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Effect of Tilt Angle on
Subcritical/Supercritical
Carbon Dioxide-Based Natural
Circulation Loop With
Isothermal Source and Sink
In recent years, a growing popularity of carbon dioxide (CO2) as a secondary fluid has
been witnessed in both forced as well as in natural circulation loops (NCLs). This may be
attributed to the favorable thermophysical properties of CO2 in addition to the environ-
mental benignity of the fluid. However, an extensive literature review shows that studies
on CO2-based NCLs are very limited. Also, most of the studies on NCLs do not consider
the three-dimensional variation of the field variables. In the present work, three-
dimensional computational fluid dynamics (CFD) models of a NCL with isothermal
source and sink have been developed to study the effect of tilt angle in different planes.
Studies have been carried out employing subcritical (liquid and vapor) as well as super-
critical phase of CO2 as loop fluid at different operating pressures and temperatures.
Results are obtained for a range of tilt angles of the loop, and a significant effect is
observed on heat transfer, mass flow rate, and stability of the loop. It was also found that
changing the orientation of the loop could be an elegant and effective solution to the flow
instability problem of NCLs. [DOI: 10.1115/1.4030702]
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1 Introduction

NCL is safe and reliable due to absence of any moving compo-
nents such as pumps and compressor. It removes heat from a
source and transports it to a sink located at higher elevation by
means of buoyancy caused by temperature difference between
source and sink. NCLs are widely used in applications such as
refrigeration and air-conditioning systems, solar collectors, and
nuclear reactors. In recent years, CO2 has been found to be suita-
ble as a secondary fluid in both forced convection loops as well as
in NCLs [1–3] and has been proposed for various applications
such as new generation nuclear reactors [4], chemical extraction
[5,6], cryogenic refrigeration [7], heat pump [8], electronic cool-
ing systems [9], and geothermal applications [10,11]. This may be
attributed to the favorable thermophysical properties of CO2

(shown in Table 1) in addition to its environment friendliness
[12,13]. Studies show that for low temperature refrigeration and
air-conditioning applications, CO2-based NCLs are more compact
in comparison to other conventional working fluids [2] and have
been proposed for various heat transfer applications such as geo-
thermal [10,11,14], solar collector [15], Stirling cooler [16], and
heat pump [8,17]. However, an NCL may be subjected to the
problem of instability, due to which the magnitude and direction
of fluid flow may fluctuate in time. Many researchers [18–23]
have reported and studied the problem of instability in NCLs.
Instability problem becomes prominent if the loop is geometri-
cally as well as thermally symmetrical. Studies show that tilting
the loop may offer a solution to the stability problems [24,25].

However, effect of tilt angles on heat transfer and stability of
CO2-based NCL with isothermal source and sink is not available
in open literature. In the present study, a CO2 loop is considered
and effect of tilt angles on heat transfer and stability of the loop
are studied. Results are presented on the transient behavior of the
loop at various operating pressures and temperatures. The operat-
ing parameter range is chosen such that the loop fluid (CO2) exists
either in a subcritical state or in a supercritical state.

2 Physical Model and Mathematical Formulations

2.1 Physical Model. Figure 1(a) shows the schematic of a 3D
rectangular NCL which consists of an isothermal sink, an isother-
mal source, and left and right insulated legs. The loop fluid is
heated sensibly in the isothermal source (TH) and is cooled sensi-
bly in the isothermal sink (TC). Circulation of the loop fluid is
maintained due to the buoyancy effect caused by heating at the
bottom and cooling at the top.

Studies are carried out at different tilt angles of the loop in XY
and YZ planes. Figure 1(b) 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 deg. The loop is also tilted in the YZ plane from
vertical position in counterclockwise direction as depicted in

Table 1 Comparison of thermophysical properties of CO2

(P 5 60 bar (liquid) and P 5 90 bar (supercritical)) with water
(P 5 1 atm) at same temperature [12]

Ratio b cp k l q

Liquid CO2/water (T¼ 283 K) 101 0.64 0.18 0.07 0.88
Supercritical CO2/water (T¼ 313 K) 256 3.06 0.11 0.05 0.5
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Fig. 1(c). Geometric and material specifications of the model are
given in Table 2. In the present studies, the fluid flow is turbulent
in all cases.

The following simplifying assumptions are made in the
analysis:

(a) The loop fluid is in single-phase throughout the loop.
(b) The left and right vertical legs of the loop are perfectly

insulated (adiabatic).

(c) Wall material is isotropic with constant thermal
conductivity.

2.2 Mathematical Formulation and Solution. The standard
conservation equations with unsteady terms are shown below.
These equations with relevant boundary conditions are solved by
the commercial software, ANSYS (FLUENT) 14.5.

Conservation of mass

@q
@t
þr � ðqVÞ ¼ 0 (1)

Conservation of momentum (Navier–Stokes equation) is
expresses as

@ðqVÞ
@t
þr � ðqVVÞ ¼ �rpþr � s

� �
þ qg (2)

where the stress tensor can be written as

s ¼ l rVþrVT
� �

� 2

3
r � VI

� �

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 � ðVðqEþ pÞÞ ¼ r � keffrT þ s � V

� �
(3)

where

E ¼
ðT

Tref

CpdT þ V2

2
(4)

and Tref¼ 298.15 K.

2.2.1 Model for Turbulence Analysis. Turbulent models for
supercritical fluid are less developed and still under intense study
[26]. Therefore, in the present simulation, a general renormaliza-
tion group (RNG) k–e model is employed to introduce the expres-
sion of turbulent effect. This method has also been used
successfully in previous studies on supercritical CO2 turbulent
flow yielding accurate results [27,28].

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 (5)

@

@t
ðqeÞ þ @

@xi
ðqeuiÞ

¼ @

@xj
aeleff

@e
@xj

� �
þ C1e

e
k
ðGk þ C3eGbÞ � C2eq

e2

k
� Re (6)

Fig. 1 (a) Schematic of the NCL employed in the model, (b)
rotation of the loop in XY plane (front view), and (c) rotation of
the loop in YZ plane (side view)

Table 2 Geometric and material specifications for the model

Parameter Value

Internal diameter of the loop (d) 15 mm
Length of isothermal sink or source (L) 120 cm
Total width of the loop (L0) 146 cm
Total height of the loop (H0) 124.5 cm
Total length of the loop (Lt) 545 cm
Insulated pipe length in horizontal pipe (2L1) 26 cm
Radius of curvature for bend (R) 30 mm
Tube wall thickness 2 mm
Material of the loop Copper
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where Gk and Gb are the generation of turbulence kinetic energy
due to the mean velocity gradients and buoyancy, respectively,

Gk ¼ ltS
2 (7)

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

S �
ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

p
(8)

Sij is the rate-of-strain tensor defined as

Sij �
1

2

@ui

@xi
þ @uj

@xi

� �
(9)

lt ¼ qClk2=e (10)

Generation of turbulence due to buoyancy is given by

Gb ¼ bgi
lt

Prt

@T

@xi
(11)

where

b ¼ � 1

q
@q
@T

� �
p

(12)

Prt ¼ 1=a (13)

a� 1:3929

a0 � 1:3929

				
				0:6321 aþ 2:3929

a0 þ 2:3929

				
				0:3679

¼ l
leff

(14)

a0 ¼ 1=Pr ¼ k=lcp (15)

Re ¼
Clqg3ð1� g=g0Þe2

ð1þ 0:012g3Þk (16)

where g� Sk/e; g0¼ 4.38; Cl¼ 0.0845; ak¼ ae¼ 1.393; C1e

¼ 1.42; and C2e¼ 1.68

C3e ¼ tanh
v

u

						 (17)

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
q2kffiffiffiffiffi
el
p
� �

¼ 1:72
bvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffibv 3 � 1þ Cv

p dbv (18)

where

bv ¼ leff=l (19)

and Cv � 100:
Effective conductivity is expressed as

keff ¼ aCpleff (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

m ¼
ðA

0

qVdA (21)

Local bulk mean temperature of the fluid is expressed as

T ¼

ðA

0

cpTqVdAðA

0

cpqVdA

(22)

Steady-state Reynolds number and modified Grashof number [29]
are defined as

Re ¼ 4m

pdl
(23)

Grm ¼
gbd3q2QH0

Al3cp

(24)

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

Q ¼ �
ðA

0

k
@T

@r

� �
dA ¼

ðA

0

hðTs � TfÞdA (25)

where �h is the area-weighted average wall function heat transfer
coefficient for isothermal source or sink

�h ¼

ðA

0

hdAðA

0

dA

(26)

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

Tm ¼

Xn

i¼1

Ti

n
(27)

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
(28)

where TC and TH are isothermal wall temperatures of sink and
source, respectively.

For wall conduction

r2T ¼ 1

a
@T

@t
(29)

Boundary conditions

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

(ii) All external walls except source and sink are perfectly
insulated.

(iii) For internal walls, conjugate heat transfer is considered.
(iv) Source and sink temperatures are known boundary

conditions.

2.2.2 Simulation Details. The governing equations for mass,
momentum, and energy are solved employing the CFD code,
ANSYS 14.5 (FLUENT). A 3D geometry was prepared and transient
simulation was carried out, where the implicit-coupled finite-
volume method was used to discretize the governing equations.
The pressure-implicit with splitting of operators algorithm was
used to solve the coupling model between velocity and pressure.
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This method has also been used successfully in previously
reported relevant studies [23,28,30,31].

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, e, etc.) are also iterated with a
second-order upwind scheme. The pressure staggering option
scheme is used to discretize the pressure term. For the near wall
treatment, a standard wall function has been assumed in case of
turbulent flow [32]. 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 resid-
uals of the parameters (temperature, velocity, pressure, etc.)
change with the iterations within a preset 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.

Figure 2 shows the meshing of a cross section 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 0.8 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 pipes). Mesh generation yielded a total of 235,552 nodes.
The values of Yþ and Y* have been checked for all the cases
of turbulent flow to ensure optimal choice of fineness of grid.
Maximum Yþ and Y* values 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 [32]. Grid
independence tests were carried out and results with fine and
coarse grids were compared (Table 3). 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 90 bar with source and sink tem-
perature of 323 K 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%.

2.3 Calculation of Thermophysical Properties of CO2.
Since the studies are carried out for subcritical (liquid and vapor)
as well as supercritical states of CO2 close to critical points where
the variation in thermophysical properties 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 [30,33]. Hence, for a given
operating pressure, the properties of CO2 at any point in the loop
are calculated at the fixed operating pressure and local tempera-
ture. The required properties of CO2 including density, specific
heat, thermal conductivity, and viscosity are obtained from the
NIST Standard Reference Database REFPROP Version 9.1 [12].
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.

3 Results and Discussion

This study has been conducted for tilt angle varying from 0 to
45 deg in XY and YZ planes. Subcritical (liquid and vapor) and
supercritical CO2 are considered for the study. The operating tem-
perature range is chosen in such a way that it covers the subcritical
and supercritical region of CO2 and would be useful for various
engineering applications involving transport of heat. Operating
pressure of the loop is defined at the center of the isothermal
source. For transient studies, sink temperature is considered as
initial temperature of the loop.

Operating pressures and temperatures considered in the study
are shown in Table 4. Temperature difference between isothermal
source and sink is kept constant at 18 K.

3.1 Variation of Temperature and Velocity Throughout
the Loop. Figures 3(a)–3(d) show the variation of local average
temperature and velocity of CO2 throughout the loop for different
tilt angles in XY and YZ planes for supercritical case. Since tem-
perature of sink (305 K) and source (323 K) are kept constant,
therefore no significant effect of tilt angles on temperature is
observed (Figs. 3(a) and 3(b)). Variation of temperature through-
out the loop can be seen in the results for both the cases due to
temperature difference between source and sink. Effect of tilt
angles on velocity can be observed from Figs. 3(c) and 3(d) for
both the planes XY and YZ, respectively. Results show that at
higher tilt angles, velocity is lower which occurs due to decrease
in effective height of the loops as tilt angle increases.

3.2 Effect of Tilt on Heat flux. Figures 4(a) and 4(b) show
the effect of tilt angles in XY and YZ planes on heat flux, respec-
tively. Results are obtained for constant DT (temperature differ-
ence between isothermal source and sink) of 18 K at different
source and sink temperatures. Results show that if angle of tilt

Fig. 2 Meshing of a cross section (fluid part only)

Table 3 Grid independence test for operating pressure 90 bar,
sink and source temperatures 305 K and 323 K, respectively

Minimum grid
size (mm)

No. of
nodes

Heat transfer
rate (W)

Mass flow
rate (kg/s)

0.1 387,000 2239 0.07932
0.2 235,552 2217 0.07803
0.3 140,085 2174 0.07569

Table 4 Operating pressure and temperature

State of loop fluid Pressure (bar) TC (K) TH (K)

Subcritical liquid 70 274 292
Subcritical vapor 70 305 323
Supercritical 90 305 323

011007-4 / Vol. 8, MARCH 2016 Transactions of the ASME
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increases heat flux decreases in both the planes which may be
ascribed to decrease in effective height of the loop.

It can also be seen from the results that the heat flux in the case
of supercritical phase is very high compared to subcritical phase.
This occurs due to the operating of loop near pseudocritical region
in supercritical phase [13,31]. Near pseudocritical region, the
working fluid thermophysical properties are favorable for NCLs.
Thermophysical properties near pseudocritical region in supercrit-
ical phase are given in Table 1. Very high volumetric expansion
coefficient, very low viscosity, and higher specific heat capacity
near pseudocritical point cause higher heat flux/heat transfer rate
in the supercritical phase.

3.3 Effect of Tilt on Mass Flow Rate. Figures 5(a) and 5(b)
show the effect of tilt angles in XY and YZ planes on mass flow
rate, respectively. Results show that if angle of tilt increases, mass
flow rate decreases in both the planes due to decrease in effective
height of the loop. Decrease in mass flow rate decreases the
Reynolds number and hence the heat transfer coefficient.

3.4 Effect of Isothermal Source Temperature on Heat
Flux. Figure 6 shows the effect of isothermal source temperature
on heat flux/heat transfer rate for different angles of tilt. Heat
transfer rate depends on temperature difference (DT) and

Fig. 3 (a) Variation of temperature throughout the loop for different tilt angles in XY plane, (b)
variation of temperature throughout the loop for different tilt angles in YZ plane, (c) variation
of velocity throughout the loop for different tilt angles in XY plane, and (d) variation of velocity
throughout the loop for different tilt angles in YZ plane

Fig. 4 (a) Variation in heat flux rate with angle of tilt in XY plane and (b) variation in heat flux
rate with angle of tilt in YZ plane
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operating condition of the loop. If the operating condition is near
the pseudocritical region, then higher heat flux is obtained due
to very good thermophysical properties. Results also show that
tilting loop in XY plane yields slightly higher heat flux than tilting
loop in YZ plane.

3.5 Effect of Viscous Dissipation and Axial Conduction on
Heat Transfer Rate. Table 5 shows the effect of viscous dissipa-
tion and wall axial conduction on heat transfer rate. Results show
that heat transfer rate is higher in the case of “with axial conduc-
tion and viscous dissipation” but the difference is not significant.
Compared to axial conduction, viscous dissipation seems to have
no or less effect especially at low heat transfer rates. The effect
may vary for different operating conditions, wall thicknesses, and
wall materials.

3.6 Effect of Tilt on Stability of the Loop. Figures 7(a)–7(f)
show the transient result (temperature and mass flow rate) for dif-
ferent operating conditions and tilt angles. All the results are
obtained at the center of the riser of the loop. Results show that
tilting in XY plane suppresses the fluctuation of flow parameters
for all the operating conditions chosen in the study. Startup time
as well as time to reach steady-state is also less in the case of tilt
in XY plane. This can also be seen that the fluctuation in flow
parameters in the case of 0 deg and 15 deg (YZ plane) is same,
which show that there is no significant effect of tilting loop in YZ
plane. Since there is large fluctuation in thermophysical properties
near pseudocritical region (supercritical case), effect of tilt angles
can be seen on startup time (Figs. 6(a) and 6(b)). Startup time in
the case of tilt in YZ plane is more than the other cases due to
increase in relative friction in compared to effective height of the
loop. Height of the loop varies from maximum to zero if angle of
tilt varies from 0 deg to 90 deg in YZ plane or in other words loop
becomes horizontal at 90 deg tilt in YZ plane and heat transfer rate
becomes zero. Conversely, in case of tilt in XY plane, heat transfer
rate becomes zero at a tilt of 180 deg.

Tilting loop in YZ plane does not make any difference in sym-
metry of the loop. Judging flow direction is difficult in this case
(YZ plane), whereas tilting in XY plane makes a loop thermally
and geometrically unsymmetrical. It has been observed that if
loop is tilted clockwise then circulation of fluid inside the loop is
also clockwise and vice versa in all the cases considered in the
present study. So more stable behavior of the loop can be assured
with a small angle of tilt of the loop in XY plane than in YZ plane.

3.7 Validation of Obtained Results With Published Data.
In order to validate the results obtained from the CFD simulation,
an additional comparison was carried out employing the experi-
mental data reported earlier by Vijayan [19] for a water-based
NCL and with numerical results reported earlier by Yadav et al.
[13] for a CO2-based NCL. Comparison is made in terms of non-
dimensional parameters, namely, Reynolds number (Re) and
modified Grashof number (Grm) calculated at the average temper-
ature (Tavg) of the loop.

Fig. 5(a) Variation in mass flow rate with angle of tilt in XY plane and (b) variation in mass
flow rate with angle of tilt in YZ plane

Fig. 6 Variation in heat flux with source temperature

Table 5 Effect of viscous dissipation and wall axial conduction on heat transfer rate

Operating
conditions

Q (with viscous dissipation
and axial conduction) (W)

Q (without axial conduction
in wall) (W)

Q (without viscous dissipation and
wall axial conduction) (W)

70 bar, TC¼ 274 K, TH¼ 292 K 730.5 726 726
70 bar, TC¼ 305 K, TH¼ 323 K 297 295 295
90 bar, TC¼ 305 K, TH¼ 323 K 2217 2204 2210
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The Vijayan correlation [19] for turbulent flow (experimental)
is expressed as

Re ¼ 1:96ðGrmd=LtÞ
1

2:75 (30)

The correlation given by Yadav et al. [13] for turbulent flow (nu-
merical) is expressed as

Re ¼ 2:066ðGrmd=LtÞ
1

2:77 (31)

Effect of tilt angle was not considered in the above correlations.
Figure 8 shows that even though the data trends agree reasonably
well, significant quantitative difference exists between the present
prediction and the previously reported measured data. This may
be attributed to the effect of tilting of loop.

4 Conclusions

Transient simulation of the three-dimensional model of a CO2-
based rectangular NCL has been implemented employing CFD
tools. The simulation considers several significant phenomena
such as viscous dissipation in fluid, axial conduction in the fluid as
well as in the solid wall. Standard RNG k–e model has been used
for turbulent flow. Results are obtained for different angles of tilt
for subcritical (liquid and vapor) as well as supercritical CO2.

The following conclusions could be drawn from this study:

(i) As angle of tilt increases, heat transfer rate and mass trans-
fer rate decrease in both the planes (XY and YZ).

(ii) Heat transfer rate/heat flux is slightly higher in the case of
tilting in XY plane.

(iii) Heat transfer rate/heat flux is higher in the case of supercriti-
cal phase compared to subcritical phase (liquid and vapor).

(iv) Startup time as well as time to reach steady-state is less in
the case of tilt in XY plane.

(v) Fluctuation in flow parameters is also less in the case of
tilt in XY plane.

(vi) A small angle of tilt in XY plane provides stable flow (uni-
directional) in the present range of study.

Nomenclature

A ¼ area
cp ¼ specific heat capacity
Cv ¼ constant

Cl, C1e, C2e, C3e ¼ parameters in RNG model equations
d ¼ diameter of inner pipe or loop diameter
E ¼ energy
f ¼ friction factor
g ¼ gravitational acceleration

Gb ¼ turbulent kinetic energy due to buoyancy
Gk ¼ turbulent kinetic energy due to mean velocity

gradient

Fig. 7 (a) Variation in temperature for different tilt angles (supercritical), (b) variation in mass flow rate for different tilt angles
(supercritical), (c) variation in temperature for different tilt angles (subcritical vapor), (d) variation in mass flow rate for different
tilt angles (subcritical vapor), (e) variation in temperature for different tilt angles (subcritical liquid), and (f) variation in mass
flow rate for different tilt angles (subcritical liquid)

Fig. 8 Validation of obtained result with experimental data
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Gr ¼ Grashof number
Grm ¼ modified Grashof number

h ¼ heat transfer coefficient
H0 ¼ total height of vertical pipes

k ¼ turbulent kinetic energy
L ¼ length of sink/source

Lc ¼ characteristic length
Lt ¼ total length of the loop
L0 ¼ total length of a horizontal pipe
L1 ¼ adiabatic pipe length on horizontal pipe
m ¼ mass flow rate

p P ¼ pressure of fluid
Pr ¼ Prandtl number
Prt ¼ turbulent Prandtl number
Q ¼ heat transfer rate
r ¼ radius of loop
R ¼ radius of curvature for bends

Re ¼ parameters in RNG model equations
Re ¼ Reynolds number

S ¼ strain tensor
t ¼ time

T ¼ temperature
u, v, V ¼ velocity

x ¼ x-coordinate location

Greek Symbols

a, a0 ¼ thermal diffusivity
ak, ae ¼ parameters in RNG model equations

b ¼ volumetric expansion coefficient
DT ¼ temperature difference across the CHX/HHX

e ¼ turbulence dissipation rate
g ¼ parameter in RNG model
k ¼ thermal conductivity
l ¼ dynamic viscosity

lt, leff ¼ viscosity parameters in RNG model
q ¼ density of fluid
s ¼ stress tensor

Subscripts

avg ¼ average
C ¼ sink

CO2 ¼ carbon dioxide
eff ¼ effective

f ¼ fluid
H ¼ source
i ¼ x-direction/internal
j ¼ y-direction

m ¼ modified, bulk mean
r ¼ radial direction

ref ¼ reference
s ¼ solid, wall

w ¼ wall
z ¼ axial direction
h ¼ azimuthal direction
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