67.2 86.6 16.1 12.9
Jackson 40.2 73.7 87.9 15.9 14.7
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important way to calculate the heat transfer of sCO2. Some re-
searchers have fitted the heat transfer correlations in horizontal
heating tubes. Most of them use dimensionless numbers, such as Pr
and Re, and fit the experimental data by adding fluid property
correction terms. The common heat transfer correlations for hori-
zontal tubes are listed in Table 2.

The following indicators are used to evaluate these heat transfer
correlations.

The relative error of the heat transfer correlations is given by the
following expression:

error¼Nuexp �Nucal
Nuexp

(22)

Where Nuexp and Nucal are the experimental results and the
calculation results of the heat transfer correlation, respectively.

If the error is less than 10%, record it as E±10 Therefore, the
percentage within calculation error of each data can be obtained.

E±10%; E±20%; E±30% (23)

The mean absolute percentage error (MAPE) is defined as
follows:

MAPE¼1
n

Xn
i¼1

jerrorj � 100 ð%Þ (24)

Where n is the number of experimental points.
The standard deviation of the error (s):
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s¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

�
error-error

	2
n

vuuut
� 100ð%Þ (25)

A total of 12160 data are used for calculation. Table 3 shows the
evaluation results of the heat transfer correlations. It can be found
that the accuracy of Zhao correlation is poor under the large-
diameter experimental conditions currently studied. Although the
correlation is suitable for horizontal pipes, it is mainly used in the
micro pipe diameter. In this experiment, large diameter pipe is
used, so Zhao correlation is not suitable for this experiment. The
calculation accuracy of the Dittus-Boelter, Gnielinski, and
Petukhov-Kirillov heat transfer correlations is also poor, and the
data whose calculation deviation is within ±30% account for less
than 50%, indicating that these correlations cannot adapt to drastic
changes in thermophysical properties. When calculating the heat
transfer of sCO2, these correlations should be corrected. Li and
Jackson used thermophysical properties modification to optimize
the heat transfer correlation. The calculation accuracy of these two



Fig. 9. Comparison between the experimental data and the calculated data based on
the new correlation.
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correlations is relatively good, the average absolute percentage
error is about 16%, and the data with calculation deviation within
±30% accounts for about 87%. Both of these correlations take into
account the influence of the specific heat capacity distribution in
different temperature ranges on the convective heat transfer of
sCO2. Therefore, a piecewise function is used in the correction of the
comparative heat capacity term.

4.4. A new heat transfer correlation for sCO2

It can be seen that buoyancy effect, bulk flow acceleration and
thermophysical properties have great influence on the heat transfer
of horizontal heating tube. Combinedwith the previous research on
the heat transfer correlation, considering the effect of various fac-
tors, a new heat transfer correlation is proposed based on experi-
mental data.

Nu¼ 0:0183Re0:82b Pr0:5b
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Where n is defined as:
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The new correlation is suitable for the calculation of the heat
transfer of sCO2 in the horizontal heating tube under natural cir-
culation conditions. The specific application range is: system
pressure is 7.58e10.26 MPa, inlet temperature is 289.04e306.33 K,
outlet temperature is 294.59e382.57 K, heat flux is
3.61e148.82 kW/m2, mass flux is 189.45e514.46 kg/(m2$s), outlet
velocity is 0.23e2.65m/s, outlet Re is 1.59� 104e1.66 � 105, and Pr
is 0.72e14.29.

Fig. 9 shows the comparison between the calculated results of
the new correlation and the experimental results. There are a total
875
of 12160 convective heat transfer data points in the experiment. In
order to show in the figure, the sampling interval is set to 5, that is,
1 data is randomly selected from every 5 data. It can be seen that
the calculation results of the new correlation are very close to the
experimental results. Compared with the experimental data, the
average absolute percentage error of the new heat transfer corre-
lation is only 12.9%, the standard deviation is 10.1%, the calculation
deviation of data within ±10% can account for 45%. The proportion
of data whose calculation deviation is within ±30% is as high as
94.9%. The calculation accuracy of the new heat transfer correlation
is the highest.

5. Conclusions

Experimenting with sCO2 natural circulation allows to study the
heat transfer characteristics of sCO2 flowing in a uniformly heated
horizontal tube. The effects of buoyancy and bulk flow acceleration
are studied and discussed in detail. Based on the experimental data,
a new heat transfer correlation is proposed, and six classic heat
transfer correlations are evaluated in horizontal tube. The obtained
conclusions are summarized as follow:

1. The buoyancy significantly affects the heat transfer, resulting in
the difference between the top wall and the bottom wall. Bulk
flow acceleration cannot be negligible in the high heat flux re-
gion, which leads to heat transfer deterioration.

2. Among the six classic heat transfer correlations, the Jackson
correlation has a good calculation result, and the data whose
calculation error is within ±30% accounts for 87.9%.

3. The new heat transfer correlation that takes into account the
effects of buoyancy and bulk flow acceleration has the highest
calculation accuracy. The 94.9% of the calculated results using
the new heat transfer correlation were within ±30% of the
experimental results.
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