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Transient analysis of carbon dioxide based natural circulation loop (NCL) with end heat exchangers has
been carried out. Subcritical and supercritical phases of CO2 are considered with operating pressures in
the range of 50–100 bar for an operating temperature range of 323 K to 363 K. Studies are carried out
for various loop tilt angles, different initial conditions, and different water mass flow rates.

Results are obtained for various inlet temperatures of water in the hot heat exchanger while keeping
the inlet temperature of cooling water in the cold heat exchanger fixed. Effect of tilting the loop in XY
and YZ planes on transient as well as steady state behaviour of loop are also studied. Validation of sim-
ulation results against experimental and numerical results reported in the literature in terms of modified
Grashof number (Grm) and Reynolds number (Re) show good agreement.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction etc. However, detailed modelling and analyses of CO based NCLs
In recent years, a growing popularity of carbon dioxide as sec-
ondary fluid has been witnessed in forced as well as natural circu-
lation loops [1–3]. This may be attributed to the favourable
thermo-physical properties of CO2 in addition to its environment
friendliness. Studies show that any fluid operating near its critical
point offers thermophysical properties that are favourable to natu-
ral circulation loops (NCLs). Operating temperatures of many engi-
neering applications lie around the critical temperature of CO2

(31.2 �C), which makes CO2 one of the best working fluids for NCLs.
However, high critical pressure of CO2 (73.8 bar) is one of the
demerits. NCLs offer certain advantages over forced circulation
loops, particularly in small to medium capacity systems; they are
preferred where safety is of foremost concern, for example, in
nuclear power plants. NCLs are also widely used in applications
such as refrigeration and air conditioning systems, solar collectors,
and nuclear reactors. Studies show that for low temperature refrig-
eration and air conditioning applications, use of CO2 in place of
conventional secondary fluids results in very compact loops [2].
CO2 based NCLs have also been proposed for various heat transfer
applications such as new generation nuclear reactors [4], in chem-
ical extraction [5,6], cryogenic refrigeration [7], heat pump [8],
electronic cooling systems [9], geothermal applications [10,11],
2

are relatively sparse in the literature. Kiran Kumar and Ram Gopal
[12] reported a one-dimensional steady-state analysis of a
rectangular NCL with end heat exchangers for low temperature
applications. Recently Zhang et al. [13] and Chen et al. [14]
reported studies on the effects of heat transfer and the instabilities
of supercritical CO2 flow in a 2-D NCL at a fixed operating pressure
of 90 bar operating over a large heat source temperature range. It
was concluded that using supercritical CO2 as the loop fluid, a tem-
perature difference as small as 25 K between heating and cooling
sources can yield a Reynolds number as high as 6 � 104, resulting
in high heat transfer rates. Most of the studies available for CO2

based NCLs are for isothermal heat source and sink, which has less
practical significance than NCLs with end heat exchangers.

In addition, to account for the strong local buoyancy effects near
pseudo critical zone, and the effect of bends in pipe, etc., it
becomes essential to consider a three-dimensional (3-D) model
for greater accuracy. Recently, Yadav et al. [15,16] have reported
a three-dimensional steady state analysis on CO2 based NCLs.
Review of literature shows that transient analysis of CO2 based
NCLs employing 3-D models are not available in the open litera-
ture. To fill in that void, this study presents a CFD analysis of a
three-dimensional model of subcritical/supercritical CO2 based
NCL with end heat exchangers. Results are presented on the
transient behaviour of the loop at various operating pressures
and temperatures. The operating parameter range is chosen such
that the loop fluid (CO2) exists as a subcritical or supercritical
single-phase fluid.
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Nomenclature

A area
Cl C1e C2e C3e parameters in RNG model equations
cp specific heat capacity
Cv constant
D diameter of outer pipe of CHX and HHX
d diameter of inner pipe or loop diameter
E energy
f friction factor
g gravitational acceleration
Gb turbulent kinetic energy due to buoyancy
Gk turbulent kinetic energy due to mean velocity gradient
Gr Grashof number
Grm modified Grashof number
h heat transfer coefficient
H0 total height of vertical pipes
k turbulent kinetic energy
L length of CHX (sink) and HHX (source)
L0 total length of a horizontal pipe
L1 adiabatic pipe length on horizontal pipe
Lc characteristic length
Lt total length of the loop
m mass flow rate
Nu Nusselt number
p P pressure of fluid
Pr Prandtl number
Prt turbulent Prandtl number
Q heat transfer rate
r radius of loop
R radius of curvature for bends
Ra Rayleigh number
Re Reynolds number
Re parameters in RNG model equations
S strain tensor
T temperature
t time

u v V velocity
x x-coordinate location

Greek letters
a a0 thermal diffusivity
ak ae parameters in RNG model equations
b volumetric expansion coefficient
DT temperature difference across the CHX/HHX
e turbulence dissipation rate
k thermal conductivity
l dynamic viscosity
lt leff viscosity parameters in RNG model
g parameter in RNG model
q density of fluid
s stress tensor

Subscripts
avg average
c critical
C cold heat exchanger, sink
CO2 carbon dioxide
eff effective
f fluid
H hot heat exchanger, source
i x-direction/internal
j y-direction
m modified, bulk mean
max maximum
o external
ref reference
r radial direction
s pseudocritical/optimum/solid
h azimuthal direction
w water, wall
z axial direction

Fig. 1a. Schematic of the NCL with end heat exchangers.

A.K. Yadav et al. / International Journal of Heat and Mass Transfer 79 (2014) 24–33 25
2. Physical model and mathematical formulations

2.1. Physical model

A three dimensional geometry shown in Fig. 1a is prepared in
ANSYS 14.0 using Design Modeler. Figure shows the schematic of
a rectangular NCL comprising a cold heat exchanger (CHX), a hot
heat exchanger (HHX), a riser and a downcomer. The loop fluid is
heated sensibly by extracting heat from the external fluid (hot
water) in HHX and is cooled sensibly by rejecting heat to the exter-
nal fluid (cold 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. Flow in the clockwise direction is
considered positive. Based on commercial availability of stainless
steel and copper tubes, diameter of the pipes are chosen for the
simulation and the entire geometric and material specification of
the model is listed in Table 1.

Studies are carried out at different tilt angles of the loop in
XY and YZ planes. Fig. 1b shows the rotation of the loop in XY
plane in clockwise direction. The loop is considered to be vertical
at a tilt angle of 0�. The loop is also tilted in the YZ plane from
vertical position in counter clockwise direction as depicted in
Fig. 1c. During simulation, most of the transient analysis results
have been taken at the cross section in the middle of the left leg
pipe.



Table 1
Geometric and material specifications for the model.

Parameter Value

HHX and CHX
Inner tube inner diameter (SS) 7.3 mm
Inner tube outer diameter (SS) 9.6 mm
Outer tube inner diameter (Cu) 16 mm
Outer tube outer diameter (Cu) 19.2 mm
Length of heat exchangers (L) 390 mm
Height of the loop (H0) 500 mm
Width of the loop (L0) 500 mm
Internal diameter of the loop 7.3 mm
Curvature radius of the bend (R) 50 mm
Total length of the loop (Lt) 1914 mm
Material of the loop SS

Fig. 2. Meshing of a cross section at CHX/HHX.
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2.2. Grid generation

Meshing of a three dimensional geometry is carried out in
ANSYS 14.0 and Fig. 2 illustrates a sample meshing of a cross sec-
tion of the loop at CHX/HHX. Uniform surface meshing is carried
out for the thickness of walls. For the CO2 side, a minimum grid
size of 0.2 mm is considered in the radial direction near the wall
Fig. 1b. Rotation of the loop in XY plane (front view).
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Fig. 1c. Rotation of the loop in YZ plane (side view).
which increased to the maximum grid size of 0.5 mm away from
the wall. For the water side, a minimum grid size of 0.4 mm is
taken in the radial direction near the wall, increasing to the maxi-
mum grid size of 1.0 mm away from the wall. Coarse meshing is
adopted in the axial direction (5 mm grid size in horizontal pipes
including bends and 10 mm for vertical insulated pipes). This strat-
egy of mesh generation yielded a total of 210,292 nodes. Maximum
skewness of the meshing is 0.421. The value of nondimensional
parameters Y+ and Y⁄ are checked for all the cases of turbulent flow
to ensure optimal choice of fineness of grid. Maximum Y+ and Y⁄

values in the present study are 49.0 and 72.1, respectively, which
ensures that the grid is suitable for the assumption of standard
wall function near the wall [17]. Parameters Y+ and Y⁄ are defined
as:

Yþ � qusy=l ð1Þ

where, us is the friction velocity, defined as
p

(sw/q), in which sw is
the wall shear stress.

Y� �
qC1=4

l k1=2y

l
ð2Þ

where, k = turbulent kinetic energy, y = distance from the wall,
Cl = 0.0845.

Grid independence tests were carried out and results with fine
and coarse grids were compared (Table 2). In case of fine grid,
0.1 mm grid size is considered near the wall and 0.4 mm away
from the wall; for coarse grid, a 0.3 mm grid size is considered near
the wall and 0.6 mm away from the wall. Results are obtained for
loop operating pressure of 90 bar with HHX and CHX water inlet
temperature of 363 K and 305 K respectively. Performance of the
loop is presented in terms of mass flow rate (m) and heat transfer
rate (Q). Differences in results compared with fine grid are less
than 2% for the present study.

2.3. Mathematical formulation and solution methodology

The standard conservation equations are shown below. These
equations with relevant boundary conditions are solved by the
commercial software, ANSYS (FLUENT) 14.0.

Conservation of mass is given by:

@q
@t
þr � ðqV

!Þ ¼ 0 ð3Þ

Conservation of momentum is expresses as:

@ðqV
!Þ
@t

þr � ðqV
!

V
!Þ ¼ �rpþr � s

� �
þ q g! ð4Þ



Table 2
Grid independence test results.

90 bar Grid size in radial direction for CO2 (mm)

TC = 305 K Min. size: 0.1 mm Min. size: 0.2 mm Min. size: 0.3 mm
TH = 363 K Max. size: 0.4 mm (fine grid) Max. size: 0.5 mm (present study) Max. size: 0.6 mm (coarse grid)

m (kg/s) 0.00476 0.00481 0.00474
Q (W) 128 130 126
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where the stress tensor can be written as:

s ¼ l rV
!þrV

!T
� �

� 2
3
r � V
!

I
� �

The second term in stress tensor is the effect of volume dilation, and
I is the unit tensor.

Conservation of energy with viscous dissipation may be
expressed as:

@ðqEÞ
@t
þr � ðV!ðqEþ pÞÞ ¼ r � keffrT þ s � V

!� �
ð5Þ

where,

E ¼
Z T

Tref

cpdT þ V2

2
ð6Þ

and, Tref = 298.15 K.

2.3.1. Model for turbulence analysis
Turbulent models for supercritical fluids are less developed and

still under intense study [18]. Therefore, in the present simulation,
a general Renormalization Group (RNG) k�e model is employed to
introduce the expression of turbulent effect. This method has also
been used successfully in previous studies on supercritical CO2 tur-
bulent flow yielding accurate results [19,20].

The transport equations for RNG k–e model are written as:

@

@t
ðqkÞ þ @

@xi
ðqkuiÞ ¼

@

@xj
akleff

@k
@xj

� �
þ Gk þ Gb � qe ð7Þ

@

@t
ðqeÞ þ @

@xi
ðqeuiÞ ¼

@

@xj
aeleff

@e
@xj

� �
þ C1e

e
k
ðGk þ C3eGbÞ

� C2eq
e2

k
� Re ð8Þ

where Gk and Gb are the generation of turbulence kinetic energy due
to the mean velocity gradients and buoyancy, respectively:

Gk ¼ ltS
2 ð9Þ

where S is the modulus of the mean rate-of-strain tensor, defines as

S �
ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
ð10Þ

Sij is the rate-of-strain tensor defined as,

Sij �
1
2

@ui

@xi
þ @uj

@xi

� �
ð11Þ

lt ¼ qClk2
=e ð12Þ

Generation of turbulence due to buoyancy is given by:

Gb ¼ bgi
lt

Prt

@T
@xi

ð13Þ

where; b ¼ � 1
q

@q
@T

� �
p

ð14Þ

Prt ¼ 1=a ð15Þ
a� 1:3929
a0 � 1:3929

				
				0:6321 aþ 2:3929

a0 þ 2:3929

				
				0:3679

¼ l
leff

ð16Þ

a0 ¼ 1=Pr ¼ k=lcp ð17Þ

Re ¼
Clqg3ð1� g=g0Þe2

ð1þ 0:012g3Þk ð18Þ

where, g � Sk/e; g0 = 4.38; Cl = 0.0845; ak = ae = 1.393; C1e = 1.42;
C2e = 1.68;

C3e ¼ tanh
v
u

			 			 ð19Þ

v is the component of the flow velocity parallel to the gravitational
vector and u is the component of the flow velocity perpendicular to
the gravitational vector.

Equation for the effective viscosity is given by:

d
q2kffiffiffiffiffiffielp

� �
¼ 1:72

bvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffibv 3 � 1þ Cv
p dbv ð20Þ

where; v̂ ¼ leff =l ð21Þ

and, Cv � 100
Effective conductivity is expressed as,

keff ¼ aCpleff ð22Þ

The following terms are defined to describe the fluid flow and heat
transfer phenomena.

Mass flow rate at any cross section is defined as,

m ¼
Z A

0
qVdA ð23Þ

Local bulk mean temperature of the fluid is expressed as,

T ¼
R A

0 cpTqVdAR A
0 cpqVdA

ð24Þ

Steady-state Reynolds number and modified Grashof number
[21] are defined as,

Re ¼ 4m
pdl

ð25Þ

Grm ¼
gbd3q2QH0

Al3cp
ð26Þ

where, Q is the heat transfer rate from heat source to the sink.
Prandtl number is defined as,

Pr ¼ lcp

k
ð27Þ

Nusselt number is defined as,

Nu ¼
�hd
k

ð28Þ

where �h is the area weighted average wall function heat transfer
coefficient:
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Fig. 3. Curve fit data for specific heat of supercritical CO2.
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�h ¼
R A

0 hdAR A
0 dA

ð29Þ

Heat transfer rate; Q ¼ �
Z A

0
k
@T
@r

� �
dA

¼
Z A

0
hðTs � Tf ÞdA; at r ¼ ri ð30Þ

where Ts and Tf are the solid wall temperature and bulk mean fluid
temperature at a cross section, respectively.

Friction factor is defined as,

f ¼ p2qDpd5

8m2L
ð31Þ

where Dp is the total pressure drop in the pipe of length L.
All the properties are calculated at the bulk mean temperature

(Tm) of loop fluid, defined as:

Tm ¼
Pn

i¼1Ti

n
ð32Þ

where n is the number of cross sections considered in the loop.
Average temperature of the loop is defined as,

Tavg ¼
TC þ TH

2
ð33Þ

where TC and TH are the water inlet temperature at the cold and hot
heat exchanger respectively.

For wall conduction, the governing equation is expressed as:

r2T þ 1
aw

@T
@t
¼ 0 ð34Þ

where aw is thermal diffusivity of the wall.
The modified Grashof number expressed in Eq. (26) is some-

what different from the classical Grashof number. Bau and Tor-
rance [22] prefer to call it a non-dimensional heating rate.
However, as the term QH/(Alcp) has the dimensions of tempera-
ture difference and if we consider it as the reference temperature
difference, then it is appropriate to refer to it as a modified Grashof
number [21] as reported lately [13,20,23,24] in the study of NCLs.

Boundary conditions:

(i) No-slip and no-penetration boundary conditions are applied
near the walls.

(ii) All external walls are perfectly insulated.
(iii) For internal walls conjugate heat transfer is considered.
(iv) Water inlet temperature at cold and hot heat exchangers is

known.

2.3.2. Simulation details
The governing mass, momentum and energy equations are

solved employing the CFD code, ANSYS (FLUENT) 14.0. A 3-D
geometry was prepared in ANSYS 14.0 2.4.6 and transient simula-
tion was carried out, where the implicit-coupled finite-volume
method was used to discretize the governing equations. The pres-
sure-implicit with splitting of operators (PISO) algorithm was used
to solve the coupling model between velocity and pressure.

The momentum and energy terms in the governing equations
are iterated with a second-order upwind scheme that uses the
upstream values and gradients to compute the control volume
parameters. Turbulence parameters (k, e, etc.) are also iterated
with a second-order upwind scheme. The PRESTO (Pressure Stag-
gering Option) scheme is used to discretize the pressure term. A
general Renormalization Group (RNG) k�e model is selected as
the first step to introduce the expression of turbulent effect. For
the near wall treatment, a standard wall function has been
assumed in case of turbulent flow [17]. Axial conduction and vis-
cous dissipation in fluid are considered, while axial conduction
along the tube wall is incorporated as well. Convergence is
obtained when various residuals of the parameters (temperature,
velocity, pressure, etc.) change with the iterations within a pre-
set convergence criterion of 10�3 for the residuals of continuity
equation and 10�6 for the energy equation. Conservation of mass
and energy are also checked for all the cases in the analysis. A
very small time step of the order of 10�4 was adopted to attain
convergence during the numerical simulation which was carried
out in a configured computer with an i5 processor and 4 GB
RAM. Average computational time to obtain each simulation
result was 20 days.
2.4. Calculation of thermo-physical properties of CO2 and water

Since the state of CO2 inside the loop varies from subcritical to
supercritical and the variation in thermo-physical properties near
the critical point is extremely large, it is essential to adequately
capture the property variation due to changes in temperature.
However, as shown in the literature, due to very small variation
in operating pressure throughout the NCL the effect of variation
of pressure on the properties of single phase CO2 is not expected
to be significant [12,13]. Hence, the properties of CO2 at any point
in the loop are calculated at the fixed operating pressure and local
temperature. The required properties of CO2 including density,
specific heat, thermal conductivity and viscosity are obtained from
the NIST Standard Reference Database REFPROP version 8 (2006).
Properties of CO2 for the operating temperature range at a temper-
ature difference of 1 K are added to the fluid properties library, and
a piecewise-linear interpolation approach is used to calculate the
properties within 1 K temperature difference. Fig. 3 shows the
comparison of specific heat data used in FLUENT for this study with
REFPROP data. Maximum variation with temperature is observed
in case of specific heat (cp), while for the remaining thermo-phys-
ical properties (density, thermal conductivity and viscosity) the
regression correlation coefficient is good.

Properties of water are taken at the inlet temperature of heat
exchanger and are considered to remain constant throughout the
heat exchanger, due to small variation in water temperature
(3 K) in the heat exchanger.
3. Results and discussion

Mass flow rate of water in CHX as well as in HHX was assumed
to remain constant at a value of 0.05 kg/s except where it is
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mentioned, which ensures turbulent flow on water side. Operating
pressure of the loop is defined at the centre of inlet to the HHX.
Initial temperature of the loop is taken as 305 K before the start
of simulation. It may be noted that most of the transient analysis
results have been plotted at the centre of left leg.

3.1. Effect of hot water inlet temperature

Figs. 4a–4c show the effect of hot water inlet temperature on
mass flow rate, temperature and axial velocity of CO2, respectively.
The left leg centre is the spatial location where all the flow param-
eters are estimated. Average temperature of the loop at a hot water
inlet temperature of 323 K is close to the pseudo-critical region for
a pressure of 90 bar. Near the pseudo-critical region, there is a very
large variation of thermo-physical properties leading to fluctuation
or instability in the beginning of flow. Since the loop is geometri-
cally symmetrical, and thermally almost symmetrical (in/out tem-
perature difference of heat exchanger is less than 1 K), the chances
of flow reversal is greater. Results show that flow direction of the
loop fluid gets reversed at 323 K due to initial instability of flow
as well as due to symmetry of the loop. Figures also show that loop
mass flow rate reaches steady state faster compared to tempera-
ture. Hence, as a conservative estimate, the time for the system
to reach steady state should be obtained from the variation in tem-
perature instead of the mass flow rate. Fig. 4b shows that even
though there is initial fluctuation at 323 K, time to reach steady
state is almost the same.

Fig. 4d shows the effect of hot water inlet temperature on the
heat transfer and mass flow rate of CO2. Due to the excellent
thermo-physical properties near pseudo-critical temperature,
mass flow rate at 323 K is found to be the maximum leading to
high heat transfer coefficient (shown in Table 3). Heat transfer rate
increases with increase in hot water inlet temperature which is
caused by the higher temperature difference between CHX and
HHX. But mass flow rate of loop fluid does not increase at higher
temperature due to its lower density at higher temperature. Table 3
shows that the CO2 side heat transfer coefficient near pseudo-crit-
ical point (TH = 323 K) is higher and close to water side heat trans-
fer coefficient which implies lower irreversibility in heat
exchangers. This also implies that the operating condition of loop
fluid (CO2) should be close to the pseudo-critical region.

3.2. Effect of operating pressure

Figs. 5a–5c show the effect of operating pressure on mass flow
rate and temperature (tilt angle of 0� & 15�) of CO2 for a hot water
inlet temperature of 323 K. Results were obtained at left leg centre
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for operating pressure within the range of 50–100 bar. At this oper-
ating temperature, an operating pressure of 90 bar is closer to the
pseudo-critical point. Trends show that amplitude of fluctuation is
quite large at 90 bar compared to other operating pressures. This



Table 3
Heat transfer coefficient on CO2 side and water side at 90 bar.

TH (K) Heat transfer coefficient on CO2 side (W/m2 K) Heat transfer coefficient on water side (W/m2 K)

CHX HHX CHX HHX

323 2530 2331 3055 3271
343 1394 1101 3056 3773
363 1016 817 3057 4239
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could be attributed to the large variation of properties near
pseudo-critical point as explained above. Due to initial fluctuation
in flow, time required to reach steady state increases. To reduce
fluctuation loop is tilted in XY plane by 15� and results are shown
in Fig. 5c to see the effect of pressure on time to reach steady state
at lesser intensity/frequency of fluctuation. At 90 bar, larger time is
required to reach steady state at the tilt angle of 0� (Fig. 5b) due to
higher degree of fluctuation. Figs. 5b and 5c show that the time
required to reach steady state decreases as operating pressure
increase provided initial fluctuation should be low. At constant
temperature, all thermophysical properties (i.e., density, specific
heat, volumetric expansion coefficient, viscosity) of CO2 increase
with increase in operating pressure. A higher value of thermophys-
ical properties except viscosity is considered to be favourable for
NCLs and these properties in combination lead the system to reach
steady state faster. Table 4 show the time to reach steady state for
different operating pressure and fixed HHX inlet temperature of
323 K at tilt angle of 15�. Results also reveal that mass flow rate
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in case of 90 bar is higher than all other cases and again this may
be attributed to the favourable thermo-physical properties near
the pseudo-critical region.
3.3. Effect of tilt angle

Investigation was carried out on the effect of tilt angle variation
on the system. Figs. 6a–6c exhibit how tilt angle influences mass
flow rate, axial velocity and temperature of CO2 respectively at
100 bar for a hot water inlet temperature of 333 K. The test loop
was tilted in both XY and YZ planes to capture the effect of various
inclinations. It may be observed that the system reaches steady
state in the shortest time in case of the maximum tilt angle
(45�). Results also show that for a zero tilt, amplitude of fluctuation
is the maximum and it decreases as tilt angle increases. It can be
also noted that the flow start-up time and fluctuation in flow
parameters for tilt in YZ plane (45�) is higher than XY plane.
Because tilting loop in YZ plane does not make any difference in
symmetry of the loop, whereas tilting in XY plane makes a loop
thermally and geometrically unsymmetrical which helps in reduc-
tion of fluctuation of flow parameters as well as the flow start-up
time. Thus a more stable behaviour of the loop can be assured with
a small angle of tilt of the loop in XY plane than in YZ plane.

Steady state results for mass flow rate and heat transfer rate are
shown in Fig. 6d which exhibits deterioration in mass flow rate as
well as heat transfer rate with increase in loop tilt angle in both the
planes. It happens due to decrease in effective height of the loop
which suppresses buoyancy effect. Differences in output parame-
ters i.e., mass flow rate and heat transfer rate for XY and YZ planes
are considered to be negligible till a tilt angle of 45�.
Table 4
Time to reach steady state for different operating pressure at tilt angle of 15�.

50 bar 70 bar 80 bar 90 bar 100 bar

Time (s) 650 420 300 250 200
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3.4. Effect of Initial conditions

Studies were also conducted to explore how the initial condi-
tion affects the mass flow rate and temperature of CO2. Figs. 7a
and 7b present this aspect at 100 bar for a hot water inlet temper-
ature of 333 K. As initial temperature of the loop increases, the sys-
tem attains steady state sooner. This may be attributed to the fact
that, as initial temperature increases, it approaches the final aver-
age temperature of the loop faster leading to an earlier attainment
of steady state.

3.5. Effect of water mass flow rate

Water mass flow rate was observed to have a significant impact
on mass flow rate and temperature of CO2. Figs. 8a and 8b exhibit
such effects at 100 bar for a hot water inlet temperature of 333 K
with water mass flow rate at CHX and HHX kept identical for the
simulation exercise. Trends show that increase in mass flow rate
of water leads to an increase in mass flow rate of CO2 as well.

Fig. 8c depicts the steady state heat transfer rate as well as mass
flow rate of CO2 at various water flow rates. The plots show heat
transfer rate and mass flow rate of CO2 to increase with increase
in water mass flow rate. Transient results indicate that the system
reaches steady state faster at larger mass flow rate of water which
could be attributed to the higher heat transfer rate at such
conditions.

3.6. Effect of disturbances on stability of the loop

A quantified measure on the influence of disturbances on loop
stability was obtained through the simulation exercise; such
results are of importance in many practical applications of critical
nature. Fig. 9 shows such effects at 90 bar and at a hot water inlet
temperature of 323 K. Since a greater degree of fluctuation and
flow reversal was observed for this operating condition, it would
be appropriate to study this operating condition for the proposed
stability analysis. Stability of the loop was checked by stopping
and starting the hot water and cold water pumps. Results indicate
that the loop is stable for all the cases of perturbation applied.

3.7. Validation of obtained results

A validation exercise was undertaken for the results obtained
from the CFD analysis. Comparisons were made against experi-
mental data reported earlier by Vijayan [23] for a water based
NCL and with numerical results reported earlier by Yadav et al.
[16] for a CO2 based NCL. Comparison is made in terms of non-
dimensional parameters, namely, Reynolds number (Re) and mod-
ified Grashof number (Grm) calculated at the average temperature
(Tavg) of the loop.

The Vijayan correlation [23] for turbulent flow (experimental) is
expressed as,

Re ¼ 1:96ðGrmd=LtÞ
1

2:75 ð35Þ
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The correlation given by Yadav et al. [16] for turbulent flow
(numerical) is expressed as,

Re ¼ 2:066ðGrmd=LtÞ
1

2:77 ð36Þ

Fig. 10 shows that there is a good match in the trends between
the presented data and the published experimental/numerical
results although the absolute quantities differ, albeit quite mod-
estly. Maximum difference between the simulation prediction
and the experimental results is less than 7%, whereas it is less than
9% if compared with published numerical results, which could be
termed as fairly reasonable.
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4. Conclusion

Transient, numerical simulation studies have been carried out
on CO2 based NCL at various operating conditions. Subcritical and
supercritical phase of CO2 are considered with operating pressure
in the range of 50–100 bar and operating temperature in the range
of 323 K to 363 K. Studies are carried out for various loop tilt
angles, different initial conditions, and different water mass flow
rates. Conclusions from the simulation results can be enumerated
as:

(i) The loop fluid mass flow rate reaches a steady value earlier
than temperature.

(ii) Heat transfer rate increases with increase in hot water inlet
temperature due to greater temperature difference between
CHX and HHX leading to higher buoyancy.

(iii) For stable flow, time to reach steady state decrease as oper-
ating pressure increases.

(iv) Results show that as tilt angle increases mass flow rate as
well as heat transfer rate decrease. As the initial temperature
of the loop increases, the system reaches steady state sooner.

(v) Flow start-up time and fluctuation in flow parameters for tilt
in YZ plane is higher than those in XY plane.

(vi) Heat transfer rate and mass flow rate of CO2 increase with
increase in external water mass flow rate. Results show that
the system reaches steady state faster at a higher mass flow
rate of water which occurs due to the resulting higher heat
transfer rate.

(vii) Stability of the loop was studied by turning off and turning
on hot water and cold water pump. Results indicate the loop
to be stable under the influence of all cases of disturbance
applied.
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