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Abstract

A two-dimensional numerical study has been conducted to obtain fluid flow and heat transfer characteristics for Rayleigh—Bénard natural
convection of non-Newtonian phase-change-material (PCM) slurries in a rectangular enclosure with isothermal horizontal plates and adiabatic
lateral walls. Generally, with the melting of PCM, the slurry’s density draws down sharply but continuously and the slurry’s specific heat
capacity shows a peak value. Some PCM slurries such as microemulsions can exhibit pseudoplastic non-Newtonian fluid behavior. This
paper deals with the differences in natural convection and flow patterns between Newtonian and non-Newtonian fluids with or without PCM
theoretically. Due to the participation of PCM in natural convection, the dependency of Rayleigh rRarabene cannot reflect its intensity
that a modified Stefan number has to be taken into account. A correlation is generalized in the farm 6f - Ral - S which has a
mean deviation of 10.4% in agreement with the calculated data. The numerical simulation has been performed with the following parameters:
a shear thinning pseudoplastic fluid for pseudoplastic ind@x0: < 1.0, 6 x 103 < Ra< 2 x 108, Prandtl numbePr = 70-288, and the
aspect ratio of the rectangular enclosure from 1@o 20: 1.

0 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Natural convection; Phase change material slurry; Numerical; Non-Newtonian fluid; Functionally thermal fluid

1. Introduction are very few investigations related to the thermal convection
in a horizontal layer of these slurries.

) . The natural convection in a top cooled and bottom heated
In recent decades, a great deal of attention has been paidy5jiow enclosure, which is known as the Rayleigh-Bénard

to the hea_t transfer enhance.n”!ent through the fU”Ct_iof‘allyconvection, has been extensively investigated by many re-
thermal fluids produced by mixing together several distinct searchers over the past four decades for Newtonian Boussi-
components. Microencapsulated phase changing materialesq fluids since that its simplicity in geometry can be
(PCM), as an example, have several advantages over trarelated to many application fields such as a solar energy
ditional single component and single-phase fluids in heat collector, heat transfer in nuclear reactors, earth’s mantle
transfer, heat storage and fluid transportation (Inaba andheat transfer, crystal growth from liquid phase, etc. The
Morita [1], Inaba [2]). Several researchers studied the forced Rayleigh—Bénard convection also plays an important role
convection in a circular tube to investigate the feasibility in fundamental fluid mechanics and heat transfer study as
of using microencapsulated PCM slurries in district cooling recently summarized by Getling [8]. A comprehensive re-
system (Goel et al. [3], Inaba and Morita [4]). Katz [5] and view of natural convection in enclosures for Newtonian
Datta et al. [6,7] conducted studies of natural convection in fluids was made by Ostrach [9]. However, a very few in-
the PCM fluids and reported that such slurries at low concen- vestigations about the thermal convection in non-Newtonian
tration (<5%) could indeed augment heat transfer in natural fluids could be available as summarized by Shenoy and
convection flows. However, besides these researchers therdashelkar [10]. A theoretical research for the natural con-
vection in non-Newtonian PCM slurry in a confined enclo-
sure has not yet been reported to the authors’ knowledge.
* Corresponding author. The natural convection problem of heated vertical plate in
E-mail address: inaba@mech.okayama-u.ac.jp (H. Inaba). a PCM slurry (a Newtonian fluid) was theoretically studied
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Nomenclature
AR aspect ratio= L/H t time ... $
B dimensionless term defined in Eq. (7) T temperature . ... [
C coefficient in correlation u velocity in horizontal
Cp specificheat.................... kgt xcoordinate . .............oiiiiiin... st
e Stl’aillﬁ ra_lte .............................. 15 U dimensionless velocity in horizontal
g gravitational constant................. TP + coordinate
Gr Grgshof number Ra/Pr v velocity in verticaly coordinate.. .. .... st
el ecangurendosure i My dmensones velocyinvercacordnt
k thermal conductivity ............ wh1.K-1 XY coord!nates in dimensionless form
K consistency index of power law model x,y  coordinates

fluids..........ooo i Ra Greek symbols
L width of rectangular enclosure.............. m e
/ power index ofgIlQaerigh number o thermal diffusivity ... FETITTRIPRIS Fns:l
m power index of Stefan number B vglume.expansmn coefficient............ K
n pseudoplasticity index of power law model fluids @ dimensionless temperature
Nu Nusselt number T dimensionless time or stress rate
P* dimensionless pressure T dimensionless stress rate,r/[K (ao/H?)"]
Pr Prandtl numbers= Kag_z/pOHZ"—z 0 density..........ccoiiiiiii i kg3
0 rat!o of speC|_f|c heat capacity; C,/Cpo Subscript
R ratio of density= p/ 00 )
Ra Raleigh number= poB (T — Tc) H?' /K o H heating plate
Sy dimensionless term defined in Eq. (8) C cooling plate
Sy dimensionless term defined in Eq. (9) 0 reference state

by Harhira [11]. He observed theoretical enhancements of cases of both rigid and free vertical boundaries. The critical
nearly an order of magnitude in a flow along a vertical flat Rayleigh number at which instability sets in was obtained
plate maintained at constant temperature but no experimen-by the extrapolation method of calculated Nusselt number
tal data was given to verify the results. against Rayleigh number. They found that it was difficult
In general, the microencapsulated PCM slurries have to reach a concrete conclusion when they tried to compare
complicated physical properties. The interaction between their data with the available experimental data obtained by
those components in the mixture and the microscopic struc-Tsuei [15]. The computation was carried out in a narrow
tural organization of the fluid can manifest their unusual Rayleigh number range for a constant pseudoplastic index
thermophysical and rheological properties owing to phase n that it was hardly possible to give a comparison of Nus-
separation. So far there is no best physical or mathemati-selt number between Newtonian and non-Newtonian fluids
cal model precisely describing the properties of these fluids, or two non-Newtonian fluids with different indexes at
which are called complex fluids by some physicists (Daoud the same defined Rayleigh number. In fact, the natural con-
and Williams [12]). However, it is reasonable to general- vection in non-Newtonian fluids has been attracting many
ize that a PCM slurry shows a steep descending densitygeophysicists research interest because of the earth’s mantle
and a ascending enthalpy during being heated in the phasdormation and evolution concerns (Parmentier and Turcotte
change temperature range. A differential scanning calorime-[16], Christensen [17], Dumoulin et al. [18]), but all their
try (DSC) scan can show that there is a peak value cor- analyses were based on the assumption of infinite Prandtl
responding to its maximum latent heat in the temperature number Pr — oo), and the power law models used were
range of phase changing. Cooling the fluids makes the den-different from ours.
sity increase. But the density variation with temperature may  The objective of this paper is to study the influence of
be different from that of being heated due to the effect of phase changing materials on natural convection heat transfer
subcooling (Akino et al. [13]). This is ignored in the present of power law non-Newtonian fluids in an enclosure heated
work because it would bring more difficulties regarding var- from the bottom and cooled from the top, and to identify
ious different fluids. the differences of the heat transfer mechanisms between the
Ozoe and Churchill [14] performed the finite difference slurries with PCM and those without PCM. The slurries with
computation of hydrodynamic stability and thermal convec- a power-law rheology for 8 < n < 1.0 have been consid-
tion in power-law and Ellis fluid heated from below for the ered. A two-dimensional approach was used in the present
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work, which was easier in dealing with than the 3D simula- Momentum:

tion and that still as an acceptable method for modeling the d(RU) 9(RUU) d(RUV)
3D flows with at least one homogeneous direction (Kenjeres + 9X 3y
and Hanjalg [19]). Ostwald—de Waele non-Newtonian fluid

opP* d iU a iU
model was used in the present numerical analysis. =— Pr{ —( B— — | B— S 3
P Y ax © (ax( ax>+ay< 8Y)+ X) ®)
d(RV) n I(RUYV) n d(RVYV)
2. Theoretical model ot X Y
op*
. . =— RaPr &
The present physical model corresponds to a flow regime Y +Rapre
in a two-dimensional horizontal rectangular cavity of height P 0 v ad av 4
H and widthL. The top and the bottom walls of the cavity 9X Ba_x 9y Ba_y + Sy )
are set at a constant temperatur&efand Ty, respectively. Energy:

The two sidewalls are adiabatic. The viscosity of the present
PCM slurry is assumed to follow the Ostwald—de Waele 9(RQ®) d(RQU®E) I(RQVEO)

power law fluid model. The pseudoplastic indexand the 9T + X Y

consistency viscositk are assumed to be constant for sim- 20 920

plicity in the present numerical computation. However, the = a + 372 (5)
pseudoplastic index and the consistency viscosify vary . . . . .

generally with temperature and/or concentration. Moreover, where, each non-dimensional variable is defined as follows:
the mathematical model is made by considering the follow- randtl number:
ing assumptions. Kap™?

Pr= HP (6)

Rayleigh number:

(1) The PCM slurry is homogeneous.
(2) Viscous dissipation is neglected.
(3) For afluid with PCM, both the densityand the specific 08B (T — Te)HZ 1

heat capacity”, are functions of temperature. Ra= Kol (1)

After applying the above-mentioned assumptions, the di- 5 _ {2[(3(])2 n <3V>2} n <3U n 3V>2}(n_1)/2 (8)

mensional governing equations similar to those in Ref. [14] X Yy Y ' ax
could be obtained. In order to non-dimensionalize those 9 oU 9 Vv
_er(rq]uations,thefollowing dimensionlessvariablesaredefined.SXzﬁ( ﬁ) ﬁ( ﬁ) (9)
ey are
d aU d av
Sy =—| B— — | B— 10
x=2 y=2 y-_" Y ax( ay>+ay< 8Y> (10)
H H (ag/H) i
The boundary conditions are:
_ v o= T—-Tc . t
 (ao/H)’ Ty —Tc’ ~ (H?/ap) U(t,0,Y)=U(z,L/H,Y)
pr=—b __ =2 o=Sr — U, X,00=U(r,X,1)=0 (11)
(poag/H?) PO Cpo V(£,0,Y)=V(r,L/H,Y)
_ By m_trodgcmg the_se ngn-dlmensmnal variables, the non- — V(@ X.00=V(r.X.1)=0 (12)
dimensionalized deviatoric stress rate for Ostwald—de Waele
power law fluids can be expressed as O, X,00=1 (13)
O(r,X,1)=0 14
] SUNZ  /3V\2 (r, X, 1 (14)
w="12x) Ty 9 w0.v) =22 L/m, ) =0 (15)
) ( l)/z 8X s My aX ’ ’
e
A4 + U 2 (1) The initial conditions are:
3X 3y Y
whereg;; is the non-dimensional strain rate tensor based on vo.x.1)=v0.x,1)=60X¥)=0 (16)
the reference [16]. R and Q in the above equations are the ratios of
The non-dimensionalized governing equations are asdensity and specific heat capacity to their reference points,
follows. respectively. The specific heat capaciy, is considered
Continuity: to be a constant for a fluid without PCM and a variable
R  9(RU) (RV) changing with temperature for a PCM slurry. They were
P e rvalin 0 () obtained by fitting the measured data of an Oil/Water type
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Fig. 1. Dimensionless density and specific heat capacity used in simulation.

microemulsion slurry, which has a 30% mass concentration
of paraffin, 5% of surfactant and 65% of water. Both the
results of differential scanning calorimetry(DSC) scan and
direct density measurement showed that it has a peak in
latent heat at temperature about 4823 The reference point

po is chosen as unit and,o as the specific heat capacity at
40°C the maximum temperature while the PCM is in single
solid phase in the slurry. So th&tand Q can be expressed

in the following equations and as shown in Fig. 1.

Ratio of density:

0.03957

Ratio of specific heat capacity:
0 = 0.9895+ 1,782~ 0-14T—460)° (18)

Another parameter that should be mentioned is the
modified Stefan number. It is not a direct input data, but an
important parameter to be used for correlating the calculated
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Fig. 2. The input Grashof numbers depending on the temperature difference
and the pseudoplasticity indexfor enclosureH = 12 mm,L =120 mm
or aspect ratio 101.

solution was required. The grids were uniformly given with
400 x 20, 200x 20 for the cases of aspect ratio of 20,

10: 1, respectively, so that in any cases the control volume
sizes were alwaya X = AY = 0.05.

The input parameter set of Grashof numbe@r and
Prandtl numberPr was based on the correlated density
function with temperature of Eq. (11). An arithmetic mean
density with temperature was used in deriving the ther-
mal diffusivity. In order thato® = 0 and® = 1 are always
referred to the cooling and heating plate temperatures, re-
spectively, the values of Egs. (17) and (18) should corre-
spondingly be varied with the cooling plate temperatfire
and/or heating plate temperatufg . Since Prandtl number
does not vary much with temperature we took it as a constant
at a specific pseudoplasticity index The input Grashof

results later. Because the phase change process happemgimbers depending on the temperature difference and the

continuously in a temperature range rather than at a fixed
temperature, a modifie®te number is defined as

_ Ty — Tc

_HZic (19)
TTCH odT

3. Numerical method and input data sheet

The governing equations were solved in a uniform, two-
dimensional staggered grid based on the control volume
method (Patankar [20]). The SIMPLE algorithm was used
to solve the coupled heat transfer and fluid flow problem.
The central-difference schemes were applied for all diffusive
terms and the power law scheme for the convective terms.
Time stepping was done by an implicit Backward—Euler
scheme. For non-Newtonian fluids the smaller time step is
necessary to get a convergent solution. The time atep
was generally 2« 10~° for the unsteady calculations and
2 x 1074 or 1 x 10~ when only the final steady-state

pseudoplasticity index at a specific height of enclosure are
shown in Fig. 2.

4, Validation

The present code was firstly verified for natural convec-
tion in a Newtonian fluid in a sidewall heated and a sidewall
cooled square cavity problem. In order to make a comparison
with the results obtained by de Vahl Davis and Jones [21],
the boundary conditions of equations (12)—(14) in the nu-
merical computation have to be replaced by

O(r,0,Y)=10 (20)
O(1,1,Y)=0.0 (21)
e 00

a—Y(T,X,O):a—Y(T,X,l)ZO (22)

The numerical computations were performed on uniform
grids of 20x 20, 40x 40 and 60x 60, respectively. The
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average Nusselt number obtained are 2.293, 2.259 andhe Nusselt number calculated is 2.399. As a compromise
2.251, respectively, foPr = 10 andRa= 10*. These values  between computing time and accuracy, the 2080 grid is
of Nusselt number coincide well with that obtained by de chosen for most of the present computations.
Vahl Davis and Jones [21]. A grid independence test has For the verification of natural convection in a non-
been also performed for a Rayleigh—Bénard configuration Newtonian fluid, the numerical result obtained by stream
with an aspect ratio oAR = 10: 1 atPr = 6, Ra = 10* function method (Ozoe and Churchill [14]) was taken as
with uniform grids of 200x 10, 200x 20, 200x 40 and a reference in the present study. The present numerical
200x 60. The Nusselt numbers obtained are 2.374, 2.439,results are shown in Fig. 3 together with the correlation
2.462 and 2.471, respectively, from a coarse to a fine grid. By curve of Hollands et al. [22]. For the Newtonian fluid
using the correlation recommended by Hollands et al. [22], (n = 1), the present calculated results are within 5% in
which is for two infinite horizontal plates configuration, deviation in agreement with those of Hollands et al. For
the non-Newtonian fluidd < 1), the present calculated data
20 seem to fit the curve extrapolated from those of Ozoe and
Present Churchill [14]. Fig. 4 shows the streamlines and isotherms
“““ Ozoe [14] n=08 for a Newtonian fluid £ = 1) and a non-Newtonian fluid
~ Hollands's Equ.[22] (n = 0.8) for AR= 10, Ra = 10* and Pr = 10. It can be
seen that the decrease in pseudoplastic imdesults in an
increase in Nusselt number. This can be explained by the
fact that the fluid flow could be changed more locally for a
1.0 " pseudoplastic shear thinning fluid since a larger strain rate
always corresponds to a less effective viscosityifer 1.
) The experimental validation was also conducted for a
e natural convection in an enclosure of 120120 x 8.3.
2r ;S /’ A brief introduction about the experimental apparatus is
0.8/0.91.07 given as follows. The schematic diagram of experimental
,’ / ‘{/” apparatus is shown in Fig. 5. The rectangular enclosure
L e Y B consisted of a transparent acrylic supporter (10 mm thick)
10 "1?0 10 and two copper plates (10 mm thick). The copper plates
a were mounted to the top and bottom ends of the supporter,
Fig. 3. Comparison of computed results with the correlation of Hollands et respectively. The temperature of the top cooling copper plate
al. [22] and the theoretical results of Ozoe et al. [14]. was maintained by circulating the cooling brine through

SUNINUNTS0N

(@) n=0.8, Nu=7.25

OClolko

10

Nu o

(b) n=1, Nu=2.44

Fig. 4. Streamlines (top) and isotherms (bottom) of pseudoplastic power law non-Newtonian fluids (a) and Newtonian fluids (b) for &RtlesiOe
Ra=10000 andPr =10
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Fig. 5. Schematic of experimental apparatus.

a water bath. A 0.7 mm thick electric film heater was 20

arranged below the bottom of the lower heating copper plate. B n=0.707 CTAB 200ppm
A 0.2 mm thick and 50 mm in square film heat flux sensor O n=1 water

was placed between the heating copper plate and the film 10 Hollands's Equ. [22]

heater, which has the measuring accuracy of 1.0n%
The backside of the film heater was covered with 5 mm
thick foamed thermal insulating material and a 15 mm thick 5r
bakelite plate. The whole test section was wrapped with Nu
50 mm thick foamed thermal insulating material. A glass
pipe of 8.0 mm in inner diameter was placed vertically
connecting to the test section as an expansion reservoir of 2t
the testing fluid. The average temperatures of the heating

and cooling copper plates were measured through six 0.1

mm in diameter Cu—-Co thermocouples, and two of the six 1
thermocouples were buried in the middle and the others 10'
were located around the heating or the cooling plate. The
temperature of the heating copper plate were adjusted by
controlling the input electric power of the heater. Two T-
type thermocouples supported by a 1.06 mm in an outer
diameter and 0.18 mm thick stainless pipe, which could
be traversed in the vertical direction, was installed to Bromide (CTAB) was used as a power law non-Newtonian
measure the vertical fluid temperature distribution in the fluid (» = 0.707). The data of the water CTAB solution
center of the enclosure and, its position was measured bywere plotted in the smaller region of Rayleigh number
a micrometer. The experimental apparatus was calibrateddue to its high effective viscosity. As shown in Fig. 6,
by turning it upside down and performing temperature the extrapolatedu—Ra curve seems to be in quantitatively
steady conductive experiment by using the distilled water. agreement with the results obtained by the present numerical
A water solution with 200 ppm Cetyltrimethylammonium computation.

Fig. 6. Experimental test of water (open circle) and CTAB solution (solid
square) in an enclosure of 120120 x 8.3.
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1

5. Resultsand discussion

40°C<T,<50°C Tu> 50°C—\I

In order to get an understanding of the effect of PCM
in fluids on natural convection, the numerical simulation is
performed in a way that one fluid (without PCM) varies only
in density with temperature. The specific heat capacity is
given as a constant. The other fluid (with PCM) varies both ,, with PCM
in density and in specific heat capacity. A comparison has
been made between these two fluids. The imposed boundary
conditions are that the cooling plate temperature is fixed at
40°C and the heating plate temperature is varied fromcl2 4+
to 54°C with an increasing step of°Z. The input Rayleigh
numbers and Prandtl numbers are the same for both cases as
long as their boundary conditions are the same. To minimize 3 | , L 441
the sidewall effect, two kinds of enclosures with a large 10° 10°
aspectratio of 101 and 2Q 1 are chosen. The pseudoplastic Ra
fluid |nd§xe3n are 0.8, 0.9 and 1.0, re.SpeCtlvely.' It.IS Fig. 7. CalculatedNu vs. Ra for Newtonian fluids with PCM and for
unrealistic to reach the results for all possible combinations . josureAR — 10.
of these parameters. The later discussion is based on the
results within the above parameter ranges. 350

D N 00 © o
| I—

™~ without PCM

5.1. Effect of PCM

300

Fig. 7 shows the computed results for the natural con-
vection in Newtonian fluids with and without PCM for the S 250 L
enclosure with the aspect ratio &R = 10. By compar- &
ing with the fluids without PCM, higher Nusselt numbers E
have been observed for the fluids with PCM in the phase s 200
changing temperature range. The maximum Nusselt num-
ber for the fluid with PCM approximately corresponds to
the heating plate temperature of 4B. Because the den- 150
sity variation decreases after 30, the trend of the Nusselt
number variation withRa cannot be seen clearly even the 100w vy
heating plate is given as high as84. Therefore, as an ex- 42 44 46 48 50 52 54
tension in numerical simulation for this configuration, the T,(°C)
input Rayleigh number is given as high a & 10°, which
corresponds approximately to the heating plate temperatureFig- 8. Calculated heat transfer coefficients vs. the bottom plate temperature
of 92°C on the assumption that the volumetric thermal ex- for Newtonian fluids with (solid) and without (dash) PCM and for enclosure

: . . : o AR=10 and7¢ = 40°C.
pansion coefficien is constant in the liquid phase and
equals to the average of from 50 to 52°C. It is shown
in Fig. 7 that the Nusselt number restores increasing againwithout PCM. As pointed out by Datta et al. [7], the phase
after a short drop down. The heat transfer coefficients can bechanging process near the heating and cooling plates causes
obtained by giving the arithmetic mean thermal conductiv- an increase in the heat transfer. Although phase chang-
ity, which decreases slightly with an increase in temperature ing process also happens in the ascending and descending
in the phase change temperature range due to a volumetplumes of the fluid, the phase changing process near the
ric expansion. They are plotted in Fig. 8, which show that horizontal boundaries plays a key role in heat transfer en-
the fluids with PCM have higher heat transfer coefficients hancement. When the heating plate temperature is above
than those without PCM in natural convection at the same 50°C all the phase changing materials in the fluid have been
boundary conditions. As aforementioned above, the heatchanged into liquid phase upon reaching the heating plate, so
transfer coefficient reaches a maximum value at a heatingthat the enhancement of heat transfer is minimized. It will be
plate temperature of about 48, which is near the tempera-  very time consuming on considering both boundary temper-
ture that the specific heat capacity of the PCM slurry has its atures are to be varied. In the present numerical simulation
peak value. This could be explained as follows. The melting the cooling plate temperature is kept at’4h) which is con-
process near the heating plate could maintain the heat besidered to be the maximum temperature for PCM in solid
ing transferred in a high temperature difference, and in turn phase. If the cooling plate is also maintained at a tempera-
a larger heat flux can be obtained compared with the fluids ture in a phase changing range, the heat transfer performance
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Fig. 10. Calculated heat transfer coefficients vs. the bottom plate tempera-
Fig. 9. Calculated\u vs. Ra for pseudoplastic fluidsi(= 1.0, 0.9 and 0.8) ture for pseudoplastic fluids &= 1.0, 0.9 and 0.8) with (solid) and without
with PCM for enclosures\R = 10 and 20. (dash) PCM for enclosureSR= 10 and 207¢ = 40°C.
can be improved further because the mechanism is applica- 35 Ce - 10An-20
ble for both the heating plate and the cooling plate. L-0--n=1.0 AR=10
30_ —E—n=09 AR=20

F-O0--n=09 AR=10
—A—n=0.8 AR=20
F-A--n=0.8 AR=10

5.2. Effect of pseudoplastic index and aspect ratio o5

o
Fig. 9 shows the relationship between the Nusselt number£>> 20
and the Rayleigh number in non-Newtonian fluids for =
pseudoplastic indexes of 0.8, 0.9 and enclosures with the "¢ 15
aspect ratios of 101 and 2Q 1. The result of in Newtonian =~ ™
fluids is also shown in the figure. The peak values correspond 10

to the heating plate temperature near aboutG6which

is consistent with the temperature having the maximum 5
specific capacity. The natural convections in the fluids with 0
and without PCM for each configuration are calculated 42 44 46 48 50 52 54

simultaneously for a comparison. The variation in heat T,
transfer coefficients with the heating plate temperaftje
(Tc = 40°C) for both fluids are shown in Fig. 10. The
dash lines in Fig. 10 are the results of natural convection in
fluids without PCM. As noted above, the fluids with PCM
have higher Nusselt numbers or heat transfer coefficientsthe coupled heat and mass problem or some other reasons
than those without PCM in natural convection. A smaller thatnotvery clear for us.

pseudoplastic fluid index results in a higher heat transfer

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

coefficient for the configuration. The enclosureAR® = 10 5.3. Acorrelation of calculated results
has a lower heat transfer coefficient as compared with the
enclosure oAR= 20 at a same pseudoplastic fluid index As shown in Figs. 7 and 9, for natural convection in

The heat transfer enhancement due to PCM is minimizeda PCM slurry, the increasing of Rayleigh humber cannot
for an enclosure withAR = 10 or a higher dimension guarantee an increase in Nusselt number. The phase chang-
enclosure. This can be explained as that the input Prandtling process has to be taken into an account. This indicates
numberPr increases with decreasing enclosure heigght  that the only dependence of Rayleigh number defined in the
and pseudoplastic index numberaccording to Eq. (6).  present paper cannot reflect the intensity of natural convec-
The percentages of increment of heat transfer coefficient for tion for the fluids with PCM. Some other parameters, which
the fluids with PCM compared with those of without PCM can evaluate the effect of phase changing process on heat
are shown in Fig. 11. It can be seen that the incrementstransfer, have to be included. The authors argue that the heat
have peak values for all of these configurations, and the transfer enhancement due to the participation of PCM is pro-
maximum points do not exactly correspond to the heating portional to the term ofA:/[Cpo(Ty — Tc)]. WhereA#h is

plate temperature of 46°C but scatter about between 2@ the enthalpy increment of the PCM slurry from the cooling
and 50°C. This is probably resulted from the nonlinearity of temperaturd¢ to the heating temperatui®;. This term is
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equal to unit for fluids having no PCM. The expression of the heat transfer mechanism is applicable to both heating
Ah/(Ty — T¢) is a quite familiar term, which is just the plate and cooling plate.

definition of specific heat capacity if the temperature differ- Rayleigh number, Prandtl number and aspect ratio could
ence(Ty — T¢) is infinitesimal. Generally, the enthalpyh be the main dependencies for evaluating a natural convection
cannot be differentiated respect to temperature at meltingin enclosures for most of Newtonian and non-Newtonian
point for a material with first-order phase transition such as fluids. Those will, however, become inadequate, or some
ice. It seems to be, however, applicable to a microemulsion modifications will be necessary for evaluating the natural
PCM slurry. Therefore, a modified Stefan number defined convection in a PCM slurry. A modified Stefan number,
in Eq. (19) is proposed for correlating the calculated data. therefore, defined in the paper has been proved to be a good
In our correlation, the Prandtl numbBr and aspect ratio  dependency on correlating the calculated data in our work.
AR have not been considered, since the two parameters aréHowever, for the concern of that the natural convection in
not independent for a non-Newtonian fluids (Rohsenow et the phase changing temperature range strongly invalidates
al. [23]). The generalized correlation based on our calculatedthe Boussinesq assumption, as pointed out earlier, the
data can be expressed as follows. verification of these results is still essential for the problem,
NU= (1.1 — 0.781)Ral/ @51+D) ge-(1L9-165) 23) which is left as an open question for the future work.
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