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Abstract
This paper presents the analysis of the numerical investigation of the Transient cooling
heat transfer process of air flow within a circular duct, embedded in a rectangular
container of PureTemp20- a bio-based Organic Phase Change Material (OPCM) with
applications in Heating Ventilation and Air Conditioning. The heat transfer process
was studied by constructing an axisymmetric 2-D geometrical model of the domain in
GAMBIT 2.4.6, while the numerical simulation of the melting process was done using
ANSYS FLUENT 6.3 enthalpy-porosity approach. The simulation shows heat transfer
pattern from ambient Air to OPCM as well as thermal and hydro dynamic boundary
development within the duct. Also, the cross-sectional velocity profile and static
temperature within the duct were simulated. During the first stage of the OPCM
melting process heat conduction was the main heat transfer mechanism, but as melting
progresses heat transfer takes the form of natural convection. This slows down heat
transfer rate from Air to OPCM. This indicates that the heat transfer from Air to
OPCM starts at the OPCM’s solidus temperature with conduction controlled heat
transfer process (CDC-HTP), and as the OPCM starts to melt Free Convection
controlled heat transfer process (FCC-HTP) set in, while the effect of CDC-HTP is
minimal. Simulations of Instantaneous air flow velocity u(r) distributions and
Instantaneous Static Temperature T(r) profiles agreed with published research works
within the hydro-dynamically and thermally developing region. Thermal boundary
layer is thicker than the Velocity boundary layer in the Air Duct. Thus, Prandtl
number (Pr) of Air is less than 1. This confirms Prandtl number Pr=0.7 < 1 in
published research works.
Keywords
Transient Numerical Simulation; PureTemp20; Latent Energy Storage; Heat Exchanger;
Liquefaction.

1.0 Introduction
There are several studies on different PCM - Air heat exchanger
configurations for heat transfer process in the Heating, Ventilation and air
Conditioning (HVAC) system applications. Some of these configurations are: a
cellular structure where cubic PCM and air channels were alternated
(Herbinger et al., 2016); parallel PCMs slabs with rectangular air flow channels
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in-between (Chen D. et al. 2020; Vakilaltojjar et al., 2001); cross-flow heat
exchangers where one (Dubovsky et al., 2011) or multiple PCMs (Ezra et al.,
2016) filled tubes and air is driven across the tubes bank. Heat exchanger
geometries with PCM slabs and air gaps are the most studied of all for thermal
energy storage in building ventilation systems. They have been the subject of
intensive experimental development where real-scale prototypes have been
built and tested (Dolado et al., 2011; Gowreesunker B.L. et al 2013; Labat M. et
al.,, 2014) and the results have been used to validate numerical analysis (Dolado
et al., 2011, Gowreesunker et al., 2013) for further optimization of the heat
storage system.

In this study, the PCM - Air heat exchanger configuration used is a
combination of circular duct embedded in a rectangular container of the PCM
(Figure 1a). This is to give a basic understanding of the heat flow pattern within
the system in order to proffer a better means of enhancing the heat exchanger.

As the laminar incompressible flow of the hotter ambient space air
(air-conditioned return air) at temperature of 297.15 (24°C) runs within the
duct, it exchanges heat with the colder OPCM convectively, melting it at the
phase change temperature of 293.15 K (200C). Heat transfer in the studied duct
is of two modes; the simple conduction mode which is in radial direction, and
the heat transfer due to bulk movement of the fluid axially (Kay et al., 2005,
Kay W.M.2011). Prandtl number Pris the dimensionless number for
assessment of the relative influence of the conductive mode and the viscous
effects of the associated flow. Prandtl number for the heat transfer fluid (air) in
this study is, Pr.i:= 0.7 (Kay et al., 2005; Kay W.M.,2011); the implication is that
the rate of heat diffusion (radially) is greater than the rate of diffusion of viscous
effects within the flowing air. This essentially means that the rate at which the
effects of the PCM-induced temperature changes at the pipe wall spread into
the fluid is greater than the rate of spread of the effects of momentum changes
in the flow (Kay W.M., 2011).

The main objective of this study was to assess the thermal and fluid
flow parameters at the outlet cross-section of the domain for unfinned air duct.
Since temperature is a good parameter for assessing the degree of coldness /
hotness of a body, its temporal values at the outlet cross-section were
determined. To this end, an axisymmetric 2D geometrical model of the domain
was constructed in GAMBIT 2.4.6 (a commercial grid generator), taking into
account heat transfer within the PCM media, initially by conduction followed
by free convection, and heat transfer within the air domain by forced
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convection. The melting process was simulated using the enthalpy-porosity
approach (FLUENT manual, 2001of the commercial finite volume software,
FLUENT 6.3; Fallahnezhad N. 2020).

Detailed description of the studied geometry, the mathematical model
and the mesh sensitivity study are presented in the following section. Also
presented is the behaviour of the organic PCM during the melting process.

2.0 Methodology
2.1 Physical Model

Figure 1la shows the sectional view of the PCM - Air heat exchanger
configuration used. This indicates a combination of circular duct embedded in
a rectangular container of the PCM. Figure 1b is an axisymmetric sketch of the
problem under consideration. It refers to a two-dimensional horizontal duct
submerged in a container of PureTemp20, which is used to store thermal energy.
The duct internal radius, r = 25 mm, wall thickness d = 1.5 mm and a length of
32D (1,600mm); while the effective height between the duct surface and the
PCM container is w = 22mm and of the same length (1,600mm). An
incompressible laminar flow of a space ambient air through the duct, at an inlet
Reynolds number Rep = 1,546.9 and an inlet temperature of 297.15 K (24°C),
causes heat to be transferred to the PureTemp20, converting it from solid to
liquid at the phase change temperature of 293.15 K(20°C). The duct length was
made less than the hydrodynamic entry length of xg, = 0.05 RepD obtained
from (Langhar H.,1942; Guo L. et al., 2018) and thermal entry length of x4 =
0.05 RepDPr obtained from (Kay W.M., 2011), to ensure developing flow at the
outlet. Figures 1c shows the computational grids within the OPCM domain [A]
and the HTF(Air) domain [B]. The direction of air flow is also indicated.

L* E 3 - § @_

Air flow in the Duct pipe PCM Material Insulation on PCM Box

Figure 1a: Schematic of the PCM-Air Heat Exchanger Physical Model
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Table 1: Thermo-physical Properties of PureTemp20 (PureTemp20 Technical Data
sheet, Entropy Solutions)

S/N Properties 288.15 K (15°C) | 295.15 K (22°C)
1 Density (kg/m?3) 950 860
2 Heat Capacity, Cp (J/ kg-K) 2,070 2,150
3 Thermal Conductivity, k (W/m-K) 0.23 0.14
4 Latent Heat of Fusion (J/kg) 171,000
5 Melting Point, T, 293.15 K (20°C)
6 Solidus Temperature, T, 288.15 K (15°C)
7 Liquidus Temperature, T, 295.15 K (220C)

Table 2: Thermo-physical Properties of Air (Hosung , 2017, Thermoelectrics:

Design &Materials, p.324)

S/N Properties 293.15K (20°C) | 297.15K (24°C)
1 Density, p (kg/m?) 1.204 1.184
2 Heat Capacity, Cp (J/kg-K) 1007.07 1007.13
3 Thermal Conductivity, k (W/m-K) 0.0264 0.0265
4 Absolute Viscosity, y (kg/m-s) 1.85e-05 1.86e-05

Table 3: Other Test Conditions

S/N Parameter Value
1 Duct diameter, D (m) 0.050
2 Duct Wall Thickness d (m) 0.0015
3 Duct Cross-sectional Area, A (m?) 0.0019635
4 Inlet Reynolds number (Rep) 1,546.9
5 Free stream velocity, U; (m/s) 0.5
6 Inlet Flow rate, Q (m3/s) 0.00098175
7 Duct wall material (Aluminum) - thermal conductivity, k 202.4

2.2 Mathematical Model

2.2.1 Assumptions
The assumptions applied to the general transport equation to arrive at
the under listed governing equations (1 - 3), for the air domain, and equations
(4 - 11), for the PCM domain are:
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Unsteady laminar flow of a viscous, incompressible, Newtonian fluid without
free-surface effects

ii. The density, specific heat capacity, thermal conductivity and viscosity of air vary
as piecewise linear.
iii. No heat generation within the air domain.
iv. Both the solid as well as the liquid phase is homogeneous and isotropic, and the
melting process is transient and assumed to be a 2-D phenomenon.
V. PureTemp20 in the liquid phase is considered to be an incompressible
Newtonian fluid.
Vi. Viscous heating and the volume change upon phase change are ignored.
Vii. For the molten PCM, laminar flow as Newtonian fluid is assumed.
viii. The solid is homogeneously distributed in the mushy region.
ix. A normal downward-directed gravity field with the corresponding gravitational
acceleration of 9.81 m/s?is considered.
X. The density, specific heat capacity and thermal conductivity of the PCM vary as
piecewise linear.
Xi. No heat generation within the PCM.
Continuity Equation
@ +p(V.V)=0 1
ot

Momentum Equation

oV 1- 2—
p—+NVV)V=--VP+ W7V +gp\
ot

—_ = —

P 2
Energy Equation for Air Domain
a —-=
L (VVT) = av2T + 5 5
ot
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Energy Equation for PCM Domain

! -
a(pH)+V.(pVH):V.(kVT)+SE 4
with the Total Enthalpy
H =Hs+ Hiat 5

and the Sensible Enthalpy

T
HS:HSref+ ijdT 6
Tref

Latent Heat
The latent heat content can now be written in terms of the latent heat of the
material, L as:

AH = AL

To solve the PCM domain, FLUENT 6.3 enthalpy-porosity approach
was used. This involves dividing the PCM domain into three regions: liquid,
solid and mushy (liquid-solid). The mushy zone is treated as a porous zone
with porosity equal to the liquid fraction, which lies between 0 to 1 and
generally increases from 0 to 1.

Based on a method proposed by (FLUENT manual, 2001; Herbinger
et al.,, 2016), the liquid fraction, {3, can be defined as;

p=0if T<Tw
ﬂ =1if T>T[iq 8
T —Tsal .
S — lfTsol< T <Tliq
Tiig — Tsol
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With Tg= 288.15 K (15°C) and Tii;= 295.15 K (220C). The size of the
mushy zone is determined by the temperatures Ty and Ti;. As described in
(FLUENT manual, 2001), an iteration between the energy balance Equation (4)
and the liquid fraction Equation (8) is done for the calculation of the
temperature. This method was suggested by (Voller et al.,, 1987) because a
direct calculation of Equation (8) to update the liquid fractions would result in
poor convergence of the energy balance Equation (4). The velocity field within
the PCM is obtained from the solution of Equations 9, 10 & 11.

Continuity Equation

op —
—+V.(pV)=0 9
ot

Momentum Equation

a — — — — —
a(pV)ﬂoV-(VV)=—VP+V-(2ﬂ/3V)+Ac (BN +Swm 10
with
2
Ac(p)=c AL 1
Lo +b

Ac(p) is the porosity function that gradually reduces the velocities
from a finite value in the liquid to zero in the solid. To avoid division by zero,
the value b, a small computational constant (b = 0.001) is introduced in
Equation (11). While the mushy zone constant C is supposed to reflect the
structure of the melting front. The standard value of the mushy zone constant,
C =105 in FLUENT 6.3 was used. The higher the value of the mushy zone
constant, the steeper the damping term becomes (Hameter et al., 2016)

Mass-Weighted Average velocity at axial locations, U(x), within the
bulk of the flowing air was calculated by (FLUENT manual, 2001) as:

[ pu(r)u(r)dA

X [pu(r)dA 12
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Mass-Weighted Average Static Temperature at axial locations Tu(x)
within the bulk of the flowing air was also calculated by (FLUENT manual,
2001) as:

[ pu(n)T (r)dA
mx [ pu(r)dA

Equations (1) - (11) were solved in FLUENT 6.3 to obtain the velocity,
temperature and liquid fraction fields within the domain. After an extensive
grids independence study, an arrangement of 14,400 cells was found to be
sufficient. PRESTO scheme was adopted for pressure interpolation, while the
convective terms in the momentum and energy equations were discretized
using first order upwind interpolation scheme. Pressure - Velocity coupling
was done using SIMPLE algorithm. Convergence was obtained when the
residual of the energy, momentum and continuity equations were reduced to
less than 106, 103 and 10-3 respectively. The time step was set as 0.05s while the
number of iterations per time step was set to 20 (Koller et al., 2016). The
simulation was performed on 1.86 / 1.87 GHz Intel (R) Pentium (R) Dual CPU
T2390 processor with 2 GB RAM.

13

2.3 Boundary Conditions

In Figure 1b, the boundary conditions and the direction of the gravity
used for the numerical simulations are indicated. At the top and the side
surfaces of the PureTemp20 (OPCM) container, as well as the annular ends of
the duct wall, an adiabatic wall were defined. The adiabatic boundary
conditions prevent heat exchange with the surrounding across these surfaces.
Hence, none of the heat transferred to the PCM during the melting process was
lost through the adiabatic surfaces. In real thermal heat storage devices, the
container was completely insulated against the environment. The thickness of
this insulation was chosen in such a way that the thermal loss was as low as
economically feasible. Thus, nearly adiabatic conditions were given for such a
storage unit. Therefore, the assumption of an adiabatic wall was justified.

Symmetry boundary condition was specified at the centerline of the
tube. Upstream of the tube is inlet velocity, where the velocity of the incoming
flow was specified as 0.5 m/s. And as energy equations were being solved, the
temperature of the incoming airflow was fixed at 297.15 K (24°C). Outflow
boundary condition was specified at the outlet to enable outlet airflow
properties have zero gradients normal to the outflow face. The inner tube wall
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surface temperature was fixed by the flowing air while the upper tube wall
surface temperature was fixed by the melting PCM.

3.0 Numerical Results and Discussion

Numerical simulation was carried out on transient cooling of space
ambient air, flowing in a thin-walled horizontal circular duct at a Reynolds
number of 1,546.9 and an inlet temperature of 297.15 K (24°C). The cooling was
provided by melting PureTemp20 waxy solid (PCM, T;, =293.15 K (200C)) filled
in an adiabatic walled rectangular thermal storage unit enclosing the thin-
walled horizontal circular duct longitudinally. At the start of the cooling
process, the inlet temperature of ambient air was maintained at a fixed value of
297.15 K (24°C)and the initial temperature of the PCM was 288.15 K (15°C ) -
the Solidus Temperature. The inlet velocity of the ambient air was maintained
at 0.5 m/s. The results are presented and evaluated in this section as follows.

Figure 2 represents contours of temperature distribution with time,
near the duct outlet. The blue colour shows the lowest temperature zone while
the red colour shows the highest temperature zone. Other colours show
temperature zones in between the two. At the initial stage of the cooling
process, about 10 minutes into the process, no change in PCM temperature was
observed; but the air temperature increases from the wall value (about 294.15
K) to the centerline value of about 297.15 K. Colder air occupies about 40% of
the duct cross-section, upper green part containing the thermal and
hydrodynamic boundary layers of cold and viscous air.

Moreover, the flow was still developing both thermally and hydro-
dynamically, as can be seen from the streamline profiles of the contours within
the ducts, after about 10 minutes. On the contrary case of the fully developed
flow, the red zone, occupying about 60% of the duct cross-section from the
centerline, could not be seen towards the outlet of the duct, because the
demarcation line of the thermal boundary layer would have merged with the
centerline far upstream the outlet.

However, the contour profile is different after 19 minutes into the
process, because it relatively has hotter air in the red non-conductive zone. A
mixing layer was formed at the interface of the red but faster zone, and the
hydrodynamic boundary layer of low-velocity fluid. Transition to turbulence
occurs after a very short distance in the flow direction from the point where the
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different streams initially meet. The turbulence causes vigorous mixing of
adjacent fluid layers that was seen on the contours, since pockets of the hotter
and faster air (red zone) entrained in the colder and slower air (green zone).

On the PCM side, after 19 minutes into the process, the temperature
starts to rise gradually in the region of the storage container close to the duct
wall; this was depicted by the thin lighter blue strip on the upper line of the
duct wall. The strip is an indication of sensible heat transfer from the duct wall
to the solid PCM by pure conduction, taking the PCM from Solidus
Temperature (Ts; = 288.15 K (15°C )) to Melting Point (T, = 293.15 K (200C)).
Subsequent heating of the PCM by the flowing air will take heat transfer within
the PCM domain from conduction-controlled process to natural convection-
controlled process. This progression of the heat transfer process within the
PCM domain has a lot of impact on the cooling of the flowing air within the
duct. The moment the heat transfer process changes from conduction-
controlled to natural convection-controlled, heat transfer rate from the flowing
air to the PCM was slowed down. Furthermore, molten PCM remains stagnant
in the space between the duct wall and the yet-to-melt solid PCM, creating a
sort of resistance to conductive heat transfer from the flowing air to the solid
PCM.

Time: 627.5 s (10.45 min) Time: 1,152.5 5 (19.21 min)
| EX - - 0 - -
Time: 1,902.5 s (31.71 min) Time: 2,402.5 5 (40.04 min)
——

Flow Direction Within the Duct

Figure 2: Contours of Static Temperature Near the duct outlet
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The development of the liquid fraction of the PCM over time is shown
as Contours of Liquid Fraction in Figure 3. About 10 minutes into the Air
cooling process, the PCM domain is all deep blue (n = 3.4e-01) in colour as no
observable melting has taken place. Conduction is the main heat transfer
mechanism at this stage. As the melting progresses with time, the lighter blue
(n = 4.72e-01) parallel strips of the melted region increase in thickness; another
indication of a Conduction-controlled heat transfer process.

Further melting beyond 40 minutes will eventually take the melting
to a natural convection-controlled process. The implication of the melting on
the cooling process is that it slows down the heat transfer rate from air to the
PCM. This is because liquid PCM has lower thermal conductivity than the solid
PCM.

Figures 4a and b respectively confirm the hydrodynamic and thermal
development of the air flow within the duct after 10 minutes of cooling; they
show the varying cross-sectional profiles of the velocity and static temperature
along the duct. These results are characteristic of developing laminar duct flow-
assisted heat transfer, regardless of time.

Figures 4c and d respectively show the cross-sectional profiles of
velocity and static temperature along the duct, but within the PCM container.
The velocity profiles are characteristic of buoyant flow - very low values
(between 0 and 2.5E-06 m/s) and zig-zag pattern. The temperature profiles are
typical of those for free convection heat transfer processes, with the highest
value at the wall and the lowest high up in the container.

Figures 4e and f respectively show the mass weighted average
velocity and static temperatures at axial locations within the air duct. Figure 4e
indicates the kinetic energy state of air within the duct. This increases from inlet
to outlet, while Figure 4f describes the thermal energy state of the air in the
duct. This shows that the thermal energy reduces from the inlet to outlet of the
duct.
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Time: 627.5 s (10.45 min) Time: 1,152.5 5 (19.21 min)

Time: 1,902.5 s (31.71 min) Time: 2,402.5 s (40.04 min)

——-

Flow Direction Within the Duct
Figure 3: Contours of Liquid Fraction Near the duct outlet

Figures 4e and f respectively show the mass weighted average
velocity and static temperatures at axial locations within the air duct. Figure 4e
indicates the kinetic energy state of air within the duct. This increases from inlet
to outlet, while Figure 4f describes the thermal energy state of the air in the

duct. This shows that the thermal energy reduces from the inlet to outlet of the
duct.
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Equations (12) and (13) stated in section 2.2 were used to calculate
Figures 4e and f respectively in (FLUENT manual, 2001), within the duct after
627.5 s (10.45 min.). Figure 4e shows the asymptotic growth of Mass-Weighted
Average Velocity, Ux, towards fully developed value. This is the resultant
effect of the growing hydrodynamic boundary layer, which reduces the flow
cross-sectional area along x axis to conserve flow rate within the developing
region. Figure 4f shows the linear reduction of Mass-Weighted Average Static
Temperature, Tmx, towards fully developed value, axially. This is the resultant
effect of the growing thermal boundary layer, which reduces the cross-sectional
area available for thermal energy advection along x axis within the developing
region. The ultimate goal of the energy transformation within the flow is to
convert all the thermal energy available for advection at the duct inlet, to
conductible thermal energy at fully developed region.

The effects of time on the static temperature profiles at the duct outlet
(x/D = 32), within the PCM container is shown on Figure 5.

Temporal variations of liquid fraction within the PCM at the duct
outlet cross section are shown in Figure 6. The shapes are similar to those for
static temperatures presented in Figure 5. This is logical because Equation (8)
in section 2.2 defines liquid fraction as a function of temperature.
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Figure 5: Temporal Static Temperature Profiles At x/D = 32 Within PCM
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Figure 6: Temporal Liquid Fraction Profiles at x/D = 32 within PCM
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Figure 7 is a derivative of Figure6; this shows the variation of liquid
fraction and static temperature at the duct wall (PCM side), with time. It can be
noticed that the rate of liquefaction / melting drops as the time increases; the
highest rates on the curves are between 10 minutes (600sec.) and 19 minutes
(1,140sec.), while the lowest rates (when the curve is being flattened) are
between 31 minutes (1,860 sec.) and 40 minutes (2,400sec.). This confirms the
fact that as the PCM melting process moves from conduction-controlled
process to a free convection- controlled process, liquefaction rate of the PCM is
reduced, then the transfer rate between the Air and OPCM is subsequently
reduced; and thus the cooling rate of the flowing air decreases

Figure 8 shows the normalized profiles of Static Temperature,
Tw ~T(r) . u(r) . .
6 = — ,and Velocity U = —, at the outlet of the air duct. This shows
Tw = Tmo Ux
that the thermal boundary layer (in red) is thicker than the velocity boundary
layer (in black). And since Prandtl Number is:
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vV Viscous _ diffusion _ rate

« Thermal _diffusion _rate

Hence this confirms the fact that Prandtl number, Pr=0.7< 1 for air

(Kay W. et al. 2005; Dolado P et al. 2011). The controlling parameter is however
the velocity, because it has higher gradient at the wall.

4.0 Conclusion
Transient numerical simulations were performed to investigate the

heat transfer process between ambient space air and a colder bio-based Organic
Phase Change Material (PureTemp20) in an OPCM-Air heat exchanger
configuration. The air flows from the return air of an Air-conditioned space at a
Reynolds number of 1,569 and temperature of 297.15K (24°C) into a circular duct
embedded in the OPCM material, and all are enclosed in a rectangular container.
The following can therefore be deduced from the numerical investigation:

i

ii.

iii.

The numerical simulations of Instantaneous air flow velocity u(r)
distributions and Instantaneous Static Temperature T(r) profiles
(Figures 4a and 4b in section 3.0) were found to be in agreement with
the shapes in (Kay et al., 2005) within the hydro-dynamically and
thermally developing region.

The qualitative result shown in Figure 2 and the quantitative result in
Figure 7 above indicate that the heat transfer from Air to OPCM starts
at the OPCM'’s solidus temperature with conduction-controlled heat
transfer process (CDC-HTP), and as the OPCM starts to melt, Free
Convection-controlled heat transfer process (FCC-HTP)set in, while the
effect of CDC-HTP is minimal. With time (about 40mins) the effect of
the FCC-HTP is pronounced and the liquefaction rate of the OPCM is
drastically reduced, and thus the heat transfer from the air flow to
OPCM also decreases.

Figure 8 shows that the thermal boundary layer is thicker than the
velocity boundary layer in the air duct. Thus, Prandtl number (Pr) of air
is less than 1. This confirms Prandtl number Pr=0.7 <1 (Kay et al., 2005;
Dolado et al., 2011).
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5.0 Recommendations

The following are the suggested recommendations on this research
work. First, since Conduction-Controlled heat transfer process is the major
means by which heat is effectively transferred between the flowing Air and the
OPCM in the heat exchanger under consideration, the circular duct should be
externally finned to enhance the heat transfer process. Secondly, the qualitative
and quantitative results obtained during this numerical investigation are useful
data for further research references.

6.0 Nomenclature
Description

Duct Cross Sectional Area (m?2)
Porosity Function (kg/m3s)
Computational Constant (-)

Mushy Zone Constant (kg/m?3s)
Specific Heat at constant pressure (J/kgK)

Degree Celsius
Duct Wall Thickness (m)
Duct Internal Diameter (m)

Two-dimensional
Total Enthalpy (J/kg)

Sensible Enthalpy (J/kg)

Latent Enthalpy for the phase change in a
narmarical fanieal valiama (1/1m

Heating, Ventilating and Air-Conditioning
Thermal Conductivity (W/mK)

Kelvin

Latent Heat of fusion (J/kg)

Static Pressure (N/m?2)

Phase Change Material

Prandtl Number, Pr = uCp/k

Volume flow rate, Q = AUi(m3/s)

Radial Co-ordinate (m)

Reynolds Number, Rep = U; D/v

Source Term momentum equation (N/m3)
Source Term energy equation (J/mb3s)
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Alphanumeric

Qurnrhnl
Ux(x)

o(r)

V
x
Xfih

Xfi, th

Greek letters

H
p

v

p

a

Subscripts
E
fah
fd,th
i
lat
lig
mx
mo
M

Description

Mass-Weighted Average
velocity at axial locations
Instantaneous flow velocity -
radial component of fluid
Fluid Velocity (m/s)

Axial Co-ordinate (m)
Hydrodynamic Entry Length

Thermal Entry Length

Description
Absolute Viscosity (kg/m-s)
Density (kg/m3)

Kinematic Viscosity, v=/p
Liquid Fraction

Thermal Diffusivity, a =k/oCp

Description
Energy balance
Hydrodynamically fully
Thermally fully developed
Inlet
Latent
Liquidus
Mass-Weighted Average value
Mass-Weighted Average value
Momentum balance
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Alphanumeric Description Subscripts Description
Symbol
T Time (s) ref Reference
T(x,r) Instantaneous Static Temperature (K) s Sensible
Ti Free Stream Static Temperature at duct inlet sol Solidus
Thiq Liquidus Temperature (K) CDC-HTP Conduction-controlled Heat fer
Tonx(x) Mass-Weighted Average Static Temperature Process
at axial locations (K)
Tio Mass-Weighted Average Static Temperature FCC-HTP Free Convection-controlled
at duct outlet (K) Heat Transfer Process
Top Melting point of PCM (K)
Tsot Solidus Temperature (K)
u(x,r) Instantaneous flow velocity - axial

component of fluid velocity (m/s)
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