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HIGHLIGHTS

® Non-uniform and uniform heating scCO, heat transfer experiments are performed.

® Non-uniform heating displays strong circular angles dependent heat transfer characteristic.
® Similarity analysis deals with heat transfer deterioration at supercritical pressures.

® SBO,; is 8.908 x 10~ * for non-uniform heating which is larger than uniform heating.

® The buoyancy effect has no connection with heat transfer deterioration.

ARTICLE INFO ABSTRACT

The accurate prediction of heat transfer deterioration (HTD) is important to ensure the safe operation of scCO,
cycles driven by various heat sources. Here, the scCO, heat transfer experiment is performed in a 10 mm dia-
meter vertical tube, covering the ranges of pressures 7.51-21.1 MPa, mass fluxes 488-1500 kg/m?s and heat
fluxes 43.7-488 kW,/m?. Both uniform heating and non-uniform heating cases are dealt with, but more attention
is paid on non-uniform heating. We show that non-uniform heating displays strong circumference angles de-
pendent heat transfer characteristic. Normal heat transfer (NHT) displays gentle rise of wall temperatures along
flow length, but for HTD, wall temperature peak is detected ahead of pseudo-critical point. Pseudo-boiling is
introduced to deal with scCO, heat transfer. Heat added to scCO, is decoupled into a temperature rise part and a
phase change part. Flow structure includes a vapor-like fluid near tube wall and a liquid-like fluid in tube core.
The analogy between subcritical boiling and supercritical heat transfer results in a supercritical-boiling-number
SBO to govern the vapor layer thickness. Sudden change from NHT to HTD is found when crossing a critical
SBO,,, which is 5.126 x 10~ * for uniform heating based on our experimental data and other data in the lit-
erature, but becomes 8.908 x 10~ * for non-uniform heating using our experimental data. Compared to uniform
heating, non-uniform heating is found to delay the occurrence of HTD. The criterion presented here is useful to
avoid the occurrence of HTD in the design and operation of scCO, cycles.
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turbine temperature, a SCWR will achieve efficiencies of about 44%,
compared to ~34% for current Light-Water-Reactors.
Heat transfer deterioration (HTD) is important for design and op-

1. Introduction

Supercritical fluids have wide applications in engineering systems.

A recent review by Pizzarelli shows that the supercritical fluid can be
used as the coolant in Supercritical Water-Cooled Reactors (SCWR),
oxygen-methane rocket engines, supercritical CO, power cycles, trans-
critical CO, heat pumps and supercritical water oxidation [1]. As a
promising type of nuclear reactor, SCWR is expected to be available
after 2030. Thanks to the elimination of steam separator and dryer,
SCWR enables significant system simplification. Due to increased inlet

eration of supercritical fluid systems. HTD refers to wall temperature
peak of the heater, which may lead to the heater failure due to burn-
out. To avoid the occurrence of HTD, sufficient experiment data should
be obtained, and reliable prediction criterion should be developed.
Great attention has been paid on HTD (see Table 1). We examine the
HTD studies for supercritical water first. The available experimental
studies majorly focus on the uniform heating applied to circular tubes.
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Nomenclature AS cross-section area of the grid
AT temperature overshoot
a coefficients At time change
b heat produced by control volume per unit length, W/m AV volume change, m>
Bo boiling number, 1 Ai pseudo-boiling enthalpy, J/kg
Bu Buoyancy parameters, 1 A6 circumferential angle difference
Bu* Buoyancy parameters, 1 v kinematic viscosity, m?/s
Co-Cs coefficients
c critical point Subscripts
cp specific heat, J/kg-°C
D bubble diameter, m ave average
d tube diameter, m b bulk
e east CHF critical heat flux
F force, N cr critical
g gravitational acceleration, m/s? c cold region
G mass flux, kg/m?s D-B Dittus-Boelter correlation
Gr Grashof number, 1 E east
h heat transfer coefficients, W/m?K f liquid phase
i enthalpy, J/kg fg saturated CO, turns into saturated vapor
K non-dimensional number, 1 g gas phase
k coefficients ho hole
L length, m h hot region
M; the radial direction grid number in the silver domain in inlet
M, the radial direction grid number in the whole computation r inertia
domain i inner
m flow rate, kg/s 1 left
n north M’ momentum
p pressure, Pa n non-uniform
p peak N north
Pr Prandtl number, 1 o outer
Q heat created by electrical resistance, W out outlet
q heat flux, W/m?> pc pseudo critical
R electrical resistance per unit length, Q/m pt latent heat
Re Reynolds number, 1 r right
r radius, m S south
S heat source, W/m?> sen sensible heat
s south total
T temperature, °C u uniform
T the ending temperature of pseudo-boiling, °C W west
T the starting temperature of pseudo-boiling, °C WL Widom line
t time w inner wall
u velocity, m/s z axial location
%4 voltage across per unit length, V
w west Acronyms
Greek symbols CFD computational fluid dynamics
CSR cold-side region
€ constant CHF critical heat flux
A heat conductivity coefficient, W/m-°C DC direct-current
0] circular angle exp. experimental study
) thickness, m HTD heat transfer deterioration
6 angle HSR hot-side region
Pe specific resistance, Q'm NUH non-uniform heating
p density, kg/m> NHT normal heat transfer
7 pi SBO supercritical-boiling-number
B thermal expansion coefficient, 1/K SCWR  supercritical Water-Cooled Reactors
u viscosity coefficient, Pa‘s SHT supercritical heat transfer
Arg distance between two nodes in the silver domain TDMA  the tridiagonal matrix algorithm
Ar, distance between two nodes in the tube domain UH uniform heating
Ar radial distance difference \Y valve
Heat flux at HTD condition is defined as the critical heat flux qw, cpe- literature such as qw cur = 0.453G [11], qw,cur = —58.97 + 0.745G
The simple treatment is to plot g, cur ~ G curve to distinguish NHT and [14] and gw,cur = 0.2G'? [22]. These correlations are suitable for their
HTD, where G is the mass flux. Different correlations are reported in the own experimental data, but difficult to be extended for users. It is
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Fig. 1. Schematic diagram of experimental setup.

known that g, cur is influenced by physical properties, it is not ac-
ceptable that heat fluxes are correlated versus mass fluxes only.

Other investigators correlated critical heat fluxes dependent on
more parameters expect G, such as Kong et al. [2], Ma et al. [4] and
Schatte et al. [10], in which Ma et al. [4] gave the correlation as
Gycnr = CoGOd2PSTE, where d;, P and Ti, are the inner tube dia-
meter, pressure and inlet fluid temperature, respectively, Cy-C4 are the
experiment determined coefficients (see Table 1). These correlations
are purely mathematical treatment, and may not reflect the physical
mechanism. The available references emphasize the importance of
sharply varied physical properties and buoyancy/acceleration effects on
supercritical heat transfer. Huang and Li [23] shows that the buoyancy
effect is not properly addressed in the literature. Considerable dis-
agreement is found between empirical correlations and experiment
data. None of the buoyancy criteria can accurately predict the magni-
tude and onset of buoyancy force. Huang et al. [24] emphasizes the
inconsistences of supercritical heat transfer in the literature. Future
works are recommended for supercritical heat transfer. Fewer studies
are reported on the non-uniform heating for supercritical heat transfer
including Zhang et al. [11] and Li et al. [12].

Another emerging field is the supercritical carbon dioxide (scCO3)
heat transfer. When the main vapor temperature is higher than 550 °C,
the scCO, power cycle is believed to have higher efficiency than the
water-steam Rankine cycle [25]. The compact system is another factor
to attract engineers and industries. The scCO, cycles can be driven by
various heat sources such as solar energy [26], nuclear energy [27] and
coal [28]. In any scCO, power system, a heater is necessary to receive
heat from a heat source to the cycle.

Most of the available studies on scCO, heat transfer cover narrow
parameters range. Especially, experiments have been performed near
the critical pressure of ~8 MPa [17,24,29,30]. For practical operation,
the cycle pressure should be larger than 20 MPa [31]. There are no
reliable predictions to calculate the occurrence of HTD. For solar driven
scCO, cycle, a solar receiver receives sunlight heat with strong non-
uniform heat fluxes over a tube cross section. For a scCO, coal fired

power plant, the tube side facing furnace flame has higher heat flux
than the opposite tube side. The non-uniform heating causes deformed
velocity profile over the tube cross-section. The uniform heating data
cannot be directly used for non-uniform heating cases. Fan and Tang
[18] numerically studied the scCO, heat transfer under non-uniform
heating. They found that the circumferential thermal conduction in
solid is important for scCO, heat transfer. To the authors’ knowledge,
the scCO, heat transfer experiment with non-uniform heating has not
been reported.

Here, scCO2 heat transfer is investigated emphasizing the non-uni-
form heating effect, covering wide ranges of P = 7.51-21.1 MPa,
G = 488-1500 kg/m? and q, = 43.7-488 kW/m> Transition
boundaries between NHT and HTD are paid more attention, in which
both uniform heating and non-uniform heating cases are dealt with. We
abandon the classical analysis of buoyancy effect, but introduce the
heterogeneous scCO, structure instead. In textbooks, supercritical fluid
has homogeneous structure containing single-phase only [32]. Re-
cently, physicists experimentally identify the heterogeneous structure
of supercritical fluids [33-35]. The molecular dynamics simulations
show the vapor-like voids or cracks in supercritical fluid [36,37]. These
findings inspire us to perform the analogy analysis between subcritical
boiling and supercritical heat transfer. In the analysis, supercritical
fluid is assumed to have a vapor-like fluid layer near tube wall and a
liquid-like fluid in tube core. In such a way, the supercritical-boiling-
number SBO is theoretically deduced. Having this non-dimensional
parameter, we show the sudden change from NHT to HTD when
crossing a critical SBO.

2. Experimental apparatus and procedure
2.1. Experimental system
The experimental setup is shown in Fig. 1. The maximum CO,

pressure reaches 25 MPa and the maximum CO, temperature attains
500 °C. The experiment loop includes a gas-vacuum/CO,-charging
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Fig. 2. Test section with non-uniform heating boundary condition.

system, a convective CO, loop, a cooling water loop, an electric heating
system and a data acquisition system. Because non-condensable gas has
apparent influence on heat transfer, the closed system is vacuumed to
remove the non-condensable gas by switching on valve V7 and oper-
ating a vacuum pump. Then, CO, is charged into a storage tank from a
high-pressure bottle by switching on valve V11 with valve V7 off. The
outer surface of the CO, storage tank is cooled by the ~1 °C chiller
water. The low temperature CO, liquid is sucked by a piston pump from
a CO, storage tank. The total CO, flow is segmented into two streams,
with one path being bypassed to the storage tank, and the other path
consecutively flowing through two parallel mass flow meters, a

preheater and a test tube. The CO, vapor at the test tube outlet flows
through a cooler and finally returns to a condenser. Heat received from
the test tube is dissipated to cooling water. A cooling tower circulates
the cooling water, dissipating heat to environment.

At the pump outlet, a pressure vessel stabilizer helps to achieve
stable loop operation. The top volume of the pressure vessel is filled by
high-pressure nitrogen gas. A flexible membrane separates the nitrogen
gas from CO, liquid. The preheater and test tube are heated by low
direct-current (DC) voltage by resistance heating. The heating power
can be changed by varying the DC voltage. The preheater and test tube
are heated by two independent power supply systems, having
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Fig. 3. Determination of thermocouples location along circumferential angles.

parameters of 54 kW (0-36 V, 0-1400 A), and 120 kW (0-40 V,
0-3000 A), respectively. The maximum heating power attains 120 kW,
totally. The heating tube is electrically insulated from other part of the
loop component.

2.2. Test tube

Two test tubes are used, one for uniform heating and the other for
non-uniform heating. We describe the non-uniform heating tube first,
which is vertically positioned and made of 1Cr18Ni9Ti. Due to higher
carbon atoms concentration, 1Cr18Ni9Ti can sustain higher tempera-
ture than SUS316 and 304 at the same pressure. The tube has an outer
diameter 14.0 mm and an inner diameter 10.0 mm (see Fig. 2). The
tube is 2800 mm in length with an effective heating length of 1200 mm.
Two stabilization sections, one ahead of the heating section and the
other beyond the heating section, are arranged, each having a length of
800 mm. The DC power is applied via two copper electrodes, which are
welded on the tube.

In a solar driven scCO, power generation system, the evacuated
tube is a key element of parabolic trough solar collector, including an
inner steel tube, an outer glass envelope, and an annular gap between
them. ScCO, flows in the steel tube to extract sunlight energy. The
sunny side of tube supplies higher heat flux but the night side has weak
heat absorption. In a scCO, coal fired power plant, the cooling wall
consists of parallel tubes. For each tube, the side facing combustion
zone of furnace receives radiation heat flux, but the back side is ther-
mally insulated. Both applications behave strong non-uniform heating
characteristic.

A uniform silver layer is electroplated on a half-side of the tube to
fulfill non-uniform heating (see cross-section A-A in Fig. 2). The silver
layer thickness is ~300 pm. The silver layer and the tube can be con-
sidered as two parallel resistances, which are applied by a common
voltage. Because silver has smaller electric resistance than tube, the
silver layer dominates the heat generation. The test tube is wrapped by
a ~50 mm thickness thermal insulation material to keep high thermal
efficiency of the test tube.

Eleven cross-sections are arranged along flow direction (see Fig. 2).
The distance between two neighboring cross-sections is 100 mm. On
these cross-sections, thermocouple wires are directly welded on the
tube surface to measure wall temperatures, thus the thermal conduction
resistance between thermocouples and tube wall does not exist. The
non-uniform heating induces obvious temperature difference along
circumference direction, thus five thermocouples are arranged on each
cross-section. Due to geometry symmetry on the plane of ¢ = 0 and

@ = m, the five thermocouples cover both the tube region with silver
layer coating and the bare tube region. In order to precisely arrange
thermocouples along the tube circumference angles, we fix each ther-
mocouple location on outer tube wall on a processing platform. The
tube is tightly held in a plate hole (see Fig. 3). The plate is precisely
machined to mark the angle index, having an angle resolution of 5°. The
angle uncertainty is estimated as 2.5°, which is 0.69% with respect to
the whole angle range of 360°. Because thermocouple wires are difficult
to be welded on silver layer, miniature holes (~1 mm diameter) are
drilled to expose the local tube wall. Thus, thermocouples are directly
welded on the tube wall. Totally, 55 thermocouples measure the outer
wall temperatures.

For non-uniform heating, shorter tube is used to ensure uniform
silver layer coating along tube length. Uniform heating is performed by
applying voltage on the tube without coating silver layer, under which
longer tube can be used. The uniform heating tube is identical to the
non-uniform heating tube, except the longer effective heating length of
2000 mm. Totally 39 cross-sections are arranged for temperature
measurements. The distance between two neighboring cross-sections is
50 mm. Because uniform heating creates wall temperatures in-
dependent on circumference angles, only one or two thermocouples are
used on each cross-section. Due to different tube lengths used, com-
parative results between the two test tubes will be presented for wall
temperatures versus bulk fluid enthalpies, not versus flow lengths.

2.3. Data reduction

It is necessary to determine the temperature fields in the solid ma-
terial and the heat fluxes distribution on inner wall surface. For non-
uniform heating, the silver layer has a thickness of ~300 pm, which is
thinner than the tube wall. Different grid lengths in the radial direction
are used in the the silver layer domain and the tube wall domain. Thus,
both the resistance heating of silver layer and tube wall can be con-
sidered. Due to the geometry symmetry against the center plane of
@ = 0 and ¢ = m, only the half tube and the corresponding silver layer
are considered. Specific points are marked in Fig. 4a and b. In the radial
direction, M is the grid number in the silver domain, and M, is the grid
number in the whole computation domain. Here, My = 5 and M, = 25
correspond to Ax; = 75 um in the silver domain and Ax; = 100 pm in the
tube domain.

Because the inner wall boundary condition is not known, the pre-
sent problem belongs to an inverse heat conduction problem, which is
solved by the radial index forwarding method [38]. Even though we lack
the inner wall boundary condition, we have two boundary conditions
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Energy balance in control volume (1, j) =>7(2, j)

Energy balance in control volume (i, j) —>7(i+1, j)

Energy balance in control volume (M-1, j)==>T(M,, j)

(d)

TM-1,j)

M, j-1)

(M, j+1)

Fig. 4. Computation domain for the cross-section of tube wall and silver layer to determine temperatures and inner wall heat fluxes (a: geometry definition; b:
different grid lengths in silver layer domain and tube wall domain; c: control volume for radial index forwarding method; d: energy balance in the grid close to the

inner wall).

on the outer surface: the known outer wall temperatures measured by
thermocouples, and the heat insulation boundary condition. Usually,
the energy balance equation in a control volume (i, j) calculates the
temperature T(i, j). Different from the classical treatment, the radial
index forwarding method calculates the temperature T(d + 1, j) based
on the control volume (i, j). The energy balance analysis in control
volume (M, — 1, j) yields the T(M,, j) expression. Hence, the number of
equations is identical to the unknown variables.

The steady state, two-dimensional heat conduction problem with
internal heat source is described by [38]

li(,,la_T) L 1O [AT) sy
raor\ or r dp \ r dp 1
where r is the radius, A is the thermal conductivity of material, T is the

temperature, ¢ is the circular angle and S is the internal heat source.
Because heat source is generated by resistance heating, S is not zero.
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For uniform heating, heat source is caused by the resistance heating of
tube wall. However, for non-uniform heating, heat source is generated
by both the silver layer and the tube wall. Referring to Fig. 4c, Eq. (1)
has the following solution:

apTp = awTw + ag T + axnTx + asTs + b(i, j) 2

where b(i, j) is heat generation rate in the control volume (i, j). The
coefficients are

aw = Ar

W T e Go)w / aw

an = — 8"

E = @)/ 8 3
an = mA6 ( )

©o)n/ 2N
_ A0

4 = Gos/ s

(6e)w = (Be)e = AE
(6)n = (6:)s = Ar

By forwarding the index from i to i + 1, Eq. (2) is rewritten as

ap =aw + ag + ay + ag (4)

TG+ 1)
_ TG = [awTGj-D +aeTGj+1) + an TG - 1] = b(, )
as
%)
( start ,
v

/ inpllt P; m, Tim Tout /

specify a specific tube cross-section

\ 4

input outer wall temperatures and decide 75,

\ 4
assume an initial temperature field 77, j)

A 4
decide b(i, j) and solve Egs. 5-6

17G, j)-T7G, j)|<e= 0.01K ?
No

Yes
\ 4

decide ¢ on inner wall by Eq. 12
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are all the cross-sections calculated?

No

Yes

v
end

Fig. 5. The calculation procedure of the temperature field in silver domain and
tube wall domain and the heat flux distribution on inner wall surface.
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Eq. (5) is valid for i = 2 to M; — 1, where M is on the inner wall
surface. By applying the radial index forward method to the energy
balance equation in the control volume i = 1 yields

@T@,j) —awT@,j- 1D —aT@,j+1) - b, J)

TQ,j) =
(@) o ©)

where ay = —2 ap = — 146
W= nne/aw’ VB T anae/ag’ U5 T Ar/is®
%, =1, — 0.5Ar, noting that T(1,j) is known which is measured by
thermocouples.
Now, b(i, j) in the silver layer domain and tube wall domain is de-
termined:

ap:aw+aE+asand

. 2
RG )= 28Dy -

AS (i) R(i)) %)
where R(i,j) is the electric resistance in control volume (i, j), g, (i,j)is the
specific resistance, which is determined by T(, j), AS(i,j)is the cross-
section area of the grid, V, is the voltage per unit length. The total
resistance per unit length is R, for silver layer and tube wall.

M, 5 1 -1
k=X 2765

i=1 j=1 8
Thus, the total heat generation per unit length is
VZ
Q= =
R 9

On the other hand, Qz can also be determined based on the heat
absorption in the scCO, side.

_ Mty — in,)

Q= L (10)

where m is the mass flow rate of scCO.,, i is the CO, enthalpy, T;, and
Tou: are the CO, temperatures entering and leaving the tube, respec-
tively, L is the effective heating length. The numerator of Eq. (10) is the
total heat absorption across the whole heating length. Combining Egs.
(7)-(10) yields

R miny, — in,)
R(@,)) L an

b(ij) =

Egs. (5) and (6) subjected to Eq. (11) are solved by the TDMA
method [38]. After the convergent temperatures are obtained, the inner
wall heat flux is deduced as

(anTM: =1, ) + awT (M, j + 1) + ag T (M, j — 1)

— T (M, j) + b(M,, J))
rA8 (12)

qy (M, J) =

_ Ar _ Ar _ mA8 _
where ay = a0y %= 200 75’ aI\{ = o @ = aw + ag + al\{. Eq.
(12) reflects the energy conservation in the grey grid close to the inner

wall surface (see Fig. 4d). The inner heat transfer coefficient is

9w
Tw,i - Ti) (1 3)

h =

where Ty, is bulk fluid temperature, which is dependent on the bulk

Table 2

Parameter measurements and uncertainties.
Parameters Range Uncertainty
Pressure P 7.51-21.1 MPa 0.1%
P/P,, 1.018-2.856 0.1%
Differential pressure AP 5.7-48.5 kPa 0.1%
Tin/Ter 0.964-1.0358 0.5°C
Tout/Ter 0.9832-1.5551 0.5°C
Mass flux G 488-1500 kg/m>s 2.05%
Heating power Q 1.67-25.9 kW 3.25%
Heat flux q,, 43.7-488 kW/m?> 5.05%
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Fig. 6. Outcomes of inner wall heat fluxes and temperatures along circumference direction (a and b: comparison with other computations; c-f: calculations for our

own scCO, data).

fluid enthalpy i, (z) along flow direction:

(iTout - iTm )Z

iy(z) =it +
b(2) = iy, I

14
where i}, ;, is inlet fluid enthalpy, z is the axial flow length starting
from the first electrode.

The calculation procedure includes two levels of iteration: the first
level for a specific axial location z, and the second level to scan different
z, each corresponding to a specific tube cross-section (see Fig. 5). At a
specific cross-section, Ty, is determined according to Eq. (14). An initial
temperature field is assumed. The internal heat source in each grid b(i,

10

j) is determined by Eq. (11). Solving Egs. (5) and (6) updates the
temperature field. Such process continues until the convergent criterion
is satisfied. Then, the inner wall heat flux is obtained by Eq. (12). The
current iteration level stops, and a new level of iterations begins for
another tube cross-section. In such a way, the temperature field and
inner wall heat fluxes are determined along the whole tube length and
circular angles.

The uniform heating case is treated in a similar way to the non-
uniform heating case. The only difference is that for uniform heating,
the heat generation is only contributed by the resistance heating of tube
wall. We note that the material of 1Cr18Ni9Ti stainless steel has
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Fig. 7. Effect of heat fluxes on scCO, heat transfer.

temperature dependent physical properties. Thermal conductivity A

and specific resistance p. are [39]:
A =143 + 0.0134T 1s)

g, = 7.74 X 1077(1.0 + 7.75 X 1074T) (16)

Our calculation shows that for uniform heating, the constant heat
flux boundary condition is still valid due to the weak temperature
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dependent specific resistance. For example, T;, = 41.7 °C,

Tou = 80.8°C, G = 512.9 kg/m?s and P = 15.632 MPa give an average
heat flux on inner wall of qwawe = 77.24 kW/m2. The calculation
procedure based on Fig. 5 gives the heat fluxes of ¢y, = 78.55 kW/m?
at the entrance colder region and gy, = 76.751 kW/m? at the ending
hotter region, indicating that the relative difference among g ave, qw.c
and qy 1, is smaller than 1.7%.
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Fig. 8. Effects of mass fluxes and pressures on scCO, heat transfer.

2.4. Measurements and uncertainties

The mass flow rate is measured by one of the two Coriolis mass flow
meters, DMF-1-3-B with a mass flow rate range of 0-1000 kg/h and
DMF-1-2-A with a mass flow rate range of 0-200 kg/h, both having
uncertainties of 0.2%. During operation, one of the two mass flow
meters is selected by switching on one of the two valves. The fluid
temperatures are measured by K-type jacket thermocouples with dia-
meter of 1.0 mm. The wall temperatures are measured by thermocouple
wires with diameter of 0.25 mm. After calibration, these thermocouples
have maximum uncertainty of 0.5 °C. The Rosemount 3051 pressure
transducer measures fluid pressures with an uncertainty of 0.2%. The
Rosemount 1151 differential pressure transducer measures pressure
drops with an uncertainty of 0.1%. To determine the heating power
applied to the test tube, the DC (direct-current) voltage and current
come from the readings of a voltage converter (0-5 V range) and a
current converter (0-75 mA), respectively. The real voltage and current
are linearly related to the two readings of the converters with two
specific coefficients. All the signals are collected by a data acquisition
system (ADAM-4118/4117) with an uncertainty of 0.2%. The un-
certainties of heating power, heat flux and heat transfer coefficient are
obtained using the error transmission principle. The above process
gives the uncertainties of 3.25% for Q and 5.05% for q,, (see Table 2).
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3. Results and discussion
3.1. Calibration of the data reduction process

Fig. 6a-b compares our calculated wall temperatures T, ; based on
measured wall temperatures T, ,, for supercritical water flowing in a
vertical tube with P = 23 MPa, G = 600 kg/m>s, qu, ave = 200 kW/m?
and T, = 314.5 °C. Our calculated T,,; and inner wall heat fluxes g,
match the computation results by Hu [39]. To further verify the cor-
rectness of our calculations of solid wall temperatures, we consider the
solution of Eq. (1) for steady-state one-dimensional heat conduction
problem with a uniform internal heat source. When adiabatic thermal
boundary condition is applied on the outer wall, Eq. (1) has the theo-
retical solution of

2 _ 42 2 )

Ty = Two + 5(4(10 dl ) + —Sdo lnﬂ
164 81 d, 17)
For an example case of S = 100 x 10° W/m?, d; = 10.0 mm,

d, = 14.0 mm, Ty, = 200 °C, A = 17.625 W/m'K, Eq. (17) achieves

Tw; = 189.35 °C, which is exactly identical to the calculated
T,,; = 189.35 °C based on numerical simulation described in Section
2.3.

For non-uniform heating, the angle dependent parameters are
shown in Fig. 6¢cf at P = 7.85 MPa, G = 503.9 kg/m? and
Qwave = 120.3 kW/m? The outer tube wall is coated by silver layer
with ¢ = ( rz ), which is called hot-side-region (HSR). Due to the

R
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Fig. 9. Heat transfer performance between uniform heating (red curves) and non-uniform heating (blue curves) at near-critical pressure. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

resistance heating and thermal conduction of tube, the inner wall in the
range of ¢ = (721 37” ) also has heat fluxes, which is called cold-side-
region (CSR). The tube temperatures and inner wall heat fluxes are
higher in HSR, but sharply reduce in CSR (see Fig. 6¢c—e), in which
Fig. 6d shows the tube wall temperature field in r-¢ coordinates. One
maybe interest in the distribution of heat transfer coefficients versus
circumference angles (see Fig. 6f). HSR possesses lower heat transfer
coefficients and the difference of h in this region is not large, but h
sharply increases beyond ¢ = /2 in CSR. The change trend of h ~ ¢ is
same for different bulk fluid temperatures T,

3.2. Effect of various parameters on scCO, heat transfer for non-uniform
heating

Totally, 82 runs of scCO, heat transfer experiment are performed for
non-uniform heating. Heat transfer performance is presented with T, ,
at @ = 0 as the vertical coordinate and i}, as the horizontal coordinate.
Fig. 7 deals with the effect of heat fluxes but Fig. 8 deals with the effects
of mass fluxes and pressures. Near the critical pressure ~8 MPa, the
lower heat fluxes such as qy,y-0 = 112.2 kW/m? in Fig. 7a, 171.4 kW/
m? in Fig. 7b and 250.3 kW/m? in Fig. 7c keep gentle slope of T, ,
versus i,. The increase of heat fluxes may yield the occurrence of peak
wall temperatures ahead of pseudo-critical point (see Fig. 7a at
230.5 kW/m?). The gentle variation of Tw,o versus i, is called normal
heat transfer NHT, and the peak wall temperature before pseudo-

13

critical point is called heat transfer deterioration HTD. By examining
wall temperature curves at ~8 MPa in Fig. 7a-c, 15.4 MPa in Fig. 7d-e,
and 20.03 MPa in Fig. 7f, the heat transfer is improved by increasing
pressures.

Fig. 8a and b shows the effect of G on scCO, heat transfer. Smaller G
such as G 509.7 kg/m?s demonstrates HTD, but higher G of
679.3 kg/m?s and 891.6 kg/m?s switch HTD to NHT (see Fig. 8a).
Fig. 8c and d further illustrates the effect of pressures. Fig. 8c shows
that higher pressure of 15.86 MPa eliminates the wall temperature peak
compared to 7.85 MPa. Fig. 8d demonstrates that higher pressure of
20.14 MPa decreases the slope of wall temperatures compared to
7.74 MPa.

3.3. Effect of non-uniform heating on scCO, heat transfer

Figs. 9 and 10 illustrate the effect of non-uniform heating on scCO,
heat transfer, dealing with both near critical pressure case and higher
pressure case. The subscript u means uniform heating and n means non-
uniform heating. Because it is difficult to keep exactly the same para-
meters, the differences of P, G and q,, (or gy, ,-o) between the two
heating modes are controlled to be within 5%. At same i, the small
difference of pressures yields neglectable difference of bulk fluid tem-
peratures Ty Hence, only one Ty, ~ iy, curve is shown in Figs. 9 and 10.

The non-uniform heating delays or eliminates HTD. For example,
the uniform heating with g, = 219.4 kw/m? displays strong wall
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Fig. 10. Heat transfer performance between uniform heating (red curves) and non-uniform heating (blue curves) at pressures larger than critical pressure. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

temperature peak, but the non-uniform heating with g,
p=0=217.1 kW,/m? does not have wall temperature peak (see Fig. 9c).
Similar phenomenon is also observed at pressure ~15 MPa (see
Fig. 10b). However, beyond pseudo-critical point, wall temperature
curves can be crossing between the two heating modes for some cases
(see Figs. 9a, b, d and 10b, d). The non-uniform heating has opposite
effects on heat transfer in lower and higher enthalpies region. Because
HTD always takes place before pseudo-critical point, the non-uniform
heating improves the boiling-like heat transfer. However, after scCO5 is
heated to pure gas state, the non-uniform heating deteriorates heat
transfer in higher enthalpy region. In other words, regarding the non-
uniform heating effect, the heat transfer performance before and after
pseudo-critical point belongs to different mechanisms. The former is
related to the boiling-like mechanism, but the latter is dominated by the
convective heat transfer with single-phase fluid only. The present paper
focuses on the boiling-like heat transfer and HTD. The heat transfer
characteristic beyond pseudo-critical point needs further investigation.

3.4. Pseudo-boiling theory and new non-dimensional parameter

As defined in textbooks, it is impossible to identify liquid from gas
beyond critical point, thus only a single phase is defined [32]. The
phase diagram includes a subcritical region with two-phases of liquid
and gas, and a supercritical region containing single-phase (see
Fig. 11a). At subcritical pressure, the latent heat of evaporation (irg)
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determines the heat to convert liquid to vapor at a saturation tem-
perature. At supercritical pressure, the pseudo-critical point pc is de-
fined at maximum specific heat, whose location shifts to higher tem-
perature when increasing pressure. Heat transfer to supercritical fluid
cannot take place at a constant temperature, but causes a temperature
rise. The single-phase concept and the buoyancy/acceleration effect has
been used to explain and correlate the supercritical heat transfer (SHT)
for a long time.

The single-phase concept is questioned by physicists in recent years.
The two regimes of liquid-like fluid and gas-like fluid are shown in
Fig. 11b for scCO,. The Widom line beyond critical point is determined
using the maximum specific heat, matching the prediction of P/
P.. = exp[5.55(T/T.; — 1)] suggested by Banuti [40]. Even though the
pseudo-boiling concept was mentioned by earlier investigators in their
experiments [41], the theory has not been incorporated into the theo-
retical analysis of SHT.

Here, the pseudo-boiling concept is introduced to deal with SHT,
which is explained using the cp curve near pseudo-critical point (see
Fig. 11c). The transition from liquid-like fluid to vapor-like fluid occurs
at the Widom line, matching the pseudo-critical temperature Ty, [40].
“Boiling” occurs in a temperature range from T~ < Ty to T > Tpe-
The energy for “boiling” from liquid-like fluid to vapor-like fluid is

T+
Ai = /T‘_ cp(T)AT = i(T*) = i(T7) = Algen + Al 18)
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Fig. 11. Thermodynamics and heat transfer behavior at subcritical and supercritical pressures (a: T-i curves at different pressure levels to show isothermal two-phase
regime at subcritical pressure and temperature rise at supercritical pressure; b: P-T curves characterize the transition from liquid to vapor at subcritical pressures and
from liquid-like fluid to gas-like fluid at supercritical pressures; c: cp curve near the Widom line coincided with the pseudo-critical point pc [40]; d: pseudo-boiling

enthalpy Ai and k).

The energy can be divided into two parts [40]. The first part Aise,
contributes a temperature rise from T~ to T*, and the second part Aiy,
overcomes the molecular attraction to achieve the vapor-like fluid. This
differs from the subcritical boiling, under which a constant temperature
is kept and all the energy is used for phase change. The determination
of T~ and T" can be found in Refs. [40,42]. Both Ai and k = Ai/ipe
increases with increase of pressures, where i, is the enthalpy at pseudo-
critical point. Corresponding to P 8-20 MPa, the range of
0.235-0.704 for k indicates that Ai and ij,. are in the same magnitude
(see Fig. 11d).

SHT is analogized to subcritical boiling. Bubbles nucleate and grow
on the wall, detaching the wall to merge. Then, they are condensed by
the sub-cooled liquid of tube core, yielding no net vapor generation
there. If the bubbles do not detach the wall, they merge to form a vapor
blanket. From t to t + At, the evaporation at a bubble interface induces
a mass transfer from liquid to vapor, resulting in an increase of bubble
volume AV. Due to bubble expansion, a force Fyp, is exerted on the
surrounding liquid of bubble. An anti-force Fyp, is applied on the
bubble, which is called the evaporation momentum force [43] (see
Fig. 12a and b).

‘D

Fy = q_w —

ltg ,Og

where D is the bubble diameter and py is the vapor density. The inertia
force applied on the bubble interface is

19)

5o G
T =
Pt (20)

where pr is the liquid density. The K number reflects the evaporation
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momentum force competed with the inertia force, dominating if bub-
bles can detach the wall:

2
R
Glfg

Py Py
where Bo is the boiling number: Bo = q./(Gifg).

Now, we deal with supercritical heat transfer (see Fig. 12¢ and d). A
thin vapor layer behaves T,,; > Tp. > Ty, where T,y ; is the inner wall
temperature. Beyond the Widom line is the core flow with higher fluid
density, which is treated as “subcooled” liquid due to T, < T The
Widom line is considered as “saturation temperature”. Evaporation on
the Widom line generates a vapor mass increment to expand the vapor
layer thickness. The evaporation is caused by heating from superheated
vapor to saturation liquid across the Widom line. The vapor expansion
causes a momentum force on the Widom line. If the inertia force is
sufficiently large to suppress the evaporation momentum force, the
vapor layer becomes thinner to keep normal heat transfer (NHT). If the
inertia force is smaller compared to the evaporation momentum force,
the vapor layer grows significantly to cause heat transfer deterioration
(HTD).

The enthalpy Ai should be defined for “boiling” from liquid-like
fluid to vapor-like fluid. Eq. (18) indicates Ai dependent on T~ and T™.
To avoid the determination of T~ and T*, Ai can be decided by in-
troducing k (see Fig. 11d):

2D

Al = i(T*) — i(T7) = keipe (22)

Hence, the evaporation mass flux on the Widom line is scaled as g,/
Ai and q,,/ip.. The analogy between subcritical boiling and SHT creates
supercritical-boiling-number as
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Fig. 12. Similarities of boiling at subcritical pressure and supercritical heat transfer (a and b: subcritical pressure case; ¢ and d: supercritical pressure case).
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3.5. The experiment determined criterion for onset of HTD

Some authors confirmed the occurrence of HTD if the following
criterion is satisfied [4,11,15]

h/hp_g < 0.3 0r 0.5 24)

where h is the practical heat transfer coefficient, hpp is the Dittus-
Boelter heat transfer coefficient:

hp.p = ﬁ~o.023Re38Prg-4
d; (25)
where A4, is the thermal conductivity of working fluid, Rey, and Pry, are
the Reynolds number and Prandtl number, respectively. Because it is
possible for normal heat transfer to satisfy the criterion given by Eq.
(24), other authors [5] queried the above criterion. Alternatively, HTD
is identified by the wall temperature peak [5-7].
Fig. 13 shows the identification method (see Fig. 13a for NHT and
Fig. 13b-d for HTD). The definition of HTD is paid attention. A tem-
perature triangle apb exists, where p refers to the peak point. The lines
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ap and pb represent the sharp rise route and the recovery route, re-
spectively. The line ab is referenced as a normal heat transfer route. A
temperature overshoot AT quantities the deviation of the peak tem-
perature from the normal heat transfer route. Usually, AT is very large
when HTD occurs (see AT = 30.5, 76.5, and 147.6 °C in Fig. 13b-d). In
this paper, AT > 8 °C is the criterion to judge HTD. According to this
criterion, among the 82 experimental runs for non-uniform heating, 53
runs are classified as NHT and the left 29 runs belong to HTD. We
observe that few NHT runs also display weak peak but AT is only sev-
eral degrees. The 8 °C limit, instead of zero, can avoid the wrong
classification between NHT and HTD. The 8 °C limit is used for both
non-uniform heating and uniform heating.

Fig. 14a—c presents qw,,-0 ~ G curves at ~8 MPa, ~15 MPa and
~20 MPa, respectively. At similar pressures, the transition from NHT to
HTD obeys the linear law. The increase of pressures suppresses the
slopes of @,,-o with respect to G, indicating the improved heat
transfer by increasing pressures. The regime map is replotted in
Fig. 14d with Gij, as the horizontal coordinate. Different pressures have
different T,. and i,. For example, the 10 MPa pressure has
Toe = 399 °C and i,c = 347.42 kJ/kg, but P 25 MPa has
Tpe = 82.6 °C and ip. = 365.44 kJ/kg. Surprisingly, the transition from
NHT to HTD shrinks to a single line for different pressures. We note that
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the slope of the qy,,—o ~ Giye curve is the supercritical-boiling-number
SBO defined in Eq. (23). This finding inspires us to replot Figs. 14d in
15a. Sudden change of heat transfer behaviors is found when crossing a
critical SBO,, = 8.908 x 10~*. Indeed, the transition from NHT to HTD is
not controlled by heat flux alone, but dominated by SBO.

Fig. 15b presents the outcomes of uniform heating, including 79
data points from our experimental data (d; 10 mm), and 22 data
points with other tube sizes [29,30,44-46]. The database covers wide
range of pressures. The transition from NHT to HTD takes place at a
critical SBO,; = 5.126 x 10~*. It is seen that both uniform and non-
uniform heating support the conclusion that HTD is dominated by SBO.
Compared to uniform heating, non-uniform heating keeps larger SBO.,.
We recall that uniform heating creates symmetric-saddle-shape axial
velocity profiles over tube cross-section [3,16]. However, non-uniform
heating deforms the velocity profile to be asymmetric (see Fig. 16).
Hence, the hotter side fluid has larger axial velocities than the colder
side. The asymmetric velocity profile causes enhanced inertia effect to
weaken the vapor layer thickness on the hotter side, explaining why the
non-uniform heating delays the occurrence of HTD.

Based on Eq. (23), the critical heat flux (CHF) is defined for su-
percritical heat transfer deterioration:

Qw.cur = SBOur-G-ipc (26)

where SBO,, is 5.126 x 10~ * for uniform heating and 8.908 x 10~*
for non-uniform heating. CHF is linearly related to G and iy. In Eq. (26),
G, ip. and gy, cur have the units of kg/m2s, kJ/kg and kW/m?,
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respectively. Eq. (26) is called the linear law of supercritical heat
transfer. The heater is safe if g, < qw,cur. Otherwise, the heater is not
safe.

3.6. Comparison with other studies and comments on SBO

Available works emphasize the importance of varied physical
properties and buoyancy/acceleration effects on supercritical heat
transfer. Huang and Li [23] emphasizes the inconsistences of SHT, due
to the not properly treated buoyancy effect. Hall and Jackson [47]
proposed the Bu number to characterize the buoyancy effect:

G
Bu = 27
Rejr 27)
_ a3
Gr = 8ey (P ZPave) i
Hp
— Gdi
Reyp = Hp
Tw
_ Rt
Pave = Tw —Th (28)

They state that the buoyancy effect is significant when Bu > 107>,
but it can be neglected when Bu < 107°. Jackson [48] presented a
modified Bu* as
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Fig. 16. The mechanism for heat transfer deterioration: a comparison between non-uniform heating and uniform heating.

But = Gr* Cheng et al. [15] proposed the following equation to predict the
Re4% prd® 29) critical heat flux at supercritical pressures

B.d* d: ¢ Ay, crrBpe _

«_ 8Pprdi dyw _ Gd; _ S — 7 =1354x 1073
Gr* = — Re, = —, Prp=—— Ge 31
vEdy My b (30) p.pe (31)
He pointed out that the buoyancy effect is important when  where B, is the expansion coefficient, c,pc is the specific heat at
Bu* > 5.6 X 1077, but is weak when Bu* < 5.6 x 10~ 7. We ex- pseudo-critical point. For uniform heating, Fig. 18a plots the experi-
amine all the experimental data in Fig. 17a and b for uniform heating mental data of our own and others in the literature, and the transition

and Fig. 17c and d for non-uniform heating. The red color and black line predicted by Eq. (31). The experimental data classifying NHT and
color represent HTD and NHT, respectively. It is seen that both criteria HTD roughly match the predictions by Eq. (31). However, eight data
for buoyancy effect Bu = 10" % and Bu* = 5.6 X 107 cannot judge the points belonging to HTD are predicated as NHT by Eq. (31). For non-

occurrence of HTD. HTD can take place for weak buoyancy effect, it can uniform heating, the situation becomes more worse when comparing
also take place for strong buoyancy effect. There is no direct connection our experimental data with Eq. (31) (see Fig. 18b). In the right side of
between HTD and the buoyancy effect intensity. This is the reason why the transition line, sixteen experimental data points belonging to NHT
we abandon the buoyancy effect to deal with supercritical heat transfer. are predicted as HTD by Eq. (31). Eq. (31) underpredicts scCO, heat
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transfer for non-uniform heating.

ScCO- heat transfer is not dependent on a single parameter, but
dependent on SBO, in which g,,/i,. scales mass transfer from liquid-like
fluid to vapor-like fluid, G quantifies the effect of inertia force. A
smaller g,,/ip. and/or larger G yield smaller SBO to keep NHT. The
effect of pressures is implicitly reflected by i,.. When pressure increases,
the same energy decreases the mass transfer on the WL line to suppress
the vapor layer growth. Hence, heat transfer is enhanced. The effect of
d; on heat transfer is complicated [49]. For uniform heating, the heat
transfer regime map contains the data with d; = 2 mm, 4.5 mm,
6.3 mm, 8 mm and 10 mm. The tube diameters do influence heat
transfer coefficients, but do not influence the occurrence of HTD. The
effect of d; on scCO, heat transfer for non-uniform heating will be ex-
amined in the future. In summary, the current theory emphasizing the
physical properties variation cannot predict scCO, heat transfer
[23,24], but the problem can be treated by the pseudo-boiling theory
and supercritical-boiling-number SBO.

When SBO exceeds a critical value, the vapor layer grows sharply to
induce HTD. For non-uniform heating, the local SBO is

qw,(p

SBO, =
pc

(32)

Because the hot-side-region (HSR) receives heat from both the silver
layer and tube material, but the cold-side-region (CSR) receives heat
from the tube material only, HSR has larger g, ,, than CSR. We note that
Qw,¢/Ipc scales the mass transfer from liquid-like fluid to vapor-like
fluid, HSR keeps larger mass transfer to thicken the vapor layer than
CSR. Thus, HSR has lower heat transfer coefficients than CSR (see
Fig. 6).
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. Conclusions

Following conclusions are drown in this paper:

ScCO, heat transfer experiments are performed for uniform heating
and non-uniform heating. The maximum pressures are up to three
times of the critical pressure. For non-uniform heating, the inner
wall heat fluxes and heat transfer coefficients are strongly depen-
dent on circumference angles. The hot-side-region has higher heat
fluxes and lower heat transfer coefficients than the cold-side-region.
Our experiments show that heat transfer is improved by increasing
pressures. Compared to uniform heating, non-uniform heating has
better performance ahead of pseudo-critical point and delays the
occurrence of HTD, but worsens the heat transfer beyond pseudo-
critical point.

Supercritical heat transfer is dealt with by introducing pseudo-
boiling. The added heat is decoupled into a temperature rise part
and a phase change part. The flow consists of a vapor-like fluid near
tube wall and a liquid-like fluid in tube core. The analogy between
subcritical boiling and supercritical heat transfer results in a su-
percritical-boiling-number to govern the vapor layer growth.

Two heat transfer regime maps are established. Sudden changes
from normal heat transfer to heat transfer deterioration are found
when crossing a critical SBO, which is 5.126 x 10~ * for uniform
heating and 8.908 x 10~ * for non-uniform heating. The criterion
number helps to avoid the heat transfer deterioration induced burn-
out.

The pseudo-boiling and supercritical-boiling-number explain the
circumference angles dependent heat transfer behavior and the de-
layed HTD by non-uniform heating compared to uniform heating.
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