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Optimum Operating Conditions
for Subcritical/Supercritical
Fluid-Based Natural
Circulation Loops

Natural circulation loop (NCL) is simple and reliable due to the absence of moving com-
ponents and is preferred in applications where safety is of foremost concern, such as
nuclear power plants and high-pressure thermal power plants. In the present study, opti-
mum operating conditions based on the maximum heat transfer rate in NCLs have been
obtained for subcritical as well as supercritical fluids. In recent years, there is a growing
interest in the use of carbon dioxide (CO) as loop fluid in NCLs for a variety of heat
transfer applications due to its excellent thermophysical environmentally benign proper-
ties. In the present study, three-dimensional (3D) computational fluid dynamics (CFD)
analysis of a CO;-based NCL with isothermal source and sink has been carried out.
Results show that the heat transfer rate is much higher in the case of supercritical phase
(if operated near pseudocritical region) than the subcritical phase. In the subcritical
option, higher heat transfer rate is obtained in the case of liquid operated near saturation
condition. Correlations for optimum operating condition are obtained for a supercritical
COj-based NCL in terms of reduced temperature and reduced pressure so that they can
be employed for a wide variety of fluids operating in supercritical region. Correlations
are also validated with different loop fluids. These results are expected to help design
superior optimal NCLs for critical applications. [DOI: 10.1115/1.4031921]
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pseudocritical point

1 Introduction

Since NCLs work on buoyancy effect caused by density gradi-
ent, no moving components, such as pumps and compressors, are
required to circulate the loop fluid. Such simple and reliable
characteristics of NCLs attract various engineering applications
particularly in small to medium capacity systems and are always
preferred where safety is of foremost concern irrespective of
plant capacity. NCLs are widely used in applications, such as
refrigeration and air conditioning systems, solar collectors,
nuclear reactors, high-pressure power plant, and transformer cool-
ing. Since performance of the loop directly depends on the loop
fluids, selection of loop fluids plays a vital role. In recent years,
CO, has emerged as a preferred loop fluid [1-3] due to its favor-
able thermophysical properties in addition to its environmental
benignity (zero ozone depletion potential and negligible global
warming potential). The studies show that for low-temperature
refrigeration and air conditioning applications, CO,-based NCLs
are more compact in comparison to other conventional working
fluids [2] and have been proposed for various heat transfer appli-
cations, such as geothermal [4-6], solar collector [7], stirling
cooler [8], and heat pump [9,10]. In a recent review paper by Sar-
kar et al. [11] on supercritical NCLs for nuclear applications, it
was indicated that CO, as a working fluid leads to higher flow and
hence greater heat transfer rates compared to water, thereby mak-
ing it the superior working fluid.

The studies carried out by Yadav et al. [12] for the subcritical
region of liquid CO,-based NCLs show that the best operating
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condition for maximum heat transfer rate is found near the satura-
tion pressure for the required temperature. Since the critical tem-
perature of CO, is low (=31 °C), it becomes necessary to operate
the loop with CO, in supercritical region when the temperatures
of the heat source and sink are high. A large number of studies, on
heat transfer in the supercritical region using different fluids for
both forced as well as NCLs, show that higher heat transfer rates
are obtained when the fluids are operated near what is called the
pseudocritical point [13-18].

In general, pseudocritical point is defined as the temperature at
which the specific heat (cp,) of fluid at constant pressure reaches a
maximum value [19-22]. For NCLs, the volumetric expansion
coefficient plays an important role. At a given pressure, the prop-
erty variation with temperature shows that the volumetric expan-
sion coefficient reaches its maximum value at a temperature,
which is not exactly the same as the temperature at which ¢,
becomes the maximum. It is well known that near pseudocritical
region, other thermophysical properties relevant in NCLs also
vary abruptly. Hence, it will be more meaningful to define opti-
mum operating condition for natural convection based on
Rayleigh number which takes care of variation of all the relevant
thermophysical properties. Many authors have defined modified
Grashof number for the heat transfer studies of NCLs. Based on
modified Grashof number, modified Rayleigh number may also be
defined. In the present study, three different correlations have
been developed based on maximum specific heat (also called
pseudocritical point), Rayleigh number, and modified Rayleigh
number (Ra,,) for optimum operating condition in supercritical
region. It would be convenient if one can obtain the optimum
operating condition for a given operating temperature using a gen-
eral correlation applicable to all fluids operating in the supercriti-
cal region. In this study, correlations have been proposed to find
the optimum operating condition for different temperatures in the
form of reduced parameters.
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2 Physical Model and Mathematical Formulations

2.1 Physical Model. Figure 1 shows the schematic of 3D rec-
tangular NCL which consists of an isothermal sink, an isothermal
source, and left and right insulated pipes. The loop fluid is heated
sensibly in the isothermal heat source (Ty) and is cooled sensibly
in the isothermal heat sink (7). Wall temperatures (T and T¢) of
source and sink are kept constant. Circulation of the loop fluid is
maintained due to the buoyancy effect caused by heating at the
bottom and cooling at the top. Geometric and material specifica-
tions of the model are given in Table 1.

The following simplifying assumptions are made in the
analysis:

(i) The loop fluid, CO,, is in single-phase throughout the
loop.

(i) The system is operating at steady-state.

(iii) All external walls except the heat source and sink are
perfectly insulated.

(iv) Wall material is
conductivity.

isotropic  with constant thermal

2.2 Mathematical Formulations and Solution. The govern-
ing mass, momentum, and energy equations are shown below.
These equations with relevant boundary conditions are solved by
ANSYS (FLUENT) 14.5.

Conservation of mass

V- (pV)=0 (1

Conservation of momentum
expressed as

(Navier—Stokes equation) is

A 1 1
Isothermal Sink
H Left Right
0 insulated g ﬂ insulated
pipe pipe
y
&'\V X Isothermal Source
v | |
- ] |
lelle L u
j[>ie amgl
Fig.1 Schematic of the NCL employed in the model
Table1 Geometric and material specifications for the model
Parameters Value
Internal diameter of the loop (d) 15mm
Length of isothermal sink or source (L) 120cm
Total width of the loop (L) 146 cm
Total height of the loop (Hy) 124.5cm
Total length of the loop (L,) 545 cm
Insulated pipe length in horizontal pipe (2L;) 26 cm
Radius of curvature for bend (R) 30 mm
Tube wall thickness 2 mm
Material of the loop Copper
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V- (pVV) = =Vp+ V- (T) + pg 2)

where the stress tensor can be written as

Second term in stress tensor is the effect of volume dilation and /
is the unit tensor.

Conservation of energy with viscous dissipation may be
expressed as

VA(V(pE+p)) =V - (4etsVT +7 - V) 3)
where
T 2
E= J cpdT + v )
Tref 2

and T, =298.15K.

2.2.1 Model for Turbulence Analysis. Turbulent flow models
for supercritical fluids are less developed and still under intense
study [23]. In view of that, a general renormalization group
(RNG) k—¢ model is selected as the first step to introduce the
expression of turbulent effect. This method has also been used
successfully in previous studies on supercritical CO, turbulent
flow yielding accurate results [12,18,24].

The transport equations for RNG k—¢ model are written as

0

0 ok
o (pku;) = ax (“kﬂeff 8_x,> + G + Gy — pe 5)

2

0 0 de g e
3_)61_(?'9”1') = B—)c, (%Heff 3_1]) + Clsz(Gk + C3.Gyp) — CZSPI —R,
(6)

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

Gy = 1S? ©)

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

S= \/2S,'jS,‘j (8)

S;j is the rate-of-strain tensor defined as

1 (Ou;  Ouj
S,“ == - - 9
/ 2 <8X[ + 8x,-) ( )
t = pCuk® & (10)
Generation of turbulence due to buoyancy is given by
# OT
Gy = fgi——— 11
v = Bg Pr, Ox; (11)
where
1 8p)
=——|= 12
== ( 7) (12)
Pr, = 1/u (13)
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o —1.3929 [“%!) 5423929 %7 a4
oy — 1.3929 oo + 2.3929 gt
oo = 1/Pr=1/uc, (15)

r — Cup* (1= n/no)e’ (16)
¢ (140.0121%)k

where n=Sk/e, 1no=4.38,
Cy,=1.42,and C,,=1.68

C,=0.0845, oy =ua,=1.393,

3‘ a7

Cs, =tanh
u

where 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

’k 1
d(j—@) - 1.72ﬁdﬁ (18)
where
V= st/ 1 19)
and C, =~ 100.
Effective conductivity is expresses as
Jett = ACp lheg (20)

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
m= J pVdA @201
0
Local bulk mean temperature of the fluid is expressed as
A
J cpTpVdA
_Jo
=2, (22)
J cppVdA
0

Steady-state Reynolds number and modified Grashof number [25]
are defined as

4
Re = J”L 23)
& p>QH
Gry = % 24)
wep

where Q is the heat transfer rate from the heat source to the sink.
Heat transfer rate at source/sink wall

0= —JA <Ag)dA = JA h(Ty — T¢)dA

0 7 0

(25)

where 7 is the area-weighted average wall function heat transfer
coefficient for isothermal source or sink
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A
J hdA
e (26)

A
JdA
0

Modified Rayleigh number (Ra,,) is defined as

h=

2p>d>OH
Ra,, = Gr,, x Pr = 7ﬂgpA,u22 0 27)
where Pr is the Prandtl number.
Rayleigh number is defined as
2L36T
Ra=Gr x Pr= —ﬁgcpz/l s (28)

where L is the characteristic length and 07 is the temperature dif-
ference between fluid and wall.

All properties are calculated at the bulk mean temperature (7;,)
of the loop fluid, defined as

>
_ =l

n

Tm (29)

where 7 is the number of cross sections considered in the loop.
Average temperature of the loop is defined as

Tavg =5 (30)

where T and Ty are the isothermal wall temperatures of sink and
source, respectively.
For wall conduction

VT =0 (3D

Boundary conditions

(1) No-slip and no-penetration boundary conditions are
applied near the walls.
(i) All external walls except source and sink are perfectly
insulated.
(iii) For internal walls, conjugate heat transfer is considered.
(iv) Source and sink wall temperatures are known boundary
conditions.

2.2.2  Simulation Details. A 3D geometry was prepared and
steady-state simulation was carried out, where the implicit-
coupled finite-volume method was used to discretize the govern-
ing equations. The pressure-implicit with splitting of operators
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 face
values. Turbulence parameters (k, ¢, etc.) are also iterated with a
second-order upwind scheme. The pressure staggering option
scheme is used to discretize the pressure term. No-slip boundary
condition is used on the pipe walls. For the near wall treatment, a
standard wall function has been assumed in case of turbulent flow
[26]. This function has been also used successfully in previously
reported relevant studies [12,27]. Axial conduction and viscous
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 preset conver-
gence criterion of 107 for the residuals of continuity equation
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Fig.2 Meshing of a cross section (fluid part only)

and 107° for the energy equation. Conservation of mass and
energy is also checked for all the cases in the analysis.

Figure 2 shows the meshing of a cross section (fluid part only)
of the loop which has a minimum grid size of 0.2 mm in radial
direction near the wall and increases to the maximum grid size of
1.5mm away from the wall. Coarse meshing is adopted in the
axial direction (5 mm grid size in horizontal pipes including bends
and 10mm for vertical pipes). Mesh generation yielded a total of
235,552 nodes. The values of nondimensional parameters Y" and
Y" have been checked for all the cases of turbulent flow to ensure
optimal choice of fineness of grid. The maximum Y+ and ¥ val-
ues in the present study are 54.5 and 54.4, respectively, which
ensure that the grid is suitable for the assumption of standard
wall function near the wall [26]. 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 was considered
near the wall and 0.4 mm away from the wall; in case of coarse
grid, a 0.3 mm grid size was considered near the wall and 1.2 mm
away from the wall. Results are obtained for a loop operating
pressure of 90bar with source and sink temperatures of 323K
and 305 K, respectively. Performance of the loop is presented in
terms of mass flow rate (m) and heat transfer rate (Q). It may be
noted that the differences between coarse and fine grid results are
within 1%. )

Parameters Y™ and Y~ are defined as

Y* = puy/p (32)
where u, is the friction velocity, defined as \(t/p), in which 1, is
the wall shear stress

*

1/2
_pClARy
o

(33)

where £, is the turbulent kinetic energy, y is the distance from the
wall, and C,, = 0.0845.

2.3 Calculation of Thermophysical Properties of CO,.
Since the state of CO, inside the loop varies from subcritical to
supercritical and the variation in thermophysical 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 (occurs due to very low
viscosity of CO,), the effect of variation of pressure on the proper-
ties of single-phase CO, is not expected to be significant
[18,28,29]. For example, in the present study, the maximum pres-
sure drop in the entire loop is 0.06 bar (=0.03 bar) at operating
pressure of 100bar, which is equal to *0.03% of the average
operating pressure. Hence, for a given operating pressure, the

112501-4 / Vol. 138, NOVEMBER 2016

Table 2 Grid independence test for operating pressure 90 bar
and sink and source temperatures 305 K and 323 K, respectively

Minimum grid No. of Heat transfer Mass flow
size (mm) nodes rate (W) rate (kg/s)
0.1 387,000 2239 0.07932
0.2 235,552 2217 0.07803
0.3 140,085 2174 0.07569

properties of CO, at any point in the loop are calculated at the
fixed operating pressure and local temperature. The required prop-
erties of CO, including density, specific heat, thermal conductiv-
ity, and viscosity are obtained from the NIST Standard Reference
Database rerproP Version 9.1 [30]. The properties of CO, for the
operating temperature range at a temperature difference of 1 K are
added to the fluid properties library, and a piecewise-linear inter-
polation approach is used to calculate the properties within the
same temperature difference.

3 Results and Discussion

This study has been carried out for a wide range of operating
pressures and temperatures of NCL. The operating temperature
range is chosen such that it covers the subcritical and supercritical
region of CO, and would be useful for various engineering appli-
cations of heat transfer. Operating pressure of the loop is defined
at the center of the isothermal source.

3.1 Heat Transfer Rate of Subcritical and Supercritical
CO,. Heat transfer rate of subcritical liquid and supercritical CO,
is shown in Figs. 3(a) and 3(b), respectively. Results are obtained
for different AT (temperature difference between isothermal
source and sink) at various average temperatures of the NCL.
Operating average temperature for Fig. 3(a) is 283 K which is rel-
evant in air conditioning applications. The operating pressure
choice ensures that CO, remains in liquid phase only (Fig. 3(a)).
Results also show that in the subcritical region, a lower operating
pressure of liquid CO, leads to a higher heat transfer rate. This
may be attributed to the variation of thermophysical properties of
liquid CO, with pressure such that operation of the loop near the
saturation point yields better performance. At constant pressure,
as liquid temperature approaches saturation temperature, its volu-
metric expansion coefficient and specific heat increase, whereas
viscosity decreases. The changes in these properties are favorable
in an NCL, which lead to increase in heat transfer rate.

For the supercritical region, studies are carried out at an operat-
ing average temperature of 313K shown in Fig. 3(b) to obtain
typical heat transfer behavior of supercritical CO,. Figure 3(b)
shows that the heat transfer rate is the highest for an operating
pressure of 90 bar. Average operating temperature (313 K) of the
loop is close to the pseudocritical point (313.2 K) at 90 bar which
causes higher heat transfer rate at this pressure. From thermody-
namic properties data [30], pseudocritical points for various oper-
ating pressures of CO, have been obtained and shown in Table 3.
Results have also been obtained for average operating tempera-
tures of 323 K and 333 K and shown in Figs. 3(c) and 3(d), respec-
tively. The results exhibit that near the pseudocritical region,
supercritical fluid yields higher heat transfer rate due to favorable
thermophysical properties. As operating temperature increases,
pseudocritical region shifts toward higher pressure (Table 3).

3.2 Optimum Operating Condition for Maximum Heat
Transfer Rate. Optimum operating condition is defined here as
the operating pressure at which heat transfer rate is the maximum
for a given average operating temperature of the loop. Based on
the studies carried out for subcritical and supercritical fluid based
NCLs, it can be concluded that the optimum operating condition
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Fig. 3 Variation in heat transfer rate with AT for (a) subcritical CO,, (b) supercritical CO, at 313K, (c) supercritical CO, at
323K, and (d) supercritical CO, at 333K

for subcritical fluid (for liquid phase) lies near the saturation pres-
sure for a given average operating temperature of the loop. For
supercritical fluid, studies have been carried out and correlations
have been proposed for quick estimation of optimum operating

condition. Different criteria are used to obtain distinct correlations - 323K
for optimum pressure at given operating temperature of the loop 6
as shown below.
e Correlation based on pseudocritical point (¢p_max) 5
e Correlation based on Rayleigh number (Ra) »
e Correlation based on modified Rayleigh number (Ra,,) §
2 4
£
g ) /
Table 3 Pseudocritical point for various operating pressures a 3| // p (k‘”kg K)
of CO, | : —j—ﬂ(x10 K"
Pressure (bar) Pseudocritical point (K) 2+ : p (><10_5kglm l
: —O— u (x10” Ns/m”)
80 307.8 [ : —a—k (x102 WImK)
90 3132 1 : ' : L : ; : ;
100 318.1 95 100 105 110 115
110 322.8 Pressure (bar)
120 327.2
Fig. 4 Variation of thermophysical properties with pressure
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Fig. 5 Variation of specific heat of CO, with pressure for differ-
ent temperatures
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Fig. 6 Variation of optimum pressure of CO, with temperature

In general, for efficient heat transfer, pseudocritical point is
chosen as optimum operating condition for forced as well as for
NCLs. As explained before, for natural convection or NCLs, other
properties like volumetric expansion coefficient also play an
important role in addition to specific heat. Figure 4 indicates that
the peak of specific heat does not occur exactly where the peak of
volumetric expansion coefficient occurs. It will be more meaning-
ful to define optimum operating condition for natural convection
based on Rayleigh number which takes care of variation of all the
relevant thermophysical properties. Many authors have defined
modified Grashof number for the heat transfer studies of NCL.
Based on modified Grashof number, modified Rayleigh number
has been defined. Correlation has also been developed based on

—= 313K
1E15 |

1E14 |-

Rayleigh number

1E13

n " 1 n 1 " 1 n 1 " 1
75 90 105 120 135 150 165

Pressure (bar)

Fig. 7 Variation of Rayleigh number with pressure for different
operating temperatures

modified Rayleigh number (Ra,,) and compared with other two
correlations for maximum heat transfer rate.

3.2.1 Correlation Based on Pseudocritical Point (¢, max)-
Figure 5 shows the variation of specific heat for different operat-
ing temperatures of CO, with pressure. Peaks of specific heat for
different operating temperature represent pseudocritical points.
Based on the peak value of specific heat at different operating
temperatures, a correlation is obtained for optimum operating
pressure. Figure 6 shows the variation of optimum pressure with
temperature for supercritical CO, based on ¢, max» Ramax, and
Ra, max. Correlations are expressed generically in terms of the
reduced pressure and temperature so that they can be applied uni-
versally to other fluids as well. The correlation obtained based on
pseudocritical points is also validated with fluids other than CO,
(Table 4).

Correlation based on ¢p_max

Py T
— = —0.724443 — 2.63722( —
P, <TC)

2
+4.38658 (Tz) (1.0 < T/T. < 1.5) (34)

C

where P and P, are the pseudocritical pressure (optimum pres-
sure) and critical pressure of the fluid, respectively.

The proposed correlation exhibits a R value of 99.99% reflect-
ing excellent regressed fit with the actual data. Results also reveal
that the proposed correlation yields a maximum difference of less
than 5% with the actual data which is quite reasonable.

3.2.2  Correlation Based on Rayleigh Number (Ra,,,,). Rayleigh
number is defined as

_ Bgcpp?L3T

Ra = Gr x Pr
Uk

(35)

Table 4 Validation of pressure correlation based on pseudocritical point for given temperature with other fluids (based on ¢, max)

Fluids T. (K) P, (bar) T/T. P/P. (theoretical) Py/P. (correlation) Error (%)
CO, 304.13 73.77 1.1 1.69 1.682 0.6
Water 647.1 220.6 1.1 1.77 1.682 4.7
Ammonia 405.4 113.3 1.1 1.70 1.682 1.0
Propane 369.9 42.48 1.1 1.67 1.682 0.7
R134a 374.2 40.59 1.1 1.75 1.682 3.8
N,O 309.52 72.45 1.1 1.66 1.682 1.6

112501-6 / Vol. 138, NOVEMBER 2016
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Table 5 Validation of pressure correlation based on Rayleigh
number for given temperature with other fluids (based on
Ramax)

Table 6 Validation of pressure correlation based on modified
Rayleigh number for given temperature with other fluids (based
on Ram_max)

Fluids T/T. PP, (theoretical)  Py/P. (correlation) Error (%)  Fluids T/T. PP, (theoretical)  Py/P. (correlation)  Error (%)
CO, 1.1 1.69 1.70 0.3 CO, 1.1 1.60 1.58 1.4
Water 1.1 1.79 1.70 5.2 Water 1.1 1.74 1.58 9.2
Ammonia 1.1 1.70 1.70 0.5 Ammonia 1.1 1.64 1.58 3.7
Propane 1.1 1.68 1.70 0.9 Propane 1.1 1.61 1.58 1.6
R134a 1.1 1.74 1.70 2.7 R134a 1.1 1.65 1.58 43
N,O 1.1 1.67 1.70 1.6 N,O 1.1 1.49 1.58 6.3

where the characteristic length (L.) and temperature difference
between fluid and wall (6T) are assumed to be unity.

Figure 7 shows the variation of Rayleigh number with pressure
for different temperatures of CO,. Based on the peaks of Rayleigh
number (Ra,,,), correlation has been developed for optimum
pressure (Pg). Figure 6 shows the variation of optimum pressure
with temperature for supercritical CO, based on Ra,y.

Correlation based on Rayleigh number

P, T
5= —6.15846 + 7.14089 (T—) (1L0<T/T. < 15) (36)

C C

The proposed correlation exhibits a R* value of 99.92% reflecting
excellent regressed fit with the actual data. Results show that the
proposed correlation yields a modest maximum difference of
5.2% with the actual data. The correlation obtained based on
Rayleigh number is also validated with fluids other than CO,
(Table 5).

3.2.3 Correlation Based on Modified Rayleigh Number
(Ra,_max). Modified Rayleigh number (Ra,,) is defined as

fep*d®0Hy

Ra, = Gr, X Pr= Ak

(37

where d=1cm, Hy=1m, and Q=100W are considered for
developing the correlation. Any constant values can be assigned
to these parameters. Different constant values will affect the mag-
nitude of Ra,, but pressure of peak point will not change.

Figure 8 shows the variation of modified Rayleigh number with
pressure for different temperatures of CO,. Based on the peaks of
modified Rayleigh number (Ra,, max), a correlation has been

1E16

—=—313K
——318K

1E15 |

Modified Rayleigh number

1E14 L

75 95 115 135 155 175
Pressure (bar)

Fig. 8 Variation of modified Rayleigh number with pressure for
various operating temperatures

Journal of Heat Transfer

developed for the optimum pressure (P;). Figure 6 depicts varia-
tion of optimum pressure with temperature for supercritical CO,
based on Ray,, max-

Correlation based on modified Rayleigh number

P, T
S — 426611+ 531627 —
P T,

c c

) (10<T/T. <15) (38)

The proposed correlation exhibits an R? value of 99.94% reflect-
ing excellent regressed fit with the actual data. Results show that
the proposed correlation yields a maximum difference of 9.2%
with the actual data. The correlation obtained based on modified
Rayleigh number is also validated with several fluids other than
CO, (Table 6).

3.3 Comparison Among the Developed Correlations in
Terms of Heat Transfer Rate. All the above-mentioned correla-
tions for optimum operating conditions for supercritical NCLs are
compared in terms of heat transfer rate. Figure 9(a) shows that
the optimum condition obtained employing correlation based on
Rayleigh number yields the highest heat transfer rate. Heat trans-
fer rate is calculated employing CFD simulation for the above-
mentioned NCL with isothermal source and sink. Results show
that the optimum pressure based on modified Rayleigh number is
much lower with low heat transfer rate, whereas optimum pres-
sure based on Rayleigh number is highest with maximum heat
transfer rate.

For maximum heat transfer rate, correlation based on Rayleigh
number is also checked for different operating pressures and is
shown in Fig. 9(b). Results are obtained for two different pres-
sures on either side of the computed optimum pressure (%5 bar).
It is seen that the heat transfer rate is indeed highest at the operat-
ing pressure calculated based on the Rayleigh number correlation.
It is concluded that correlation based on Rayleigh number should
be used to estimate the optimum operating pressure for higher
heat transfer rate in NCLs.

3.4 Validation of Obtained Results With Published
Experimental Data. In order to validate the results obtained from
the CFD simulation, an additional comparison was carried out
employing the experimental data reported earlier by Vijayan [31].
The comparison was made in terms of nondimensional parameters
Reynolds number (Re) and modified Grashof number (Gry,),
which are calculated at the bulk mean temperature (77,) of the
loop. Figure 10 shows that even though the data trends agree rea-
sonably well, significant quantitative difference exists between
the present prediction and the previously reported measured data.
This may be attributed to the geometric dissimilarity in the two
studies and experimental uncertainty.

Vijayan correlation [31]

Re = 1.96(Grynd /L™ 39)

(turbulent flow).
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Fig. 9 (a) Comparison of developed correlations in terms of heat transfer rate and (b) variation of heat transfer rate near the
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Fig. 10 Validation of obtained result with experimental data for
turbulent flow

20
PR Nomenclature
-7 A = area
16 L " ¢p = specific heat capacity
e C, = constant
L C,, Ci;, Cop, C3, = parameters in RNG model equations
— 121 / h d = diameter of inner pipe or loop diameter
e o E = energy
X . . .
- LG g= grav1tat10ngl a(;ce]eratlon
© 8 an Gy, = turbulent kinetic energy due to buoyancy
L = Present study Gy = turbulent kinetic energy due to mean velocity
" - - - - Vijayan correlation gradient
‘f Gr = Grashof number
4 Gr,,, = modified Grashof number
, h = heat transfer coefficient
(') ’ ,; - é * :; * ‘It * '5 H/(; i total height. of yertical pipes
13 = turbulent kinetic energy
GryydiLy (<107) L = length of isothermal source/sink

L. = characteristic length
L, = total length of the loop

Ly = total length of a horizontal pipe
L, = adiabatic pipe length on horizontal pipe
. m = mass flow rate
4 Conclusions p, P = pressure of fluid

This study presents 3D CFD analyses to obtain the optimum
operating conditions based on maximum heat transfer rate for
subcritical and supercritical CO,-based NCLs. The following
inferences are made:

®

(i)

(iii)

For a given loop geometry, supercritical CO, yields higher
heat transfer rate (if operated near pseudocritical region)
than subcritical (liquid/vapor) CO,.

For subcritical liquid phase, the optimum operating condi-
tion occurs near the saturation pressure at a given average
operating temperature of the loop.

Three correlations are proposed for supercritical fluids to
obtain optimum operating condition. Correlation based on
Rayleigh number is found to yield higher heat transfer
rate. These correlations are presented generically in terms
of reduced temperature and reduced pressure so that they
can be employed for a wide variety of fluids operating in
the supercritical region. Correlations are also validated
with different loop fluids.

These results are expected to help design superior optimal

Pr = Prandtl number
Pr, = turbulent Prandtl number
QO = heat transfer rate
r = radius of loop
R = radius of curvature for bends
R, = parameters in RNG model equations
Ra = Rayleigh number
Re = Reynolds number
S = strain tensor
T = temperature
u, v, V= velocity
x = x-coordinate location
y = distance from the wall
Y, Y = nondimensional number

Greek Symbols

o, 0p = thermal diffusivity
oy, o, = parameters in RNG model equations
J = volumetric expansion coefficient

NCLs for critical applications. AT = temperature difference across the CHX/HHX
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oT = temperature difference between fluid and wall
¢ = turbulence dissipation rate
n = parameter in RNG model
/ = thermal conductivity
1 = dynamic viscosity
I, Megs = Viscosity parameters in RNG model
p = density of fluid

T = stress tensor
T,, = wall shear stress

Subscripts
avg = average
¢ = critical
= sink

CO, = carbon dioxide

eff = effective
fluid
source
x-direction/internal
y-direction
modified, bulk mean
radial direction
reference
optimum
wall
axial direction
azimuthal direction
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