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ABSTRACT

Supercritical carbon dioxide (sCO,) is a promising working fluid to improve the efficiency of advanced power systems. Relevant to the use of
sCO, in parabolic trough solar receivers, heating sCO, in a horizontal tube is investigated numerically. The ranges of tube diameter, pressure,
mass flux, and heat flux are 8—12 mm, 10-20 MPa, 700-1300 kg/m2 s, and 66.7-300 kW/m?, respectively. When heat transfer deterioration
occurs at high heat flux, there are not only overshoot wall temperatures along the flow direction but also non-uniform wall temperatures in
the circumferential direction. Temperature difference AT between the top and bottom generatrix of the tube wall reaches 199.7 K, maximally.
To suppress AT, the influence of tube diameter on supercritical heat transfer is analyzed based on pseudo-boiling theory. The result shows
that the heat transfer coefficient (HTC) at the top generatrix decreases while HTC at the bottom generatrix exhibits nonlinear variation with
reducing diameter. Heat transfer performance at both the top and bottom generatrix is determined by the thermal resistance of a vapor-like
film on the tube. It can be characterized by a supercritical K number, involving the balance of evaporation momentum force and inertia force
on the vapor-like film. Thus, AT is determined by the ratio of K number at the tube top to that at the tube bottom and AT significantly
decreases with reducing tube diameters. In addition, increasing pressure and mass flux can also reduce AT. This paper not only advances the
pseudo-boiling heat transfer theory of supercritical fluids, but also provides guidance for the safety design of sCO, heat exchangers in
advanced power systems.
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I. INTRODUCTION

Increasing the efficiency of energy systems is important to sup-
pressing global warming caused by the greenhouse effect. It is known
that the system efficiency can be increased by rising the vapor temper-
ature entering the turbine. Thus, supercritical water with high temper-
ature and pressure has been widely used in energy systems. However,
the active chemical reaction between supercritical water and solid
material limits the further improvement of steam temperature and sys-
tem efficiency. Recently, supercritical carbon dioxide (sCO,) has
become an alternative working fluid due to its chemical inertness,
offering the opportunity to improve the cycle efficiency with higher
vapor parameters. Compared with water, sCO, also behaves limited
heat transfer performance. The heat exchangers need to be redesigned.
The top priority is to determine the tube diameter according to its
influence on the heat transfer performance of sCO,.

To develop advanced boilers and nuclear reactors, the vertical
upflow of sCO, is widely investigated. Zhao et al.” investigated the
influence of channel size on heating sCO, in vertical tubes under a
similar heat flux to mass flux ratio. The results demonstrated that
tubes with an inner diameter of 0.27 mm exhibited deteriorated heat
transfer due to flow acceleration effects, whereas tubes with an inner
diameter of 2.0 mm showed improved heat transfer performance
due to buoyancy effects. However, Song et al.” * declared that the
tube with bigger diameter reduces the heat transfer coefficient
(HTC) due to buoyancy, after comparing the heat transfer perfor-
mance in vertical tubes with inner diameters of 4.4 and 9.0 mm.
Zahlan et al.” also reported that the HTC of sCO, in an 8 mm tube
is slightly higher than that in the 22 mm tube. What is more, heat
transfer deterioration is disposed to appear in the tube with a bigger
diameter.
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Compared to sCO, heated in vertical tubes, sCO, heat transfer in
horizontal tubes is seldom investigated. However, it is important for
the safety design of horizontal heat exchangers in advanced sCO,
power systems, such as parabolic trough solar receiver.” Liao and
Zhao® presented an experiment of sCO, heated in both vertical and
horizontal tubes with inside diameters of 0.70, 1.40, and 2.16 mm. It is
found that HTCs of both horizontal flow and vertical upflow exhibit
similar values and trends vs mainstream temperature. The Nusselt
numbers increase with rising tube diameter. However, Wang et al.’
obtained the opposite conclusion that HTC decreases with increasing
tube diameter. Recently, Cheng et al."’ performed an experiment and
concluded that the heat transfer of sCO, in horizontal tubes is non-
uniform in the circumferential direction. Specifically, HTCs at the top
generatrix of horizontal tube decrease with rising tube diameter, while
HTCs at the bottom generatrix do not blindly decrease with the
increased tube diameter. It confirms that heat transfer in the horizontal
tube becomes more complex than that in the vertical tube. However,
the above experiment only obtained the discrete temperature at limited
locations on the tube wall. It is necessary to perform coupled fluid—
solid numerical simulation to obtain temperature fields both on the
tube and inside the tube. Theoretical analysis is desired to combine the
above temperature fields to reveal the influence mechanism of tube
diameter on sCO, heat transfer.

The above experiments obtained different conclusions about the
influence of tube diameter on sCO, heat transfer. It is necessary to
reveal the heat transfer mechanism by theoretical analysis and numeri-
cal simulation. Traditionally, supercritical fluids were assumed as sin-
gle phase. Unfortunately, there are still contradictory conclusions
under the single-phase flow theory. For example, both Yu et al.'' and
Wang et al.'* consider the buoyancy effect in numerical simulation,
but their conclusions about the influence of tube diameter on sCO,
heat transfer deterioration are still reversed. In fact, the buoyancy effect
can be characterized by the dimensionless number Bu in the single-
phase flow theory of supercritical fluids."” However, it is concluded
that Bu cannot identify the normal heat transfer and heat transfer dete-
rioration.'*'® Thus, the single-phase flow theory has limitations in dis-
cussing the influence of tube diameter on sCO, heat transfer.

Recently, extensive research efforts and investigations support
that supercritical fluids exhibit an inhomogeneous structure and multi-
phase flow characteristics.'” *° Wang et al.”” proposed a three-regime
model of supercritical heat transfer based on the pseudo-boiling con-
cept and multiphase flow view. It divided the tube cross section into
three regimes, including liquid-like (LL) core, two-phase-like (TPL)
annulus, and vapor-like (VL) film.

The balance of evaporation momentum force and inertia force on
vapor-like film near the tube wall is the key to determining the super-
critical heat transfer, which can be characterized by the supercritical K
number or SBO number.”*”’ It is proved that SBO number is the key
number to determine the overall supercritical heat transfer perfor-
mance.”” Specifically, SBO number is a simple criterion to identify the
normal heat transfer and heat transfer deterioration.”””' Based on
SBO, the supercritical K number introduces a correction factor involv-
ing the ratio of density under local bulk temperature to density under
local wall temperature. Thus, the supercritical K number has advan-
tages in predicting the local heat transfer performance of supercritical
flow.” Tt was confirmed that pseudo-boiling theory is a promising
method to analyze supercritical heat transfer in both vertical and
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horizontal tube.”” *° Here, pseudo-boiling theory involving supercriti-

cal K number is used to reveal the influence of tube diameter on local
heat transfer of supercritical fluids in horizontal tubes.

In summary, the effect of tube diameter on supercritical heat
transfer is an important issue in energy engineering. More investiga-
tions were based on experiments, which only obtained temperature at
limited locations on the tube wall. The conclusions about the effect
of tube diameter on the heat transfer performance of supercritical
fluids are also inconsistent in the references. Here, numerical simula-
tions are performed to obtain temperature fields both on the tube and
inside the tube. The promising method of pseudo-boiling theory is uti-
lized to obtain supercritical phase distribution in the tube and reveal
the effect of tube size on heating sCO, in horizontal tubes, including
the overall heat transfer performance and non-uniformity in the cir-
cumferential direction. This study can not only advance the pseudo-
boiling heat transfer theory for supercritical fluids but also offer valu-
able insights for the secure design of heat exchangers in advanced
energy systems.

Il. MATHEMATICAL MODEL AND CALCULATION
METHOD

A. Physical model

Figure 1 illustrates the physical model of sCO, flow in a horizon-
tal tube subjected to uniform heating. The geometric parameters of the
tube are consistent with those described in the experimental section of
our previous investigation.'’ The horizontal tube is divided into three
sections: the inlet adiabatic section, the heating section, and the outlet
adiabatic section [see Fig. 1(a)]. The length of the heating section is
3200 mm. The inlet adiabatic section measures 600 mm to ensure the
full development of sCO, before entering the heating section.
Similarly, the outlet adiabatic section is also 600 mm long to ensure a
steady flow of sCO, at the outlet of the heating section. The flow direc-
tion is defined along the z-axis. The inner diameters of the horizontal
tube are 8, 10, and 12 mm, with a wall thickness (Js) of 2 mm [see Figs.
1(b)-1(d)]. The circumferential direction of the tube is defined as the 0
coordinate, where 0 =0° and 0 = 180° represent the top and bottom
generatrixes of the horizontal tube, respectively. The meshing method
is the same as the author’s published paper.”’

B. The governing equations

The three-dimensional steady-state flow and heat transfer of
supercritical CO, in a horizontal tube are simulated using ANSYS
Fluent 19.2 software. The governing equations, solved by the finite vol-
ume method, are as follows:**

Mass conservation equation

0
a—xi(ﬂui) =0. (1)

Momentum conservation equation
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FIG. 1. Physical model.
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The choice of turbulence model is important for the simulation
of supercritical heat transfer. Here, the shear stress transport SST k-
turbulence model is used, which outperforms other turbulence models
in terms of prediction accuracy reported in the previous research.’*””
What is more, this paper investigates the supercritical heat transfer
based on pseudo-boiling theory instead of single-phase flow theory
modified by buoyancy effects. The prediction of SST k- models is
especially accurate near the wall region, which is helpful to obtain the
phase distribution details near the wall and reveal the supercritical heat
transfer mechanisms in a horizontal tube. The equations of the SST
k- turbulence model can be found in ANSYS 19.2 HELP.™
Turbulent kinetic energy equation

d(pwk) 0 [<#+ﬂ) %} + Gy — Y. (4)

Ox; _a_xj ox ) Ox;

Specific dissipation rate equation

Apww) L 0\ (4 12

0x; 0x; 0w ) 0x;

In Egs. (4) and (5), Gi and Yy terms represent the generation and dissi-
pation of k, G, Y,,, and Y,, terms represent the generation, dissipa-

tion, and orthogonal divergence of w, respectively, which are written
as follows:

Y, + Dy,. (5)

+ G, —

Gy = min(,S?, 10pf k), (6)
Yi = pfkw, (7)

; Re; /R,
G, = % (u) L6 ®)
o \ 1+ Re/R, )
Y, = pfor’, )
1 0Okow

D, =2(1—-Fl)p (10)

W02 ai-xj 673(] '

The equations presented above pertain exclusively to the fluid
domain. For the solid domain, Fourier’s law of thermal conductivity is
employed, as expressed in the following equation:

d oT
Z i) +d=0.
o <A ax]) + 0 (11)

Further details regarding the variables and constants in Egs.
(1)-(11) can be found in the comprehensive discussion in Ref. 39.

C. Boundary conditions and solution

The physical properties of CO, are derived from REFPROP NIST
9.1."" The inlet of the tube is modeled using a mass flux condition,
while the outlet is defined as an outflow boundary. In the heating sec-
tion of the horizontal tube, a uniform heat flux is applied to the solid
outer wall. At the fluid-solid interface, temperature and heat flux are
continuous, adhering to a no-slip condition. The governing equations
are discretized using the finite volume method. To improve calculation
accuracy, a second-order upwind differencing scheme is utilized. The
pressure-velocity coupling is resolved using the SIMPLEC algorithm.
Convergence is achieved when the residual curves stabilize and the
monitored outlet temperature approaches a steady state. The relative
residuals for the mass and momentum transport equations are set to
103, vgvhile the relative residual for the energy transport equation is set
to 10 .
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In this paper, the selection of parameter ranges considers the
practical operating conditions of the evaporator in the sCO, heat
pump”' and the boiler in the sCO, power generation system.”” The
inlet temperature is normal atmospheric temperature (293 K). The
inlet pressure is 10-20 MPa, which is larger than the critical pressure
of CO, (7.377 MPa). The ranges of mass flux and heat flux are 700-
1300 kg/m”s and 66.7-300 kW/m?, respectively. Specifically, this paper
focuses on the influence of tube diameter on heat transfer perfor-
mance. The heat transfer performance of CO, is worse than that of
water steam. Thus, it is a wise choice to use a small tube to increase the
heat transfer area in a finite space. Of course, reducing the pipe diame-
ter can also cause a large pressure drop. Fortunately, module design of
sCO, heat exchangers can control flow resistance to the same level of
steam heat exchangers based on partial flow strategy, which changes
long pipelines in series to short pipelines in parallel.* Finally, the range
of inner tube diameter is selected as 8—12 mm according to the related
investigations and engineering application.”'***~*° It is noted that the
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tube size range seems narrow. However, the flow area changes more
than two times and the influence of tube size is remarkable, which will
be verified in Sec. I11.

D. Validation of grid independence and model
accuracy

To guarantee the authenticity and correctness of the simulated
outcomes, a grid independence analysis is conducted (see Fig. 2).
Figures 2(a) and 2(b) illustrate the variation of the inner wall tempera-
ture T,; with bulk enthalpy 7, under four grid conditions. The T; rises
gradually along the flow direction, performing normal heat transfer
(NHT) [see Fig. 2(a)], and the T, along the flow direction exhibits a
noticeable peak, inducing heat transfer deterioration (HTD) [see
Fig. 2(b)]. The results show that computed values of inner wall temper-
ature tend to be stable with increasing grid number. The average error
of the inner wall temperature values calculated with grid numbers of

(b) 700
HTD case

600

500

T wi (K)

400 |

30 b———1 1

(d) 700

HTD case

600

500

T wi (K)

400

,=2.88 %
300 +——F——T———

270 330 390 450 510
iy, (kJ/kg)

FIG. 2. Validation of grid independence and model accuracy: (a) analysis of grid independence for NHT case; (b) analysis of grid independence for HTD case; (c) validation
of numerical result with experimental data for NHT case; and (d) validation of numerical result with experimental data for HTD case. Not that the experiment data are from
Ref. 10. The NHT case is d=12mm, P=20.1MPa, G=1008.5kg/im?s, g, =207.1kW/m? and the HTD case is d=12mm, P=8.1MPa, G=773.9kg/m?s, and

G = 312.6 KW/m?.
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3.29 x 10° and 4.10 x 10° is only 0.24% and 0.19% for the NHT and
HTD case, respectively. Therefore, to balance calculation time and
accuracy, the grid number of 3.29 x 10° is selected for the simulation.
The numerical simulation is validated using experimental data
from Ref. 10. The heating horizontal tube’s geometric parameters are
the same in the experiment and the simulation. Figures 2(c) and 2(d)
illustrate the comparison of the numerical simulation results of NHT
conditions and HTD conditions with the experimental data. The
graphic demonstrates that the inner wall temperature (T;) determined
by simulation varies with the bulk enthalpy, in accordance with the
experimental results. The formula for calculating the average error
between the simulated values and the experimental data are as follows:

1 n
en = ;Zei x 100%, (12)
i=1

where e; represents the error for a single data point, e;= (Tyj pre
— Tyi,exp) Twi,expr As a result, the average error is only 2.38% and
2.88% [see Figs. 2(c) and 2(d)]. Therefore, the numerical model
employed in this study is both feasible and reliable.

lll. RESULTS AND DISCUSSION

A. Heat transfer performance of sCO, in horizontal
tube

Heat transfer performance of forced convection is determined by
both the inner wall temperature T.,; and the bulk temperature of fluids
Ty The heat transfer coefficient 4 is defined as follows:

QWi
he v 13
e 13)

where the heat flux on the inner wall of the horizontal tube is

dout
qwi = Gw (?) . (14)

It notes that the heat transfer performances in the circumferential
direction are non-uniform due to different wall temperatures.
Specifically, ho, and hy,o are calculated by Eq. (13) using T.; at the top
generatrix and bottom generatrix, respectively.

Figure 3 depicts the distribution of temperature and heat transfer
coefficient 4 with bulk enthalpy i, for a 12mm diameter tube at
P=10MPaand G = 700 kg/m”s. Under the low heat flux condition of
Gwi = 66.7 kW/m?, the inner wall temperature T,,; rises gradually with
i, performing normal heat transfer NHT [see Fig. 3(a)]. At a high heat
flux of g,,; =225 kW/m?, the variation curves of T.; with i, show a sig-
nificant peak, behaving heat transfer deterioration HTD [see Fig. 3(b)].
To characterize the overshoot temperature of such a peak quantita-
tively, mark the highest wall temperature point A at the peak and the
lowest wall temperature point B at the downstream of the peak. The
wall temperature difference between points A and B is defined as over-
shoot temperature, which achieves 13.3 and 20.9K at top and bottom
generatrixes, respectively [see Fig. 3(b)]. For both NHT and HTD cases
in a horizontal tube, the T\, (op is consistently higher than that of T.y;
bot- In conclusion, HTD in horizontal tubes creates not only a wall tem-
perature overshoot in the flow direction but also substantial wall tem-
perature non-uniformity in the circumferential direction.

For the NHT case under g; = 66.7 kW/m?, both the heat transfer
coefficient at top generatrix hy,, and bottom generatrix Ay rise

pubs.aip.org/aip/pof

continuously with the #, [see Fig. 3(c)]. From the perspective of tradi-
tional single-phase flow theory, the Reynolds number Re and Prandtl
number Pr are the fundamental dimensionless parameters governing
the heat transfer. Usually, the larger Re and Pr indicate the better heat
transfer performance. Re and Pr are defined as follows:

Rezg, (15)
u
pr=2F, (16)

where ¢, and yu are specific heat capacity and viscosity, respectively.
Under heating condition, Tj, of supercritical fluids in the tube always
rises, reducing dynamic viscosity x and rising Reynolds number Re in
the flow direction [see Fig. 3(e)]. In addition, Pr also increases in the
flow direction due to rising T, [see Fig. 3(f)]. Thus, it seems reasonable
that the heat transfer coefficient rises continuously with the i, in
Fig. 3(c).

For the HTD case under g,,; = 225 kW/m?, the hyop first decreases
sharply and then rises slowly along the flow direction. The
decreases and then increases, when i, > 392.1kJ/kg/K, the Ay shows a
decreasing trend again [see Fig. 3(d)]. However, both Re and Pr increase
at the inlet of the tube [see Figs. 3(g) and 3(h)], which fails to explain
the heat transfer deterioration at the inlet of the tube. Thus, there must
be some other factors to influence the supercritical heat transfer, which
attribute the sensitive changes of physical property for single-phase
flow theory. Unfortunately, such treatment of single-phase flow theory
is complex and inconsistent in previous investigations.'* '

Instead, pseudo-boiling theory is utilized to elucidate the heat
transfer behavior of sCO, in horizontal tubes in the following discus-
sions. The temperature distributions within the tubes were obtained
and converted into phase distributions based on pseudo-boiling theory
(see Fig. 4). The supercritical fluid in tube cross section is divided into
three regimes, including liquid-like (LL), two-phase-like (TPL), and
vapor-like (VL) according to the supercritical heat transfer model pro-
posed by Wang et al.”” The change from LL to TPL occurs at the T ~
temperature, assuming that the change from TPL to VL occurs at T"
temperature, where T~ and T are determined by the thermodynamic
method.”” For easy analysis, the thickness of the vapor-like film & is
defined as the vertical distance from the wall to T (see Fig. 4).

Figures 4(a) and 4(c) illustrate the phase distribution of sCO,
within the tube for NHT case. The proportion of high specific heat
liquid-like working fluids inside the tube is relatively high, which
enhances heat transfer between the working fluid and the tube wall.
This explains the increasing trend of the HTC observed with the i, in
Fig. 3(c). Figures 4(b) and 4(d) show the phase distribution of the
sCO, inside the tube for HTD case. As seen in Fig. 4(b), the top of the
tube is predominantly occupied by a significant amount of vapor-like
sCO,, with an increased growth rate of the vapor-like film. As a result,
the hyop, first decreases sharply with increasing iy,. The heat transfer per-
formance of the tube is recovered at i, > 344.5k]J/kg/K with the
decrease in the growth rate of the vapor-like film and the larger in the
thermal conductivity in the near-wall region [see Fig. 3(d)]. As shown
in Fig. 4(d), the vapor-like film at the bottom of the tube initially
expands and then decreases. This behavior explains the trend observed
for the heat transfer coefficient hy,, concerning i, in Fig. 3(d), where
hpor decreases initially before increasing. When 4, > 392.1k]J/kg/K, the
vapor-like film’s thickness thickens significantly, severely hindering
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FIG. 3. Variation of the temperature, heat transfer coefficient, Reynolds number Re and Prandtl number Pr with the bulk enthalpy i, under different heat flux (di, = 12 mm,
P=10MPa, and G =700 kg/m?s): (a), gc), (e), and (f) are normal heat transfer NHT case under heat flux of 66.7 kW/m? (b), (d), (g), and (h) are heat transfer deterioration

HTD case under heat flux of 225.0 kW/m*“.

the heat exchange between the fluid and the wall in the tube, and thus
hyor again shows a decreasing trend.

Compared to vertical tubes, the flow in horizontal tubes is more
complex. In cases of HTD, the risk of tube rupture is not only due to
overheating but also to stress-induced failures caused by uneven

temperature distribution. Therefore, it is crucial to study the variations
in temperature differences between the top and bottom of the tube.
Figure 5(a) illustrates the variation in the temperature difference AT
between the top and bottom generatrix as a function of the i, curve.
The AT initially increases and then decreases.
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FIG. 5. Variation of the temperature difference between the top and bottom genera-
trix AT and vapor-like film thickness ratio dp/dnor With bulk enthalpy i, for HTD
case (P=10MPa, G =700 kg/m?s, and Gy = 225 kW/m?s).

Phase distributions were obtained for the three characteristic
cross sections: A-A, B-B, and C-C. The cross section A-A is predomi-
nantly filled with liquid-like sCO,. Along the flow direction, a stratified
distribution of vapor-like and liquid-like states develops in the cross
section at location B-B. The top of the tube is covered by a vapor-like
film, which impedes heat exchange between the fluid inside the tube
and the wall. Meanwhile, at the bottom of the tube, the liquid-like state
of sCO,, with its high specific heat, continues to exchange heat with

the surrounding wall materials. Consequently, the AT gradually rises
from cross section A-A to cross section B-B.

During the transition from location B-B to location C-C, the tem-
perature inside the tube rises gradually. The stratification between the
vapor-like and liquid-like phases diminishes, and the liquid-like sCO,
phase disappears. At this point, the tube’s top and bottom are envel-
oped by a vapor-like film, which further impedes heat transfer between
the fluid and the tube wall. As a result, the AT decreases progressively
from section B-B to section C-C.

Figure 5(b) demonstrates the variation of the vapor-like film
thickness ratio d,op/0por With the i, for the top and bottom generatrix
of the tube. An increase in the 6;op/dpo ratio indicates that the thermal
resistance at the top of the tube is higher, while the heat transfer resis-
tance at the bottom is relatively low. This disparity results in inefficient
heat exchange at the top of the tube, while the heat exchange at the
bottom is more effective. Therefore, as Jop/dbor increases, AT rises;
conversely, as 6;op/Opor decreases, AT decreases.

B. Effect of tube diameter on HTC

Figures 3-5 indicate that the vapor-like film thickness is the pri-
mary parameter determining the supercritical heat transfer perfor-
mance. According to pseudo-boiling theory, the vapor-like film
thickness can be characterized by the supercritical K number proposed
by Zhu et al™ Specifically, the larger the supercritical K value, the
thicker the vapor-like film. Physically, the supercritical K number
denotes the competition between evaporative momentum forces and
inertial forces on vapor-like film, which is calculated as follows:**

2
qw Pr-
K==+ — 17
(GAi) o, (17
where pr- and py, are the densities of the fluid at T~ and Ty, respec-
tively and Ai is the pseudo-boiling enthalpy™
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T+
Ai= J pdT = i(T") —i(T7). (18)
-

It notes that the difference of T, at the top generatrix and bottom gener-
atrix can result in supercritical Ko, and Ky numbers, respectively.

In addition, the heat transfer performance is also affected by the
physical properties of vapor-like film. Thus, Yan et al.® and Zhang
et al.”’” proposed the thermal conductivity resistance to consider both
thickness and physical properties of vapor-like film, which is calculated
as follows:

5
Ry = J (1/2yL)dy, (19)

0
where y is the vertical distance from the wall, ¢ is the thickness of the
vapor-like film defined as the vertical distance from the wall to T,
and Ay, is the average heat conduction in the vapor-like film, respec-
tively. Here, the thermal conductivity resistances Ry, top and Ryr, pot
at the top generatrix and bottom generatrix are used to reveal the effect
of tube diameter on HTC.

Figure 6 shows the tube diameter effect on the heat exchange at
the top of the horizontal tube. As the tube diameter increases, Ky, rises
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[see Fig. 6(a)], suggesting that a larger tube diameter enhances the
evaporation momentum force, which overcomes the inertial force and
leads to the formation of a thicker vapor-like film. This expanded film
thickness results in higher thermal resistance Ry; [see Fig. 6(b)].
Consequently, heat transfer between the fluid inside the tube and the
top wall is hindered, causing the Ty, (op to rise as the tube diameter
increases [see Fig. 6(c)], while the h, decreases [see Fig. 6(d)].

Figure 7 illustrates the impact of tube diameter on heat transfer at
the bottom of the horizontal tube. The results show that Kj, is rela-
tively maximum when the tube diameter d;,, = 12 mm, while it is rela-
tively minimum when d;,, = 10 mm [see Fig. 7(a)]. The Ky, exhibits a
nonlinear relationship with increasing tube diameter. As the evapora-
tive momentum force at the tube’s bottom enhances, its ability to over-
come the inertial force also strengthens, resulting in the minimum
Ry1, bot at diy =10 mm [see Fig. 7(b)]. This explains the variation pat-
tern of the inner wall temperature Ty; por Of the bottom generatrix
with the #,, as shown in Fig. 7(c). Since the Ryy, por reaches its maxi-
mum at di,=12mm, this significantly impedes heat exchange
between the fluid inside the tube and the tube’s top wall, resulting in a
minimum HTC under these conditions [see Fig. 7(d)]. The effect of
tube diameter is most pronounced at the top of the tube, while at the

iy, (kJ/kg/K)

FIG. 6. Effect of tube diameter on heat transfer performance at the top generatrix of horizontal tube (P=10MPa, G =700kg/m?s, and q,; = 300 KW/m?): variation of (a)
supercritical Kiop, (b) vapor-like film thermal resistance Ry, 1op, (€) inner wall temperature Ty, op, and (d) heat transfer coefficient o, with bulk enthalpy i, under different tube

diameters.
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FIG. 7. Effect of tube diameter on heat transfer performance at the bottom generatrix of horizontal tube (P= 10 MPa, G = 700 kg/m?s, and g, = 300 kW/m?): variation of (a)
supercritical Kyot, (b) vapor-like film thermal resistance Ryi. not, (C) inner wall temperature Ty not, and (d) heat transfer coefficient hpor with bulk enthalpy i, under different tube

diameters.

bottom, the effect exhibits a nonlinear relationship. This was also
observed in the experimental study by Cheng et al."’

C. Effect of tube diameter on AT

The analysis of temperature differences between the top and bot-
tom generatrix is crucial for ensuring the safe and stable operation of
solar power cycles, as well as for the design of heat exchange equip-
ment. Figure 8 shows the effect of tube diameter on the difference in
heat transfer under HTD conditions. The Kiq,/Kpo ratio rises substan-
tially with increasing tube diameter [see Fig. 8(a)], indicating that the
larger tube diameter causes a notable difference in evaporative
momentum forces at the top and bottom of the tube. Simultaneously,
the ratio J¢op/dpor grows with increasing tube diameter [see Fig. 8(b)].
Thus, AT rises with increasing tube diameter [see Fig. 8(c)].

The cross-sectional phase distribution of sCO, was obtained for
different tube diameters at the bulk enthalpy i, = 368.9 kJ/kg, as shown
in Fig. 9. It is evident that the thickness of the vapor-like film at the top
of the tube exceeds that at the bottom, with a distinct stratification
effect between the vapor-like and liquid-like phases across the tube’s
cross section. This phenomenon explains why AT reaches its maxi-
mum value in this region.

The supercritical K number, vapor-like film thermal conductivity
thermal resistance Ryy, inner wall temperature T;, and circumferen-
tial variation of heat transfer coefficient & were obtained as shown in
Figs. 10(a)-10(d). The supercritical K number decreases with increas-
ing angle from the top (0 =0°) to the bottom (0 = 180°) of the tube
[see Fig. 10(a)]. This reduction causes a corresponding decrease in Ryy,
and Ty; in the circumferential direction [see Figs. 10(b) and 10(c)],
which subsequently leads to a rise in h [see Fig. 10(d)]. The effect of
tube diameters is similar between the flow direction and the circumfer-
ential direction. When 0 = 0°, the supercritical K becomes larger with
the increase in the tube diameter. When 0 = 180°, the supercritical K
changes nonlinearly. In the circumferential direction, the variation
trends of supercritical K, Ry, and T, are the same. This explanation
accounts for the circumferential variation of & [see Fig. 10(d)]. This
suggests that at the top of the tube, heat transfer performance improves
with smaller tube diameters, whereas at the bottom of the tube, the
heat transfer effect exhibits a nonlinear variation with respect to the
tube diameter.

In practical engineering applications, greater emphasis is placed
on the variation in total heat transfer. Consequently, the effect of tube
diameter on overall heat transfer is determined (see Fig. 11). The
Tywiave and hy, are the circumferentially averaged internal wall
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FIG. 8. Effect of tube diameter on the difference of heat transfer performance
between top and bottom generatrix (P=10MPa, G=700kg/m?s, and
Qwi =300 kW/mz): variation of (a) supercritical Kiop/Kpor, (b) vapor-like film thickness
ratio dtp/Onor, and (c) temperature difference between the top and bottom generatrix
AT with bulk enthalpy i, under different tube diameters.

temperature and average heat transfer coefficient, respectively. The
value of K,y decreases as the tube diameter decreases [see Fig. 11(a)],
suggesting that, at smaller diameters, inertial forces dominate over
evaporative momentum forces. This leads to the formation of a thinner
vapor-like film, which results in reduced Ryy, ave as the tube diameter
decreases [see Fig. 11(b)], which is favorable for the heat exchange
between the fluid inside the tube and the wall of the tube, so that the
inner wall temperature Ty . decreases with reducing tube diameter
[see Fig. 11(c)], and h,y. enhanced significantly with decreasing tube
diameter [see Fig. 11(d)]. Therefore, it is preferable to choose a small
tube diameter in the design of the heat exchanger.

ARTICLE pubs.aip.org/aip/pof

D. Influence of pressure

The influence of tube diameter on heat transfer performance at
P=10MPa is analyzed in Figs. 6-11. Additionally, the operating
parameters are expanded to 20 MPa to improve the study’s compre-
hensiveness. According to pseudo-boiling theory, supercritical heat
transfer performance is influenced by three dimensionless numbers,
including Re, Pr, and supercritical K number.”® Figure 12 shows the
change of heat transfer coefficients and the above dimensionless num-
bers in the flow direction under different pressures. It is found that
heat transfer coefficients are larger under larger pressure [see
Fig. 12(a)]. However, Pr is smaller due to reducing specific heat capac-
ity and Re is also smaller due to rising dynamic viscosity under higher
pressure [see Figs. 12(b) and 12(c)]. On the other hand, the previous
investigation confirmed that rising pressure reduces the thickness of
the vapor-like film.”” Thus, the smaller supercritical K number is the
main reason to determine the larger heat transfer coefficients under
higher pressure [see Fig. 12(d)], which overwhelms the effects of Re
and Pr. Accordingly, the influence of tube diameter on heat transfer at
various pressures is mainly discussed with supercritical K number as
follows.

Figure 13 illustrates the impact of tube diameter on heat transfer
at various pressures. As shown in the figure, at pressures of 10, 15, and
20 MPa, the influence of tube diameter on T.; and K follows the same
trend observed at lower pressures. However, when i, > ipos the effect of
tube diameter on the Ty; por diminishes as pressure improves. This is
primarily due to the rising proportion of the vapor-like phase flow in
the tube’s cross section when i, > i,., which weakens the stratification
of the flow.

Figure 14 shows the effect of tube diameter on AT at different
pressures. The AT rises with increasing tube diameter, which is mainly
due to the change in the supercritical Kiop/Kpo ratio. For d;, = 12 mm,
the AT decreases from 199.7K to 1604 K when the pressure is
improved from 10 to 20 MPa, a decrease in 19.6%. In contrast, for
din =8 mm, AT,,,, decreased by 8.3%. This indicates that the increase
in tube diameter has a relatively small effect on the AT, value.

E. Influence of mass flux

The above discussion is mainly under a fixed mass flux
G =700 kg/m?s. Here, the influence of mass flux in the range of 700~
1300 kg/m’s is investigated. Figure 15 shows the change of heat trans-
fer coefficients and the related dimensionless numbers in the flow
direction under different mass fluxes. It is found that increasing mass
flux G behaves ignorable influence on Pr, but increases Re and reduces
supercritical K number significantly. Thus, better supercritical heat
transfer performances are achieved under larger mass flux by rising
inertial force and reducing vapor-like film thickness. According to Egs.
(15) and (17), Re is proportional to G and supercritical K number is
inversely proportional to G Thus, the change of K vs G behaves more
significant.

Figure 16 illustrates the impact of tube diameter on heat transfer
at various mass fluxes. The convective heat transfer is enhanced, lead-
ing to a more effective reduction in wall temperature. This increased
mass flux also contributes to significant mitigation of wall temperature
overshoot, thereby inhibiting the occurrence of HTD [see Fig. 16(a)].
According to Eq. (17), increasing the mass flux amplifies the
inertial force, so supercritical K decreases with increasing mass flux
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[see Fig. 16(b)], thereby reducing the thickness of the vapor-like film
and enhancing heat transfer performance.

Figure 17 illustrates the effect of tube diameter on AT and Kiop/Kpo
at different mass fluxes. The AT initially rises and then decreases along

mperature Ty, and (d) heat transfer coefficient h with polar angle 0.

the flow direction, which is attributed to the supercritical Kiqp,/Kpo val-
ues variation. At high mass flux, the AT,,.x decreases significantly. For
diy=12mm, the AT, decreases from 199.7 to 112.1K when the
mass flux is raised from 700 to 1300 kg/m2 s, a decrease in 43.9% is

Phys. Fluids 37, 073324 (2025); doi: 10.1063/5.0272143
Published under an exclusive license by AIP Publishing

37, 073324-11

82:9¢'€} G20 1890100 €2


pubs.aip.org/aip/phf

Physics of Fluids

<

—d,=12 mm

400 +———T——T———

i, (KJ/kg/K)

250 305 360 415 470

(d)

h,.. (W/m?/K)

ARTICLE pubs.aip.org/aip/pof

o1t

2000

1760

1520 +

1280 +

1040 +

800 —
250 305 360 415 470

i, (KJ/kg/K)

FIG. 11. Effect of tube diameter on the overall heat transfer performance in horizontal tube (P=10MPa, G = 700 kg/m?s, and g,; = 300 KW/m?): variation of (a) supercritical
Kave, (b) thermal resistance of vapor-like film Ryi ave, () inner wall temperature Ty ave, and (d) heat transfer coefficient h,ye with bulk enthalpy i, under different tube

diameters.

observed. In contrast, for d;,, = 8 mm, AT,,,,, decreased by 44.9%. The
increase in mass flux leads to a larger inertial force of the fluid within
the tube, which reduces the flow stratification and consequently lowers
the AT. Thus, increasing the mass flux can effectively mitigate the
uneven temperature distribution in the horizontal tube.

IV. CONCLUSIONS AND PROSPECTS

This paper presents a numerical investigation of sCO, heat transfer
in a horizontal tube. The ranges of tube diameter, pressure, mass flux, and
heat flux are 8-12 mm, 10-20 MPa, 700-1300 kg/m2 s, 66.7-300 KW/m?,
respectively. The main conclusions are summarized as follows:

(1) For normal heat transfer (NHT) cases, the tube wall temperatures
in the circumferential direction are almost uniform. The liquid-
like region occupies the main area of the cross section. Due to the
increasing specific heat capacity of liquid-like with rising tempera-
ture, the heat transfer coefficients increase in the flow direction on
both the top generatrix and the bottom generatrix.

(2) For heat transfer deterioration (HTD) cases, there are not only
overshoot wall temperatures along the flow direction but also
non-uniform wall temperatures in the circumferential direction.
The temperature differences (AT) between the top generatrix

and bottom generatrix are determined by the ratio of the vapor-

like film thicknesses between the top generatrix and bottom

generatrix, which first increases and then decreases in the flow
direction. AT reaches 199.7 K, maximally.

The effect of tube diameter is analyzed based on the pseudo-

boiling theory. Specifically, the heat transfer coefficient (HTC)

at the top generatrix increases with decreasing tube diameter,
while HTC at the bottom generatrix exhibits nonlinear variation
with reducing tube diameter. However, HTCs at both top gener-

atrix and bottom generatrix are dominated by supercritical K

number, which characterizes the balance between evaporation

momentum force and inertia force on vapor-like film to deter-
mine its thermal resistance.

(4) The AT is determined by the ratio of the K number at the top gen-
eratrix to that at the bottom generatrix. Within the parameter
ranges, AT decreases significantly with the reduction of diameter of
the tube. In addition, AT reduces distinctly with increasing both
pressure and mass flux for large tube. AT reduces effectively with
increasing mass flux but changes slightly with rising pressure.

@3

~

The above conclusions confirm that pseudo-boiling theory is a
promising method to investigate supercritical heat transfer. It also
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supercritical K number with bulk enthalpy i.
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FIG. 17. Effect of tube diameter on the heat transfer difference between top and bottom generatrix at different mass flux (P = 10 MPa, gy;= 300 KW/m?): variation of (a) the
wall temperature difference between the top and bottom generatrix ATand (b) supercritical Kip/Kyor With bulk enthalpy iy,
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provides some meaningful results for the safety design of sCO, heat
exchangers. However, more investigation needs to be performed in the
future, including the following issues:

(1) This paper focuses on the heat exchanger tube in advanced sCO,
power systems. Various supercritical fluids in a tube with a wide
diameter range need more investigations based on pseudo-
boiling theory for other applications such as micro-channel cool-
ers of aero-engine and automobile air-conditioning.

(2) This paper adopts the control variable method to clearly reveal
the influences of tube diameter, pressure, and mass flux on
supercritical heat transfer, respectively. It is recommended to
study more combined influence of multiple factors on supercrit-
ical heat transfer in future investigations.

(3) The uniformity of wall temperature is the key to keeping safe of
supercritical heat exchanger. Although a small tube size is help-
ful to reduce the uniformity in the circumferential direction.
The temperature differences between the top generatrix and
bottom generatrix AT still remain relatively high. Other active
modulation methods are desired.
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NOMENCLATURE

¢ Specific heat capacity (J/kg K)
d; Inner diameter of the tube (m)
dowe  Outer diameter of the tube (m)
G  Mass flux (kg/m2 s)
g Gravitational acceleration (m/s”)
h  Heat transfer coefficient (W/m?*K)

pubs.aip.org/aip/pof

i Enthalpy (kJ/kg)
k  Turbulent energy (m?/s%)
K  Non-dimensional number K
m  Mass flow rate (kg/s)
P Pressure (MPa)
Pr  Prandtl number
qw Heat flux (W/m?)
r  Radius (m)
Re  Reynolds number
Ry;  Thermal resistance (m*K/W)
SBO  Supercritical boiling number
T  Temperature (K)
T~ The onset of pseudo-boiling temperature (K)
T The termination of pseudo-boiling temperature (K)
AT  Wall temperature difference (K)
Yiop  The distance from the top wall surface to the center of the
tube (m)
Ybot  The distance from the bottom wall surface to the center of
the tube (m)

Greek symbols

Vapor-like film thickness (m)
Thermal conductivity (W/m K)
Kinematic viscosity (Pas)
Polar angle (°)

Density (kg/m?)

VDOE >

Subscripts

ave  Average

b Bulk fluid
bot  Bottom generatrix
exp Experimental data

in  Inlet
max  Maximum value
out  Outlet

pc  Pseudo-critical
pre  Simulated value
s Solid
top  Top generatrix
wi  Inner wall
wo  Outer wall

Abbreviations

HTC  Heat transfer coefficient
HTD  Heat transfer deterioration
LL Liquid-like
NHT Normal heat transfer
sCO,  Supercritical carbon dioxide
TPL  Two-phase-like
VL  Vapor-like
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