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The experimental measurement of supercritical pressure carbon dioxide (sCO,) heat transfer in vertical downward flow was
performed in a circular tube with inner diameter of 10 mm. Then, a three-dimensional numerical investigation of sCO, heat
transfer in upward and downward flows was performed in a vertical heated circular tube. The influence of heat flux, mass flux,
and operating pressure on heat transfer under different flow directions were discussed. According to the “pseudo-phase tran-
sition” viewpoint to supercritical fluids, the analogy to the subcritical inverted-annular film boiling model, the physical model to
sCO, heat transfer was established, where fluid region at the cross-section of circular tube was divided into gas-like region
covering heated wall and core liquid-like phase region. Then, the thermal resistance mechanism which comprehensively
reflected the effect of multiple factors including the thickness of the gas-like film or liquid-like region, fluid properties and
turbulence on heat diffusion was proposed. Surprisingly, thermal resistance variation in upward flow is well identical with that of
wall temperature and heat transfer deterioration is predicted successfully. In addition, compared with thermal resistance in the
core liquid-like region, gas-like film formation is determined to be the primary factor affecting heat transfer behavior. Results
also show that total thermal resistance in upward flow is always larger than that in downward flow. The investigation can provide

valuable guide to design and optimize sCO, heaters.
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1 Introduction

Supercritical CO, (sCO,) Brayton cycle has drawn more and
more attention for power conversion systems, such as next-
generation nuclear reactor, coal-fired power plant, solar en-
ergy, and geothermal energy systems [1—4]. In this cycle
system, the endothermic process of CO, in a specified heat
exchanger can be regarded as being at constant pressure. The
physical properties of supercritical fluids will dramatically
change in a narrow temperature range, especially in the
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neighborhood of pseudo-critical points. The phenomenon
results in the complexity of supercritical heat transfer [5,6].
Consequently, as one of the key issues for the new power
generation technology, it is crucial to thoroughly understand
the heat transfer characteristic of sCO, for designing the heat
exchangers in the sCO, Brayton cycle system [7]. As the
promising candidates for recuperators in sCO, Brayton cy-
cles, heat transfer characteristics of printed circuit heat ex-
changers employing various channels, such as airfoil shape
fin, sinusoidal and zigzag channels has been extensively
investigated [8,9].

For supercritical heat transfer in a vertical straight tube,
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Pioro and Duffey [10] reviewed extensive experimental in-
vestigations and concluded that there exist three heat transfer
modes, namely heat transfer enhancement (HTE), normal
heat transfer (NHT), and heat transfer deterioration (HTD).
As mentioned in the textbook, the gas-liquid coexistence
state will terminate at the critical point, and from the per-
spective of physical phenomena, the liquid phase and gas
phase cannot be distinguished under supercritical state. As a
result, the supercritical fluid is regarded as single-phase
fluid. Based on the above viewpoint, numerous scholars in-
vestigated heat transfer characteristic of supercritical fluids
in the vertical tube. The flow acceleration and buoyancy
effects were considered to be the main reasons to result in the
HTD phenomenon. Simultaneously, some researchers [11—
13] explained the buoyancy effect being the main mechanism
leading to HTD by analyzing the effect of flow direction on
supercritical heat transfer in a vertical tube. However, Shir-
alkar and Griffith [14,15] performed experiments with sCO,
flowing vertically upward and downward in a circular tube.
They found that HTD emerged in both upward and down-
ward flows, and concluded that HTD was caused by a fluid
layer with low density and low thermal conductivity in the
near wall region. Wang et al. [16] experimentally and nu-
merically analyzed the heat transfer characteristic of super-
critical water, they considered that there existed other
mechanisms resulting in HTD besides the buoyancy effect.
However, they did not further reveal and analyze the me-
chanisms. Fan and Tang [17] numerically investigated the
heat transfer characteristics of sCO, in a heated vertical tube.
They considered that the local thicker thermal and flow
boundary layers seem to cause the occurrence of HTD. Kim
et al. [18] evaluated turbulent heat transfer to sCO, flowing
under different directions in a circular tube and found that a
remarkable wall temperature peak appeared in upward flow
but disappeared in downward flow. Kim et al. proposed that
flow acceleration was a prominent factor in this phenom-
enon. In general, it can be found that the viewpoints on the
causes of abnormal heat transfer are inconsistent. In addition,
the recent research results from Shen et al. [19] and Zhang et
al. [20] showed that both buoyancy and flow acceleration
effects cannot perfectly illustrate HTD phenomenon of su-
percritical fluids. And Xie et al. [21] also considered that it is
equivocal whether the buoyancy and flow acceleration ef-
fects induced HTD. The above review provides the incentive
to further explore the mechanism of sCO, heat transfer for
engineering design.

Holman et al. [22] experimentally studied the flow and
heat transfer of Freon 12 and visually detected that vapor
trails appeared near the vertical wall. Although the vapor-
liquid interface cannot be distinguished obviously under
supercritical state, Holman et al. suggested that it should be
justifiable to define this phenomenon as “pseudo-boiling”.
Likewise, Ackerman [23] qualitatively believed that char-

acteristic of supercritical fluids heat transfer was similar to
subcritical film boiling, which was considered as the main
HTD mechanism. Unfortunately, Ackerman did not further
analyze the mechanism in detail. Besides, in our previous
research [24], from the perspective of liquid-like transiting to
gas-like at pseudo-critical point, heat transfer behavior of
sCO, flowing upward in a vertical tube is numerically in-
vestigated, and it is proposed qualitatively that the occur-
rence of HTD seemed to be mainly related to the gas-like
film covering tube wall as well as the turbulence intensity in
the core liquid-like region.

The present investigation is chiefly focused on numerically
analyzing turbulent heat transfer to sCO, in the vertical tube
under different flow directions to examine and identify in-
fluence factors of sCO, heat transfer. At present, the ex-
perimental data of sCO, in downward flow are rare and is
mainly measured from micro-tubes with inner diameter
0.27-4.5 mm [18,25-27]. And thus, the main content is
briefly organized as below in the present research. Initially,
experimental measurement of sCO, heat transfer in vertical
downward flow is performed in circular tube with inner
diameter of 10 mm. Secondly, according to the viewpoint
that sCO, will undergo “pseudo-phase transition” near
pseudo-critical temperature, the characteristic of physical
properties to sCO, and the static heat transfer model is la-
conically described. Thirdly, the influence of flow direction
on sCO, heat transfer under different heat fluxes, mass
fluxes, and pressures are discussed. Finally, based on the
viewpoint of pseudo-film heat transfer, the thermal re-
sistance theory which comprehensively reflects the effect of
multiple factors including the thickness of gas-like film or
liquid-like region, fluid properties, and turbulence on heat
diffusion is proposed for supercritical heat transfer in this
paper. HTD mechanism and the reasons for disparity of heat
transfer between upward and downward flows are success-
fully explained. It is indirectly proved that the supercritical
pseudo-film heat transfer model is reasonable.

2 Idealized physical model of heat transfer

Owing to different understanding of the physical properties
of superecritical fluids, similar to the phenomenon of vapor-
liquid transition at subcritical pressures, some researchers
[28-30] proposed that supercritical fluids exhibit the char-
acteristic of liquid-like and gas-like on both sides of the
Widom line (WL), respectively. Figure 1(a) shows that an
identifiable transition exists between the liquid-like phase
and the gas-like phase near the WL. Note that WL is com-
posed of maximum specific heat c, at different supercritical
pressures. Different from the subcritical phase transition
process, Banuti [31] considered that supercritical pseudo-
phase transition occurs in a finite temperature range [T, T'],
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Figure 1 (Color online) Thermodynamics state and heat transfer behavior for sCO,. (a) Phase transition at subcritical and supercritical pressures is
characterized by P-T curve. (b) The transition between liquid-like phase and gas-like phase. (c) The process of liquid-like transiting to gas-like under heating

condition. (d) The physical model to sCO, heat transfer in heated vertical tube.

and liquid-like transiting to gas-like starts at 77 and then
terminates at 7" under heating condition (see Figure 1(b) and
(¢)). The fluid is deemed as the perfect liquid-like phase at
T<T, the fluid is deemed as the perfect gas-like phase at
T>T'. The narrow transition region where 7" <T,<T" can be
regarded as the thickness of interface between liquid-like and
gas-like, where liquid-like and gas-like coexist. Zhu et al.
[32] have quantitatively determined the 7" and 7" for sCO, at
the specified operating pressure.

According to Holman et al. [22] and Ackerman [23], the
analogy to the subcritical inverted-annular film boiling
model [33,34], the static heat transfer model of sCO, is es-
tablished in the present study (see Figure 1(d)). The heat
transfer region at the cross-section of circular tube is divided
into two parts: gas-like region and liquid-like region. To
understand the effect of gas-like film covering heated wall on
heat transfer, the interface and core liquid-like regions (7%
<T") are regarded as a whole domain which is collectively
referred to as liquid-like region in the present investigation.
The process of heat transfer primarily includes two steps:
heat from heated tube wall transferring to gas-like phase, and
then from gas-like film transferring to liquid-like region.
Obviously, the heat transfer ability of both gas-like film and
core liquid-like will significantly affect temperature dis-
tribution along the heated wall.

Besides, Hsu and Westwater [35] proposed that the gas-
liquid interface was generally under turbulence state when

inverted-annular film boiling occurred at subcritical pres-
sure. It is easy to comprehend that turbulence intensity near
the gas-liquid interface directly affects the heat transfer from
the gas phase to the liquid phase. Similarly, during sCO, heat
transfer, if the intensity of turbulence diffusion in the core
liquid-like region is inferior, the heat transferring to the core
region will be further suppressed after passing through the
gas-like film. The heated wall will not be cooled effectively.
Therefore, the effect of the above factors on heat transfer will
be systematically considered in the present study.

3 Experimental measurement and numerical
methodology

3.1 Experimental system and uncertainty analysis

In our previous investigation [36], the experimental loop
system to sCO, heat transfer has been built to measure ex-
perimental data of sCO, flowing upward in a vertical tube
and was reported in detail. That will not be represented here.
Based on the above experimental system, the tube section is
replaced to perform the experimental measurement of sCO,
flowing downward in the vertical tube in the present study.
The test tube with outer diameter of 14 mm and wall thick-
ness of 2 mm is constructed of 1Cr18Ni9Ti (see Figure 2).
The sCO, flows from the top of tube to the bottom. The
length of heating section is 2000 mm. The inlet and outlet
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Figure 2 (Color online) Test section.

sections with a length of 800 mm are set before and after
heating section to ensure full development at the inlet and
stable flow at the outlet, respectively. Two copper plates are
welded with the tube as electrodes for the electrical heating
by DC power supply. In order to measure the local wall
temperature, thirty-nine thermocouples are arranged with
50 mm interval at the outer wall along the tube. Although
two thermocouples are welded on some specified cross-
sections, the two indications are almost the same owing to
the geometry symmetry. To ensure thermal efficiency of the
test tube, the test section is enveloped by thermal insulation
material whose thickness is 50 mm and thermal conductivity
is as low as 0.036 W/m K. Similarly, the calculation methods
of both data reduction and parameter uncertainties can be
referred to the ref. [36]. The experimental parameters and
uncertainties are briefly listed here (see Table 1).

3.2 Numerical methodology

3.2.1 Governing equations

The behavior of flow and heat transfer for sCO, in the ver-
tical heated tube is simulated by ANSYS Fluent 15.0 soft-
ware. The steady governing equations involving continuity,
momentum and energy in the present investigation are ex-
pressed by Favre average form as below.
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Table 1 Experimental parameters and uncertainties

Parameters (Unit) Range Uncertainty
Pressure P (MPa) 7.81-21.1 0.947%
Pressure difference (kPa) 5.1-49.4 2.01%
Inlet temperature 7}, (°C) 2042 0.5°C
Outlet temperature 7, (°C) 30-200 0.5°C
Outer wall temperature T, (°C) 40420 0.5°C
Heat flux ¢, (kW/m?) 50-369 5.12%
Mass flux G (kg/(m2 8)) 510-1250 1.99%
Heat transfer coefficient 0.909-12.23 5379

h (kW/(m® K))

Continuity equation

6(ﬁﬁz) :0, (1)

Ox;
Momentum equation

opui)  op
— R = T=a_— +
Ox; ox;
P 5 (2
Uu; Y5 Uy
[8x * Oox; 35118x ] U} |+ pg;,
Energy equation
O(/Tlllh) :i ,Ut/,“ Oh (3)
Ox; Ox; # Pr Pr, |ox;
where “—” represents the time average scalar, “~” represents

the Favre average scalar.
Besides, Wang et al. [37] evaluated the diversified turbu-
lence models to obtain more accurate prediction results of
sCO, heat transfer and found that the calculated values by
SST k-w low Reynolds turbulence model were closer to the
experimental results. Therefore, the SST k- turbulence
model is adopted in this paper and the transport equations are
written as follows, respectively.
Turbulent kinetic energy equation
o(piik) _ ok

ox; 6x i 8x

+ 8
Ok

G- C)

Specific dissipatlon rate equation

o(p ilw) _ ow

ox; ax g 6); J

+H&

Ow

+G,~Y,+D,. 5

Inegs. (1)—(5), p, u, h, and u represent the density, velocity,
enthalpy and viscosity, respectively. The y, is the turbulent
dynamic viscosity, and Pr; is the turbulent Prandtl number.
The function and constant terms in the above equations can
be referred to the ref. [38].

3.2.2  Boundary condition and solution method

The simplified geometric model for simulating sCO, heat
transfer adopted in this paper is exactly the same as in Ref.
[24], it will not be shown here. The inlet type is the mass-
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flow-inlet boundary, the outlet type is the pressure-outlet
boundary. Both the wall of adiabatic sections corresponding
to inlet and outlet are set as adiabatic boundary. The heat flux
at the heated section is uniform and the fluid-wall is set as no
slip shear condition. The SIMPLEC algorithm is adopted to
pressure-velocity coupling scheme. The spatial discretization
schemes adopt second order upwind to improve simulation
accuracy. The values of residual convergence criterion for
mass and momentum equations are set as 10, and that for
energy equation is 10", The NIST real gas model in Fluent
software is called to ensure the demand for physical prop-
erties of sCO, during the numerical simulation.

3.2.3  Grid generation and independence

The structured grids are generated by ANSYS ICEM 15.0
software (see Figure 3). The drastic change in physical
property near the wall has a significant effect on heat
transfer. Thereby, the more refined mesh is generated near

@)
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the fluid-wall region to predict accurately flow and heat
transfer information. To satisfy the calculation requirements
of the SST k-w turbulence model, the non-dimensional wall
distance y" is kept less than 1. The size between the inner
wall and the first node is set as 0.0015 mm in the present
simulation.

Besides, The grid independence analysis has been strictly
implemented in our previous research (see ref. [24]), and the
total number of grid nodes for numerical simulation is de-
termined to be 2.08x10°. The grid number is also employed
in the present calculations.

3.2.4 Verification of numerical model

The experimental verification is very essential to ensure the
reliability of numerical model and method. Figures 4 and 5
show the comparison between simulation and experiment
data of sCO, flowing downward and upward, respectively.
Meanwhile, mean relative error ¢, and maximum relative

Figure 3 (Color online) Grid generation. (a) Grid generation along the axis; (b) grid generation in cross-section of circular tube.
450 - 545 580
(@) o Experiment data (b) o Experiment data (c) o Experiment data
,=0.56% — Simulation data e,=0.41% — Simulation data €,=0.89% — Simulation data
4151 €,=3.69% downward flow 4951 €,=4.41% downward flow 5251 e,=4.79% downward flow
P |~ & | o®
— o o
< 380 00~ | < 445 0° < 4701 o°
F‘; H; }\s ooocp
) o
345 /o P qy0 395- Je¥esene) 4154 PR
o
210 8.0 MPa, 733.0 kg/(m? s), 145.6 kW/m? 245 8.0 MPa, 733.0 kg/(m? ), 199.4 kW/m? 260 8.05 MPa, 733.3 kg/(m? s), 215.4 kW/m?
246 288 330 372 414 250 308 366 424 482 255 315 375 435 495
i, (kd/kg) i, (kJ/kg) i, (kJ/kg)
460 - 515 540
(d) o Experiment data (e) o Experiment data () o Experiment data
e =0.19% — Simulation data €,=0.43% — Simulation data €,=1.60% — Simulation data
4301 o =1.47% downward flow 4701 ¢,=2.94% downward flow | 4907 e =2.04% downward flow
< —~ —
= N4 X
e 4004 ";425- ‘;440-
~ ~
370+ 380+ 390+
8.2 MPa, 966.4 kg/(m? s), 216.2 k\W/m? 8.0 MPa, 733.0 kg/(m? s), 185.3 kW/m? 15.5 MPa, 753.1 kg/(m? s), 215.5 KW/m?
340 T T T 335 T T T 340 T v T
252 297 342 387 432 248 301 354 407 460 290 335 380 425 470
i, (kJ/kg) i, (kJ/kg) i, (kJ/kg)
Figure 4 (Color online) Comparisons between simulation and experimental data in downward flow.
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4 Results and discussion 261

4.1 The effect of heat flux

In this section, the influence of heat flux on sCO, heat
transfer is evaluated through two heat fluxes being ¢,
=210 kW/m’ and q4=260 kW/m’. Figure 6(a)—(c) show the
curves of inner wall temperature 7,,; and heat transfer coef-
ficient s under different heat fluxes, as well as the inner wall
temperature difference AT,; between upward flow and
downward flow against bulk enthalpy 7,. AT, can intuitively
reflect the difference between upward and downward flows
and is defined as follow.

AT, =T, ,u_Twi A4 (N
where T, and T, 4 represent the inner wall temperature in
upward flow and downward flow, respectively.

As shown in Figure 6(a) and (b), flow direction has a
momentous effect on 7, distribution. For vertical upward
and downward flows, T, rises with the increase of heat flux.
It becomes apparent that T,; in downward flow is always
lower than that in upward flow. A similar phenomenon was
experimentally observed by Li et al. [27] and Jiang et al.
[39]. On the contrary, / in both upward and downward flows
decreases with the increase of heat flux. Simultaneously, / in
downward flow is always higher than upward flow at the
same heat flux and decreases uniformly along the circular

260 kW/m?

210 kW/m?

02 T . T T
320
()

Upward Downward

240 A

160

AT (K)

80

i, =33410 ki/kg

T T T T T T
235 315 395 475 555
i, (kJ/kg)
Figure 6 (Color online) Effect of heat flux on the distribution of inner

wall temperatures and heat transfer coefficients in upward and downward
flows.



Yan C S, et al.

tube. In vertical upward flow, the localized impairment that
is characterized as a remarkable wall temperature peak oc-
curs in the upstream region of pseudo-critical enthalpy iy;.
The temperature peak and its span will increase as ¢, in-
creases. However, T,; shows a moderate change trend in
downstream region of pseudo-critical enthalpy iy;. Ty in
vertical downward flow rises monotonously without local
wall temperature peak for all simulated cases, which is at
NHT state. It illustrates that sCO, heat transfer in downward
flow is superior, and the HTD can be effectively inhibited.

Besides, the level of AT, is higher as g, increases (see
Figure 6(c)), which implies that the larger g, is, the greater
the heat transfer difference between upward and downward
flows is. The phenomenon also indirectly reflects that the
larger g, is, the more prominent effect of down-flow on
restraining wall temperature is.

4.2 The effect of mass flux

The effect of mass flux is evaluated through two mass fluxes
being G=758 kg/(m” s) and G=1000 kg/(m” s) at P=8.3 MPa
and ¢,=210 kW/m’. As shown in Figure 7(a) and (b), T;
decreases with the increase of mass flux in both vertical
upward and downward flows, and 4 rises with the increase of
mass flux. For upward flow, the degree of HTD can be re-
duced and even eliminated at higher mass flux. Moreover,
the conclusion is consistent with Sect. 4.1 where T, in
vertical upward flow is always higher than that in downward
flow under the same operating parameter. The same nu-
merical conclusion was also drawn by Guo et al. [40]. It
further illustrates that the heat transfer performance of sCO,
is always better than that in upward flow. In Figure 7(c), it
can be found that higher mass flux results in less difference
in the heat transfer performance and wall temperature dis-
tribution between upward and downward flows.

4.3 The effect of operation pressure

The effect of pressure on heat transfer is evaluated through
two pressures being P=8.3 MPa and P=20.3 MPa at G=758
kg/(m2 s) and ¢, =210 kW/m”. Figure 8(a) and (b) show T;
decreases with the increase of operating pressure and heat
transfer coefficient /4 increases. It can be seen that higher
pressures can suppress the occurrence of HTD because HTD
weakens and even disappears when pressure rises. Besides,
AT, dwindles with operation pressure increasing, the effect
of down-flow suppressing wall temperature rise is less re-
markable at high supercritical pressure (see Figure 8(c)).

4.4 Analysis of heat transfer in vertical upward and
downward flows

In this section, the cases (P=8.3 MPa, G=758.0 kg/(m2 S), qw
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Figure 7 (Color online) Effect of mass flux on the distribution of inner
wall temperatures and heat transfer coefficients in upward and downward
flows.

=210 kW/mz) for upward and downward flows in Figure 6(a)
are chosen and characteristic points A and A’, B and B’, C
and C' are marked to reveal the reasons for sCO, heat transfer
difference between upward and downward flows. Figure 9
displays the distribution of physical properties and turbu-
lence flow at points A and A'. It can be observed that gas-like
film with low-density is formed near the wall region in both
upward and downward flows at the beginning of heat transfer
and covers the heated wall. The difference of gas-like film
between upward and downward flows is not obvious, but the
gas-like film in upward flow is still slightly thicker and its
properties characterized by specific heat at constant pressure
¢, and thermal conductivity / is slightly worse (see Figure 9
(a)—(c)). Meanwhile, turbulent kinetic energy & in upward
flow is somewhat lower, especially in the core liquid-like
region (see Figure 9(d)). Hence, compared with the down-
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Figure 8 (Color online) Effect of pressure on the distribution of inner
wall temperatures and heat transfer coefficients in upward and downward
flows.

ward flow, the thermal resistances of both gas-like film and
core liquid-like in upward flow will be greater. Since heat
diffusion in the fluid domain is hindered layer by layer,
which is responsible for the temperature at point A is higher
than that at point A’.

Figure 10 displays the distribution of physical properties
and turbulence flow at characteristic points B and B'. The
key observation in Figure 10(a)—(c) is that the film thickness
difference between upward and downward flows increases,
and the gas-like film property in upward flow is worse. In-
ferior gas-like film results in its ability of heat absorption and
thermal conductivity being weakened. Simultaneously, in
upward flow, turbulent kinetic energy k near 7" and in the
core liquid-like region is dramatically lower, where it is re-
vealed that the fluid almost approaches laminarization.

Owing to larger heat transfer resistances of both gas-like film
and core liquid-like in upward flow, it is unfortunate that the
heat from tube wall will be severely hindered from being
diffused to the core liquid-like whose ability to transport heat
is usually excellent. Consequently, the temperature at point B
is higher than that at point B’, even the local HTD emerges in
upward flow.

Figure 11 shows the distribution of physical properties and
turbulence flow at points C and C'. It becomes apparent that
the distribution characteristic of physical properties and
turbulence flow at points C and C' is similar to that at points
B and B'. However, as a comparison with points B and B’, the
level of turbulent kinetic energy & at both points C and C' is
improved. As we described in ref. [24], the increase of tur-
bulent kinetic energy k£ may be one of the important reasons
for wall temperature recovery after wall temperature rising
sharply at the HTD stage.

As we all know, the wall temperature is affected by the
promotion or inhibition of heat diffusion in the fluid region.
However, the effect of thickness and property of gas-like
film as well as turbulence intensity described in Figures 9—11
on heat transfer can only be qualitatively analyzed. In order
to further explore quantitatively the effect of gas-like film
and core liquid-like on the occurrence of HTD and the rea-
sons why wall temperature T,; in upward flow is always
higher than that in downward flow, the thermal resistances of
gas-like film and core liquid-like are proposed based on the
pseudo-inverted-annular film boiling model established in
Sect. 2. The thermal resistance of gas-like film R is defined
as below:

Rg= 75, (8)
eff,G

where Jg is the thickness of the gas-like film, namely the
distance from the inner wall of tube to the location of 7" AefiG
is the effective thermal conductivity in the gas-like region.
The thermal resistance of core liquid-like R; is expressed
as below:
oL
/‘Leff,L,

R, = ©)
where d; is the distance between the location of 7" and the
center of liquid-like region, and A.; is the effective thermal
conductivity in the liquid-like region.

The effective thermal conductivity 1., can be expressed as
below:

) Cplly
dog = A+ 15’;[ . (10)

The /. takes comprehensively molecular thermal con-
ductivity and turbulence heat transfer into consideration.
That being said that thermal resistance R reflects quantita-
tively the effect of multiple factors including fluid region
thickness, fluid properties, and turbulence on heat diffusion.
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Figure 9 (Color online) The physical property and turbulent flow fields at characteristic points A and A’ in upward and downward flows. (a) Density; (b)
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Figure 10 (Color online) The physical property and turbulent flow fields at characteristic points B and B’ in upward and downward flows. (a) Density; (b)

specific heat; (c) thermal conductivity; (d) turbulent kinetic energy.

In Sect. 3.2, it is found that the numerical model can predict
the experimental data in downward flow well when the tur-
bulent Prandtl number in the energy eq. (3) was set to
Pr=0.74. However, for upward flow, the simulation data is
closer to the experimental data when the turbulent Prandtl
number in the energy equation was set to Pr=0.85.

The local thickness variations of gas-like film Jg, in up-
ward flow and g 4 in downward flow versus bulk enthalpy i,
are plotted in Figure 12(a). In general, dg, is larger than dg 4.

And Jg, has a pronounced peak value at point B, g4 in-
creases monotonously along bulk enthalpy. These curves
emerge similar trends as T; changes shown in Figure 6(a). It
is confirmed that there exists a close relationship between
wall temperature distribution and gas-like film thickness.
For both upward and downward flows, a comparative
analysis of thermal resistances including R, R, R4 and
Ry 4 along bulk enthalpy i, is described in Figure 12(b). Rg,
and R4 represent thermal resistance of gas-like film in up-
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ward and downward flows, respectively. Ry, and Ry 4 re-
present thermal resistance of core liquid-like in upward and
downward flows, respectively. It can be observed that owing
to the gas-like film being thin, heat transfer resistance is
mainly concentrated in the core liquid-like region at the
beginning of heating. Gradually, R; becomes noticeably
more and more dominant than R; with the heating process,
which is caused by gas-like film growing thicker. That means
gas-like film plays a major role in sCO, heat transfer. Fur-
thermore, R, and Ry , are always larger than R4 and R 4,
respectively. In other words, compared with the upward flow,
whether passing through gas-like film covering the heated
wall or core liquid-like region, heat from the heated wall
always experiences less resistance in downward flow. And
the changing trend of thermal resistance in downward flow is
gentle. In contrast, thermal resistances R, and R; , in up-
ward flow change dramatically, especially when i#,<iy;,
where both Rg, and R, , increase firstly and then decrease,
and the maximum of both Rg, and R, , correspond to the
maximum 7 at point B marked in Figure 6(a). In particular,
it can be concluded that larger local R, in upward flow is
the primary factor inducing the occurrence of HTD.

The relation between the total thermal resistance R, and
wall temperature 7,; in upward and downward flows is
shown in Figure 12(c), where R=R;+tR;. The comparison
between R, and R4 explains why the wall temperature
distribution in downward flow is always well-behaved, and
the heat transfer coefficient is higher than that in upward
flow. It is an exciting phenomenon where the variation trend
of R, is well identical with that of 7, in upward flow. R,
presents a reliable prediction for the occurrence of HTD.

(Color online) The physical property and turbulent flow fields at characteristic points C and C’ in upward and downward flows. (a) Density; (b)

Therefore, the physical model established in Sect. 2, where
the gas-like film region near the wall and core liquid-like
region is divided, is verified to be reasonable. Due to R4
increasing slightly, the wall temperature 7,; 4 at the entrance
section rising steeply in downward flow. Then, R, 4 generally
decreases and is at a low level. It illustrates that because of
sCO, bulk temperature increasing gradually, the decrease of
cooling capacity is the predominant reason leading to T; 4 in
downward flow increasing gently along with bulk enthalpy.

5 Conclusions

A numerical simulation of heat transfer for upward and
downward sCO, flow is performed in the vertical heated
tube. The thermal resistance mechanism is proposed to fur-
ther explore the HTD mechanism and the reasons for heat
transfer difference caused by flow direction. The main con-
clusions can be drawn as follows.

(1) Compared with the upward flow, superior heat transfer
performance is exhibited when sCO, flows vertically
downward and the occurrence of HTD may be avoided,
where T,,; increases monotonically and heat transfer coeffi-
cient decreases monotonically along flow direction. How-
ever, The heat transfer difference between upward and
downward flows is less when heat flux is low, mass flux and
pressure are high.

(2) The fact that thermal resistance accurately predicts the
occurrence of HTD proves the rationality and reliability of
the pseudo-inverted-annular film boiling model and thermal
resistance mechanism proposed in the present study. Relative
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Figure 12 (Color online) Variations of thickness of gas-like film dg and
thermal resistance R versus bulk enthalpy for upward and downward flows.

to thermal resistance in core liquid-like R;, the effect of
thermal resistance of gas-like film Ry on heat diffusion is
dominant, especially, larger local R is the primary factor
inducing HTD.

(3) Compared with the upward flow, due to smaller both
R and R, in downward flow, heat from the heated wall can
effectively diffuse in the fluid region and be transported
promptly, which reasonably explains why T, in downward
flow is lower than that in upward flow.

(4) For downward flow, with the process of heating, due to
total thermal resistance that is the sum of R; and R; being ata
low level, the gentle increase of wall temperature is con-
sidered to be mainly caused by the decrease of fluid cooling
capacity because of bulk temperature rising.
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