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Abstract

A two-dimensional numerical study has been conducted to obtain fluid flow and heat transfer characteristics for Rayleigh–Béna
convection of non-Newtonian phase-change-material (PCM) slurries in a rectangular enclosure with isothermal horizontal plates an
lateral walls. Generally, with the melting of PCM, the slurry’s density draws down sharply but continuously and the slurry’s spec
capacity shows a peak value. Some PCM slurries such as microemulsions can exhibit pseudoplastic non-Newtonian fluid beh
paper deals with the differences in natural convection and flow patterns between Newtonian and non-Newtonian fluids with or with
theoretically. Due to the participation of PCM in natural convection, the dependency of Rayleigh numberRa alone cannot reflect its intensit
that a modified Stefan number has to be taken into account. A correlation is generalized in the form ofNu = C · Ral · Ste−m which has a
mean deviation of 10.4% in agreement with the calculated data. The numerical simulation has been performed with the following pa
a shear thinning pseudoplastic fluid for pseudoplastic index 0.8 � n � 1.0, 6× 103 � Ra � 2 × 106, Prandtl numberPr = 70–288, and the
aspect ratio of the rectangular enclosure from 10: 1 to 20: 1.
 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

In recent decades, a great deal of attention has been
to the heat transfer enhancement through the function
thermal fluids produced by mixing together several dist
components. Microencapsulated phase changing mate
(PCM), as an example, have several advantages ove
ditional single component and single-phase fluids in h
transfer, heat storage and fluid transportation (Inaba
Morita [1], Inaba [2]). Several researchers studied the for
convection in a circular tube to investigate the feasibi
of using microencapsulated PCM slurries in district cool
system (Goel et al. [3], Inaba and Morita [4]). Katz [5] a
Datta et al. [6,7] conducted studies of natural convectio
the PCM fluids and reported that such slurries at low conc
tration (<5%) could indeed augment heat transfer in natu
convection flows. However, besides these researchers
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are very few investigations related to the thermal convec
in a horizontal layer of these slurries.

The natural convection in a top cooled and bottom hea
shallow enclosure, which is known as the Rayleigh–Bén
convection, has been extensively investigated by many
searchers over the past four decades for Newtonian Bo
nesq fluids since that its simplicity in geometry can
related to many application fields such as a solar en
collector, heat transfer in nuclear reactors, earth’s ma
heat transfer, crystal growth from liquid phase, etc. T
Rayleigh–Bénard convection also plays an important
in fundamental fluid mechanics and heat transfer stud
recently summarized by Getling [8]. A comprehensive
view of natural convection in enclosures for Newton
fluids was made by Ostrach [9]. However, a very few
vestigations about the thermal convection in non-Newton
fluids could be available as summarized by Shenoy
Mashelkar [10]. A theoretical research for the natural c
vection in non-Newtonian PCM slurry in a confined enc
sure has not yet been reported to the authors’ knowle
The natural convection problem of heated vertical plate
a PCM slurry (a Newtonian fluid) was theoretically stud
Elsevier SAS. All rights reserved.
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Nomenclature

AR aspect ratio,= L/H

B dimensionless term defined in Eq. (7)
C coefficient in correlation
Cp specific heat . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

e strain rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s−1

g gravitational constant . . . . . . . . . . . . . . . . . m·s−2

Gr Grashof number,= Ra/Pr
H height of rectangular enclosure . . . . . . . . . . . . m
h enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1

k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

K consistency index of power law model
fluids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa·sn

L width of rectangular enclosure . . . . . . . . . . . . . m
l power index of Rayleigh number
m power index of Stefan number
n pseudoplasticity index of power law model fluids
Nu Nusselt number
P ∗ dimensionless pressure
Pr Prandtl number,= Kαn−2

0 /ρ0H
2n−2

Q ratio of specific heat capacity,= Cp/Cp0
R ratio of density,= ρ/ρ0
Ra Raleigh number,= ρ0β(TH − TC)H

2n+1/Kαn
0

Sx dimensionless term defined in Eq. (8)
Sy dimensionless term defined in Eq. (9)

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
u velocity in horizontal

x coordinate . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

U dimensionless velocity in horizontal
x coordinate

v velocity in verticaly coordinate . . . . . . . . m·s−1

V dimensionless velocity in verticaly coordinate
X,Y coordinates in dimensionless form
x, y coordinates

Greek symbols

α thermal diffusivity . . . . . . . . . . . . . . . . . . . m2·s−1

β volume expansion coefficient . . . . . . . . . . . . K−1

Θ dimensionless temperature
τ dimensionless time or stress rate
τ̄ dimensionless stress rate,= τ/[K(α0/H

2)n]
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

Subscript

H heating plate
C cooling plate
0 reference state
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by Harhira [11]. He observed theoretical enhancement
nearly an order of magnitude in a flow along a vertical
plate maintained at constant temperature but no experim
tal data was given to verify the results.

In general, the microencapsulated PCM slurries h
complicated physical properties. The interaction betw
those components in the mixture and the microscopic st
tural organization of the fluid can manifest their unus
thermophysical and rheological properties owing to ph
separation. So far there is no best physical or mathem
cal model precisely describing the properties of these flu
which are called complex fluids by some physicists (Da
and Williams [12]). However, it is reasonable to gener
ize that a PCM slurry shows a steep descending den
and a ascending enthalpy during being heated in the p
change temperature range. A differential scanning calor
try (DSC) scan can show that there is a peak value
responding to its maximum latent heat in the tempera
range of phase changing. Cooling the fluids makes the
sity increase. But the density variation with temperature m
be different from that of being heated due to the effec
subcooling (Akino et al. [13]). This is ignored in the prese
work because it would bring more difficulties regarding v
ious different fluids.

Ozoe and Churchill [14] performed the finite differen
computation of hydrodynamic stability and thermal conv
tion in power-law and Ellis fluid heated from below for th
-

e

cases of both rigid and free vertical boundaries. The crit
Rayleigh number at which instability sets in was obtain
by the extrapolation method of calculated Nusselt num
against Rayleigh number. They found that it was diffic
to reach a concrete conclusion when they tried to com
their data with the available experimental data obtained
Tsuei [15]. The computation was carried out in a narr
Rayleigh number range for a constant pseudoplastic in
n that it was hardly possible to give a comparison of N
selt number between Newtonian and non-Newtonian flu
or two non-Newtonian fluids with different indexesn at
the same defined Rayleigh number. In fact, the natural
vection in non-Newtonian fluids has been attracting m
geophysicists research interest because of the earth’s m
formation and evolution concerns (Parmentier and Turc
[16], Christensen [17], Dumoulin et al. [18]), but all the
analyses were based on the assumption of infinite Pra
number (Pr → ∞), and the power law models used we
different from ours.

The objective of this paper is to study the influence
phase changing materials on natural convection heat tra
of power law non-Newtonian fluids in an enclosure hea
from the bottom and cooled from the top, and to iden
the differences of the heat transfer mechanisms betwee
slurries with PCM and those without PCM. The slurries w
a power-law rheology for 0.8 � n � 1.0 have been consid
ered. A two-dimensional approach was used in the pre
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work, which was easier in dealing with than the 3D simu
tion and that still as an acceptable method for modeling
3D flows with at least one homogeneous direction (Kenje
and Hanjalíc [19]). Ostwald–de Waele non-Newtonian flu
model was used in the present numerical analysis.

2. Theoretical model

The present physical model corresponds to a flow reg
in a two-dimensional horizontal rectangular cavity of hei
H and widthL. The top and the bottom walls of the cavi
are set at a constant temperature ofTC andTH , respectively.
The two sidewalls are adiabatic. The viscosity of the pre
PCM slurry is assumed to follow the Ostwald–de Wa
power law fluid model. The pseudoplastic indexn and the
consistency viscosityK are assumed to be constant for si
plicity in the present numerical computation. However,
pseudoplastic indexn and the consistency viscosityK vary
generally with temperature and/or concentration. Moreo
the mathematical model is made by considering the foll
ing assumptions.

(1) The PCM slurry is homogeneous.
(2) Viscous dissipation is neglected.
(3) For a fluid with PCM, both the densityρ and the specific

heat capacityCp are functions of temperature.

After applying the above-mentioned assumptions, the
mensional governing equations similar to those in Ref. [
could be obtained. In order to non-dimensionalize th
equations, the following dimensionless variables are defi
They are

X = x

H
, Y = y

H
, U = u

(α0/H)

V = v

(α0/H)
, Θ = T − TC

TH − TC
, τ = t

(H 2/α0)

P ∗ = p

(ρ0α
2
0/H

2)
, R = ρ

ρ0
, Q = Cp

Cp0

By introducing these non-dimensional variables, the n
dimensionalized deviatoric stress rate for Ostwald–de W
power law fluids can be expressed as

τ̄ij = −
{

2

[(
∂U

∂X

)2

+
(
∂V

∂Y

)2]

+
(
∂V

∂X
+ ∂U

∂Y

)2}(n−1)/2

2ēij (1)

whereēij is the non-dimensional strain rate tensor based
the reference [16].

The non-dimensionalized governing equations are
follows.
Continuity:

∂R + ∂(RU) + ∂(RV ) = 0 (2)

∂τ ∂X ∂Y
Momentum:

∂(RU)

∂τ
+ ∂(RUU)

∂X
+ ∂(RUV )

∂Y

= −∂P ∗

∂X
+ Pr

(
∂

∂X

(
B
∂U

∂X

)
+ ∂

∂Y

(
B
∂U

∂Y

)
+ SX

)
(3)

∂(RV )

∂τ
+ ∂(RUV )

∂X
+ ∂(RV V )

∂Y

= −∂P ∗

∂Y
+ Ra PrΘ

+ Pr

(
∂

∂X

(
B
∂V

∂X

)
+ ∂

∂Y

(
B
∂V

∂Y

)
+ SY

)
(4)

Energy:

∂(RQΘ)

∂τ
+ ∂(RQUΘ)

∂X
+ ∂(RQVΘ)

∂Y

= ∂2Θ

∂X2 + ∂2Θ

∂Y 2 (5)

where, each non-dimensional variable is defined as follo
Prandtl number:

Pr = Kαn−2
0

ρ0H 2n−2
(6)

Rayleigh number:

Ra = ρ0gβ(TH − TC)H
2n+1

Kαn
0

(7)

B =
{

2

[(
∂U

∂X

)2

+
(
∂V

∂Y

)2]
+

(
∂U

∂Y
+ ∂V

∂X

)2}(n−1)/2

(8)

SX = ∂

∂X

(
B
∂U

∂X

)
+ ∂

∂Y

(
B
∂V

∂X

)
(9)

SY = ∂

∂X

(
B
∂U

∂Y

)
+ ∂

∂Y

(
B
∂V

∂Y

)
(10)

The boundary conditions are:

U(τ,0, Y ) = U(τ,L/H,Y )

= U(τ,X,0) = U(τ,X,1) = 0 (11)

V (τ,0, Y ) = V (τ,L/H,Y )

= V (τ,X,0) = V (τ,X,1) = 0 (12)

Θ(τ,X,0) = 1 (13)

Θ(τ,X,1) = 0 (14)
∂Θ

∂X
(τ,0, Y ) = ∂Θ

∂X
(τ,L/H,Y ) = 0 (15)

The initial conditions are:

U(0,X,Y )= V (0,X,Y )= Θ(0,X,Y ) = 0 (16)

R and Q in the above equations are the ratios
density and specific heat capacity to their reference po
respectively. The specific heat capacityCp is considered
to be a constant for a fluid without PCM and a varia
changing with temperature for a PCM slurry. They we
obtained by fitting the measured data of an Oil/Water t
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Fig. 1. Dimensionless density and specific heat capacity used in simula

microemulsion slurry, which has a 30% mass concentra
of paraffin, 5% of surfactant and 65% of water. Both
results of differential scanning calorimetry(DSC) scan a
direct density measurement showed that it has a pea
latent heat at temperature about 45.3◦C. The reference poin
ρ0 is chosen as unit andCp0 as the specific heat capacity
40◦C the maximum temperature while the PCM is in sin
solid phase in the slurry. So thatR andQ can be expresse
in the following equations and as shown in Fig. 1.
Ratio of density:

R = 0.9168+ 0.03957

1+ e(T−45.4)/1.19
(17)

Ratio of specific heat capacity:

Q = 0.9895+ 1.782e−0.14(T−46.0)2 (18)

Another parameter that should be mentioned is
modified Stefan number. It is not a direct input data, bu
important parameter to be used for correlating the calcul
results later. Because the phase change process ha
continuously in a temperature range rather than at a fi
temperature, a modifiedSte number is defined as

Ste = TH − TC∫ TH
TC

QdT
(19)

3. Numerical method and input data sheet

The governing equations were solved in a uniform, tw
dimensional staggered grid based on the control volu
method (Patankar [20]). The SIMPLE algorithm was us
to solve the coupled heat transfer and fluid flow proble
The central-difference schemes were applied for all diffus
terms and the power law scheme for the convective te
Time stepping was done by an implicit Backward–Eu
scheme. For non-Newtonian fluids the smaller time ste
necessary to get a convergent solution. The time step*τ

was generally 2× 10−5 for the unsteady calculations an
2 × 10−4 or 1 × 10−3 when only the final steady-sta
ns

Fig. 2. The input Grashof numbers depending on the temperature diffe
and the pseudoplasticity indexn for enclosureH = 12 mm,L = 120 mm
or aspect ratio 10: 1.

solution was required. The grids were uniformly given w
400× 20, 200× 20 for the cases of aspect ratio of 20: 1,
10 : 1, respectively, so that in any cases the control volu
sizes were always*X = *Y = 0.05.

The input parameter set of Grashof numberGr and
Prandtl numberPr was based on the correlated dens
function with temperature of Eq. (11). An arithmetic me
density with temperature was used in deriving the th
mal diffusivity. In order thatΘ = 0 andΘ = 1 are always
referred to the cooling and heating plate temperatures
spectively, the values of Eqs. (17) and (18) should co
spondingly be varied with the cooling plate temperatureTC
and/or heating plate temperatureTH . Since Prandtl numbe
does not vary much with temperature we took it as a cons
at a specific pseudoplasticity indexn. The input Grasho
numbers depending on the temperature difference and
pseudoplasticity indexn at a specific height of enclosure a
shown in Fig. 2.

4. Validation

The present code was firstly verified for natural conv
tion in a Newtonian fluid in a sidewall heated and a sidew
cooled square cavity problem. In order to make a compar
with the results obtained by de Vahl Davis and Jones [
the boundary conditions of equations (12)–(14) in the
merical computation have to be replaced by

Θ(τ,0, Y ) = 1.0 (20)

Θ(τ,1, Y ) = 0.0 (21)
∂Θ

∂Y
(τ,X,0)= ∂Θ

∂Y
(τ,X,1) = 0 (22)

The numerical computations were performed on unifo
grids of 20× 20, 40× 40 and 60× 60, respectively. The
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average Nusselt number obtained are 2.293, 2.259
2.251, respectively, forPr = 10 andRa = 104. These values
of Nusselt number coincide well with that obtained by
Vahl Davis and Jones [21]. A grid independence test
been also performed for a Rayleigh–Bénard configura
with an aspect ratio ofAR = 10 : 1 at Pr = 6, Ra = 104

with uniform grids of 200× 10, 200× 20, 200× 40 and
200× 60. The Nusselt numbers obtained are 2.374, 2.4
2.462 and 2.471, respectively, from a coarse to a fine grid
using the correlation recommended by Hollands et al. [
which is for two infinite horizontal plates configuratio

Fig. 3. Comparison of computed results with the correlation of Holland
al. [22] and the theoretical results of Ozoe et al. [14].
the Nusselt number calculated is 2.399. As a comprom
between computing time and accuracy, the 200× 20 grid is
chosen for most of the present computations.

For the verification of natural convection in a no
Newtonian fluid, the numerical result obtained by stre
function method (Ozoe and Churchill [14]) was taken
a reference in the present study. The present nume
results are shown in Fig. 3 together with the correlat
curve of Hollands et al. [22]. For the Newtonian flu
(n = 1), the present calculated results are within 5%
deviation in agreement with those of Hollands et al.
the non-Newtonian fluid (n < 1), the present calculated da
seem to fit the curve extrapolated from those of Ozoe
Churchill [14]. Fig. 4 shows the streamlines and isothe
for a Newtonian fluid (n = 1) and a non-Newtonian flui
(n = 0.8) for AR = 10, Ra = 104 and Pr = 10. It can be
seen that the decrease in pseudoplastic indexn results in an
increase in Nusselt number. This can be explained by
fact that the fluid flow could be changed more locally fo
pseudoplastic shear thinning fluid since a larger strain
always corresponds to a less effective viscosity forn < 1.

The experimental validation was also conducted fo
natural convection in an enclosure of 120× 120 × 8.3.
A brief introduction about the experimental apparatus
given as follows. The schematic diagram of experime
apparatus is shown in Fig. 5. The rectangular enclo
consisted of a transparent acrylic supporter (10 mm th
and two copper plates (10 mm thick). The copper pla
were mounted to the top and bottom ends of the suppo
respectively. The temperature of the top cooling copper p
was maintained by circulating the cooling brine throu
Fig. 4. Streamlines (top) and isotherms (bottom) of pseudoplastic power law non-Newtonian fluids (a) and Newtonian fluids (b) for enclosureAR = 10,
Ra = 10000 andPr = 10.
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Fig. 5. Schematic of experimental apparatus.
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a water bath. A 0.7 mm thick electric film heater w
arranged below the bottom of the lower heating copper p
A 0.2 mm thick and 50 mm in square film heat flux sen
was placed between the heating copper plate and the
heater, which has the measuring accuracy of 1.0 W·m2.
The backside of the film heater was covered with 5 m
thick foamed thermal insulating material and a 15 mm th
bakelite plate. The whole test section was wrapped w
50 mm thick foamed thermal insulating material. A gla
pipe of 8.0 mm in inner diameter was placed vertica
connecting to the test section as an expansion reservo
the testing fluid. The average temperatures of the hea
and cooling copper plates were measured through six
mm in diameter Cu–Co thermocouples, and two of the
thermocouples were buried in the middle and the oth
were located around the heating or the cooling plate.
temperature of the heating copper plate were adjuste
controlling the input electric power of the heater. Two
type thermocouples supported by a 1.06 mm in an o
diameter and 0.18 mm thick stainless pipe, which co
be traversed in the vertical direction, was installed
measure the vertical fluid temperature distribution in
center of the enclosure and, its position was measure
a micrometer. The experimental apparatus was calibr
by turning it upside down and performing temperat
steady conductive experiment by using the distilled wa
A water solution with 200 ppm Cetyltrimethylammoniu
f

Fig. 6. Experimental test of water (open circle) and CTAB solution (s
square) in an enclosure of 120× 120× 8.3.

Bromide (CTAB) was used as a power law non-Newton
fluid (n = 0.707). The data of the water CTAB solutio
were plotted in the smaller region of Rayleigh numb
due to its high effective viscosity. As shown in Fig.
the extrapolatedNu–Ra curve seems to be in quantitative
agreement with the results obtained by the present nume
computation.
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5. Results and discussion

In order to get an understanding of the effect of PC
in fluids on natural convection, the numerical simulation
performed in a way that one fluid (without PCM) varies on
in density with temperature. The specific heat capacit
given as a constant. The other fluid (with PCM) varies b
in density and in specific heat capacity. A comparison
been made between these two fluids. The imposed boun
conditions are that the cooling plate temperature is fixe
40◦C and the heating plate temperature is varied from 42◦C
to 54◦C with an increasing step of 2◦C. The input Rayleigh
numbers and Prandtl numbers are the same for both cas
long as their boundary conditions are the same. To minim
the sidewall effect, two kinds of enclosures with a la
aspect ratio of 10: 1 and 20: 1 are chosen. The pseudoplas
fluid indexesn are 0.8, 0.9 and 1.0, respectively. It
unrealistic to reach the results for all possible combinati
of these parameters. The later discussion is based o
results within the above parameter ranges.

5.1. Effect of PCM

Fig. 7 shows the computed results for the natural c
vection in Newtonian fluids with and without PCM for th
enclosure with the aspect ratio ofAR = 10. By compar-
ing with the fluids without PCM, higher Nusselt numbe
have been observed for the fluids with PCM in the ph
changing temperature range. The maximum Nusselt n
ber for the fluid with PCM approximately corresponds
the heating plate temperature of 46◦C. Because the den
sity variation decreases after 50◦C, the trend of the Nusse
number variation withRa cannot be seen clearly even t
heating plate is given as high as 54◦C. Therefore, as an ex
tension in numerical simulation for this configuration, t
input Rayleigh number is given as high as 8.0× 105, which
corresponds approximately to the heating plate tempera
of 92◦C on the assumption that the volumetric thermal
pansion coefficientβ is constant in the liquid phase an
equals to the average of from 50◦C to 52◦C. It is shown
in Fig. 7 that the Nusselt number restores increasing a
after a short drop down. The heat transfer coefficients ca
obtained by giving the arithmetic mean thermal conduc
ity, which decreases slightly with an increase in tempera
in the phase change temperature range due to a volu
ric expansion. They are plotted in Fig. 8, which show t
the fluids with PCM have higher heat transfer coefficie
than those without PCM in natural convection at the sa
boundary conditions. As aforementioned above, the
transfer coefficient reaches a maximum value at a hea
plate temperature of about 48◦C, which is near the tempera
ture that the specific heat capacity of the PCM slurry ha
peak value. This could be explained as follows. The mel
process near the heating plate could maintain the hea
ing transferred in a high temperature difference, and in
a larger heat flux can be obtained compared with the fl
y

s

e

-

-

Fig. 7. CalculatedNu vs. Ra for Newtonian fluids with PCM and fo
enclosureAR = 10.

Fig. 8. Calculated heat transfer coefficients vs. the bottom plate temper
for Newtonian fluids with (solid) and without (dash) PCM and for enclos
AR = 10 andTC = 40◦C.

without PCM. As pointed out by Datta et al. [7], the pha
changing process near the heating and cooling plates ca
an increase in the heat transfer. Although phase ch
ing process also happens in the ascending and desce
plumes of the fluid, the phase changing process nea
horizontal boundaries plays a key role in heat transfer
hancement. When the heating plate temperature is a
50◦C all the phase changing materials in the fluid have b
changed into liquid phase upon reaching the heating plat
that the enhancement of heat transfer is minimized. It wil
very time consuming on considering both boundary tem
atures are to be varied. In the present numerical simula
the cooling plate temperature is kept at 40◦C, which is con-
sidered to be the maximum temperature for PCM in s
phase. If the cooling plate is also maintained at a temp
ture in a phase changing range, the heat transfer perform
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Fig. 9. CalculatedNu vs. Ra for pseudoplastic fluids (n = 1.0, 0.9 and 0.8)
with PCM for enclosuresAR = 10 and 20.

can be improved further because the mechanism is app
ble for both the heating plate and the cooling plate.

5.2. Effect of pseudoplastic index and aspect ratio

Fig. 9 shows the relationship between the Nusselt num
and the Rayleigh number in non-Newtonian fluids
pseudoplastic indexes of 0.8, 0.9 and enclosures with
aspect ratios of 10: 1 and 20: 1. The result of in Newtonian
fluids is also shown in the figure. The peak values corresp
to the heating plate temperature near about 46◦C, which
is consistent with the temperature having the maxim
specific capacity. The natural convections in the fluids w
and without PCM for each configuration are calcula
simultaneously for a comparison. The variation in h
transfer coefficients with the heating plate temperatureTH
(TC = 40◦C) for both fluids are shown in Fig. 10. Th
dash lines in Fig. 10 are the results of natural convectio
fluids without PCM. As noted above, the fluids with PC
have higher Nusselt numbers or heat transfer coeffici
than those without PCM in natural convection. A sma
pseudoplastic fluid indexn results in a higher heat transf
coefficient for the configuration. The enclosure ofAR = 10
has a lower heat transfer coefficient as compared with
enclosure ofAR = 20 at a same pseudoplastic fluid indexn.
The heat transfer enhancement due to PCM is minim
for an enclosure withAR = 10 or a higher dimensio
enclosure. This can be explained as that the input Pra
numberPr increases with decreasing enclosure heighH

and pseudoplastic index numbern according to Eq. (6)
The percentages of increment of heat transfer coefficien
the fluids with PCM compared with those of without PC
are shown in Fig. 11. It can be seen that the increm
have peak values for all of these configurations, and
maximum points do not exactly correspond to the hea
plate temperature of 46.0◦C but scatter about between 44◦C
and 50◦C. This is probably resulted from the nonlinearity
-

l

Fig. 10. Calculated heat transfer coefficients vs. the bottom plate tem
ture for pseudoplastic fluids (n = 1.0, 0.9 and 0.8) with (solid) and withou
(dash) PCM for enclosuresAR = 10 and 20,TC = 40◦C.

Fig. 11. Percentages of increment of heat transfer coefficient for the fl
with PCM compared with those of without PCM.

the coupled heat and mass problem or some other rea
that not very clear for us.

5.3. A correlation of calculated results

As shown in Figs. 7 and 9, for natural convection
a PCM slurry, the increasing of Rayleigh number can
guarantee an increase in Nusselt number. The phase c
ing process has to be taken into an account. This indic
that the only dependence of Rayleigh number defined in
present paper cannot reflect the intensity of natural con
tion for the fluids with PCM. Some other parameters, wh
can evaluate the effect of phase changing process on
transfer, have to be included. The authors argue that the
transfer enhancement due to the participation of PCM is
portional to the term of*h/[Cp0(TH − TC)]. Where*h is
the enthalpy increment of the PCM slurry from the cool
temperatureTC to the heating temperatureTH . This term is
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equal to unit for fluids having no PCM. The expression
*h/(TH − TC) is a quite familiar term, which is just th
definition of specific heat capacity if the temperature diff
ence(TH − TC) is infinitesimal. Generally, the enthalpy*h

cannot be differentiated respect to temperature at me
point for a material with first-order phase transition such
ice. It seems to be, however, applicable to a microemul
PCM slurry. Therefore, a modified Stefan number defi
in Eq. (19) is proposed for correlating the calculated d
In our correlation, the Prandtl numberPr and aspect ratio
AR have not been considered, since the two parameter
not independent for a non-Newtonian fluids (Rohsenow
al. [23]). The generalized correlation based on our calcul
data can be expressed as follows.

Nu = (1.1− 0.78n)Ra1/(3.5n+1) Ste−(1.9−1.65n) (23)

It can be concluded that the power index of Rayle
number increases with a decrease in pseudoplastic i
numbern. The exponent of Rayleigh number is located
between 1/(3n+2) and 1/(3n+1), the values, respectivel
suggested by Dale and Emery [24], Reilly et al. [25]
an experimental correlation for a free convection in n
Newtonian fluids from a heated vertical plate. The auth
also noted that the product ofGr · Prn with their definitions
in [24] is exactly the simply form ofRa defined in our paper
Because the exponent of the Stefan number is negative
Nusselt number increases as the pseudoplastic index nu
n decreases (Ste � 1). As a consequence, a smaller Ste
number corresponds to a higher Nusselt number, whic
consistent with the computed results of Harhira [11] fo
free convection from a vertical plate problem. When
Stefan number is equal to unit, it means that no ph
changing occurs in natural convection. As a result,
Nusselt number becomes a function of the Rayleigh num
only. The average deviation for the generalized correlatio
10.4% in agreement with the calculated data.

6. Summary

This paper has elucidated that PCM slurries could
hance the natural convection heat transfer in enclosure
considering that the fluids have a continuous variation
density and enthalpy with temperature. It could be seen
the enhancement is closely related to the specific heat ca
ities at the temperatures of bottom heating and top coo
plates. By comparing with those of fluids without PCM, t
maximum enhancement in heat transfer could be up to
for the given density and specific heat capacity functions
configurations in the paper. When the cooling plate temp
ture was set to 40◦C, the maximum heat transfer coefficien
could be reached if the bottom heating plate tempera
was controlled at about 46◦C, at which the slurry has it
maximum specific heat capacity. It could be conjectured
further heat transfer enhancement could be obtained by
ting the cooling plate temperature also near 46◦C. Because
e

r

-

-

the heat transfer mechanism is applicable to both hea
plate and cooling plate.

Rayleigh number, Prandtl number and aspect ratio co
be the main dependencies for evaluating a natural conve
in enclosures for most of Newtonian and non-Newton
fluids. Those will, however, become inadequate, or so
modifications will be necessary for evaluating the natu
convection in a PCM slurry. A modified Stefan numb
therefore, defined in the paper has been proved to be a
dependency on correlating the calculated data in our w
However, for the concern of that the natural convection
the phase changing temperature range strongly invalid
the Boussinesq assumption, as pointed out earlier,
verification of these results is still essential for the proble
which is left as an open question for the future work.
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