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INTRODUCTION

Natural circulation loop (NCL) is one of the most
promising and dominant mechanisms used to transport
heat energy from a source to a sink. The driving force in
NCL is developed by a thermally generated density gradi-
ent, which is generally accredited as buoyancy force. For the
flow to get established in the loop, the buoyancy force shall
be more significant than all the resistive forces encountered
in the system. As the active elements like the pump or com-
pressor are absent in the NCL, the buoyancy force alone has
to surpass all the resistive forces in the loop. This inherent
feature of NCL makes its operation more reliable in terms
of safety than the forced circulation system. In NCLs, the
balance shall accomplish between these two forces to bring
a steady-state condition in the system. However, it is chal-
lenging to ensure a balance between these forces through-
out the operation of the system and hence very often, and
the loop has to experience indefinite oscillations. NCLs
are highly economical in operation and maintenance due
to the non-existence of active elements in the system and
its constructional simplicity. NCLs techniques are incor-
porated in various applications like solar heaters, advanced
nuclear reactor core cooling, geothermal energy extrac-
tion, blades cooling in a gas turbine, electronic components
cooling etc., [1]. Notwithstanding all these applications and
their popularity, the main drawback of NCLs is its very low
Reynolds number, due to which the heat transfer rate in
the system becomes low compared to the forced circula-
tion loop [2]. Various researchers tried to explore the basic
principles involved in the NCLs by using innumerable tools
available and evolved with unprecedented concepts. In this
direction, Mertol et al. [3] presented the distribution of
pressure, temperature and velocity in NCL under laminar
flow conditions by determining the variation of the fric-
tion and heat- transfer coeflicients. The study of Lifshitz
et al. [4] shows that the fluid flow characteristics in the
NCLs depend on the initial conditions and the location of
the state in the loop. Acosta et al. [5] observed maximum
fluid velocity in single-phase NCL when it is kept at near
zero-degree tilt angle, i.e., in a vertical position and the
fluid velocity decreases with the loop tilt angle. The effects
of wall thermal conductivity and wall thickness on heat
transfer characteristics of a single-phase NCL is numeri-
cally investigated by Lin et al. [6] and found the existence
of axial conduction through the thick and highly conduc-
tive wall of the loop, which tends to appreciably improve
the buoyancy-induced circulating flow in the loop at lower
modified Rayleigh number. One-dimensional mathemati-
cal model study of Cheng et al. [7] shows that an increase
in loop diameter and temperature difference across the
loop increases the steady-state Reynolds number; how-
ever, the modified Grashoftf number and the heat transfer
rate increase when temperature difference across the loop
increases. Vijayan et al. [8] assessed various void fractions

and pressure drop correlations to predict the performance
of NCLs.

CO, is a very few naturally available non-toxic and
non-flammable working fluids that do not contribute to
ozone depletion if it leaks to the atmosphere. It has very
low global warming potential (GWP) (GWP~1) com-
pared to synthetic refrigerants (GWP~1000). Hence CO,
can easily and safely supersede all conventional working
fluids like CFCs, HCFCs, hydrocarbons and ammonia
in several fields of application. These environmentally
benevolent nature and splendid thermo-physical proper-
ties of CO, made it gain more popularity as a primary and
secondary working fluid in both natural and forced circu-
lation systems. Yadav et al. [9] conducted a comparative
analysis between CO, and other working fluids in forced
circulation-type secondary loops. They concluded that it
possesses an exceptional secondary fluid characteristic,
which is very much required for refrigeration and air con-
ditioning applications. For low-temperature refrigeration
and air-conditioning applications, CO, based NCLs are
very compact compared to other widespread conventional
working fluids. The CO,-based systems are used in various
applications like high-quality copper and nickel extraction
process by using sCO, solution along with hydrogen [10].
The operating pressure of sCO, based solar heater can be
reduced by properly mixing it with Dimethyl ether, and
this enhances the solar-thermal conversion efficiency and
mass flow rate [11]. CO,-based natural convection is an
important design feature in the heat removal processes of
advanced reactor designs [12]. By expanding liquid CO,
in an expansion valve, solid-gas two-phase flows can be
established, and cryogenic refrigeration can be achieved
[13]. By employing sCO, as a refrigerant in refrigeration
and air-conditioning applications, maximum heat transfer
coeflicient can be achieved at lower cooling pressure in the
gas cooler [14]. CO, based heat pump water heater has a
significant advantage over conventional heaters, wherein
water temperature can be increased up to 90°C without any
operational difficulties [15]. Pharmaceutical hydrates dem-
onstrated very high solubility in sCO, compared to other
anhydrous phases [16]. Despite its simplicity and com-
pactness, a sCO, Rankine cycle can achieve high efficiency
compared to a steam Rankine cycle if incorporated in the
waste heat recovery system of a gas turbine [17].

CO, attains a supercritical fluid state when it oper-
ates above the temperature of 304.25 K and pressure of
7.37 MPa. The CO, system offers unique advantages when
operated near or above the critical state compared to other
fluids. The thermal physical properties of supercritical
CO, vary greatly even when there is a small temperature
change, as shown in Fig.1. Supercritical CO, possesses very
low viscosity and a very high thermal expansion coefhi-
cient compared to other conventional working fluids. The
three-dimensional CFD research results of Yadav et al. [18]
reveal that the liquid CO, exhibits a seven times higher
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heat transfer rate than water for the same wall temperature
and geometrical parameters. Further, a similar rate of heat
transfer is noticed when CO, is operated at near pseudo-
critical region. In another 3-D CFD analysis of NCLs,
Yadav et al. [19] noticed that near pseudo critical region,
the heat transfer rate is much higher in the supercritical
phase than the subcritical phase, however, for the subcriti-
cal phase, a higher heat transfer rate is noticed near-satu-
rated liquid state. Thippeswamy and Yadav [20] compared
the heat transfer performance of various conventional
working fluids of NCL experimentally, like water and brine
solution, with the subcritical and sCO, at various loop fluid
operating pressure at various inlet temperatures to source
& sink. It was observed that the heat transfer rates in the
case of subcritical vapour, subcritical liquid, two- phase
and sCO, based NCL are several times (4 to 9 times) higher
than the water and brine-based NCLs. Hahne et al. [21]
studied the natural convection heat transfer of sCO, and
obtained maximum thermal conductivity in the vicinity of
pseudocritical temperatures/pressures, and it is more pro-
nounced as the critical point is approached.
Computational simulations of Zhang et al. [22] on the
sCO, based NCLs show that higher Reynolds number mass
flow can be established with sCO, as a working fluid, even
for a small temperature difference (~8 K) between source
and sink. Misale et al. [23] studied the influence of ther-
mal capacity on the NCL behaviour and noticed that the
Reynolds number increases if the wall thermal capacity
decreases. At the supercritical region, the Nusselt number
is found to have larger values than the near-critical and
subcritical regions for CO,. In the supercritical region, time
to reach steady-state also increases with increasing temper-
ature and pressure values [24]. Chen et al. [25] numerically
studied the effect of pipe diameter on the heat transfer and
stability of sCO, based natural convective circulation sys-
tem and found stabilized flow in a larger pipe diameter due
to enhanced heat transfer and fully developed flow field.
High-temperature sCO, based NCL study results of Sadhu
et al. [26] show that the circulation rate can be maximized
by increasing either the diameter and/or the loop height
however, the performance of NCL with larger diameter
tubes is better compared to loop with longer heights. Liu
et al. [27] experimentally investigated the sCO, based NCL
and noticed that the heat transfer coefficient decreases with
increased heat flux and pressure. Deng et al’s numerical
and experimental results [28] on sCO, based NCL show
that the mass flow will be susceptible to any change in input
heat flux at the source. The experimental results of Yadav
et al. [29] show that as the operating pressure of the sCO,
increases, the time duration required to reach a steady-state
of the system decreases. Numerical and experimental study
by Yadav et al. [29-30] noticed that loop fluid mass flow
rate decreases with a change in tilt angle. However, the heat
transfer rate increases with an increase in external water
mass flow rate and hot water inlet temperature but decreases
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Figurel. Thermophysical property variations of CO, at 90
bar.

with a change in tilt angle. Further, the loop was found to
be stable under the pulsating mass flow rate of external hot
and cold water. CFD analysis of Archana et al. [31] on sCO,
based NCL reveals that as the loop fluid pressure increases,
the heat transfer coeflicient decreases from its peak value,
whereas steady-state mass flow rate increases. Karakurt et
al. [32] provide a reference for finding optimal operating
conditions and the design parameters for real sCO, Brayton
power cycles. Wang et al. [33] did a performance and flow
distribution of the plate heat exchanger with supercritical
carbon dioxide fluid and found higher efficiency and pres-
sure is evenly distributed sCO2 compared to water.

Due to the nonlinearity of the natural convection pro-
cess, any disturbance in the driving force causes the distur-
bance in the flow and leads to oscillatory behaviour even
when an eventual steady-state is expected. Therefore, NCLs
always require a precise assessment to time that focuses on
the flow behaviour and the actual thermo-physical phe-
nomenon happening in the NCL. The flow and tempera-
ture fields in the NCLs are inter-dependent, and hence it is
not possible to have direct control over the circulation rate
or direction of flow/circulation in the loop, this inherent
nature of NCL propels the loop into instability. The small
driving force, i.e., buoyancy force and its nonlinear nature
of the natural convection, intrinsically make the NCLs
more unstable than the forced circulation system. It is
essential to comprehend the characteristics of NCL stabil-
ity before integrating it into any practical applications. The
mass flow stability can be categorized as neutral if the mass
flow rate oscillates with a smaller amplitude and the flow
velocity remains in the same direction, and similarly, it can
be categorized as unstable if the oscillations keep growing
with time and lead to flow reversal. Chen et al. [34] carried
out an analytical and numerical investigation to study the



J Ther Eng, Vol. 9, No. 2, pp. 530-550, March 2023

533

flow instability in single-phase thermosyphons over a range
of loop aspect ratios and expressed the steady- state results
in terms of a single dimensionless parameter. When this
parameter is less than a critical value, the flow is stable, and
above this value, the flow is unstable. Further, it is observed
that when the aspect ratio of the loop approaches unity,
the flow is least stable. In the supercritical region, the loop
experiences mass flow rate instability due to sharp changes
in the density of loop fluid near pseudo-critical points. Flow
instability at the supercritical state is highly unacceptable
as it can induct harmful mechanical vibration in the sys-
tem components, and eventually it may lead to catastrophic
incidences due to fatigue development in the components.
Further, if oscillations get augmented, it can affect the heat
transfer characteristics, which will be detrimental to the
system efficiency. Many investigators profoundly studied
the natural circulation system to comprehend the nature of
instability, and some of the observations of a few research-
ers are given below.

In a one-Dimensional rectangular-shaped model,
Keller first observed and reported a periodic oscillatory
motion of the loop fluid [35] when certain parameter in
loop exceeds certain limits and concluded that these oscil-
lations depend on the interaction between frictional and
buoyancy forces but not on inertial force. In a theoretical
discussion, Welander [36] mentioned that the solution of
differentially heated loop fluid is susceptible to instability
in an oscillatory manner, i.e., a weaker instability will be in
the form of pulsations with a unidirectional motion, while
a stronger instability will be bidirectional and also these
oscillations are found to be irregular. Schuster et al. [37]
investigated the thermo-hydraulic properties of integrated
reactor concepts with a natural circulation driven primary
loop and concluded that it is not possible to reach a stable
two-phase flow in the loop without passing through flow
instabilities. Further, at heating and cooling power equilib-
rium, the flow oscillations can exist at nearly constant fre-
quencies and amplitudes. A one-Dimensional steady-state
NCL stability analysis by Vijayan et al. [38] shows that the
flow rate gets enhanced with an increase in loop diameter
for all three regions. Significant influence of pressure is
noticed on the flow rate and stability of the system in the
two-phase region. In a toroidal thermosyphon, at steady-
state regime, Stern et al. [39] measured the fluid tempera-
ture across the heating section for a range of heat fluxes
and reported that in all the cases, the highest temperature
occurred at the inner wall location and the greatest ampli-
tudes of the fluctuations occurred at the locations near, but
not at the inner walls. Chen et al. [40] carried out numerical
simulations to investigate flow transitions and instabilities
in a sCO, based NCL and found that at specific heat source
temperature, i.e., at around 375 K, which is near the second
pseudo-critical temperature, the loop fluid in the system
changes from unstable bidirectional flow into a stable uni-
directional flow as the fluid properties experience major

transitions. The experimental observation of Creveling et
al. [41] on single-phase free convection loop shows that
at higher and lower heat-transfer rates, the loop fluid flow
was steady but highly oscillatory at intermediate ranges of
heat-transfer. An experimental study by Kapitz et al. [42]
showed that the nucleation sites in the NCLs will strongly
impact stability behaviour, especially for low heat flux lev-
els. Misale et al. [43] experimentally studied the behaviour
of a single-phase NCL to analyze the influence of constant/
variable power input at the source and observed tempera-
ture oscillations in both cases. However, an increase in
amplitude and frequency of these oscillations was noticed
with an increase in power input. Furuya et al. [44] experi-
mentally investigated the effect of inlet restriction on
thermal-hydraulic stability. Results show that the driving
force of the natural circulation at the stability boundary is
a function of heat flux and inlet sub-cooling but indepen-
dent of inlet restriction.

Over time, numerous researchers have developed
plenty of solutions techniques to tackle or at least mitigate
the instability issue in the NCLs; however, this enigma
is yet to be resolved completely. The following section
is attributed to the consummate contribution of such
researchers to the NCL turf. Yadav et al. [45] developed a
3-D CFD model for both subcritical and sCO, based NCLs
to study the effect of loop tilting in different planes and
concluded that by changing the orientation of the loop,
the flow instability issues in the NCLs can be tackled, but
it will deteriorate the heat transfer rate. Manero et al. [46]
observed that in the two-phase NCLs, during bubble boil-
ing, the oscillation frequency is inversely proportional to a
single vapour bubble formation and breaking cut-off time.
For a small inclination of the loop, the frequency of oscil-
lation of temperature and pressure is higher as the time of
formation and breaking of a single bubble is smaller, how-
ever for larger inclinations, the time required for the same
is larger, and thus the frequency of oscillation of tempera-
ture and pressure is lower. In a 3-D steady flow simula-
tion of a CO, based NCL, Yadav et al. [47] developed a
new-correlations between Reynolds Number and friction
factor, and these correlations are helpful in the design and
analysis of NCLs with end heat exchangers. Zvirin [48]
analytically investigated the effects of through-flow on
the flow rates and temperature distributions in a NCL at
various loop parameters by employing a one-dimensional
spatial model and found that the through-flow stabilizes
the motion in the loop. Cammarata et al. [49] experi-
mentally examined the effect of change in gravity and
thermal boundary conditions on the dynamics of NCLs.
They concluded that the dynamics of NCL stabilizes with
the reduced gravitational field, but it enhances the ther-
mal stresses on the system. In another breakthrough,
Cammarata et al. [50] developed a control strategy by
employing standard P.I.D (proportional integral deriva-
tive) control to counteract instabilities in NCL, and it is
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found to be suitable for avoiding the flow inversion of the
working fluid inside the NCL. Jiang et al. [51] conducted a
3-D nonlinear model study on NCL by incorporating the
flow modes and proposed an algorithm to control the flow
instability by varying the thermal boundary condition.
Vijayan et al. noticed that when the heater and the cooler
are orientated horizontally, the mass flow was found to
be at its peak at a specified operating condition, but the
system was least stable. However, with a vertically orien-
tated heater and cooler, the system was found to be most
stable. Chen et al. [53] carried out numerical simulations
to investigate the influence of heater orientations on the
performance of sCO, based NCLs. A vertically orientated
heater is found to be stable, whereas a horizontally ori-
ented heater shown oscillatory behaviour. Further, the
cooler heat transfer behaviour significantly affects the heat
transfer and stability of the loop.

Bidirectional flow in NCLs is a very common phe-
nomenon, and it adversely affects the heat transfer perfor-
mance of the loop. To address the flow reversal issues in
the NCLs, Wahidi et al. [54] carried out a two- dimensional
CFD simulation by introducing a modified Tesla valve in
the riser of a sCO, based NCL and achieved unidirectional
fluid flow circulation in the loop. Further, with the Tesla
valve in NCLs, the velocity and temperature oscillations
were also found substantially mitigated without reducing
the heat transfer performance. In the process of combat-
ing the instability issues in NCLs, Wahidi and Yadav [55]
incorporated tesla valve in both riser and downcomer of
loop and found further mitigation of velocity and tempera-
ture oscillation but at the cost of 3% reduction in the heat
transfer performance of the loop. Sharma et al. [56] devel-
oped computer codes to analyze the linear and nonlinear
stability behaviour of supercritical water in the natural
circulation loop and developed the stability maps. Seyyedi
et al. [57] numerically studied a simple rectangular single-
phase NCL and developed a stability map valid for all three
flow regions. Manthey et al. [58] experimentally studied
the influence of the flow resistance on the two-phase flow
stability and their oscillatory behaviour in an open natural
circulation system and summarized its variation in stabil-
ity maps. Jiang et al. [59] analyzed the static and dynamic
behaviour of NCL and developed an instability map of the
system, and distinctly marked its various regions. Rao et al.
[60] studied the transient stability behaviour of NCL using
the finite element program and constructed the stability
envelope.

NCLs can be configured with various heat source and
heat sink combinations depending on the application
requirement and the available resources to transport heat
energy from higher to lower energy levels. Natural circula-
tion loops incorporated with various mechanisms of heat
addition and rejection at source and sink, respectively,
show different instability types. It is mandatory to compre-
hend the dynamic behaviour of each of these combinations

before implementing it in a particular application. In view
of this, Thimmaiah et al. [61] carried out 2- D CFD analysis
on two different configurations of sCO, based NCLs, i.e.,
NCL with isothermal wall and a cold heat- exchanger, and
NCL with hot and cold heat-exchangers to compare the
dynamic performance and results show the higher insta-
bilities in both side heat-exchanger loop than an isothermal
wall with heat-exchanger loop.

As discussed above, extensive study and research
have been carried out on the stability analysis of different
types of NCLs considering different geometrical designs
(toroidal, rectangular loops etc.), different working fluids
(water, brine solution, CO, etc.), a different state of work-
ing fluid (Subcritical and supercritical state) etc., by various
researchers. However, no literature is available on the 3-D
numerical comparative study of oscillatory instability of
supercritical CO, with different geometries and boundary
conditions. In this research, the focus is on transient 3-D
numerical analysis of sCO,, loop fluid, in NCLs configured
with various kinds of heat inputs at the source of the NCL
like Heater, a Heat exchanger (HHX) and Isothermal wall
(ISO), and cold heat exchanger at the sink (CHX) by chang-
ing the intensity of heat input at source and operating pres-
sure of the loop fluid.

PHYSICAL MODEL OF NCL

Comparative analysis has been conducted between
three different sCO, based NCLs, i.e., one configured with
Heater-CHX loop (Fig. 2a), the second one configured with
HHX-CHX loop (Fig. 2b) and the third one with ISO-CHX
loop (Fig.2c). In these loops, the effect of heat input on the
mass flow rate, temperature and velocity of the loop fluid
(sCO,) have been studied along with the effect of pressure
on the mass flow rate. For all the NCLs, the magnitude of
heat input at the source varied for all the operating pressure
of the loop fluid, which is varied from 80 to 100 bar in a step
of 10bar. For all the operating pressure and heat input cases,
the loop sink temperature, i.e., CHX inlet temperature, has
been kept constant at 305 K. Both the right and left legs are
assumed to be adiabatic. The Loops are kept in a vertical
plane to ensure the maximum mass flow rate of loop fluid
[52]. All the geometrical and material specifications of the
model are given in Table 1.

Figure 2 shows a rectangular NCL schematic consist-
ing of a heating source, a left leg, a cold heat-exchanger
(CHX), and a right leg. The loop fluid is heated from below
at the heater with constant heat inputs and is cooled sen-
sibly by rejecting heat to the external fluid (water) in the
CHX. Circulation of the loop fluid is maintained due to
the buoyancy effect caused by heating at the bottom and
cooling at the top. Water is used as a coolant at a heat-
exchanger at a fixed mass flow rate (0.1 kg/s) to ensure the
turbulent flow. At the isothermal wall, constant tempera-
ture is imposed.
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Figure 2. Schematic of natural circulation loop.

Table 1. Geometrical specification of loop used in the
present study

Parameter Value
Inner tube diameter 10 mm
Quter tube diameter 16 mm
Length of heat exchangers (L) 400 mm
Length of heater (L) 400 mm
Length of Isothermal wall (L) 400 mm
Height of the loop (H,) 500 mm
Width of the loop 500 mm
Diameter of the loop (d) 10 mm
Curvature radius of the bend (R) 50 mm
Total length of the loop (L) 1914mm

Material of the loop Stainless steel

L,

GRID INDEPENDENCE STUDY

Grid independence study conducted at 1500 W of heat
input at source for Heater-CHX loop and the same quan-
tum of heat input, the evaluated corresponding tempera-
ture at the inlet of HHX-CHX loop is 317.5 K and similarly
at Isothermal wall of ISO-CHX loop is 311.5 K. The loop
fluid operating pressure is kept at 90 bar, and constant tem-
perature of 305 K is maintained at the inlet of CHX of all
the loops. The geometrical model considered for 3-dimen-
sional CFD simulation of NCLs comprises loop fluid (sCO,)
in the loop primary side of the fluid region, a wall thickness
of the pipe and cooling fluid (water) in the secondary side
of the fluid region, i.e., in the cold heat exchanger.

A sensitivity analysis has been carried out in the mod-
elled grid to study the grid independence to obtain the solu-
tion independent from the adopted grid and time. Initially,
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coarse meshing is framed and progressively refined until
an independent mesh result is obtained. For meshing the
three-dimensional loop geometry, the design modeler
of the ANSYS 19.0 software is employed. Figure 3 shows
the cross-sectional view of the CHX, wherein meshing is
carried out for the sCO, region, cooling water region and
piping.

For the CO, region, in a radial direction close to the
wall, grid sizing is kept as minimum as 0.25 mm and mov-
ing farther from the wall, it is increased to a maximum
size of lmm. Since the property variation is very minimal
for water, a uniform grid sizing of 1 mm is envisaged in
this region. In the axial direction, i.e., in horizontal pipes
including bends, coarse meshing of grid size 1.0 mm is

Outertube for water

Inner tube for CO,

Figure 3: Mesh generated for the computational domain.
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adopted and in vertical pipes 2.0 mm grid size is consid-
ered. With this mesh generation, a yield of total of 400,704
nodes is obtained. To deal with the turbulence models near-
wall region is to use the wall functions. Wall functions are
equations empirically derived and used to satisfy the phys-
ics in the near-wall region. The first cell centre needs to be
placed in the log-law region to ensure the accuracy of the
results. Wall functions are used to bridge the inner region
between the wall and the turbulence fully developed region.
When using the wall functions approach, there is no need
to resolve the boundary layer causing a significant reduc-
tion of the mesh size and the computational domain. The
first grid cell needs to be 30 < y+ < 300 (if this is too low, the
model is invalid, if this is too high, the wall is not properly
resolved). To ensure the optimal choice of fineness of the
grid, a minimum value of 38.39 for Y+ value has been used
with a standard wall function near the wall.

The grid-independence test is carried out to check the
reliability of obtained results (as shown in Fig. 4a for Heater
CHX & ISO-CHX loops and Fig. 4b for HHX-CHX loop).
The grid convergence index (GCI) method proposed by
Roache et al. [62] is utilized for performing the grid-inde-
pendent study. GCI method is based on the application of
Richardson’s extrapolation, in which the spatial and tem-
poral (in unsteady numerical simulations) discretization
errors approach to zero asymptotically as the grid is refined,
i.e., grid cells become smaller and the number of cells in the
flow domain increase. With the GCI method of Roache et
al. [62], the estimated error is 1.6 % for the mesh generated
using 400,704 nodes in the NCLs.

The time step independence study is also performed on
the Heater-CHX loop for the mesh generated above, i.e.,
400,704 nodes. For the heat input of 1000 W at source and
loop fluid operating pressure of 90 bar, the flow initiation
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Figure 4. Grid independence study for supercritical CO, based natural circulation loop for (a) Heater-CHXand (b) HHX-

CHX.
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Figure 5. Time independent study for supercritical CO,
based natural circulation loop at operating pressure of 100
bar for a heat input of 1000 W at different time steps.

transient in the model configuration was computed with
time steps of 0.5 s, 1 s and 2 s, and the result thus obtained
is depicted in Fig. 5. It is evident from the graph that there is
hardly any difference between results of 0.5 s and 1 s. Hence
for employing better computational efficiency, the time step
of 1 s is finally chosen.

MATHEMATICAL FORMULATION

The fundamental conservation equations
momentum and energy) solved for the simulation are given
below. The commercial software ANSYS (FLUENT) V-19.0
is employed to solve these equations with the associated
boundary specifications.

The mass conservation equation can be given as:

(mass,
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Turbulence Model

Turbulence models for supercritical fluids are in a devel-
oping stage. In previous studies, Chen et al. [25], Lisboa et
al. [63], and Yadav et al. [18] have used the Renormalization
Group (RNG) k- model for sCO,-NCL and achieved accu-
rate results.

Governing equations for the RNG k-e¢ model include
two equations.

Turbulent kinetic energy equation
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Value of constants:

1, =48, 3=0.012, ¢, =0.0845, 0. =0, =0.7178
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¢, =142 and c, =1.68
K/Z
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The following terms are defined to describe the fluid
flow and heat transfer phenomena.
Mass flow rate at any cross-section is defined as,

A
= [ p V. dA’ (13)
]
The local flow velocity can be given as:
A —
[ ulpV.d4]
u =" (14)
[1p,7.d4
0
Local temperature is given by,
f p,V.dA|
L="F%—"— (15)
JIAZZ

0

Modified Grashof number [29] are defined as follows:

Bd’pQH,
GT’m :gA—SCO (16)
&

The local Nusselt number for heating or cooling wall is
defined as:

h.D
Nu =—= 17
Y (17)
The local heat transfer coefficient _is given by
9.
h, = (18)
Twull - Th,x
The heat flux g_on the wall is defined as:
Oy Y
The Nusselt number of heat transfer wall is
L
_ fo Nu, dx (20)
L

All the properties are calculated at the bulk to mean
temperature (T ) of loop fluid, defined as:

1)

SIMULATION DETAIL

A three-dimensional transient simulation is performed
for the geometries shown in Fig. 2 using ANSYS Fluent
research version 19.0. Both right and left legs of a loop
are considered to be perfectly insulated to ensure adia-
batic condition. The wall thickness at the source and sink
is considered as 3 mm for simulation. A Navier-Stokes
equation, wherein the pressure-velocity are coupled, have
been solved by using SIMPLE (Semi-Implicit Method for
Pressure- Linked Equations) algorithm. The velocity and
temperature parameters in the momentum and energy gov-
erning equations are iterated with a second-order upwind
scheme. Similarly, the turbulence parameters (k-¢ etc.)
are also iterated with a second-order upwind scheme. The
pressure term in the momentum equation is discretized
by using PRESTO (Pressure staggering option). No-slip
boundary condition is considered for pipe walls. A general
Renormalization Group RNG k- " model is used to account
for turbulence in the loop fluid. Further, the axial conduc-
tivity and viscous dissipation in loop fluid are considered
in the simulation. Convergence is achieved when residuals
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of the all-governing equations are less than 10~ except the
energy equation, which was less than 10, For simulation,
the operating pressure of sCO, i.e., loop fluid, was kept at
80, 90 and 100 bar to ensure it at the supercritical region. A
NIST REFPROP property table [64] was utilized to obtain

Table 2: Assumptions/boundary conditions are considered
in the analysis

S.No. Description

1 The internal (CO,) and external (water) fluid are in
single-phase throughout the loop.

2 Loop fluid is supercritical CO, (Pressure varies from
80 bar to 100 bar).

Left and right leg wall are assumed to be adiabatic.
No-slip condition near the wall.

Wall thickness is kept 3 mm.

AN U W

CHX inlet water temperature is supplied at 305 K.

1.2

11.0 - ——Chen and Zhan Numerical Correlation
108 [ Swapnalee et al. Experimental Correlation|
- ® Heater-CHX
106 4 HHX-CHX
104 - *  ISO-CHX

102}
100
98|
96|
94|
a2l
9.0}

Present
Study

Ln (Re)

d 3924
Re,,=1.129[orw f}
T

d 308
Re, =1.907| Gr,, —
[ L’ ]

L i 1 i 1 L 1 L L

23 24 25 26 27
Ln [Grm(d/Ly)]

Figure 6. Validation of the obtained result with correlations
In (Re) and In (Gr, d/L).

all the standard properties of CO, for every interval of 2 K
temperature & piecewise-linear interpolation was used to
obtain property between two data points. While the follow-
ing assumptions/boundary conditions are considered in the
analysis is given in Table 2.

VALIDATION

Obtained 3D CFD results are validated with a correla-
tion of Reynolds Number and modified Grashof number,
i.e, Re-Gr, in two different ways:

i. Numerical correlation validation with Re-Gr, devel-

oped by Chen and Zhang [25].
ii. Experimental correlations validation with Re-Gr
developed by Swapnalee et al. [65]

The correlations available in the literature have been
selected to validate the obtained results, i.e., the numeri-
cal correlation developed by Chen and Zhang [25] and
the experimental correlation developed by Swapnalee et
al. [65]. These correlations relate to two non-dimensional
parameters, ie., Reynolds number (Re) and modified
Grashof number (Gr, d/L), calculated at the heating sec-
tion of the loop. CFD simulation results obtained for 90 bar
are validated using these correlations. Good agreement was
found between the generated results and existing correla-
tions, as shown in Fig. 6. The maximum discrepancies are
less than 2% with the numerical correlation [25] and less
than 6% with the experimental correlation [65].

Numerical Correlation by Chen and Zhang [25]

Re=1.129(Gr,d/L,

)03924

Experimental Correlation by Swapanlee et al. [65]

Re=1.907(Gr,d/L,

)0.364

RESULTS AND DISCUSSION

To compare the transient and instability behav-
iour of sCO, in square-natural circulation loops, a

Table 3: Heat fluxes imposed at the heater and its corresponding temperature derived at HHX and ISO

Corresponding temperature

S.NO Heat Input at Heater (W) Hot Heat Exchanger Isothermal Wall
Inlet to HHX Outlet from HHX

1 250 308.50 307.81 306.00

2 500 310.75 309.38 308.00

3 1000 314.25 311.50 309.75

4 1500 317.50 313.38 311.50

5 2000 320.75 315.25 313.50
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three-dimensional CFD simulation is carried out for three
different NCL loop configurations. These loops are sub-
jected to the same quantum of heat at the source, but with
varying boundary conditions, i.e., the first loop is exposed
to the heater, the second loop is exposed to a hot heat
exchanger, and the third loop to an Isothermal wall at their
respective sources. The heating section of the Heater-CHX
loop is exposed to 250 W, 500 W, 1000 W, 1500 W and 2000
W heat fluxes at various pressures, i.e., 80, 90 and 100 bar.
Whereas an equal quantity of heat is injected to the HHX-
CHX loop by circulating hot water of the corresponding
temperature at the inlet of HHX. Similarly, correspond-
ing constant temperature is maintained throughout the
Isothermal wall of the ISO-CHX loop. The ISO-Wall tem-
perature and HHX inlet/outlet temperature, corresponding
to heat input at 250 W to 2000 W heat fluxes, is tabulated
in Table 3. These values are derived from the steady-state
condition of the Heater-CHX loop for the ISO-CHX loop
and evaluated analytically for the HHX-CHX loop. Further,
to maintain the similarity in the heat rejection process, all
these three loops are configured with a cold heat exchanger
at their respective sinks.

The heating section of loops receives the heat energy
from three different kinds of boundary conditions, but the
cooling section of all these loops rejects the heat through
a cold heat exchanger, which is maintained at a constant
temperature of 305 K at the inlet of the cooler. The heating
section of the loop is exposed to the following three bound-
ary conditions at the heat source.

o Loop:1 Heater: Heat energy is transferred to the loop
fluid by exposing the entire heating section of the
loop to a constant heat flux.

o Loop:2 Heat Exchanger: The loop fluid receives heat
energy through a hot heat exchanger, wherein the
intensity of heat input to the loop fluid depletes across
the length of the heating section of the loop.

o Loop:3 Isothermal heat addition: The loop fluid is
exposed to a uniform temperature throughout the
heating section of the loop.

The loops which are configured with the above three
boundary conditions are depicted in Fig. 2. Further, in all
the simulation cases, the initial temperature of the loop
fluid at all the sections of the loop is kept at 305 K. The
transient variation in loop fluid mass flow, temperature and
velocity at various pressures and heat input along with the
effect of pressure on mass flow rate have been recorded at
the mid of left vertical leg and discussed in the following
sections.

Transient variation of temperature

Figure 7 below shows the variation of loop fluid tem-
perature in three differently configured NCLs, i.e., Heater-
CHX, HHX-CHX and ISO-CHX natural circulation loops.
The initial temperature of the loop fluid of all the loops is
kept at 305 K to maintain uniformity in all the loops. At

the lower level of heat input, the temperature fluctuation
is very high in all NCLs, and it never reaches a steady state
throughout the operation of the loop. Whereas, at higher
heat input, the fluctuation in temperature gets mitigated
over time and reaches a steady-state eventually. Further,
at the lower level of heat input, in all the loops, tempera-
ture fluctuation maintains the same pattern and amplitude
throughout the operation of the loop. However, in the
Heater-CHX loop, at 500 W and 1000 W heat fluxes, the
amplitude of temperature fluctuation keeps increasing with
time.

At alower level of heat input, the temperature difference
across source and sink will be very less, so the driving force
will be less. This weak driving force strives to overcome
all opposing forces in the loop, and if the driving force is
greater than the opposing forces, the flow establishes. Since
the driving force is very weak at lower heat input, at one
point of time it fails to drive the fluid in the loop, and the
velocity slides down. This tug-of-war in the loop contin-
ues or reaches a steady-state depending upon the imposed
boundary conditions. Further, the time required to reach
a steady state is also dictated by the quantum of heat input
and boundary conditions at the source. The driving force
will be very strong at higher heat due to stretched differen-
tial temperature across the source and sink. Higher the dif-
ferential temperature higher will be the buoyancy effect and
hence higher circulation rate [7]. It is very clearly visible in
the graphs that as the temperature difference increase, the
mass flow increases.

The amplitude of temperature fluctuation is very vig-
orous in the Heater-CHX loop, and it takes a longer dura-
tion to get mitigated at a higher level of input. Whereas, in
the ISO-CHX loop, the amplitude of temperature fluctua-
tion is insignificant and reaches a steady state at a shorter
time duration. For given boundary conditions, the operat-
ing temperature of the loop fluid is highest in the Heater-
CHX loop, and it is lowest in the case of the HHX- CHX
loop.

Transient variation of mass flow rate

Figures 8a-e compare loop fluid mass flow rate (tran-
sient) in sCO, based NCLs configured with Heater- CHX,
HHX-CHX and ISO-CHX, at source and sink, respec-
tively, by varying the heat input at source keeping loop
pressure fixed at 90 bar and sink temperature at 305K.
Results are extracted at the centre of the right leg by con-
sidering the area-weighted average across the cross-sec-
tion of the loop. The amplitude of mass flow fluctuation is
very high at the lower level of heat input in all the loops
and never reaches a stable state throughout the operation.
However, at a higher level of heat input, the amplitude of
mass flow fluctuation reduces considerably and eventually
reaches a steady state.

At the lower level of heat input, in addition to mass flow
fluctuation, the flow reversal occurs very frequently in all
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Figure 7. Variation of temperature at Heater-CHX, HHX-CHX and ISO-CHX for Supercritical CO, based natural
circulation loop at different heat inputs of (a) 250 W, (b) 500 W, (c) 1000 W (d) 1500 W and (e) 2000 W.
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the loops. It is to be noted that, in the Heater-CHX loop,
the mass flow reversal phenomenon is common at all levels
of heat input, but its severity and duration of fluctuation
reduce as heat input at the source increases. Whereas, no
such reversal of mass flow is noticed in the other two loops
except at the lowest level heat input, i.e., at 250 W.

At all heat input levels to the loop, the severity of mass
flow oscillation is very high in the Heater-CHX loop com-
pared to the other two loops. Further, it is to be noted that
the mass flow rate, at steady state, is very low in the Heater-
CHX loop compared to the other two loops at all levels of
heat input to the loop. Further, at all levels of heat input, in
the case of HHX-CHX and ISO-CHX loops, the magnitude
of mass flow rate, at steady state, is virtually at the same
level and is greater than the Heater-CHX loop.

It is evident from the graphs that in NCLs, the direction
of mass flow is highly inconsistent and highly unpredict-
able. It is interesting to note that the direction of mass flow
is independent of the boundary conditions on which NCLs
are subjected and the quantum of heat input at the source.
In the Heater-CHX loop, from 250 W to 1000 W of heat
input, the mass flow reversal occurs frequently throughout
the operation and never reaches a steady state. This phe-
nomenon of flow reversals at the lower level of heat input
may be due to the very low velocity of loop fluid. However,
at 1500 W and 2000 W of heat input, the mass flow takes a
definite direction after the initial reversal, but the direction
is opposite to each other; however, it eventually reaches a
steady-state condition. Similarly, in the case of the HHX-
CHX loop, mass flow takes an anticlockwise direction at
lower and higher levels of heat input, and at a moderate
level of heat input, it takes a clockwise direction. Similarly,
in the ISO-CHX loop, mass flow takes an anticlockwise
direction at a lower level of heat input, mass flow takes an
anticlockwise direction, and at a higher level of heat input,
it changes to a clockwise direction. These unpredictable
flow reversals and the direction of flow could be due to
the bilaterally symmetrical geometry of NCLs in its verti-
cal axis. Due to this geometrical symmetry of the loop, the
resistance to flow in either direction will be identical, and
hence the flow of loop fluid takes precedence and queue
from the initial movement of the molecules at the heating
section of the loop.

Transient Variation of Velocity

Figure 9 shows the velocity transient behaviour of loop
fluid in Heater-CHX, HHX-CHX and ISOCHX natural
circulation loops. The loop fluid magnitude of velocity
is a direct function of the density difference between the
source and the sink of the loop. Differential density in the
loop is a function of the temperature difference between
the source and sink, which will directly impact the mass
flow rate of loop fluid in the loop. As the differential tem-
perature increases across source and sink, the density dif-
ference between heating and cooling sections increases.

Impact on mass flow rate and velocity due to widening
differential temperature is more pronounced in supercriti-
cal fluids as its viscosity is inherently lower than subcriti-
cal fluid. It is visible in the graph, i.e., at a lower level of
heat input (250 W/308.5 K/306 K), the loop fluid average
velocity is approximately in the range of 0.05 m/sec to 0.06
m/sec, and at a higher level of heat input (2000 W/320.75
K/313.5 K), it increases to a range of 0.19 m/sec to 0.24 m/
sec, in the Heater-CHX, HHX-CHX and ISO-CHX loops
respectively in ascending order. For a given boundary con-
dition, among these three loops, the loop fluid velocity is
very high in the ISO-CHX loop and lowest in the Heater-
CHX loop.

During the initial stage of heat input, the loop experi-
ences a very high fluctuation in velocity due to non- uni-
form heat distribution in the loop. The non-uniform
distribution of heat creates an uneven accumulation of
heat pockets at various locations in a system. These pock-
ets suddenly release its accumulated heat when it moves
to the cold region in the system. This sudden release of
accumulated heat energy creates a huge density difference
across the loop, leading to a very high-velocity fluctuation
in the initial period. Over a period of time, once the sys-
tem reaches the equilibrium state, i.e., when the quantity of
heat addition and rejection is equal, and the driving force
overcomes all the opposing forces in the system, the steady-
state and unidirectional flow will establish. Similarly, with
any heat input or pressure variation, the system will experi-
ence initial glitches and eventually settle down to a steady
state.

At the lower rate of heat input, the oscillation of veloc-
ity in all loops is very high and never reaches a steady state.
In all three loops, the magnitude of velocity oscillation is
considerably higher at lower heat input, and it gradually
decreases with the increase in the heat input. Further, the
magnitude and frequency of velocity oscillation in the
Heater-CHX are predominantly more at all heat input lev-
els than HHX-CHX, and it is considerably subdued in the
ISO-CHX loop.

In the ISO-CHX loop, the magnitude of velocity oscil-
lation gets converges to a steady-state at a faster rate com-
pared to the other two loops. Whereas in the Heater-CHX
loop, the magnitude of velocity oscillation is very high, and
it takes a considerably longer duration to get converge to a
steady state compared to the other two loops. In all NCLs
configurations, as the heat input increases at the source, the
amplitude of velocity decreases, and it reaches to steady-
state at a faster rate.

Effect of operating pressure

Figure 10 shows the transient behaviour of mass flow
rate at various loop fluid pressure for all three loops, i.e.,
Heater-CHX, HHX-CHX and ISO-CHX loops. From the
graphs, it can be inferred that the magnitude and fre-
quency of mass flow oscillation decrease with an increase
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Figure 10. Effect of operating pressure (80 bar, 90 bar and 100 bar) for Supercritical CO, based natural circulation loop at
2000 W heat inputs for (a) Heater-CHX (b) HHX-CHX and (c) ISO-CHX.

in loop pressure for all three loops. It is very interesting to
note that as the operating pressure of the sCO, increases,
the time duration required to reach a steady-state of the
system decreases, the same results are observed in the
experimental study of Yadav et al. [29]. Further, the pres-
sure has a significant effect on the mass flow rate in all
three loops i.e., mass flow rate increases with an increase
in the loop fluid pressure, the same phenomenon is
observed in a CFD analysis of Archana et al. [31] on sCO,
based NCL.

In general, the supercritical fluids attain a maximum
density when it reaches its critical temperature and pressure.
Around the critical region, the impact on the fluid density
will be huge even for a slight variation in the temperature
and pressure. The fluid keeps reaching its peak density and
reverts very frequently, which induces density waves in
the system. In a natural circulation system, these density
waves will affect various operating parameters and create an
imbalance among the natural driving force, frictional forces

and other forces. If the variation in density reaches a very
high value, it leads to flow reversal in the loop.

In natural circulation systems, the driving force shall
balance with the resistive force for the flow to get estab-
lished. Appropriated agreement between the driving force
and resistive force is the prerequisite for a stable state in
the natural circulation loops. The resistive force is a func-
tion of friction factor, mass flow rate and average density
along the loop. In compressible fluids, the average loop
density increases with an increase in the loop pressure and
it supplements the buoyancy effect in the system due to
lower viscosity, which increases the mass flow rate. Further,
with the increase in density and hence the mass flow rate,
the resistive forces in the loop increases (i.e., viscous dis-
sipation and friction between wall and fluid). The resistive
force thus increased counters the buoyancy force and sup-
presses the mass flow rate in the loop. Again, the buoyancy
force strives to overcome the resistive force, and this tug of
war will continue between these two forces until there is a
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Figure 11. Turbulence Kinetic Energy for Supercritical
CO, based Heater-CHX, HHXCHX and ISO-CHX natural
circulation loop.

balance between them, and it is the root cause for the insta-
bility/oscillation in the natural circulation loops [35]. This
concept is visible from the following graphs, i.e., increase in
mass flow rate with increase in loop pressure.

The flow instability in the Heater-CHX loop is very high
compared to the other two loops, and also it takes a lon-
ger time to reach a steady state at lower pressure compared
to higher pressure. It may be due to the direct impact of
heat fluxes on the loop fluid at the source of the loop. In the
Heater-CHX loop, at lower pressure, the mass flow is unidi-
rectional, whereas at higher pressure, as soon as the loop is
exposed to heat energy at the source, for a small period of
time in the initial stage, the mass flow takes a bidirectional
path and after that, it follows a unidirectional path.

The influence of operating pressure on the loop fluid
mass flow oscillation is moderate in the HHX-CHX loop
compared to the other two loops. At all operating pressure
of the loop fluid, in the Heater-CHX loop, the mass flow
takes a clockwise direction, and contrary to this occur-
rence, in the HHX-CHX loop, it takes an anticlockwise
direction.

The influence of the operating pressure of the loop fluid
on the mass flow oscillation is very mild in the ISO-CHX
loop compared to the other two loops. This may be due
to the impulsive response of the isothermal wall for any
change in heat input at the source, as temperature distribu-
tion is uniform throughout the heating section of the loop.
This uniform temperature distribution effectively dampens
the mass flow fluctuations faster, leading to a faster rate of
stabilization of the system. Further in this loop, as the loop
fluid’s operating pressure increases, the mass flow changes
its flow direction from clockwise to anticlockwise direction.
It is unique in the ISO-CHX loop compared to the other
two loops under study.

Variation of turbulence kinetic energy

Figure 11 depicts the profile of turbulence kinetic energy
variation in all three NCL configurations at 90 bar pressures
for the heat input of 2000 W heat fluxes at source in Heater-
CHX loop and the temperature of 320.75 K at the hot heat
exchanger inlet of HHX-CHX loop and the uniform tem-
perature of 313.50 K at the Isothermal wall of ISO-CHX
loop. Turbulent flow is a property of the fluid flow but not
a fluid physical characteristic. Velocity, pressure and other
parameters irregular fluctuations cause turbulent flow in
the loop.

Turbulent flow is characterized by fluctuating velocity
fields in the flow region, which is highly chaotic as both
velocity and pressure vary randomly with time. Random
quantities are generally four-dimensional functions of
space-time. Turbulence kinetic energy is the average kinetic
energy per unit mass which is associated with oscillatory
fluid flow. The turbulent energy generated in the flow is
proportional to shear stresses, i.e., frictional and buoyant
forces. In general, Reynolds averaged equations (RNG), i.e.,
k- equations of turbulence models, evaluate the turbulent
energy in the flow field. The ANSYS FLUENT standard k-¢
of turbulence is considered in the present study to com-
pare turbulence kinetic energy profile in various NCLs as
it ensures reasonably fair accuracy for a wide range of tur-
bulent flows. It is to be noted from the temperature profiles
of NCLs that, for given boundary conditions, the operating
temperature of the loop fluid is highest in the Heater-CHX
loop compared to other loops. Flow turbulence is a function
of temperature, and hence higher the temperature indicates
higher turbulence in the loop. Further, higher the turbulent
energy in the fluid flow field indicates a higher heat transfer
rate. Exceptionally excellent Turbulent kinetic energy in the
Heater-CHX loop exhibits a better heat transport property
than other loops. Further, a higher Nusselt number in the
Heater-CHX loop also supplements its better heat transport

property.

Nusselt number

Figure 12 shows the effect of heat input on the Nusselt
number for all three NCLs, i.e., Heater-CHX, HHXCHX
and ISO-CHX loops. The Nusselt number, a non-dimen-
sional form of heat transfer coefficient, is a function of
Reynolds number and Prandtl number (Pr), i.e., in the
loop, the Nusselt number increases with an increase in
Reynolds number. The magnitude of the Reynolds num-
ber increases with an increase in the loop differential tem-
perature, which indicates the increase in turbulence and
hence the higher rate of heat transfer. Nusselt number in
the Heater- CHX loop is very high compared to the other
two configurations at all levels of heat input, and it keeps
on increasing with an increase in the heat input at source
in all NCLs. HHX-CHX NCL configuration demonstrated
the least level of Nusselt number among the cluster of
NCLs considered for analysis. The performance of ideal
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Figure 12. Variation of Nusselt number with heat input for
CO, based Heater-CHX, HHXCHX and ISO-CHX natural
circulation loop.

NCL, i.e., ISO- CHX loop, lies in between the two practical
NCLs.

CONCLUSION

Three-dimensional CFD simulations were conducted
on three different combinations of source and sink in sCO,
based square NCLs to study the influence of change in
boundary condition and operating pressures on transient
and instability behaviour of loop reveals the following:

1.NCLs show instability in the form of oscillation or
both oscillation, flow reversal and the time required
for these instabilities to attain a steady-state depends
on the nature of the chosen boundary condition or
the quantum of heat input applied at the source.

2. The loop fluid mass flow rate, temperature and veloc-
ity oscillation in the Heater-CHX loop are very high
compared to the ISO-CHX loop. This difference in the
behaviour of loops is inherent because the heat trans-
fer rate is fixed and independent of loop fluid tem-
perature in heater, but in other cases, the heat transfer
rate depends on loop fluid temperature. Stability per-
formance of HHX-CHX loop sets in these two loops.

3. In the ISO-CHX loop, the mass flow and temperature
instabilities stabilized faster than Heater-CHX and
HHX-CHX loops, as its response at source is instan-
taneous due to constant temperature throughout the
heating section.

4.For given boundary conditions, the operating tem-
perature of the loop fluid is highest in the Heater-
CHX loop and it is lowest in the HHX-CHX loop.

5.Inall configurations of NCLs considered in the present
study, the mass flow rate increases with an increase in
loop fluid operating pressure, whereas flow instabilities

decrease with an increase in loop fluid operating pres-
sure. It is found that as the operating pressure of the
sCO, increases, the time duration required to reach a
steady-state of the system decreases.

6. At all heat input levels at the source, the average mass
flow rate is lower, and the time taken for the velocity
oscillations to dampen is very high in the Heater-CHX
loop compared to the other two loops. Whereas the
amplitude of flow oscillation is very mild and velocity
oscillations convergence at a shorter time duration in
the ISO-CHX loop compared to the other two loops.

7.1n all configurations of NCL, at lower heat input, the
loop fluid flow takes a bidirectional path at regular
intervals. However, it follows a unidirectional path
at higher heat input except for inconsequential ini-
tial glitches in the Heater-CHX loop. Further, the
direction of flow is highly inconsistent and extremely
unpredictable in all configurations of NCL consid-
ered. The direction of mass flow is independent of the
boundary conditions and quantum of heat input.

8. Nusselt number in the Heater-CHX loop is very high
compared to HHX-CHX and ISO-CHX loops because
of its high turbulent kinetic energy and it leads to bet-
ter heat transport property in the case Heater-CHX
loop.
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NOMENCLATURE
A Area, m?
C, Specific heat, J/kg -K
d Particle diameter, m?
g Acceleration due to gravity, m/s?
h Enthalpy, J/kg
m Mass flow rate, kg/s.
p Pressure, Pa
pr Prandtl number, pr = p_fﬂ
Pr, Turbulent Prandtl number
Q Heat input, W
pvd
Re Reynolds number, Re = —
sCO, Supercritical carbon dioxide
sCO,NCL Supercritical carbon dioxide based NCL
T Temperature, K
t Time, s
u Velocity in X-direction, m/s
v Velocity in Y-direction, m/s
w Velocity in Z-direction, m/s
Greek symbols
h Heat transfer coefficient, W/m?K
B Volumetric expansion coefficient, 1/K
K Turbulent kinetic energy. m*/s’
A Thermal conductivity, W/m.K
u Viscosity, Pa. s .
K, Turbulent Viscosity, C p K?
€ Turbulent Kinetic energy dissipation rate,
m?/s’
G Rate of generation of turbulent Kkinetic
energy, kg/m.s*
Subscripts
r radial direction
ss Steady state
X local, value of axial direction
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