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Results are presented of a finite element computational study of the free
convection-dominated melting of a pure phase change material con-
tained in concentric horizontal annuli of the following configuration:
(a) Square external tube with a circular tube inside - Annulus Type A
(b) Circular external tube with a square tube inside — Annulus Type B
Effect of heating the inside wall at a temperature above the melting point
of the material was studied. Flow and temperature patterns within the
melt, local heat flux distributions at the heating surface and the cumu-
lative energy charged as a function of time are presented and discussed.
The effect of flipping which involves inverting the container upside-
down at pre-selected times after initiation of melting as a measure to
increase the heat transfer rate during the later stage of the melting
process is examined and discussed. It is shown that this simple yet
effective technique presents a simple way to enhance the overall melting
rate, i.e., the cumulative heat storage.

Introduction

Convection-dominated melting of a phase change material (PCM) has been
studied for various geometric configurations. However, particular attention is given to
melting in a horizontal annulus as a model for a latent heat thermal energy storage
system. A number of numerical/analytical studies [1-3] have been performed in an
attempt to model the melting phenomenon based on the Boussinesq approximation.
Rieger et al. [4] and Ho and Viskanta [5] investigated experimentally the evolution of
the solid-liquid interface during melting of a PCM contained in a horizontal cylinder.
They also presented results of a numerical simulation of the melting process using a finite
difference numerical method. Recently, Ng et al. [6] studied the free convective melting
of a phase change material in a horizontal cylindrical annulus heated isothermally from
the inside wall. However, no prior work exists on the problem of melting in a horizontal
annulus of different cross-section. .
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In the present study, a Streamline Upwind/Petrov Galerkin finite element
method in combination with primitive variables was employed to solve convection-domi-
nated melting problems. Simulation was carried out for melting of a pure phase change
material (n-octadecane) in a horizontal cylindrical annulus heated isothermally from
inside. Effect of the Rayleigh number on the flow patterns within the melt and local heat
transfer rate at the inner wall were examined. The main objective of this paper is to
demonstrate the feasibility of a passive method to enhance melting heat transfer rates in
horizontal annuli by simply inverting the container after a certain amount of melting has
occurred.

Mathematical formulation

For the mathematical description of a melting or freezing process the following
assumptions are made: (1) heat transfer in the PCM is conduction/convection-controlled,
and the melt is Newtonian and incompressible; (2) the flow in the melt is laminar and
viscous dissipation is negligible; (3) the densities of the solid and the liquid are equal; 4
the Boussinesq assumption is valid for free convection, i.e., density variations are consid-
ered only insofar as they contribute to buoyancy, but are otherwise neglected; (5) the
solid PCM s fixed to the adiabatic container wall during the melting process.

To account for the physics of the timewise evolution of the flow at the solid/liquid
interface in fixed-grid methods, the well known enthalpy-porosity model [7, 8] is em-
ployed. Penalty formulation [9, 10] is utilised to comply with the incompressibility
constraint in the momentum equation.

Based on the aforementioned assumptions, the governing equations in tensor
form become:

;=0 )

o Gt ;) =L s+t vl - BT =Ty i, @)

P(%ii + ”jT,j) =(kT;),; +4; ©)

InEq.(2); A =-C(1-2)/33 + b) @)

in which b is a small constant introduced to avoid division by zero and C is a constant
accounting for the morphology of the mushy region for impure PCMs. In general b is
assigned a value of 0.001. For isothermal phase change (pure PCM) C is assigned a value
of 1.6:10°. y is the penalty parameter which is assigned a value of 1.0-10°.

The initial and boundary conditions are:
initial conditions:

T(x, 0) = T%(x) )
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ui(x, 0) = u(x)

boundary conditions:
u; = i;(s,t) onil,
T; = o-,-jnj(s) =T;(s,1) on T,
T =T(s,t) on I'y
g = ~(kT)n;() = 4a(5:)) +4c(s) +4,(s) on T, ©)

Using the above numerical scheme the instantaneous temperature distributions
in the PCM are obtained and the magnitude of the cumulative energy charged per unit
length, O, is calculated as a function of time. The calculation is made by computing the
enthalpy of the PCM at each time increment using the solid PCM at its fusion tempera-
~ ture as the reference state and subtracting the enthalpy of the PCM at the beginning of
the melting process. The maximum amount of energy that can be charged during the
melting process is

Ow = pAylfer (T) ~fiu (T)] ™

In this work, bilinear quadrilateral elements are used to perform all computa-
tions. A source-based scheme [11, 12] is used to treat the phase change effects. A
backward Euler scheme is employed to accomplish the time discretization of Eq. (2).

The aforementioned numerical model has been verified by comparison with
experimental results. For detailed information on the numerical model and the test of
the model please refer to Gong [13].

Results and discussion

Case 1: Type A annulus
y do=n2

Simulations were carried out for melting of a PCM
(99% pure n-octadecane) in a cylindrical horizontal 25
annulus with a heated inner wall. The inner wall of the r
tube is maintained at a constant temperature higher
than the melting point of the PCM. The outer wall is T o
adiabatic. The parameters for the computed problem 5 J

A 4

are listed in Table 1. A schematic diagram of the
physical model simulated is shown in Fig. 1. The
Rayleigh and Prandtl numbers are based on the inside
diameter of the annulus. ol
i i L A~

Figs. 2 (al, a2) and 3 (al-a4) show the predicted

contours of the isotherms (left) and streamlines
. . . pe 5 6

(rlght) at various Fourier numbers f(')r Ra= 2.84‘4 10°. fiire I Soimntio digzear.of
At this Rayleigh number, no flow is detected in the the physical model for type A
melt region in the early stage of melting, with only one annulus
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Table 1. Parameters used in the simulation runs

Br Prandtl number 46.1
Ste Stefan number 0.138
ciley Ratio of solid/liquid specific heat 0.964
ky/k, Ratio of solid/liquid heat conductivity 2.419
0, Initial dimensionless temperature -0.0256

Figure 2. Isotherms (left)
and streamlines (right) in
the melt zone for heating
from the inside

WM"‘

Gt fo=

o m,\“w‘
o

(a1) Fo = 0.0432 (a2) Fo = 0.1296

convection cell formed in the melt zone. The heat transfer rate is controlled by conduction
at short elapsed times. The single convection cell splits into two cells at Fo = 0.043. The
size of the second convection cell formed along the top of the heated cylinder increases
with an elapsed time. The direction of the flow of the second convection cell is anti-clock-
wise while the original cell flows in the clockwise direction. The melt is heated up to the
highest temperature at the junction of the two cells and then floats up due to its lower
density. The two cells recombine at a later stage for Fo > 0.26 and thereafter remain
unicellular for the rest of the melting period.

Fig. 4 displays the dimensionless heat flux distribution g/R, corresponding to the
flow pattern given in Figs. 2 (al, a2) and 3 (a2, a4). Moving from the bottom to the top
of the inner cylinder, the heat flux decreases smoothly except for the troughs at the
junction of the two convection cells. This is due to the fact that the melt has the lowest
temperature at the bottom of the cylinder. Since the inner cylinder wall is isothermal, the
larger temperature difference between the melt and the heating surtace results in a higher
heat flux. As the melt front moves upward along the inner cylinder, the melt becomes
more heated; hence, the temperature difference between the melt and the heating surface
is reduced, along with the heat flux. Now the melt at the junction between the two cells
is at the highest temperature. Hence the temperature difference is lowest at the junction
of the two cells, which results in a sudden drop for the heat flux. Moreover, the position
of the trough is time-dependent; this is a result of the changing size of the second
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(ad) Fo = 0.432

Figure 3. Isotherms (left) and
streamlines (right) in the melt
zone with Ra = 2.844-10° for
unflipped and flipped annuli of
type A

Figure 5. Schematic of
the physical system for
type A annulus
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Figure 4. Local dimensionless heat flux distribution
along the heated surface (Ra = 2.844-10°)

convection cell with time. It can be seen from the
dimensionless heat flux distribution curve (Fig. 4)
that at Fo = 0.302, the two convection cells coa-
lesce into a single cell. Thermal stratification is
observed in the upper part of the melt region. The
temperature gradient decreases significantly in
this zone. This results in the predicted smaller heat
flux in the upper half of the melt region.

Inverting the PCM container 180° about its axis
is identified as a potential passive means of en-
hancing the heat transfer rate during the latter
stages of the melting process. A schematic repre-
senting this idea is shown in Fig. 5. Numerical
experiments were carried out to determine how
much the heat transfer rate could be enhanced
using this simple procedure.

isothermal
surface

isothermal
surface

solid region
g

(b)
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It is assumed that the liquid phase is well mixed and the melt is stationary after
the PCM container is flipped or inverted. However, numerical simulations indicated that
as the initial conditions after the PCM container is inverted, whether the liquid phase is
well mixed and stationary (at pre-flipping conditions) or not has little effect on the heat
transfer rates. Therefore, in subsequent situations the temperature and velocity fields
were not modified to the adiabatic mixing cup temperature after the horizontal annulus
container was inverted. The solid phase is fixed spatially and not allowed to move as the
container is inverted (or flipped). :

For the case of heating the inside wall of type A horizontal annulus, the PCM
container is flipped at Fo = 0.216 and held in that position for subsequent heating. The
effect of flipping on the melting and the heat transfer rate is studied numerically.

Fig. 3 (bl-b4) presents the predicted streamlines and isotherm contours at
different dimensionless times (Fourier numbers) in the second period of the flipped
horizontal annulus (type A) for a Rayleigh number of 2.84-10°. No thermal stratification
occurs in the flipped container and convection continues to play a significant role; it does
not decrease during the last stage of the melting process. This explains why the energy
charge rate is enhanced by flipping the horizontal annulus of type A.

Fig. 6 displays the local dimensionless heat flux distribution corresponding to
the flow pattern shown in Fig. 3 (b1-b4). The crest and the trough in the heat flux
distribution curve correspond to the junction of the convection cell. At Fo = 0.346 and
Fo = 0.432, the single trough is a result of bicellular melt flow during this period.

Fig. 7 shows a comparison of the dimensionless cumulative energy charged in
the system for both the unflipped and the flipped annulus. As the PCM container is
flipped at Fo > 0.216, Fig. 7 reveals that the cumulative energy charged for the flipped
case is higher than that for the unflipped case. This can be attributed to the fact that for
the flipped horizontal annulus bicellular flow continues, keeping the convection flow
active, thereby increasing the heat transfer rate. But for the unflipped case it is clearly
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observed in Fig. 3 (al-a4) that thermal stratification occurs and reduces the heat transfer
rate.

A comparison of the fraction melted for both flipped and unflipped horizontal
annuli of type A is presented in Fig. 8. From the figure it is obvious that there is an
enhancement in the melting rate with the flipped container relative to the conventional
unflipped case at long elapsed times.

It should be noted that the concept of flipping at an appropriate time during
the melt cycle (storage or charge cycle) may not be feasible for all design configurations
of PCM storage type heat exchangers. Also, the beneficial effect of flipping appears only
during the later stages of melting. Again, these results assume that the unmelted portion
of the PCM is fixed (i. e., not free to move during melting or upon flipping).
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0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46
Fourier number

33



THERMAL SCIENCE: Vol. 2.(1998), No. 2, pp. 27-43

Case 2: Type B annulus

For type B annulus, a schematic diagram of the physical model is shown in Fig.
9. To study the effect of heating only the inside wall, the inner wall of the tube is
maintained at a constant temperature higher than the melting point of the PCM. The
outer wall is adiabatic. Again, the PCM used for the numerical experiments is 99% pure
n-octadecane and the parameters for the computed problem are the same as those listed
in Table 1. The Rayleigh and Prandtl numbers are based on the inside diameter of the
annulus. :
Figs. 10 (al, a2) and 11 (al-a3) display the
yip g we predicted distributions of isotherms (left) and
streamlines (right) at various Fourier numbers for
Ra = 2.844-105. It is seen that at Fo = 0.0432 a total
e . of six convection cells develop. The predicted phe-
: nomena are similar to those obtained by Gongetal.
1 6 [14] for melting of a PCM in a rectangular cavity
54 heated from below. The size of the convection cells
increases and the number of cells decreases with an
increase in the melt depth. The increase in the melt
depth further results in the formation of a single
convection cell at the top heated surface of the
inner tube. At Fo = 0.26, it is found that a bicellular
flow exists and that only a small portion of the PCM
at the bottom remains to be melted.

Figs. 12, 13 and 14 display the dimensionless
heat flux distributions 50/5Y, 50/6X, 56/6Y along the
heated bottom wall, vertical wall, and top wall re-
spectively, corresponding to the flow patterns shown in Figs. 10 (a1, a2) and 11 (al, a3).
Moving from left to the right along the bottom heated wall the heat flux is almost constant

=—n/2

Figure 9. Schematic diagram of the
physical model for type B annulus
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; ‘ E Figure 10.
.o Isotherms (left)
I § and streamlines
i o (right) in the melt
) g zone with

Ra = 2.844-10°
for heating from
inside

(a1) Fo =0.0432 (a2) Fo = 0.0864
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(a1) Fo =0.1728

(a2) Fo = 0.216 (b2) Fo = 0.216

(a3) Fo = 0.259 (b3) Fo = 0.259

Figure 11. Isotherms (left and streamlines (right) in the melt zone with
Ra = 2.844-10° for heating from inside in case of unflipped and flipped
annuli of type B
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except for the troughs at the junction of the convection cells as displayed in Fig. 12. Along
the heated vertical wall the heat flux decreases smoothly (Fig. 13). The melt has the
highest temperature difference at the bottom of the inner tube, which results in a higher
heat flux. The dimensionless heat flux distribution along the inner heated top wall is
wave-like for Fo = 0.0432 and 0.086, corresponding to the multiple convection cells.
There are three crests and two troughs on the dimensionless heat flux curve of Fo =
0.0432 displayed in Fig. 14. These crests and troughs correspond to the five junctions of
the six convection cells visible in the streamline contours in Fig. 10 (al). The first crest
from the left corresponds to the junction of the first and second convection cells. The
flow direction of the first circulation is clockwise and the second circulation is anti-clock-
wise. The liquid layers from the two circulation cells are cooled after passing the phase
change interface; they then reach the junction of the two circulation zones at the bottom.
This causes a low temperature zone to appear near the junction at the bottom of the inner
surface of the container. As the bottom surface of the inner wall is isothermal, a low
temperature near the bottom isothermal surface means a large temperature difference
for heat transfer. This results in a higher heat flux. Similarly, the first trough from the left
corresponds to the junction of the second and third convection cells in Fig. 10 (al). At
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Figure 13. Dimensionless heat flux 59/0X
along the heated vertical wall at different
dimensionless times in type B annulus
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the junction of the two cells a high temperature zone is developed which results in lower
temperature difference between the wall and the melt and hence a lower heat flux.

To enhance the heat transfer rate during the latter stages of the melting process,
flipping or inverting the type B PCM container at the appropriate elapsed time after
melting begins is proposed as an innovative enhancement method. A schematic repre-
senting this idea is shown in Fig. 15. Numerical experiments were carried out to
determine to what extent the heat transfer rate can be enhanced using this simple
procedure. Moreover, it is reasonable to assume that the liquid (melt) phase is well mixed
and that the melt is stationary after the PCM container is flipped or inverted and melting
subsequently proceeds without any interruptions. Numerical simulations indicated that
as the initial condition after the PCM container is inverted whether the liquid phase is
well mixed and stationary with original temperature distribution or not has little effect
on the heat transfer rate. Therefore, in subsequent simulations the temperature and
velocity fields were not modified after the container was inverted.

Consider the case of heating only the inside wall of type B horizontal annulus.
The PCM container was flipped at Fo = 0.13 and held in that position for subsequent
heating. The effect of flipping on melting and the heat transfer rate was studied
numerically.

As can be seen from the isotherms plotted in Fig. 11 (a3), thermal stratification
occurs during the last stage of the melting process at Fo = 0.259. Hence for heating from

“phase
change interface

isothermal
surface

Figure 15. Schematic of the
physical system for annulus
type B

melt region
—— e

37



THERMAL SCIENCE: Vol. 2 (1998), No. 2, pp. 27-43

inside a type B horizontal annulus the PCM container was inverted at Fo = 0.1296. Fig.
11 (b1-b3) presents the predicted streamlines and isotherm contours at different dimen-
sionless times (Fourier numbers) for the unflipped annulus (type B), and for the second
period in the case of the flipped horizontal annulus (type B) for a Rayleigh number of
2.84-10°. Since the container is inverted at Fo > 0.1296, the streamline and isotherm
distributions are similar to those for the unflipped annulus case. No thermal stratification
occurs in the flipped container at Fo = 0.259 when compared to that of the unflipped
annulus (Fig. 11(a3)), and free convection continues to play a significant role as can be
seen in Fig. 11(b3). In fact, the inversion of the container gives rise to a higher melting
rate. This explains why the energy charge rate is enhanced by flipping the horizontal
annulus of type B. ,

Figures 16, 17 and 18 display the dimensionless heat flux distributions 56/5Y,
00/0X, A0/0Y along the heated bottom wall, vertical wall, and top wall for the flipped

x 0.0 0. 0.29W0I3" s0:4"F 0.5 5 06" 0.7 " 0:8" *10/8 1.0

S26 ; 726
;24_ —— Fo=0.1296 '
o S s GBI Fo=0.1728
ﬁ 22K n mraad s ki 122
820p N, e Fo=0.2592 20
S 18-, 18
g16f 116
E14} el 14
10} {10  Figure16. Dimensionless heat
gk ILn flux 29/0Y along the heated
6F 1 ¢ bottom wall at different di-
al { 4 mensionless times in flipped
o {1 o  annulus of type B
0 3 - . : ; g y 5 4 0
00 01 02 03 04 05 06 07 08 .09 X1.O
OIORSNOFREN 02510, 3504 "N0.5 064 0:7¢ 1018 00RO
X 24 ; e e et i 24
T 22f —Fo=0.129 122

8 Figures 17. Dimensionless

. 1 6 heat flux 6/0X along the

% il 4 heated vertical wall at differ-
‘A2
0

ent dimensionless times in
flipped annulus of type B

IQNS0MS02=N0I3EN04 0.5 0.6790.7 wu0:8% %098 210
Y

38



Khillarkar, D. B., Devahastin, S., Mujumdar, A. S.: Effect of Flipping on Free ...

0108 SOARN0.20W0. U040 0:55 #0.6W €07 8°0.8 HQia v .0

x 24 - 24
= ool —— F0=0.1296 ]

; 4 = 3 B et el 1 3origin] gl geaa baqailtad] Fo=0.1728 A2
Figure 18. Dimensionless T T Fo=0216 120
heat flux cb/g¥®alongfthel gl =~ 0 N Fo = 0.2592 118
heated top wall at different § 16} 1P
dimensionless times in g il o
flipped of type B e

12} 5112
10 110
8 [* e 8
6 / b, 16
%
4r *F 4
2 2
0] = : 3 : g g : * 0
00" ©1F 022 FOI3" D4 0I5 N0I6RN0/7 0:8" (09 X1.0

annulus type B respectively, corresponding to the flow patterns shown in Figures 11
(b1-b3). Along the heated bottom wall of the inner tube, the heat flux obtained for Fo=
= 0.13 is the same as that obtained for unflipped annulus of type B. However, after
inversion of the container the heat flux, moving from left to right of the bottom heated
wall, at various Fourier numbers is found to decrease steadily. In fact, at Fo = 0.173 a
trough and a crest is observed which basically corresponds to the junctions of the
convection cells in Fig. 11 (b2). For the inverted container the dimensionless heat flux
along the heated vertical wall increases from the bottom to the top (Fig. 17). Also the
heat flux distribution along the heated top wall of the inner tube from left to right appears
to be the same after inversion, as can be seen from Fig. 18.

Fig. 19 shows a comparison between the dimensionless cumulative energy
charged in the system for both unflipped and flipped annuli. Prior to Fo = 0.1296, the
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energy charge curves with and without inverting the container are identical; this is because
the flipping action takes place after Fo = 0.1296. Fig. 19 also reveals that the cumulative
energy charged for the flipped case is higher than that for the unflipped case. Thus, during
the final stage of the melting process, there is no obvious slow-down in the energy charge
curve for the case of inverting the PCM container.

Fig. 20 presents a comparison of the fraction melted for both the flipped and the
unflipped horizontal annulus of type B, when only the inside wall is heated. This figure
reveals that at long elapsed times there is an enhancement in the melting rate with the
flipped container, relative to that of the conventional unflipped case. It can be deduced
that the beneficial effect of flipping towards an increase in the heat transfer rate is helpful
only during the later stages of the melting process. Of course the magnitude of such
enhancement will depend on the PCM used, the container geometry, the boundary
conditions, as well as the time when flipping occurs.
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Concluding remarks

Melting of a pure phase change material in tube geometries of two different
configurations (i. e., type A horizontal annulus and type B horizontal annulus) were
studied numerically. Numerical experiments were carried out for each of the configura-
tions for heating the inside wall. It is observed that thermal stratification is attained in
the upper part of the cavity, due to the fact that the energy charged to the system is mainly
carried upward by free convective flow in the melt. Thus, energy is used to raise the
temperature of the melt instead of melting the PCM. In other words, energy storage in
the system is in the form of sensible heat and not latent heat.

Aninteresting yet simple approach to take care of stratification in both horizon-
tal annuli of types A and B for heating the inside wall is flipping or inverting the container
at pre-selected times after initiation of melting. The present numerical study reveals a
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good improvement in the melting rate, which indirectly reduces the melting time as
compared to the conventional (unflipped) PCM container.
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Nomenclature

A ~ porosity function for the momentum equation

A, - areaof a computational domain

b - asmall constant

c - specific heat

@ — constant

d - diameter of the inner cylinder

fu - enthalpy-temperature function

g — gravitational force vector

h - enthalpy

k — heat conductivity

n; - surface unit normal vector

q — heat flux

q, - prescribed heat flux

q. - convective heat flux

q, - radiative heat flux

s - heat source

(0] - instantaneous energy charged

Or - total energy charged

Oun - maximum energy charged

T — radius of inner cylinder

r, — radius of outer cylinder

r - radial co-ordinate (see Fig. 1)
— boundary surface co-ordinate

t — time

T — temperature

T, - reference temperature

T, - melting point of PCM

T,, - isothermal wall temperature

u; — velocity component (second subscript means diferentiation)
X Y - co-ordinate

Greek symbols

o - diffusivity

B — expansion coefficient
Ah - latent heat
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QDT R >

— polar angle (see Fig. 1) ; Superscript

— porosity of a mush zone 3
: gg{:ilg st E — over bar, boundary value of
fiip s e o the variable
5 densityty 0 - initial value
- tangential stress components .
j - stress tensor Subscripts
Dimensionless groups ! - liquid
5 — solid
. ta,
Fo - Fourier number Fo = d_2
c
Pr - Prandtl number Pr = —£
1
. pZC,gﬁd3(Tw —Tm)
Ra - Rayleigh number Ra =
1k
' (T, -T,
Ste - Stefan number Ste = M
Ah
0 - Dimensionless temperature  § = ——2
Tw “im
@ - Normalized polar angle @ = %
71'
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