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ABSTRACT

Application of the supercritical condition in reactor core cooling needs to be properly
justified based on the extreme level of parameters involved. Therefore, a numerical study
is presented to compare the thermalhydraulic performance of supercritical and single-
phase natural circulation loops under low-to-intermediate power levels. Carbon dioxide
and water are selected as respective working fluids, operating under an identical set of
conditions. Accordingly, a three-dimensional computational model was developed, and
solved with an appropriate turbulence model and equations of state. Large asymmetry in
velocity and temperature profiles was observed in a single cross section due to local
buoyancy effect, which is more prominent for supercritical fluids. Mass flow rate in a su-
percritical loop increases with power until a maximum is reached, which subsequently
corresponds to a rapid deterioration in heat transfer coefficient. That can be identified as
the limit of operation for such loops to avoid a high temperature, and therefore, the use of a
supercritical loop is suggested only until the appearance of such maxima. Flow-induced
heat transfer deterioration can be delayed by increasing system pressure or lowering
sink temperature. Bulk temperature level throughout the loop with water as working fluid
is higher than supercritical carbon dioxide. This is until the heat transfer deterioration, and

hence the use of a single-phase loop is prescribed beyond that limit.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

rotating machinery. The density difference between the fluids
flowing through two vertical sections of the loop develops

The basic concept of a natural circulation loop (NCL) is to have buoyancy, which acts as the driving potential. It is mandatory

energy transmission from a heat source to a heat sink, con- to locate the sink at a higher elevation than the source, to take
nected by adiabatic arms through a closed circuit, without advantage of the favorable density gradient. Geometrical
bringing them in direct contact and also without involving any simplicity and enhanced passive safety of NCLs have attracted
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diverse technical applications including solar water heaters,
refrigeration systems, thermosyphon reboilers, and cooling of
rotating machineries as well as transformers, electronic chips,
and nuclear reactor core. Inherent reliability of such loops,
due to the absence of moving elements, makes them partic-
ularly suitable for large-scale nuclear systems, and hence
adoption of both single- and two-phase versions of NCLs can
be observed in industries. A supercritical natural circulation
loop (SCNCL) is a relatively newer concept and is expected to
lead nuclear reactors toward higher thermal efficiency in
comparison with the other versions, owing to its higher range
of operating pressure and temperature. The system is also
more compact due to the elimination of bulky components
such as steam generator, dryer, and steam separator. There-
fore, the concept of a supercritical water reactor has evolved
as one of the most promising technologies under the
generation-IV reactors. Water remains the most common
working fluid in applications involving temperature above
0°C, whereas various brines are employed for low-
temperature cases. However, the nontoxic and nonexplosive
nature of supercritical CO, (sCO,), coupled with its excellent
heat transfer performance, has projected sCO, as the next-
generation coolant. It is safe, chemically stable, economi-
cally viable, and environment friendly [1], which has encour-
aged several research groups to explore sCO,-based SCNCLs.

While most of the experimental and theoretical in-
vestigations focused on high-power operation of SCNCLs, a
few of the recent efforts were directed toward medium-to-low
power applications. Chen et al [2,3] experimented on a CO,-
based SCNCL in the power range of 65—189 W, to study the
steady-state thermalhydraulics and stability behavior at
different pressures. Heat transfer coefficient on the heater
side was found to decrease with an increase in bulk temper-
ature. Consequently, loop thermalhydraulics was found to
depend on several parameters inclusive of the temperature
differential between the heater and cooler, operating pres-
sure, channel diameter, relative orientation of the heater and
cooler, and inclination angle [4]. Heat transfer efficiency of the
loop was reported to decrease with increasing operating
temperature and is higher for larger-diameter loops, as was
numerically identified by Chen et al [5]. In fact, with a
continuous increase in input power, SCNCLs can exhibit heat
transfer deterioration (HTD), characterized by a rapid decline
in mass flow rate and heat transfer coefficient, accompanied
by a sharp increase in maximum fluid temperature, as was
demonstrated by Sarkar and Basu [6]. Appearance of HTD was
found to depend on both system pressure and sink tempera-
ture. Sharma et al [7—9] conducted an experimental, as well as
numerical, study to analyze the effect of heater and cooler
orientation on steady-state behavior. Mass flow rate was
found to increase until the heater inlet temperature reached a
pseudocritical value. Successful use of commercial software
for the simulation of an SCNCL was demonstrated by Yadav
et al [10,11]. Asymmetry in velocity and temperature profiles
was observed, which was attributed to the three-dimensional
(3-D) variation in fluid parameters owing to the presence of
bends and local buoyancy. Effects of unsteady heat input and
inclination angle (0—90°) were numerically studied by Chen
et al. [12,13] over a wide range of input heat flux. Influence of
inclination on the average Nusselt number was found to be of

lesser significance at lower heat fluxes, but very important for
higher powers. A periodic change in the pressure field was
observed due to the typical distribution of temperature-
sensitive thermophysical properties of sCO,, which led to re-
petitive flow reversals [5,14]. More comprehensive discussion
on the steady-state thermalhydraulics of an SCNCL can be
found in the study by Sarkar et al [15].

A systematic literature survey, therefore, suggests that the
thermalhydraulic aspects of an SCNCL have received consid-
erable attention over the last decade, with particular
emphasis on high-power systems for nuclear core cooling.
However, with the advent of portable reactors [16], loops
operating at low-to-intermediate power levels definitely have
an enormous scope, along with possible applications in solar
heaters and refrigerators. It is common to employ single-
phase NCLs for such systems, despite the saturation temper-
ature constraint and low flow limitation. As a single-phase
loop is a well-explored device, its thermalhydraulic and sta-
bility responses are generally well documented [17], which is
its prime advantage over SCNCLs, along with the moderate
levels of working parameters. Therefore, implementation of
supercritical loops for low-power situations over its single-
phase counterpart needs to be justified, and the present
work attempts precisely the same. A comparative thermal-
hydraulic analysis was performed by developing a 3-D
computational model of a rectangular NCL. Water was
selected as the working fluid for the single-phase loop and CO,
for the supercritical one. Operating conditions were selected
so that the respective states can be maintained for both the
fluids under an identical set of working parameters. Effects of
system pressure, heater power, and sink temperature were
examined to explore the relative merits of either loops and
make a final recommendation accordingly.

2. Computational model and numerical
procedure

2.1. Physical geometry

A rectangular loop of uniform diameter was chosen for the
present analysis, as shown in Fig. 1. The diameter (D), height
(H), and width (L) of the loop are 8 mm, 800 mm, and 600 mm,
respectively. The heater and cooler were placed in the middle
of the opposite horizontal arms, with both having identical
length (L, =L.) of 400 mm. Stainless steel was selected as the
wall material with 1 mm thickness. Accordingly, a 3-D nu-
merical model was developed using ANSYS-Fluent 15 (ANSYS
Inc., Canonsburg, PA, USA). The focus of the present study
being thermalhydraulic analysis at low-to-intermediate
powers, selected power levels are limited to 700 W.

2.2. Conservation equations

Steady-state versions of 3-D mass, momentum, and energy
conservation equations were solved using ANSYS-Fluent 15
(ANSYS Inc.), along with the equations of state for the con-
cerned fluids. The operating range of Reynolds number being
invariably in the turbulence regime, a renormalized group
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Fig. 1 — Schematic diagram of the rectangular loop.

k — ¢ model was employed by the following relevant literature
[5,10,18]. The complete set of governing equations is sum-
marized below.

Conservation of mass:
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Conservation of momentum:
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Here, A is the modified thermal conductivity and Sg rep-
resents the external energy source term. It is positive in the
heater section, negative in the cooler, and zero elsewhere.

2.3.  Numerical scheme of solution

The selected set of conservation equations was solved using
ANSYS-Fluent 15 (ANSYS Inc.) following the implicit finite
volume method. Pressure terms were discretized using
PRESTO, whereas second-order discretization was used for all
other terms. Pressure Implicit with Splitting of Operator (PISO)
algorithm was selected for resolving the pressure—velocity
coupling. Axial conduction in the tube wall was taken into

consideration and no-slip boundary condition was imposed at
the fluid—wall interface, while assuming standard wall func-
tions to facilitate the near-wall treatment.

Properties of any supercritical fluid vary drastically around
the pseudocritical point. The variation is moderate for the
single-phase medium, but can be significant in deciding the
interaction between buoyancy and friction. Therefore, an ac-
curate estimation of thermodynamic and transport properties
plays a vital role in any NCL simulation. National Institute of
Standards and Technology (NIST) standard reference data-
base (version 9.1; NIST, Gaithersburg, MD, USA) is built within
each ANSYS-Fluent 15 (ANSYS Inc.) session to estimate the
value of all thermophysical properties as functions of local
pressure and temperature.

A system of structured grids was developed over the entire
computational domain at the ANSYS-Fluent 15 (ANSYS Inc.)
workbench. In order to capture larger near-wall gradients of
the flow variables, nonuniform grids were applied, with finer
meshes close to the wall (Fig. 2). Finer axial meshes were
employed in the heat-exchanging sections, as well as at the
corners, with larger meshes in the vertical arms. A grid
sensitivity analysis was performed to ensure the correctness
of the output. Simulations were performed with three
different grid structures and the corresponding observations
were summarized (Table 1) for the sCO, loop with an oper-
ating pressure of 8.5 MPa. Associated heating power and sink
temperature are 330 W and 298 K, respectively. As a 3-D
approach is followed with total property variation, fluid ve-
locity, and temperature at any point vary along all the three
coordinate directions. For comparison purpose, average
quantities were used, and this referred to the averaged value
across the midplanes of all horizontal and vertical arms. With
a 23% increase in the number of cells from Model 2 to Model 1,
changes in average values are limited to 0.5% over the entire
range of parameters considered, which can be considered to
be acceptable, and hence Model 2 is adopted for further

Fig. 2 — Cross-sectional view of mesh distribution at the
source center.
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Table 1 — Details of employed grid system.

Model 1 Model 2 Model 3
Number of nodes 141,516 115,088 89,836
Number of cells 119,952 97,020 75,264
Average velocity (m/sec) 0.7339 0.7304 0.7214
Average temperature (K) 335.199 335.211 335.424

analysis. The corresponding mesh geometry also has decent
values of average skewness (0.14) and orthogonal quality
(0.976). The magnitude of wall y* is an indicator of turbulence
in the flow field. The selected mesh system provides y* =41.45
for an sCO2-based loop with 8.5 MPa pressure and 300 W
heater power, which ensures accurate selection of a turbu-
lence model. A cross-sectional view of the adopted grid sys-
tem at the source center is shown in Fig. 2.

3. Results and Discussion

The key motivation of the present computational investiga-
tion is the thermalhydraulic comparison of single-phase and
supercritical NCLs with low-to-intermediate power input,
commonly found in solar heaters, electronic cooling devices,
and heat pipes [19—21], and can be suitable for portable re-
actors. Therefore, heater power was selected within the range
of 10—700 W. Three different pressure levels were selected for
analysis, namely, 7.5 MPa, 8.5 MPa, and 9.5 MPa, with all the
values being above the critical pressure of CO, (~7.38 MPa) and
well below the same for water (~22.06 MPa). This ensures the
supercritical nature for CO, and allows water to remain as a
single-phase liquid depending on the imposed temperature
level. Variation in the sink temperature was reported to affect
the flow field and heat transfer aspects of an SCNCL [5,6,11],
and hence the effect of the same was also explored meticu-
lously. It is important to note that system pressure refers to
the absolute pressure at some reference location of the loop.
Bulk pressure varies along the loop length and is generally
scaled relative to that value. The magnitude of such variation
over the entire loop was found to be less than 0.11 kPa, which
is negligible in comparison to system pressure, and hence the
discussion on loop thermalhydraulics can conveniently be
presented in terms of system pressure.

3.1. Validation with experimental data

To substantiate the correctness of the computational results,
it is essential to correlate these with comparable experimental
results. Fig. 3 presents the validation plot for the sCO,-based
loop using the relation proposed by Swapnalee et al [22].
Among the four correlations proposed by them, the one for the
horizontal-heater—horizontal-cooler =~ configuration = was
compared with the present simulation data for 8.5 MPa sys-
tem pressure, 298 K sink temperature, and input power range
of 10-500 W. The steady-state solution at any particular
heater power was converted to Reynolds and Grashof
numbers, and they were employed to characterize the system.
An excellent agreement can be observed, which endorses the
use of the computational model for subsequent appraisal.

3.2. Effect of local buoyancy development

Owing to the strongly coupled nature of momentum and
thermal diffusion in an NCL, it is likely to have significant
variation of fluid temperature and local velocity across any
cross section, which, in turn, is dependent on the level of
operating parameters and imposed boundary conditions.
Fig. 4 presents the velocity and temperature contours at the
midplanes of the sCO,-based loop and water-based single-
phase NCL, respectively, under identical conditions. Both the
loops exhibit significant asymmetry in respective profiles,
with substantially larger irregularity in the SCNCL. At the
heater section, temperature of fluid layers next to the wall is
much higher than that of the bulk fluid. Similarly, fluid tem-
perature near the wall of the cooler is reasonably close to the
sink temperature and is considerably lower than that of the
fluid near the centerline. Therefore, fluid density varies over
any cross section, with the lighter fluid close to the heater wall
surrounding much heavier fluid, thereby developing a local
buoyancy effect. While the fluid in contact with the lower
portion of the wall attempts to move upward due to buoyancy,
the lighter fluid around the upper portion of the wall remains
virtually immobile. This acts somewhat like an obstruction to
the flow field, providing an added acceleration at the lower
portion of the channel. This explains the higher velocity of
this portion for the heater section. Lower velocity around the
top wall also allows higher residence time to the fluid,
increasing the temperature level there. The reverse is true for
the cooler, with the heavier and cooler fluid close to the bot-
tom surface and a lower velocity level. Cross-sectional varia-
tion in fluid viscosity may also have a role to play, as the
warmer fluid will experience lesser viscous resistance during
its upward motion along the heater wall, leading to a further
enhancement in local velocity magnitude. However, the
relative variation in viscosity with temperature is much lesser
compared with density, particularly around the pseudocritical
point, and hence the local buoyancy is expected to be the
governing factor in determining cross-sectional profiles.

Density variation for the single-phase liquid is much
lesser, and hence the water loop presents more regularized
profiles (Fig. 5), with a moderate inclination toward the lower
wall in the heater and upper wall in the cooler. Properties of
water and sCO, are compared in Fig. 6. Thermal conductivity
of single-phase water is nearly five times of that for sCO, and
increases with temperature until the appearance of a peak. By
contrast, thermal conductivity for sCO, reduces sharply
around the pseudocritical point. This ensures much better
temperature distribution within water and better heat trans-
fer behavior. The asymmetry is much less pronounced in the
vertical adiabatic arms, as all the fluid particles in a cross
section experiences identical influence of gravity and hence
local buoyancy is relatively weaker.

3.3.  Mass flow rate deterioration

The extent of such asymmetry and temperature variation over
a cross-section, however, is strongly reliant on the imposed
boundary conditions. A small change in the fluid temperature
level can lead to substantial alteration in the properties of
supercritical fluid, which can consequently result in
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and D) sink centers of sCO,-based loop for 8.5 MPa pressure with 298 K sink temperature and 320 W input power. sCO,,

supercritical carbon dioxide.

contrasting loop behavior. The flow field in an NCL is gener-
ated by an interplay between buoyancy and frictional forces,
with the driving buoyancy being proportional to the effective
density difference. When the fluid was allowed to cross the

pseudocritical point inside the heat-exchanging sections, a
significant density difference is available due to the gas-like
lighter fluid in the riser and liquid-like heavier fluid in the
downcomer. Accordingly, buoyancy dominates the frictional
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Fig. 5 — Water loop profiles. (A) Velocity and (B) temperature contours at source center of water-based loop for 8.5 MPa

pressure with 298 K sink temperature and 320 W input power.

forces, and the loop flow rate continually increases with
heater power for a specified sink temperature, as can be seen
from Fig. 7. Around the pseudocritical point, volumetric
expansion coefficient assumes a peak and density drops
sharply. Therefore, when the minimum fluid temperature
inside the loop crosses the pseudocritical value, there was a
rapid decline in the effective buoyancy, despite significant
temperature differential across the heater. Frictional forces
start controlling the flow beyond such a power level.
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Fig. 6 — Properties of water and sCO,. Variation of density
and thermal conductivity of (A) water and (B) CO, with
temperature for 8.5 MPa pressure.

Consequently, a rapid decline in mass flow rate can be
observed, which continues to decrease at a moderate rate
thereafter. Such deterioration in mass flow rate in SCNCLs has
also been observed experimentally [7—9] and through a 2-D
numerical model [23]. Effect of such a drastic change in
mass flow rate on the thermal field can be recognized by
comparing the temperature contours at the source center for
two different situations (Fig. 8). With only 10 W rise in the
input power, CO, experiences about 63 K temperature varia-
tion in a single cross section, compared with just about 10K in
the other case. Axial profiles of bulk temperature over the
entire loop length for sCO, and water for two different con-
ditions were compared, as shown in Fig. 9. In case of 320 W
input power, a large mass flow rate results in moderate tem-
perature variation for sCO, over the loop and about 24 K lower
value of maximum fluid temperature compared with water.
However, with only 10 W increase in power, heater inlet
temperature can clearly be seen to be above the pseudocritical
value, resulting in substantial temperature variation across
the loop. The maximum value of bulk temperature for sCO,

0.02

—— 7.5 MPa

0.01 A

Mass flow rate (kg/s)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Power (kW)

Fig. 7 — Variation of mass flow rate with power and system
pressure for 298 K sink temperature.
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can be about 12 K higher than that for water under identical
operating conditions.

Variation in bulk fluid temperature for a heater inlet and
outlet with power is presented in Fig. 10. It is clearly evident
that the maximum fluid temperature, expected to appear
around the heater outlet, remains around the pseudocritical
value until a certain power level, which steeply increases with
the rise in sink temperature. Beyond that limit, however, both
temperatures increase drastically. A large mass flow rate en-
sures small temperature differential across the heater until
the abovementioned power limit. For higher powers, the
temperature rise, experienced by the fluid across the heater,
increases sharply, forcing the bulk temperature profiles to
veer away from each other. The conclusion can also be drawn
here about the role of the sink temperature. A cooler sink re-
duces the overall temperature level of the loop fluid and hence
allows it to stay below the pseudocritical limit until higher
power values, thereby facilitating operation with a large flow
rate and low bulk temperature in the heater outlet. As can be
seen from Fig. 10, the outlet temperature can be maintained at
a low value until about 320 W with T, =298 K, while power
drops to around 100 W with only 10 K rise in T.. This hints
toward a possible mechanism of reducing the sink

360 ~

temperature at higher powers, in order to sustain high flow
rates and avoid any drastic rise in temperatures.

Pseudocritical temperature increases with pressure, which
allows the supercritical fluid to avail much higher power
levels, before it attains the maxima in mass flow rate at
elevated pressures (Fig. 7). For 9.5 MPa system pressure, the
sCO,-based loop realizes the maxima around 0.59 kW,
compared with about 0.31 kW for 8.5 MPa pressure, despite
only about 11% rise in the magnitude of that maximum value.
Therefore, it is suggested to operate the SCNCL at higher
pressure levels, as this will allow the system to have a larger
mass flow rate over a wider span of power, thereby keeping
the fluid temperature levels in control. Density of single-phase
water follows more regular variation with temperature, and
hence a monotonic increase in mass flow rate can be observed
with heater power. The mass flow rate value for sCO, is
significantly higher than that of water at lower powers.
Accordingly, the temperature level associated with water loop
is higher than that for sCO,, which can be substantiated
comparing the temperature contours presented earlier. Owing
to the incompressible nature, pressure hardly has any effect
on the performance of the single-phase system, apart from
redefining the saturation temperature constraint.

H H
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A1-----=-=-=-=-- - P| —— Wwaterat320 W|P
Q 340 - ,’ \ Water at 330 W
~ \
g L/ N - == CO, at320W
€3304 ,7 N
g ,/ Flow N - == (O, at330 W
= ~Jirection” ) i [ ]
£ 320 1
i
310 /o= - o T N N ||
300 ; ; . . ,
0 500 1,000 1,500 2,000 2,500 3,000

Length of the loop (mm)

Fig. 9 — Axial profile of fluid bulk temperature for 8.5 MPa pressure and 298 K sink temperature and different input powers.

HAP, horizontal adiabatic portion.
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Fig 10 — Variation of bulk fluid temperatures at heater inlet
and outlet with input power for different sink
temperatures and 8.5 MPa pressure.

3.4.  Appearance of HTD

Fig. 11 shows the variation in sink-side average heat transfer
coefficient with heater power for different pressure levels of
sCO, and also water. Heat transfer coefficient at any location is
a function of local Reynolds number (Re) and Prandtl number
(Pr). Changes in Re with power level is substantial due to the
changes in mass flow rate, while Pr decreases at a moderate
rate beyond the pseudocritical point. Therefore, the heat
transfer coefficient closely follows the mass flow rate profile.
For an sCO,-based SCNCL, it rapidly increases with power until
the maximum isreached and suffers a drastic fall thereafter for
all the pressure levels, with the maxima appearing around the
same power level as for the mass flow rate. Hence, this
particular power level can be identified as the initiation of HTD
in an SCNCL. It also corresponds to a rise in the maximum fluid
temperature and so is directly related to the material-related
safety concerns. Therefore, the HTD location is an important
landmark during any SCNCL operation, and heater power
should be regulated to maintain below this limit, in order to
have higher mass flow rate and heat transfer coefficient, while
maintaining a lower fluid temperature level. It is important to
mention here that the term HTD is commonly employed for
forced flow channels with wall heating to signify a drastic
reduction in heat transfer coefficient and a simultaneous in-
crease in wall temperature, without any significant change in

6
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Fig. 11 — Variation of heat transfer coefficient with power
and system pressure for 298 K sink temperature.

fluid temperature, while the flow rate remains constant. The
situation is a bit different for an SCNCL, as the fluid tempera-
ture may exhibit a sharp rise due to the reduction in flow rate.
The natural circulation version of HTD is, in fact, deterioration
in heat transfer coefficient as a consequence of a deterioration
in mass flow rate and therefore can also be termed as flow-
induced heat transfer deterioration (FiHTD) to differentiate it
from forced flow systems.

Heat transfer coefficient predicted for a single-phase water
loop was found to be consistently higher than that for an
SCNCL. This can be attributed to the higher thermal conduc-
tivity of the working fluid (Fig. 6), particularly in the cooler
section. Therefore, the single-phase loop was expected to
offer more consistent heat transfer performance than the
SCNCL. The SCNCL offered a larger mass flow rate and a
significantly lower fluid temperature level, thereby projecting
itself as a superior option, until the appearance of FiHTD.
However, the operator needs to be careful about the FIHTD
constraint, and the system must not be allowed to reach the
maxima of mass flow rate.

4, Conclusion

Computational performance appraisal of a 3-D rectangular
NCL is presented here to compare the thermalhydraulic as-
pects of CO, and water as working media under low-to-
intermediate power levels. Operating conditions were
selected so as to maintain CO, in a supercritical state and water
as a single-phase liquid. Effects of system pressure, sink tem-
perature, and heater power were systematically explored to
reach the following conclusions. (1) Significant amount of
asymmetry can be observed in both velocity and temperature
profiles at any cross section in the horizontal arms due to local
buoyancy effects. Extent of such asymmetry is more promi-
nent for sCO,-based loop due to substantial property variation
around the pseudocritical point. (2) Increase in power en-
hances the density differential across the heater, yielding
substantial buoyancy force and hence a continuous increase in
mass flow rate until a maximum is reached. As the lowest fluid
temperature crosses the pseudocritical limit, a sharp decline in
mass flow rate can be observed, owing to the weakening of
buoyancy. This leads to a drastic deterioration in heat transfer
coefficient and hence can be identified as a practicable limit of
operation. (3) The power level corresponding to the appearance
of FIHTD can be increased by raising pressure and lowering
sink temperature. A mechanism can also be devised to ma-
neuver the sink temperature with heater power for delaying
the appearance of such deterioration. (4) A single-phase water-
based loop presents a monotonic profile of mass flow rate,
magnitude of which is well below that of an SCNCL, until the
appearance of FiIHTD, leading to an elevated temperature level.
The heat transfer coefficient for a single-phase water-based
NCL is consistently higher than that for an SCNCL, owing to
higher thermal conductivity of the working fluid.

Overall, it can be concluded that an sCO,-based SCNCL can
be a superior choice, as long as the power level can be limited
to FIHTD, owing to the higher flow rate and lower fluid tem-
perature levels. This makes it a decent choice for low-to-
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intermediate power levels. For example, with 9.5 MPa system
pressure and 298 K sink temperature, a CO,-based SCNCL can
be employed until about 0.59 kW power, which perfectly suits
several industrial applications. The loop under consideration
has a dimension of 0.8 m x 0.6 m, which is appropriate for
solar heaters and refrigeration devices, and hence the obser-
vations from the present study can directly be extrapolated to
an experimental prototype. However, if the expected power
range of operation goes beyond the FiHTD constraint, single-
phase water-based loops are clearly a better option, due to
their consistent behavior. High-pressure requirement can be
another deterring issue for SCNCLs. In addition, the stability
analysis and dynamic performance assessment need to be
carried out for an SCNCL before drawing a final conclusion,
and this can be viewed as the next step of research.
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Nomenclature

A cross-sectional area (m?)

Cp specific heat (J/kg K)

D diameter (m)

g gravitational acceleration (m/s?)
Grm modified Grashof number (= g8D?p?QH/Au3Cp)
h enthalpy (/kg)

H height (m)

k turbulent kinetic energy (m?/s?)
L length (m)

m mass flow rate (kg/s)

p pressure (N/m?)

P wetted perimeter (m)

Pr Prandtl number (= uCp/2)

Q input power (W)

Re Reynolds number (= puD/u)

Sk source of energy (W/m?)

T temperature (K)

u velocity (m/s)

W width (m)

X space coordinate

Greek symbols

g volumetric expansion coefficient (1/K)
0ij Kroneckor delta

€ turbulent dissipation rate (m?%/s®

A thermal conductivity (W/m K)

o density (kg/m?)
w dynamic viscosity (kg/m s)
T shear stress (N/m?)

Subscripts and superscripts

c cooler

eff effective

h heater

pc pseudocritical
t turbulent

tot total
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