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Abstract. A numerical investigation regarding the charging process behavior occurring in a typical indirect ice storage tank is
presented. It consists of analyzing the heat transfer and removal of energy, applicable to storage systems, which are chiller-based.
In this sense the secondary coolant circulates through a heat exchanger that is submerged in a tank of water and it is used to freeze
(charge) the phase-change material (water), which never leaves the storage tank. The thermal exchange process is investigated
considering the storage tank in two different positions. In the first one the storage tank is in the vertical position, while for the
second, it is horizontally positioned. The storage tank is represented by a channel formed by parallel flat plates, one of which is the
heat exchanger. Our task is to provide helpful qualitative results for the heat transfer performance of ice storage tanks. The results
are analysed through streamlines and isotherms, for specific instants of time. Further, the heat transfer effectiveness, average heat
flux and solid formed at one of the two plates of the channel, are compared for the vertical and horizontal positions of the channel.
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1. Introduction

Water has been usually adopted as the phase-change material (PCM) in typical fusion latent heat storage systems.
Thermal energy storage (TES) for space cooling is an option to reduce electric costs by shifting chilling processes to
off-peak times. Due to the high cost of electric on-peak demand and energy charges, TES devices are very popular,
since TES can cool the PCM for later use. Thus, heat is removed from the PCM during off-peak times and then passed
through a heat exchanger to remove heat from a building in place of chiller operation. One of the main problems
concerning the performance of these equipments is that ice storage systems are not steady state devices. Furthermore,
besides the parameters that affect any heat exchanger, the critical physical dimensions for phase change thermal storage
devices vary as storage material is frozen or melted. High rates of discharge and/or lower temperatures are available
early in the melt cycle when the ice surface is closest to the heat exchanger, with these capabilities diminishing as the
ice surface recedes from the heat exchanger. The main goal of the researches with respect to these heat storage systems
has been the determination of the higher capacity of energy accumulation per unit volume, associated with time
response.

During the charging process, a complex flow structure and uncommon patterns of temperature distribution can be
observed in the melt, due to the inversion density phenomenon for water around 4°C (Lin, 1987). This fact affects
significantly the thermal exchanges. In this sense, the shape and the growing velocity of ice layer along a cold surface
are functions of the velocity and temperature fields in the liquid region, which depend on the initial and boundary
conditions considered.

Predominantly, most of the works that take into account the density inversion phenomenon have been directed to
the rectangular vertical and cylindrical horizontal cavities, all of them filled with cold water (Lin, 1987; Ho, 1990;
Inaba, 1988; Tong, 1994; Vasseur et al., 1983). Studies of performance concerning energy storage systems have been
the target of many works (Ismail et al., 2000; Laouadi, 1999; Stampa, 1996, West, 1999). The latter presented a
numerical and experimental study of the partial charging and discharging processes, with icing, in tanks of ice storage.
Stampa et al. (2001) have also presented a numerical study of natural convection in vertical annular cavity, considering
the density inversion phenomenon of the water, however, without formation of the solid phase. In that study, the
influence of the multi-cellular regime in the rate of heat transfer was investigated. Recently, Stampa et al. (2002)
analyzed the growth of an ice layer around a vertical tube.

To attain our goal regarding optimization of energy storage systems, the present work aims to get useful
information for the growth control of ice in indirect ice storage tanks, which are chiller-based. In these equipments, the
secondary coolant circulates through a heat exchanger that is submerged in a tank of water and it is used to freeze
(charge) the phase-change material (water), which never leaves the storage tank.
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The thermal exchange process was investigated by considering the storage tank as a channel formed by parallel flat
plates. One of the container’s walls was assumed as thermally insulated, and the other representing the heat exchanger
surface, was set at a fixed cold temperature, which induced the freezing process. The influence of the relative position
of the storage tank in the solidification process was investigated, by considering the flow field in a vertical and
horizontal channel. The conditions established in the present study, correspond to a full charging process within the
channel. Once the multi-cellular regime and geometry affect drastically the thermal exchanges, the heat transfer
performance of such devices was investigated through the following parameters: heat transfer effectiveness, average
heat flux and amount of solid formed. The results for the vertical and horizontal positions of the channel were
compared.

2. Mathematical model

The physical model to study ice formation is depicted in Fig. 1, which shows the domain of the process in a certain
instant of time, during which the phase change takes place. The domain consists of a parallel flat plate’s channel, which
can assume the horizontal and vertical positions. Initially, all the water is in the liquid phase at a uniform temperature,
Tin. Its value is set above the melting temperature of ice (T,,= 0°C). The boundary conditions are illustrated at Fig. 1.
For a time greater than zero, a cold temperature, T, is imposed at one of the plates, whose value is lower than the
melting temperature value. Thus, all the stored latent heat within the channel can be extracted.
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Figure 1- Physical domain considered

The problem was modeled as two-dimensional, the PCM was considered as a Newtonian fluid, flowing in the
laminar regime. Further, all physical properties were considered constant except the density of the liquid in the
buoyancy term. The conservation equations of mass and momentum for the liquid phase, which governs the described
process, are:

div(p, U)=0 (1)
I\ V) (ggtu)+div (ps UU)=div (s grad U)-grad P+ p, g @

where p is the specific mass and u the absolute viscosity. The subscripts ¢ and s correspond to the liquid and solid
properties of PCM. U is the velocity vector, p is the pressure, g is the gravitational acceleration vector.
The conservation equation of energy is solved in the whole domain, for both solid and liquid phases, being equal to

6|L0f Cpg £+ pg Cps (1—3))TJ
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where the thermo-physical properties of the PCM for the liquid (¢) and solid (s) phases, expressed by k ec, , are
thermal conductivity and constant pressure specific heat, respectively. T is the temperature of the material and t is the
time. 4hyy is the latent heat of fusion and, ¢ is the volume fraction, which is defined as

_Ye
s= (4)

where V¢ and V are the liquid volume and the total volume, respectively.

Initially, as the PCM is in the liquid phase, the volume fraction & is equal to one in the whole domain. ¢ is set to
zero at the regions, where the temperature of the material reaches the value of the fusion temperature of water, T, (0°C).
The last term on the right-hand side of Eq. 3 is different from zero only in the regions where the change of phase is
occurring. In the third term on the right-hand side of Eq. 2, the following density-temperature relationship of water,
proposed by Gebhart and Mollendorf (1977), was adopted for the liquid density

b
Pr :Pﬂ,,max[l—r5p|T_Tmax| } Q)

where py max = 999.972 kg/m®, rsp = 9.297 x 10° (°C)®, Tax=4.029 °C and b = 1.895. This relationship takes into

account the nature of the inversion-density in the water. The following properties were considered for both phases:
e = 1.203x10° kg/(ms); cpe = 4200 JI(KgK); Cps = 2060 J/(kgK); ke = 0.602 W/(m K); ks = 2.3W/(mK);
Ahgt = 333.6KJ/Kg; the reference liquid density was set equal to the solid density, Pr, = Ps = 956,6 kg/m®.

3. Numerical method and algorithm

To solve the set of coupled equations, Eq. 1 to 3, it was employed the finite volume method (Patankar, 1980). The
convective and diffusive fluxes that cross all faces of each control volume were handled by the Power Law scheme. It
was considered the fully-implicit time marching technique and the solution method used for the algebraic linear
equations was the TDMA line-by-line solver with a block correction method (Settari and Aziz, 1973 To solve the
pressure-velocity coupling, the SIMPLE algorithm (Patankar, 1980) was employed.

A fixed and regular grid has been adopted on the physical domain. To define the mesh and time step, a grid test was
performed so that variation on the numerical solution were inferior to 1%. A mesh size of 220 x 160 nodal points was
defined, with a time step of 0.0005 s. Therefore, the chosen values obey a commitment between cost and computable
time. Solutions were considered converged at a particular time step if they had residuals of mass and energy less than
10°® for at least eight consecutive iterations

3. Results and discussion

In order to evaluate the heat transfer performance in critical regions inside the channel formed by parallel plates,
representing the heat exchanger and the container wall, a charging process (ice making) was analyzed. The numerical
simulations were carried out with the channel at horizontal and vertical positions. This effect may be obtained by
exchanging the respective numerical values between the dimensions L and W, as shown in Fig. 1 For these two cases,
the charging process was conducted with the PCM being chilled from the same initial temperatures, T;, = 15°C, and by
a cold wall temperature at Tc = — 5°C, imposed to one of the plates at t = 0 s, as can be seen in Fig. 1. So, the numerical
simulations were divided into two cases, which deal with horizontal and vertical surfaces. For the horizontal position
the geometric values are L= 17.6 x 10° m and W=0.141 m. For the vertical position, they are L= 0.141 m,
W=17.6 x 10° m.

The information concerning the growth of ice within the parallel flat plates channel is obtained through a numerical
study of heat transfer and buoyancy-driven flow structure by considering natural convection of water near its density
maximum (near 4°C, at sea level). For all the simulations, streamlines and isotherms were used to show the transient
natural convection behavior of the filled-water channel. They were plotted for the times t equal to 180 s, 270 s, 420 s,
620 s, 820 s, 1220 s and 2220 s. The same levels were selected in all pictures to allow a judicious comparison. Graphics
of average heat flux at the chilled plate, sensible and latent energy removal and formed solid, were also plotted with the
variable time in order to investigate the heat transfer problem. The total sensible energy, Ee.s , was calculated by:

Esens =JW PL, Cpg(Tin ~T)d v+fv3 PstS(Tm _T)dv (6)

where Cps is the specific heat of solid and ps is the specific mass of solid.
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The total latent energy was determined by the following expression:

Elat = v, jo Pt.r ANiat 4V @

where v, represents a control volume, whose temperature has reached 0°C.
“'0°c

The average heat flux on the cold plate can be found through the expression given by:

—1Wd _1Ld
q=W(I)qx or q:E(I)qz (8)

where q is the local heat flux on the cold plate of the channel and for each case is given by

q?@%) or q:'ké%J 9)
y=0 x=0

The solid formed is obtained by

fs =ps (V1 -, 7) (10)
where V1 and V¢ are the total volume and the liquid total volume

Vo1 =l & dv (11)

Since the simulations were performed assuming a two-dimensional situation, a unit depth b perpendicular to Fig.(1)
was considered.

Figures 2 and 3 show the transient natural convection behaviors for the horizontal and vertical position of the
channel, respectively, corresponding to the cooling process (charging) with ice formation. Figures 4 and 5 show the
physically representative quantities that may be used to describe the heat transfer problem. Each of them was plotted
including the results for the two positions of the channel, which allow us to make comparisons with regard the details
that characterizes thermal differences between horizontal and vertical parallel surfaces.

It is known that the multi-cellular regime, which arises due to the inversion density phenomenon of water, affects
drastically the thermal exchanges. According to Figs. 2 and 3, one notices that it occurs earlier in the horizontal channel
than in the vertical one. In the former channel, it can be observed from t = 180 s the presence of two large cells, each
one situated at the extremes of the channel. They are of similar intensity and size, and rotate in the clockwise sense.
Yet, in the central part of the channel there exist a nucleus of smaller cells rotating in the opposite sense. On the other
hand, for the same instant of time (t =180 s), the channel in the vertical position presents a natural convection pattern in
the melt such that a hot big counterclockwise cell moves clock wisely a smaller cold one, situated at the bottom of the
channel, by means of inertia and friction effects.

Making a comparison among the intensity of all the cells mentioned above, it is verified that the cells of the channel
in the vertical position rotate much faster than that ones for the channel in the horizontal position. This difference in the
recirculation velocities can be felt in the temperature distribution over the channels, making the homogenization of this
variable faster in the vertical than in the horizontal position of the channel. This fact is clearly observed in Fig. 4
through the graphic for sensible energy removal, where it can be noted the larger amount of energy extracted with the
channel in the vertical position. Further, the most part of this sensible energy is removed from the melt, since there are
no significant differences in the formed solid for these two positions, as shown in Fig. 5. It is important to note that the
smallest energy extracted from the channel in the horizontal position is also due to the multi-cellular regime, which is
very dominant over the time.

As time proceeds, the flow patterns in the remaining melt of the channel in the horizontal and vertical positions
tends to be similar. As a consequence, the amount of sensible energy removed will be close for the two positions of the
channel for long periods of working. Furthermore, as the PCM in the vertical channel becomes cold first, more latent
heat should be extracted from it and more solid should be formed as well, as shown in Figs. 4 and 5. There is practically
no difference in the behavior of the heat flux for the two positions of the channel. Thus, one verifies small dependence
in the performance of such equipments under charging, concerning horizontal and vertical channels formed by the
container and heat exchanger surfaces, despite of the differences pointed out in the present study with regard the heat
transfer and natural convection patterns for the two considered positions of the channel.
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Figure 5- Solid formed and average heat flux at the cold plate.

4. Conclusion

This work presented a study directed toward the optimization of indirect ice storage systems, which are chiller-
based. It is part of the continuous efforts one has been doing with the aim to improve the performance of ice storage
systems. It was analyzed the thermal exchange in critical regions formed between some wall of the heat exchanger and
the container wall. To do so, a channel formed by parallel flat plates was considered to simulate such regions and make
it possible to investigate what happens in horizontal and vertical surfaces of the heat exchanger. According to previous
works, it is known that the multi-cellular regime, caused by the density inversion phenomenon, affects drastically the
heat transfer performance. So, this effect was considered in the present study.

An overview of the results show that there is few dependence in the performance of such equipments under
charging, concerning horizontal and vertical channels formed by the container and heat exchanger surfaces, despite of
the differences pointed out in the present study with regard the heat transfer and natural convection patterns for the two
considered positions of the channel. But supplementary studies should be necessary to analyze whether the distance
between such surfaces may change these results.
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