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Abstract

An experimental study has been conducted in dealing with natural convection heat transfer characteristics of mi-
croemulsion slurry in rectangular enclosures. The microemulsion slurry used in the present experiment was composed of
water, surfactant, and fine particles of phase-change-material (PCM). The PCM mass concentration of the micro-
emulsion slurry was varied from a maximum 30 mass% to a diluted minimum 5 mass%, and the experiments have been
done separately in three subdivided temperature ranges of the dispersed PCM particles in a solid phase, two phases
(coexistence of solid and liquid) and a liquid phase. The results showed that the Nusselt number increased slightly with
the PCM mass concentration for the slurry in solid phase. In the phase change temperature range, the Nusselt number
increased with an increase in PCM mass concentration of the slurry at low Rayleigh numbers, while it decreased with
increasing PCM mass concentration of the slurry at high Rayleigh numbers. There was not much difference in natural
heat transfer characteristics of the PCM slurry with low PCM concentrations (<10 mass%), however, the difference was
getting greater with increasing the PCM concentration, especially for the enclosure at a lower aspect ratio (width/height
of the rectangular enclosure). The enclosure height was varied from 5.5 to 24.6 mm under a fixed width and depth of 120
mm. Hence, the experiments were performed for a wide range of modified Rayleigh number from 3x 102 to 1.0x 107.
The correlation generalized for the PCM slurry in a single phase was derived in the form of Nu= 0.22(1 —
C1Ce@AR)RG!/Gr+l) where C; and C, were the optimum fitting constants obtained by the least square method.
While the PCM was in a phase changing region, the correlation could be expressed as Nu = 0.22(1—
C)C,e~ AR\ Rq!/Gr+1) §1e=025 where the Ste was the modified Stefan number.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The exploitation of functionally thermal fluid has
been giving an increasing attention in recent years for
their great potentials to be utilized in heat transfer, heat
storage and fluid transportation [1,2]. The practical
feasibility studies had already been done by numerous
researchers for the forced convection using the micro-
encapsulated phase change material slurry [3-5]. How-
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ever, there are very few investigations on the natural
convection heat transfer characteristics for the PCM
slurry. The main problem, which has to be overcome, is
the effect of stratification and/or agglomeration due to a
large size of particle for the natural convection in the
PCM slurry. However, the present technique could
produce the fine encapsulated particles of the PCM in a
diameter of less than one micrometer, which is much
smaller than those used by Datta et al. [6] and Katz [7].
Recently, the experimental study conducted by Datta
et al. [8] showed that the PCM slurry at low concentra-
tion (<5%) could enhance the heat transfer in natural
convection in a couple of their experiments. The effects on
the natural convection heat transfer characteristics for a
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Nomenclature

a thermal diffusivity (m?s~!)

AR aspect ratio, width/height of rectangular
enclosure

C coefficient in correlation

C, coeflicient in correlation

Cpn mass concentration

G, apparent specific heat (Jkg=' K1)

D depth of rectangular enclosure (mm)

d particle diameter (um)

g gravitational acceleration (ms—2)

H height of rectangular enclosure (mm)

k thermal conductivity (Wm~! K1)

K consistency index of power law model fluid
(Pas")

m mass (kg)

n pseudoplastic index of power law model
fluid

Nu Nusselt number, Eq. (9)

Pr Prandtl number

q net heat flux through the water or PCM
slurry layer (W m™2)

qt gross electric power input (W m~2)

Ra Rayleigh number, Eq. (10)

Ste Stefan number, Eq. (12)

T temperature (K)

w width of rectangular enclosure (mm)
X mass ratio, msg/my

Y dimensionless vertical coordinate

Greek symbols

o heat transfer coefficient, ¢/(Ty — Tc)
(Wm—2K™)

p volumetric expansion coefficient (K1)

y strain rate (s™!)

p density (kgm™3)

v kinematic viscosity (m?s~!)

Subscripts

H heating plate

C cooling plate

0 reference state

cal calculated from the correlating equation

exp experimental

r room

] solid phase

w water

30 PCM mass concentration of 30%

wide range of the PCM mass concentration of the slurry
and various aspect ratios of the rectangular enclosure
have been investigated in the present study.

2. The properties of microemulsion PCM slurries

The original microemulsion PCM slurry was a mix-
ture of paraffin, surfactant, and water in a mass ratio of
30%, 5%, and 65%, respectively. The external appear-
ance is shown in Fig. 1. The polymer surfactant com-
posed of hydrophilic radicals in the water side and
hydrophobic radicals in the paraffin (oil) side acts as an
emulsifier or a thin film separating the PCM from water.
The PCM particles and water are immiscible each other.
The stability and fluidity of the PCM particles can be
achieved due to the thin films (2-5 nm in thickness) of
the polymer surfactant around them. The polymer
surfactant keeps fluidity, and is stable while the PCM is
under a phase change. The thermal resistance of the
polymer surfactant can be negligible. It is considered
that while the PCM inside the particles is in a liquid
phase, the internal circulation of the PCM occurs and
the polymer surfactant film is movable. However, while
the PCM is in a solid phase, there is no internal circu-
lation of the PCM. As a result, the drag coefficient by
natural convection is lower for the PCM in the liquid
phase than that for the PCM in the solid phase [2].

Pcmg‘?@fﬁm"‘
05

Water

G- Hydrophilic radical
Hydrophobic radical

—

Fig. 1. The external appearance of microemulsion slurry
(C = 30%).

By diluting the original microemulsion PCM slurry
(C,, = 30%) with distilled water, the less concentrated
PCM slurries could be made. As shown in Fig. 2, the
PCM particle diameter distribution ranged from 0.1 to
1.2 pm and its volumetric averaged diameter was
d, = 0.51 um. A 200 ml separatory funnel was used to
check if any stratification occurs for the original PCM
slurry. The density distributions of the original and the
heated PCM slurry (up to 328 K) were inspected. The
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Fig. 2. The PCM particle size distribution.

results showed no evidences of any stratification of the
PCM particles in the slurry. The apparent specific heat
C, was measured using a differential scanning calori-
meter (DSC). The data obtained by using water were in
agreement with the reference values [9] with a standard
deviation of *1.5%. The measured data of apparent
specific heat of the PCM slurry with a PCM mass con-
centration of 30% were plotted against temperature in
Fig. 3. The pycnometer was used for measuring the
density, which had a measuring accuracy of within
+5.0x10~* kgm~>. The thermal conductivity was mea-
sured by the present experimental apparatus under the
conditions of top wall heating and bottom wall cooling,
and its measuring method will be described in the later
section. The viscosity parameters for various PCM
concentrations of the slurry as shown in Fig. 4 were
measured using a rotary cylinder viscosity meter. The
measured viscosities for water were in agreement with
reference values [9] with a standard deviation of +1.2%
in the temperature range from 303 to 333 K. Fig. 5a and
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Fig. 3. Apparent specific heat capacity measured by DSC.
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Fig. 4. The relationship of apparent viscosity with temperature

for various concentration microemulsion slurries at strain rate
of p=14.5s"".

b show the measured pseudoplastic fluid index » and
viscosity consistency K against temperature T, respec-
tively. At a same strain rate, the viscosity is higher for
the PCM in a solid phase than that for the PCM in a
liquid phase. In other words, the microemulsion PCM
slurry gets less viscid with the melting of the PCM
particles in slurry. The more diluted or the less con-
centrated PCM slurry also becomes less viscid. Fig. 6
shows the relationship between the volumetric expan-
sion coefficient f§ and temperature 7 for the PCM slurry.
The volumetric expansion coefficient was measured
using a volumetric expansion meter. The measured data
of water were in agreement with reference values [9] with
a standard deviation of less than *1%. It is shown in
Fig. 6 that the volumetric expansion coefficient increases
with an increase in temperature from 7 = 310 K, and it
reaches a maximum one at a temperature of about 319
K. The data of f show that the local maximum volu-
metric expansion coefficient decreases with a decrease in
the PCM mass concentration C,, of the slurry. As can be
seen in Fig. 3 or Fig. 4, the phase changing region of the
PCM almost covers the temperature range from 313 to
323 K. Hence, the temperature range in the experiments
was intentionally divided into three subregions accord-
ing to the phase of PCM particles, which were the solid
region (7 <313 K), the phase changing region
(313 K < T < 323 K) and the liquid region (7 > 323 K).
The density p, the thermal conductivity &, the volumetric
expansion coefficient f5, and the apparent specific heat C,
for the diluted microemulsion PCM slurries can be cal-
culated by using Eqgs. (1)—(4), which were derived by the
proportional relation between the measured properties
of the 30 mass% microemulsion PCM slurry and those
of water. Where x is the mass ratio of water to the PCM
slurry (30 mass%). As it is well known that the natural
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Fig. 5. The variations of pseudoplastic fluid index # (a), and viscosity consistency K (b) with temperature at various concentrations of

microemulsion slurry.
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Fig. 6. The relationship between volumetric expansion coeffi-

cient f and temperature at various mass concentrations of
microemulsion slurry.
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convection is a non-linear dissipative dynamic system
essentially coupled between flow and heat transport.
Much more complicated natural convection character-
istics are to be expected with these complicated physical
properties.
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The measured density p;,, volumetric expansion coeffi-
cient f3;,, apparent specific heat C,3, and thermal con-
ductivity k3, for the microemulsion PCM slurry with a
PCM mass concentration of 30% can be expressed, re-
spectively, in the following equations.

303 K<T <313K
3I3KLT 323K
323K <T<333K

()

1181, - 0.7162T
916.8+39.57/ (1 + "M
1267. — 1.08T

P30 =

33 K<T<313K
313 K<T<323K (6)
323K < T<333K

0.268 +-7.07 x 107*T 303 K<T <313 K

ks = { 2.929 — 0.00776T 313 K<T<323K
—0279+0.00212T 323 K < T<333 K

(7)

1559. —10.09T +0.01636T> 303 K <T < 313K

Cpao = { 4.464+7.134e 01027392" 313K <T<323K

35141013 051(7-3239) 323K < T<333K

(8)
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3. Experimental setup and procedures

The schematic diagram of experimental setup is
shown in Fig. 7. The cut view of the test section is shown
in Fig. 8. The rectangular enclosure consisted of a
transparent acrylic side-frame (10 mm thick) and two
copper plates (10 mm thick). The copper plates were
fitted to the top and bottom ends of the side-frame. The
temperature of the top cooling copper plate was main-
tained at a constant by circulating the cooling brine
through the backside of the cooling copper plate. A 0.7
mm thick electric film heater was mounted below the
bottom of the lower copper heating plate. A film heat
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® Personal computer
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Fig. 8. Cut view of test section.

flux sensor (0.2 mm thick and 50 mm in square), which
had a measuring accuracy of 1.0 Wm™2, was inserted
between the film heater and the lower copper heating
plate. The backside of the film heater was covered with a
5 mm thick foamed thermal insulating material, and a 15
mm thick bakelite plate was mounted below the thermal
insulating material. The whole test section was thermally
insulated by a 50 mm thick foamed thermal insulating
material. A glass pipe of 8.0 mm in an inner diameter
was designed as an expansion reservoir of the mi-
croemulsion slurry. The average temperatures of the
heating and cooling copper plates were measured, re-
spectively, by six 0.1 mm diameter Cu—Co thermocou-
ples, and two of the six thermocouples were buried in the
middle and four of them were located around of the
heating or the cooling plate. All the thermocouples had
been individually calibrated in a constant-temperature
water bath to yield a measuring precision of 0.2 K. The
temperature of the heating copper plate was adjusted by
controlling the electric power input of the heater. The
height of the rectangular enclosure H or the aspect ratio
AR can be changed easily by selecting a suitable acrylic
side-frame with a different height. Two T-type thermo-
couples supported by a 1.06 mm in an outer diameter
and 0.18 mm thick stainless pipe were installed to
measure the vertical temperature distribution in the
center of the enclosure, and, their positions in the ver-
tical y-direction were controlled with a micrometer.

In order to estimate the heat-loss from the experi-
mental apparatus to the environment, firstly, the appa-
ratus was calibrated under the heat conduction
condition of the top wall heating and the bottom wall
cooling by using distilled water. Then the heat-loss can
be estimated by withdrawing the net heat based on heat
conduction through the water layer from the gross
electric power input of the film heater. The experiments
were repeated with different electric power inputs and
temperature differences between the heating copper plate
and the environment. The results showed that the heat-
loss was approximately a linear function of the tem-
perature difference between the heating copper plate and
the environment. The heat-loss from the experimental
apparatus was less than 5% of the total heat input. The
measured thermal conductivities of the distilled water by
using the calibrated experimental apparatus were in
agreement with the reference values [9] with a standard
deviation of *2%. The thermal conductivity of the
microemulsion slurry was measured by using the same
experimental apparatus. The measured Nu number
against Ra number for the distilled water and the rect-
angular enclosure of H = 8.4 mm (AR = 14.3) was ap-
proximately 4.5% lower than that calculated by using
Holland’s equation [10] due to the side-wall effect, since
this equation applied to the natural convection between
two infinite plates. Therefore, it was clear that the pre-
cision of the present experimental apparatus was enough
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to estimate the natural convection heat transfer of the
PCM slurry layer.

The top cooling plate temperature was fixed at 303,
313 and 323 K for the PCM in solid phase, phase
changing and liquid phase regions, respectively. Data
acquisition was conducted while the whole system was
considered at a thermal steady state if the heating plate
had a temperature fluctuation within £0.05 K in an
hour. In addition, the averaged heating plate tempera-
ture Ty, the electric power input ¢,, the room tempera-
ture 7; and the PCM slurry temperature 7; at the center
of the enclosure were monitored with time from the
beginning to the end of the experiment in every 30 s. The
uncertainties in the measured Rayleigh number and
Nusselt number were estimated to be 7% and 6%, re-
spectively.

4. Experimental results and discussion
4.1. The PCM in solid phase

In relation to the non-dimensionalization of experi-
mental data, the buoyancy induced natural convection
heat transfer around a vertical plate can be generally
expressed as a function of Rayleigh number Ra and
Prandtl number Pr under an either isothermal or con-
stant heat flux heated condition [11]. For the natural
convection heat transfer in a rectangular enclosure, the
aspect ratio of the enclosure should be included to ac-
count the side-wall effect [12]. In fact, the side-wall of an
enclosure plays a significant role in a convective-flow
structure analysis [13]. However, the natural convection
in a non-Newtonian fluid becomes much more compli-
cated. The reason is that the viscosity of a non-Newto-
nian fluid is dependent on stress or strain rate. For the
shear-thinning pseudoplastic non-Newtonian fluid, the
definition of Rayleigh number can be obtained easily by
a standard normalization of N-S equation if the velocity
scale is given by ao/H, pressure scale by pya3/H?*, and
time scale by H?/ay [14]. The experimental results of the
natural convection heat transfer can be generalized by
Nu number against Ra number, where Nusselt number
Nu and Rayleigh number Ra were defined, respectively,
as follows:

oaH

_ PogB(TH - TC)HZ"“

R
¢ Kaj

(10)

The heat transfer coefficient o is defined as
o = q/(Ty — Tc), where q is the net heat flux through the
PCM slurry or water layer. The volumetric expansion
coefficient § was an integral averaged value from the
temperature of top cooling plate to the temperature of
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Fig. 9. The heat transfer coefficient versus the temperature
difference between the two horizontal boundaries for the PCM
slurries with various mass concentrations for AR = 21.8
(H = 5.5 mm) and the PCM in solid phase.

bottom heating plate. Up to now, it is still difficult for
getting a generalized dependency to evaluate the natural
convection in a non-Newtonian fluid [15-17].

Fig. 9 shows the heat transfer coefficient a versus the
temperature difference Ty — Tc (Tc = 303 K) between
two horizontal boundaries for various PCM mass con-
centrations of the slurries in the case of AR = 21.8 or
H = 5.5 mm and for the PCM in solid phase. It is shown
that no convection occurred for the highest PCM mass
concentration of 30 mass%, and the heat transfer coef-
ficients keep almost constant. For the slurry with a lower
PCM mass concentration, a convection state can be in-
duced with an increase in temperature difference. How-
ever, a jump in heat transfer coefficient has been
observed from the stable conduction state to the con-
vection state. This means that the subcritical regime
exists for the natural convection in the microemulsion
slurry. Depending on the initial condition, either a nat-
ural convection or a heat conduction state can exist in
the subcritical regime. The previous studies showed that
the discontinuity of Nusselt number with respect to
Rayleigh number at the critical condition resulted
mainly from the departure of a real fluid from the
Boussinesq approximation [13]. Fig. 9 also shows that
the temperature difference required for the jump in heat
transfer coefficient from the heat conduction state de-
creases with a decrease in PCM mass concentration.
This phenomenon was also getting disappeared with an
increase in enclosure height for the slurry at a PCM
mass concentration of 20%, as shown in Fig. 10. Fig. 11
shows the vertical temperature distribution profile in the
middle of the enclosure for C,, = 20%, AR = 21.8 and
the PCM in a solid phase. The linear temperature dis-
tributions, which indicate the steady state of heat con-
duction at lower heat fluxes, are shown clearly in Fig. 11.
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Fig. 10. The heat transfer coefficient versus the temperature
difference between the two horizontal boundaries at various
aspect ratios for the PCM in solid phase and C,, = 20%.

Fig. 12 shows the Nusselt number against Rayleigh
number for all the measured data while the PCM in the
slurry was in a solid phase for various aspect ratios and
PCM mass concentrations. If the experimental results
were correlated in the form of equation Nu = C,Ra'/G"*1)
for each rectangular enclosure and the PCM slurry, the
best fitting constant C; in the equation could be obtained.
The exponent of Rayleigh number was taken from the
result of natural convection in non-Newtonian fluid
around a heated vertical plate [18,19]. As shown in Fig.
13, the fitting constant C, increases with an increase in
aspect ratio AR and a decrease in PCM mass concen-
tration C,,. This indicates that the side-wall effect on heat
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Fig. 11. The vertical temperature distribution in the middle of
enclosure for C, =20%, AR =21.8 and the PCM in solid
phase.
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Fig. 12. Nusselt number against Rayleigh number for the PCM
in solid phase at various mass concentrations and aspect ratios.

transfer is reduced with an increase in aspect ratio AR.
However, the side-wall effect can be different for various
fluids. For the PCM slurry with a PCM mass concen-
tration of 30%, the fitting constant C; decreases re-
markably with a decrease in aspect ratio AR, or, a
significant influence of aspect ratio on the Nusselt num-
ber has been observed. For pure water, the fitting con-
stant C; was almost constant in the range of aspect ratio
AR =4.9-21.8. Since the PCM slurry used in the present
study is a non-Newtonian fluid, for the enclosures with
the same aspect ratio AR, the side-wall effect might be
different for power-law non-Newtonian fluids with vari-
ous n. For instance, the Prandtl number of a power-law

0.25
0.20
Q" 015} PCM in solid
C.n (%)
. -m-- 30
.o <>+ 20
010 = A 10
_v._ 5
—-— 0
005 1 L 1 L 1 L 1 L
5 10 15 20 25

Fig. 13. The best multipliers obtained for fitting the Nusselt
numbers against the Rayleigh numbers with a power index of
1/(3n+ 1) for various aspect ratios and mass concentrations.
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fluid can be expressed as Pr= (Kai2/p,H*2) [14],
which is related to both A (or AR if W is fixed) and n. In
the present experimental correlations, the aspect ratio
AR rather than the Prandtl number Pr was considered,
because the Prandtl number Pr is also a function of the
aspect ratio AR (if W is fixed) for power-law non-New-
tonian fluids. Therefore, the correlation of experimental
data with the form of Nu = C(1 — AC,,e BAR)Rq!/Cr+1)
was proposed, which was expected to correlate the data
well. Where “4” and “B” in the equation above are the
constants to be determined by the least square approxi-
mation according to the data shown in Fig. 13. The
correlation equation indicates that the Nusselt number
decreases with an increase in PCM mass concentration
C,, and a decrease in aspect ratio AR. The optimum fit-
ting correlation for the PCM in solid phase is following.

Nu = 0.22(1 — 2.7C,,e *CAR)Rg!/GrtD) (11)

The comparison of Nusselt number between the ex-
perimental data and the correlation equation (11) is
shown in Fig. 14. The correlation equation (11) is in
agreement with the experimental data with a standard
deviation of +4.2%. Here, the applicable parameter
ranges in Eq. (11) are Ra=1.0 x 10*-6.0 x 10°,
C,, = 0-30%, and AR = 5.0-22.0.

4.2. The PCM in phase changing

As shown in Fig. 5, the microemulsion PCM slurry
has very complex thermophysical and rheological
properties within the phase changing temperature range
from 313 to 323 K. The volumetric expansion coefficient
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Fig. 14. Comparison of Nusselt number between experimental
data and the correlation Eq. (11) for the PCM in solid phase.

f shows a peak value at a temperature of 319 K. In fact,
the PCM used in the present experiment is composed of
some kinds of n-paraffin (C,H,,.»), and the melting
point of n-paraffin rises with the molecular number of
carbon. For instance, the docosane (CyHys) has a
melting point of 317.5 K, the tricosane (Cy;Hyg) of 320.8
K, and, the tetracosane (C,4Hso) of 324.3 K. Fig. 15
shows the convection heat transfer coefficient o versus
the temperature difference Ty — Tc (7c = 313 K) be-
tween the heating and cooling plates for various PCM
mass concentrations in the enclosure of AR =21.8
(H = 5.5 mm). As shown in Fig. 15, a local maximum
heat transfer coefficient o appears at the heating plate
temperature of 7y =319 K (temperature difference
Ty — Tc = 6 K). It corresponds to the melting temper-
ature showing the local maximum apparent specific heat
as shown in Fig. 3. It was believed that the maximum
heat transfer coefficient was mainly due to the partici-
pation of the phase changing process of PCM particles
in the natural convection heat transfer of the slurry. Fig.
16(a) and (b) show the vertical temperature distribution
profiles in the middle of enclosure for the case of
C, =20%, AR =21.8 (H=5.5 mm) and the case of
C, = 30%, AR = 10.5 (H = 11.4 mm), respectively. The
jump in heating plate temperature 7y at y = 0 mm in the
temperature range of 7 > 320 K was observed in both
Fig. 16a and b. This result was attributed to the dramatic
decrease in the heat transfer coefficient from temperature
difference Ty — Tc = 6 K to Ty — Tc = 10 K as shown in
Fig. 15, since the latent heat transferred during the phase
changing process decreased with an increase in heating
plate temperature Ty over Ty = 320 K.
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Fig. 15. The heat transfer coefficient versus the temperature
difference between the heating and cooling plates for various
mass concentration PCM slurries in the enclosure of AR = 21.8
(H = 5.5 mm) and for the PCM in phase changing.
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Fig. 16. The vertical temperature distribution profiles in the middle of enclosure for the PCM in phase changing and for the case of
C,, =20%, AR = 21.8 (H = 5.5 mm) and the case of C,, = 30%, AR = 10.5 (H = 11.4 mm).

Fig. 17 shows the Nusselt number versus Rayleigh
number for various aspect ratios AR and PCM mass
concentrations C,,. As shown in Fig. 17, even for the
PCM slurry with the lowest PCM mass concentration of
C,, = 5%, the phenomenon of a rapid decrease in Nus-
selt number is shown clearly, which corresponds to a
jump in bottom heating plate temperature. However,
the Nusselt number increases again with an increase
in Rayleigh number over Ra > 2 x 10%, as shown in
Fig. 18.

The heat transfer enhancement of natural convection
in the PCM microemulsion slurries was considered
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Fig. 17. Nusselt number against Rayleigh number for the PCM
in phase changing at various mass concentrations and enclo-
sures.

mainly due to the melting and solidification of the PCM
near the heating and cooling boundaries, respectively.
Its enhancement should be dependent upon the latent
heat or the enthalpy of the PCM slurry in a phase
change confined by the two boundary temperatures. The
previous numerical results [20] also showed that the la-
tent heat transfer in a phase changing process resulted in
the enhancement of natural convection heat transfer
between the heating and cooling boundaries. Therefore,
the Nusselt number can be correlated with the following
modified Stefan number Ste.

3
T,< 323K | T,> 323K
o
2+ o R
e} QO
=
< O
o PCM in phase change
AR=21.8 (H=5.5mm)
C,=30%
09 ol L ool L L
5 100 2 5 10 2 5

Ra

Fig. 18. Nusselt number against the Rayleigh number for
C,, = 30% and AR = 21.8 (The Nu number restores increasing
again with Ra when the heating plate temperature is over the
maximum phase changing temperature).
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ste = ol — o) (12)
Jc,dr

where C,, is an apparent reference specific heat at 313 K.
Note that the apparent specific heat C, is significantly
dependent upon temperature indicated in Fig. 3. Fig. 19
shows the reciprocal of Stefan number versus tempera-
ture for various PCM concentrations of the slurry. As it
is shown in the figure, the reciprocal of Stefan number
increases with an increase in the PCM mass concentra-
tion C,,.

The Nusselt number and the Rayleigh number were
correlated in the same method described in the above
section. However, since the Rayleigh number alone
cannot reflect the peak appearance of Nusselt number,
the Stefan number defined above was introduced in the
correlation. In other words, the contribution of a phase
changing process to natural convection heat transfer has
to be taken into account. Fig. 20 shows a close rela-
tionship between the Nusselt number and the reciprocal
of Stefan number obtained for the case of C,, = 10% and
AR = 10.5 (H = 11.4 mm). If the other parameters were
included and the same equation form as Eq. (11) was
used, it was found that the Nusselt number was in
proportion to the Stefan number with an approximately
exponent of —1/4. The correlation obtained was in the
following.

Nt = 0.22(1 — 2.7C, e "02AR) Rl /(1) gre=(1/4) (13)

The standard deviation of the correlation equation
(13) was within £12% against the experimental data, as
shown in Fig. 21. The applicable parameter ranges in
Eq. (13) are Ra = 5.0 x 102-2.0 x 107, C,, = 0-30% and
AR = 5.0-22.0.
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1.6

1.4

Ste
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0 2 4 6 8 10 12 14 16
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Fig. 19. The reciprocal of modified Stefan number against
temperature (The case of C,, = 30% is from the data measured
by DSC, and the others are the calculated by using Eq. (4)).
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Fig. 20. The relationship between the Nusselt number and the
modified Stefan number for the case of C, =10% and
AR =10.5 (H = 11.4 mm).

If the hot plate temperature was over the maximum
phase changing temperature of 7y = 323 K, the Stefan
number was given as unity. This means that the effect of
phase changing process on natural convection heat
transfer can be ignorable. Therefore, in this temperature
range the correlation can be simplified as

Nu = 0.22(1 — 2.7C,,e " "R )Rqa"/Cr+) (14)
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Fig. 21. Comparison of Nusselt number between the experi-
mental data and the correlation Eq. (13) for the PCM in phase
changing.
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The comparison between Egs. (11) and (14) shows that
all the other coefficients of the two equations are the
same except for the effect of aspect ratio. Generally, the
side-wall effect of the rectangular enclosure will become
significant while the aspect ratio is small, but this also
depends upon the viscosity or the Prandtl number of the
fluid in the enclosure.

4.3. The PCM in liquid phase

The experimental data were correlated in the same
way for the PCM in the liquid phase as in the solid
phase. All the phase change material in the microemul-
sion slurry was in a liquid phase at temperature over 323
K. As shown in Figs. 3-5, the rheological and thermo-
physical properties are to a lesser extent dependent upon
temperature in the range of 323-333 K. However, it
should be noted that the volumetric expansion coeffi-
cient f in this range is smaller than that of distilled
water. Especially at a temperature of 327 K, the volu-
metric expansion coefficient f reaches its minimum and
it is about three times smaller than that of distilled water
for the case of C,, = 30%. Since the volumetric expan-
sion coeflicient f is small in the liquid phase, the integral
averaged method becomes more important to estimate
Nusselt number in dependence on Rayleigh number in
order to have a physically meaningful result. It is con-
cluded that since the viscosity of the PCM slurry in a
liquid phase is less than that in a solid phase, the side-
wall effect of enclosure on natural convection heat
transfer is also reduced. By using the same method, the
best correlation obtained is,

Nu = 0.22(1 — 2.0C,e *"AR)Ra'/Br+1) (15)

As shown in Fig. 22, the standard deviation of the
correlation equation is about £12% against the experi-
mental data.

5. Conclusions

The microemulsion PCM slurry showed very com-
plex natural convection heat transfer characteristics in a
horizontal microemulsion PCM slurry layer heated from
below and cooled from above. Both effects of the aspect
ratio of a rectangular enclosure and the PCM concen-
tration of the slurry on natural convection heat transfer
were clarified. Based on the experimental results and the
correlated equations, the following conclusions could be
drawn.

(1) Even for the lowest PCM concentration of the slur-
ry, the maximum Nusselt number was observed in
the phase changing region with an increase in Ray-
leigh number. The dispersed PCM particles in a mi-
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Fig. 22. Comparison of Nusselt number between the experi-
mental data and the correlation Eq. (15) for the PCM in liquid
phase.

croemulsion slurry could enhance the natural
convection due to contribution of latent heat gener-
ation by melting and solidification. The modified
Stefan number was introduced in the present study,
which represented the enhancement of natural con-
vection heat transfer resulted from the participation
of latent heat with phase change.

(2) The Nusselt number in the phase changing process
in the PCM slurry was in proportional to the reci-
procal of the modified Stefan number with an expo-
nent of a quarter. The Nusselt number increased
with increasing the PCM concentration. However,
since the viscosity of the PCM slurry could increase
also with an increase in the PCM concentration, the
overall heat transfer coefficient decreased with in-
creasing the PCM concentration. This result was in
definitely agreement with those obtained by Datta
et al. [8].

(3) The side-wall effect of the rectangular enclosure on
natural convection heat transfer was greater for
the PCM in the solid phase as compared with those
in the phase changing and liquid phase because the
viscosity of the PCM slurry was decreased by melt-
ing the PCM. On the other hand, the side-wall effect
on the natural convection heat transfer decreased
with a decrease in the PCM concentration. In addi-
tion to the viscosity, other physical properties of the
PCM slurry varied dramatically in the phase chang-
ing process. Therefore, the correlations of Nusselt
number obtained of the PCM slurry in a phase
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change and liquid phase had a greater deviation than
that of the PCM slurry in a solid phase.
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