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A VERTICAL TUBE

ABSTRACT

Typical latent heat of fusion storage systems consists of vertical tubes inside a larger
container, with phase change material being formed outside the tubes. During the charging
stage of the cycle, ice is formed around the exterior of the tubes. Once all water has
frozen, the discharging process can begin. This work presents a numerical investigation
concerning the growth of an ice layer formed outside a vertical tube, inside an annular
cavity. The inner wall of the cavity represents the external wall of the tube, whereas the
outer one represents the limit of growth for the formed ice layer. Natural convection plays
a significant role during the ice formation, especially due to density inversion behavior
with temperature. To be able to control the growth of ice layers inside typical thermal
energy storage devices, it is necessary to understand the phenomenum. The problem was
solved two-dimensionally, making use of'a model based on the finite volume method. The
results are presented by means of: streamlines, representing the flow patterns driven by
buoyancy forces; isolines of temperature; heat transfer at the inner wall of the cavity and
the extraction of the thermal energy stored into the annular region of the cavity.
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NOMENCLATURE p density
b depth of the channel Subscripts
cp constant pressure specific heat
E sensible energy C cold wall
E, latent energy In initial
1 formed solid { liquid
g gravitational acceleration vetor m melting
k thermal conductivity max — maximum
L distance between plates ref  reference
m mass s solid
p pressure
P dimensionless pressure INTRODUCTION
q local heat flux
q average heat flux In typical latent heat of fusion storage
rsp  constant systems, which make use of tubular beam, water
t time is utilized as the phase-change material (PCM).
T temperature This beam consists of tightly spaced small diameter
U liquid velocity vector tubes that are arranged in a parallel geometry and
/4 length of the plates are surrounded by water and/or ice in an insulated
X,y  cartesian coordinates cylindrical tank. As the tubes are spaced closely
together, a crucial problem regarding the
Greek symbols performance of such devices arises. There is a
reduction in the heat transfer during the charging
B exponent of temperature at density (ice making) and discharging (ice melting)
Ah,  latent heat of fusion processes, because the heat transfer area between
€ volume fraction ice and water is reduced whenever ice formations
v volume intersect during charging or water formations
u dynamic viscosity intersect during discharging. It is desired to
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determine how to maximize the storage of thermal
energy per unit of volume, related to the time
response for the processes of recovering and storing
energy (Vargas and Bejan, 1995).

During the charging process in the
equipments cited above, the liquid phase presents a
complex flow structure and temperature distribution,
due to the density inversion phenomenon that occurs
for the water around 4°C (Lin and Nansteel, 1987).
This phenomenon drastically affects the thermal
exchange between the external wall of the tube and
its surroundings. Thus, the shape and the growth
velocity of the ice layer around the tube are functions
of the flow and temperature fields within the liquid
region. The configuration of these fields depends
on the initial and boundary conditions considered.

Due to the great importance of the cylindrical
geometry in thermal energy storage applications,
several works deal with natural convection studies in
annular cavities. The performance analyses of latent
heat thermal energy storage units (LHTES) have been
the task of many works (Lane, 1983; Steiner et al.,
1995; Kurklu et al., 1996). However, very few works
have considered the transient regime. Stampa and
Braga (1996) investigated the phase change process
inside a cylindrical tube, while West and Braun (1999)
presented a numerical-experimental study regarding
the partial charging/discharging processes, with ice
making, inside an ice storage tank. Stampa et al.
(2001) presented a numerical study of natural
convection in vertical annular cavity, considering the
density inversion phenomenon. However, they did
not consider any ice formation. The study was directed
to LHTES using tubular beam, as described before.
It was investigated the influence of the multicellular
regime in the heat transfer rate, when the superficial
area of the inner wall of the cavity is changed. The
results were obtained for the conditions of charging
(water cooling) and discharging (water heating).
Ismail and de Jesus (2001) presented a parametric
study of PCM solidification around cylinder for ice-
bank applications.

There are several works that consider the
density inversion phenomena at different geometries,
such as rectangular cavities (Inaba and Fukuda,
1984; Tong and Koster, 1994), cold water-filled
horizontal annular cavities (Vasseur et al., 1983; Ho
and Lin, 1990, Yoon et al., 2000), as well as vertical
annulus cavities (Lin and Nansteel, 1987; Hirata et
al., 2003). One can also find a few works related
with freezing of water (Yoon et al., 2001; Cheng
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and Chang, 2003).

The objective of the present paper is to
analyze the transient phenomenon during a specific
charging condition, to be able to efficiently control
the growth of'ice layers in the thermal energy storage
devices of the type mentioned before. An annular
vertical cavity was employed to represent a typical
section of the storage device. The outer cavity wall
was insulated, while a fixed cold temperature was
imposed at the inner cavity wall. Both upper and lower
cavity surfaces were also considered as insulated. The
study consists of the numerical investigation regarding
the flow structure driven by buoyancy forces, heat
transfer at the inner wall of the cavity and removal of
heat stored within the annular space.

MATHEMATICAL MODEL

Figure 1 shows the physical model at some
time instant, during which the phase change takes
place. The computational domain consists of a vertical
annular cavity filled with water as the PCM. The
height of the cavity is L, the annular gap is # and the
inner radius is R . Initially, the system is at a uniform
constant temperature, 7', typical to heat storage
processes. The top and bottom walls of the cavity, as
well as the outer wall are adiabatic. The process begins
by imposing a pre-set cold temperature, 7, at the inner
cavity wall. This temperature is inferior to the
temperature of the water melting point (7, =0°C), in
order to allow the extraction of all latent heat stored
in the annular region.
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Figure 1. Physical model
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To analyze the current problem, the following
assumptions were made: (1) the PCM is a Newtonian
fluid with constant properties, except for the liquid
density in the buoyancy term, (2) laminar regime,
(3) two-dimensional flow, since the buoyancy driven
flow may be considered axi-symmetrical for small
radius rate (Mcfadden et al., 1984).

The conservation equations of mass and
momentum for the liquid phase governing the
process are expressed by:

div( py U)=0 (D)

0 o U
20wt B tiv (g U U )=

ot (2)
=div(p, gradU )—grad p+p, g

The energy conservation equation is solved
for both liquid and solid phases, and it can be
written as:

O([peycpiet+p,ep,(1-€)]T) .

ot

+div(py, cpelU I)= 3
o(p.eAh

= div( [k, &+k, (1—g)]gde)—%

where the thermo-physical properties of the PCM
for the liquid (¢) and solid (s) phases, given by p,
U, k and cp are the density, absolute viscosity,
thermal conductivity and specific heat at constant
pressure, respectively. p, - is a reference liquid
density, U is the vector velocity, p the pressure, g
the gravity vector acceleration, 7"the temperature
and t is the time variable. Ak, is the latent heat of
fusion of the PCM and ¢ is the volume fraction,
which is defined as:

¥

g =—-
A

)

where V, and V are the liquid and the total vol-
umes, respectively.

According to assumption (1) the
liquid density is variable only in the last term of
Eq. (2), and it was evaluated by Eq. (5),
recommended by Gebhart and Mollendorf (1977),
which takes into account the water density
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inversion phenomenon:

"7 ®

Pe =P [I—VSp| T_Tmax

where p,,. = 999.72 kg/m’®, rsp = 9.97 x 10° K*,
T =429°Candb=1.895.

Initially, all water confined into the cavity is
still at temperature T, , in the liquid phase, for which
€ = 1. At time equal to zero, the inner wall is cooled
and kept at T, At the regions where the temperature
reaches the ice melting point value, T (0°C), eis set
to zero. Note that the last term in the right hand side
of Eq. (3) is different from zero only in the regions
where the phase change solid-liquid is taking place.

The conservation equation can be written
in dimensionless form by the following
dimensionless variables:

* re ’ re, T_T
Uzpt’,fUW;P:p pag; _ c ©)
luf (lu[/VV) 711'11_Tc
z 2.0 R L, Fp Ml
W ’ W ’ p[’rqf W2 (7)

In the above equation, p* is the modified
pressure, which is defined by p* =ptPtmax g Z.
With these variables, the conservation equations
become

div(U )=0 (8)
U giviut U )=
0 Fo 9)
=div( grad U" )—grad P+Gr|0-0, |’k
6([8+p*0p*(1—8)]9)+ div ( cU” 0) =

0 Fo
_div([8+k* (1-¢)] grad0)
Pr (10)

*

B p 0 ¢
Ste, + Ste /cp” 0 Fo

It can be noticed that the problem is
governed by the properties parameters: Prandtl
number, Pr, densities ratio, p°, thermal
conductivities ratio, £, ratio of specific heat at
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constant pressure, c¢p’; through the geometric
parameters RR and AR and the physical
parameters: Grashof number, Gr, exponent b and
Stefan number, Ste,

* Ps * ks
p = s k :k—
pf,r‘-ff t (11)
* :% P — luf Cpt’
! P, k
_ R, +W L
RR==22s aR=0 (12)
_ Pemax 8 TSP (Tm _Tc)b W3
Gr= 5 (13)
lut’/p[,ref
_ Cpf (ﬂn _Tm)
Ste, = an (14)
_ep(T,-T,)
e = (15)

lat
and the initial condition 6,, =1.

NUMERICAL METHOD

The finite volume method (Patankar, 1980)
was selected to solve the coupled set of equations
(1) through (3). The Power Law scheme was
employed to approximate the diffusive and
convective fluxes through the control volume faces.
The time marching procedure was treated by using
the total implicit scheme. The set of algebraic
equations was solved by the TDMA line by line
(Patankar, 1980) together with the block correction
algorithms (Settari and Aziz, 1973). The pressure-
velocity coupling was solved with the SIMPLE
algorithm (Patankar, 1980).

A fixed and regular mesh was specified
over the whole physical domain. A grid test was
performed and the solution was considered
independent of the mesh within 1% with 160 x 160
nodal points in the radial and axial directions. The
time step adopted was 1 s. The solution was
considered converged at each time step, when the
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residuals of the mass, momentum and energy
equations were less than 10, at least for eight
consecutive iterations.

RESULTS

Based on typical latent heat storage units
that are submitted to continuous cycles of charge
and discharge, the present test case was defined.

The section of the thermal stored device
investigated was represented by a cavity with
L =10.07m, W=0.0176 m and R, = 0.0048 m,
corresponding to RR = 4.7 and AR = 4. The
charging process was analyzed, starting from an
equilibrium situation, where the water was at a
uniform temperature T, =40°C. For t> 0, the inner
wall was cooled and kept at T = -10°C. For this
situation, the governing parameters were:
Gr=5.7x10% Ste, = 0.504, Ste =0.062, p" = 1,
cp’=0.49; k"= 1.0 and Pr = 8.4. Calculations were
performed until all the liquid phase confined into
the cavity was solidified.

The structure of the flow driven by
buoyancy forces concerning the charging process
of the cavity are presented through streamlines in
Fig. 2, at different time instants. The thermal
stratification occurring within the PCM can be seen
in Fig. 3, through isotherms, for the same time
instants as in Fig. 2.

By analyzing Figs. 2 and 3, it can be seen
that at Fo = 0.58 (t = 180 s), there is a small layer
of'ice at the lower region of the inner cylinder, and
there is a strong thermally driven clockwise
recirculation cell in the pure liquid region. For
Fo=2.0(t=620 s), the average temperature of the
liquid region at the bottom of the cavity is smaller
than the inversion density temperature for water
(~ 4°C), what explains the presence of a second
counter clockwise rotating cell in this region, which
is separated from the upper cell by a maximum
density contour. The presence of the secondary cell,
together with the growth of the solid layer,
decisively affects the thermal exchange
performance at the inner wall of the cavity. It is
verified that for Fo=10.4 (t = 3220 s), the counter
clockwise rotating cell occupies almost the whole
remainder liquid region and becomes the dominant
cell. This fact should be understood as the result
of the global temperature decay within the cavity,
which reduces the intensity of the primitive
clockwise rotating cell. For Fo=16.9 (t=5220 ),
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it can be observed that the ice has reached the
external surface of the annular space and for
Fo = 23.5 (t = 7270 s), nearly all the water has
solidified. The time interval necessary for the total
solidification of the water confined into the cavity
corresponds to a maximum Fourier number equal
toFo_ =29.7.

The two cells present inside the cavity have
opposite contributions to the ice formation during
the charging process. The clockwise cell delays the
ice layer growth near the cavity top, because it
carries the warmer fluid to the upper region. On
the other hand, the counter clockwise rotating cells
carries the warmer fluid to the bottom of the cavity,
reducing the ice growing velocity in this region.
As a result, the ice touches the side wall at % of
the cavity height, leading to a higher inclination
on the solid-liquid interface contour.

Figure 4 presents the transient behavior
concerning the removal of the thermal energy stored
within the annular region. Dimensionless sensible
energy E__and latent heat E were defined based
on the maximum stored energy E__ as:

J.pﬂ,ref cp, (T, —T)dV

2

sens +
B (16)
[p,ep, (1, -D)av
v\'
L ov
Emwc
L ) P ref any, dv
B, == a7

max

Emax m Cplf (T;n Tm)
(18)
ep, (T, T.) 4h

lat
where ¥, o - represents the volume of material with
temperature equal to 0°C; and m is the total mass
of water within the cavity.

By analyzing Fig. 4, it can be observed that
in the beginning of the charging process (ice making),
the heat transfer rates are high and a great amount of
energy is rapidly extracted from the cavity. As the
water solidifies, the sensible heat removed decreases,
since there is less liquid water. On the other hand,
there is a substantial and continuous increase on the
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amount of latent heat which is removed. It can also
be observed in the graphs presented a variation on
the derivatives of each curve, for Fo =21, due to the
action of the secondary cell.

The average heat flux can be expressed as:

_ 1} ¢ _ [T
qg=— fdz; q= k{a—r)R (19)

where q is the local heat flux at the cold wall of the
cavity and q__is the heat flux at the cold wall for
the initial instant of time.

The ice mass fraction can be calculated as:

m ice
f;(:e = (2 0)
m

Figure 5 presents the variation with time of
the dimensionless average heat flux variation at the
cold wall, as well as the amount of solid formed, i.e.,
the ice mass fraction. It can be seen a steep variation
of the heat flux at the beginning of the process, up to
Fo=2. After that, there is a strong change in its decay,
and a smooth variation can be observed. Note that, as
expected, the increase in the amount of ice formed is
very similar to the variation of the latent heat with
time (Fig. 4). Further, it can be noticed that for Fo =
2, the sensible heat starts to decay.

Analyzing Fig. 5, it can also be seen that
the change on the slope of the heat flux is related
with the increase of the ice mass fraction, due to
the enhancement of the thermal resistance imposed
by the continuous formation of solid.

CONCLUSIONS

The solidification phenomenon of water inside
a vertical annular cavity, during the charging process
(ice making) of the thermal storage device was
predicted. The analysis of the flow pattern and
temperature distribution, as well as the ice mass fraction
distribution with time allows the understanding of this
complex phenomenon. The prediction of the removal
of the sensible and latent energies stored in the PCM,
confined into the annular space, as well as the average
heat flux at the cold wall of the cavity can be useful to
improve the performance of these types of thermal
energy storage devices.
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Fo=2.00

Fo=104
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Fo=16.9 Fo=23.5

Figure 3. Isotherms
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Figure 4. Charging of the annular cavity

Under specific parametric conditions the
results showed proportionality relations regarding
the amount of sensible and latent energies, which
were removed during the period of time necessary
to completely charge the cavity. Further, the
proportion between the thermal exchange that
occurred at the inner wall of the cavity (cold wall)
and the amount of formed solid was also analyzed.
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Figure 5. Thermal exchange at the cold wall as a
function of the ice formation

This information is conditioned to all the ice that
should be formed around the external wall of a
typical tube of the thermal energy storage device,
but considering no physical contact with other ice
layers formed around neighbor tubes. Before
analyzing such physical contacts, new numerical
studies should be carried out by changing related
parameter values.
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