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Abstract

This paper presents an effective specific heat capacity model for turbulent heat transfer to phase change material
(PCM) suspensions in a circular tube with constant wall heat flux. The model has been implemented in the form of a
computer code and its numerical predictions are found to agree with previously published experimental data. Further
results show that the bulk Stefan number, the non-dimensional melt temperature range and the degree of subcooling are
the three parameters of importance. They also confirm that considerable reductions in wall temperatures, of the order of
50% or more, may be obtained at low to moderate Stefan numbers. For most typical cases with high wall heat fluxes,
the Stefan number and the degree of subcooling determine the location of the tube where the phase change effects are

predominant. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Phase change material (PCM) suspensions have been
the subject of a number of studies over the past decade
due to possible applications in heat transfer and energy
storage systems (e.g. [1]). Although most investigations
have been targeted towards practical applications, lim-
ited theoretical modeling has also been done to support
the experimental work. Early models considered the case
of zero subcooling of the PCM and were based on ideal
PCMs melting at a constant temperature. Later exper-
iments showed that these assumptions were unrealistic,
and effects of subcooling and finite melt temperature
ranges have been considered in more recent models (e.g.
(2]).

All previous theoretical models have considered
laminar heat transfer situations. In contrast, a vast
majority of engineering applications of PCM suspen-
sions are expected to involve turbulent flows. Thus, the
case of turbulent heat transfer to a fully developed flow
in a circular duct with constant wall heat flux is con-
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sidered in this paper. This standard configuration has
been selected at this stage since experimental results are
available and can be used to validate the model. It is
expected that the verified numerical model will be used
to study more complex problems as required in the fu-
ture.

2. Governing equations

An effective specific heat approach, recently verified
for laminar heat transfer [3], is being used since it can be
more easily implemented in practice. In the proposed
method, the phase change effects are directly incor-
porated into the energy equation by assuming the spe-
cific heat capacity to be a function of the temperature.
Thus, as a first step, the governing equation and
boundary conditions for the problem can be written in
the Reynolds-averaged form as

oT_ 1 o[, (or\| 12, (o
uaZirpcp or |\ or ror | M\ or

with T =T at z =0,

oT/or=0 atr=0, and —kOT/or=0—gq,
at r =R.
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Nomenclature

¢ volumetric concentration of phase change
material in suspension

Cm mass concentration of phase change material
in suspension

Cp specific heat capacity (of suspension, unless

otherwise specified)
¢pNp  heat capacity ratio (= cmeppem/cp)

g latent heat of melting

k thermal conductivity of suspension

q heat flux

r radial coordinate

u velocity

z axial coordinate

AT empirical constant in van Driest relation

D diameter of tube

K empirical constant in van Driest relation

Mr non-dimensional melt temperature range

(= (Twen — T)/(qwR/k))
Prandtl number (= v/a)
radius of tube

Re Reynolds number (= u,,D/v)

=3

Sb degree of subcooling (= (TypL — T3)/(qwR/k))
Ste  bulk Stefan number (= ¢,(gwR/k)/(cmhss))
T temperature

o thermal diffusivity of the suspension
&n eddy diffusivity

&M momentum eddy diffusivity

v kinematic viscosity of suspension

o density of suspension

T shear stress

Superscripts/subscripts

x +  non-dimensional variable

COR corrected for temperature effects on viscosity
CP  constant property

ND  non-dimensional property ratio

MPH ‘‘higher” melting point

MPL “lower” melting point

PCM phase change material

inlet

suspending liquid

mean

wall

location z along the axial direction on tube

nog g oo

In the above equation, u is the Reynolds-averaged
velocity in the flow direction, T the Reynolds-averaged
temperature, z the flow direction, r the radial coordinate,
R the radius of the tube, ¢, the wall heat flux, k the
thermal conductivity, p the density, ¢, the specific heat
capacity and ¢y is the eddy diffusivity associated with the
turbulent heat transfer process. The property values in
the above equation are those of the suspension and can
be derived relatively easily since a typical PCM sus-
pension with very small particles/microcapsules behaves
like a homogeneous fluid (e.g. an 10% n-octadecane in
water emulsion appears very similar to milk). Under
these circumstances, they can be evaluated from the fluid
and phase change material properties and the concen-
tration of the phase change material in the suspension.

Suspension density. The density of any suspension is
equal to the volume-averaged density of the constituents
(e.g. [4]). In order to ensure long-term stability of a
suspension however, the density of the phase change
material and the suspending fluid are expected to be
similar for most practical applications. As a result, the
ratio of the phase change material density to the sus-
pension density can be approximated as unity in devel-
oping the theoretical model. Furthermore, since the
densities of most phase change materials in their liquid
and solid phases differ by 10-15% or less, the suspension
density will not change by more than 1-2% for phase
change material concentrations of 10-20%, and can be
assumed to be a constant. Thus, changes in volumetric

concentration of the phase change material due to these
density variations will also be negligible.

Suspension thermal conductivity. The thermal con-
ductivity of stationary suspensions can be evaluated as a
function of volumetric concentration by using standard
correlations [4]. Unlike laminar flows however, no ad-
ditional enhancement factors are required [5] since tur-
bulent mixing effects are directly incorporated in the
eddy diffusivity term. The thermal conductivity of the
suspension can be assumed to be a constant since
the thermal conductivity of the phase change material
typically does not change significantly during the phase
change process. Even if this variation were to be of the
order of 20-30%, the overall effect would be quite small
due to the low (10-20%) volumetric concentrations of
the phase change material in a typical PCM suspension.
As an example consider the case of a 10% n-hexadecane
in water suspension: if the thermal conductivity of the
PCM varies by 30% during the melting/solidification
process, the change in overall suspension conductivity
will be only 1.2%.

Suspension specific heat capacity. The specific heat
capacity of the suspension must be evaluated more
carefully in order to account for the phase change ef-
fects. In an effective specific heat model, the phase
change material is assumed to melt over a finite tem-
perature range so that the specific heat of the phase
change material and the suspension will be functions of
temperature. However, if the temperature dependence is
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included in the specific heat capacity of the phase change
material, ¢ppem, elementary thermodynamic consider-
ations show that the following equation can be used to
calculate the suspension specific heat capacity for all
temperatures

¢p = (1 —cm)epy + cmCppem, Cm = (pp%)c =~ c.

In this equation, ¢, is the mass concentration and c the
volumetric concentration of the phase change material
and the subscripts 1 and PCM refer to the suspending
fluid and phase change material, respectively.

In order to use the above equation, it is necessary to
first define Typ. and Typy as the temperatures at which
melting is initiated (“lower” melting point) and com-
pleted (‘“‘higher” melting point). Outside this melt tem-
perature range, (i.e. for T < TypL and T > Typp), the
specific heat of the suspension is the mass-averaged
specific heat of its constituents [4]. Since the specific heat
capacity of the phase change material in its solid and
liquid phases are usually similar and do not vary sig-
nificantly with temperature, it can be assumed to be a
constant. Even if the difference between the liquid and
solid phase heat capacities is large (e.g. about 25% for n-
hexadecane), the low concentrations of the phase change
material result in a overall variation of 2-5% or less
(usually far lower when water, with its high specific heat
capacity, is the suspending fluid). As a result, the specific
heat capacity of the suspension, calculated using the
above equation, can also be assumed to be a constant
outside the melt temperature range.

In the melt temperature range itself, the specific heat
capacity of the phase change material can be obtained
from suitable analytical tests (e.g. differential scanning
calorimetry (DSC)). This specific heat is related to the
latent heat of melting, /g, through the following equation:

TvmpH
hfs = / Cp.PCM dr.
TvmpL

Previous studies with phase change material suspensions
[3] show that the shape of the specific heat capacity—
temperature curve has a very small effect on the heat
transfer process (contrary to intuition, this is also true
for latent heat energy storage systems [6] where one
would expect such effects to be particularly noticeable).
As a result, it is possible to assume that the specific heat
capacity of the phase change material remains constant
during the phase change process. Its effective value in the
melt temperature range (Tyvpr <7 < Tvpn) is therefore
given by the following equation:

hfs

C =
p.PCM .
Tven — TwpL

This relation can now be used to calculate the specific
heat capacity of the suspension in the melt temperature
range using the equation given previously.

An important issue associated with the “melt tem-
perature range” is the fact that it can be a function of
both the particle size (i.e., where the melting is kinetics
limited) as well as composition (and cooling history if
the material tends to supercool). However, since the
particle sizes in a typical PCM suspension are very small
(<100 um, <107 kg), simple calculations show that the
material will be effectively isothermal and melt kinetics
will not have any impact in most cases. Composition
related effects will be present for phase change materials
which are mixtures, but the melt temperature range can
be estimated using phase diagrams (based on a series of
DSC tests for example [7]).

This issue becomes more complicated for many
commercial/industrial grade materials which may con-
tain small amounts of impurities. For such PCMs, it
may not be worthwhile to develop a complete phase
diagram and the best approach may be to conduct a
DSC test to identify the various phase transitions. This
can be followed by scoping type studies with various
melt temperature ranges, say up to 1-2°C, at the dif-
ferent transitions. Results of these studies can then be
used to obtain uncertainty estimates in the predictions.
Combined experimental/numerical studies are probably
required in this area to evaluate the limitations of this
approach. Note that this problem will exist in any case
regardless of the underlying mathematical formulation.

Finally, a few comments about DSC tests may be
useful at this stage. As mentioned above, the specific
heat during melting can be obtained by using suitable
analytical tests. DSC is one such procedure which can be
used to locate different phase transitions over a given
temperature range. If properly calibrated and used, ac-
curate determination of melting points (within +0.5°C)
and latent heats are possible using this technique (e.g.
[7]). Note that the actual shape of the specific heat curve
is not particularly important in this application.

Non-dimensionalization. All properties are now com-
pletely defined and it is advantageous to non-dimen-
sionalize the problem in order to reduce the number of
variables and minimize numerical errors at a later stage.
Thus, the following non-dimensional variables are used:

T* = (T - T)/(quR/k), z =z/R, r =r/R,
w = u/(te/p)".

The governing equations and boundary conditions
therefore reduce to (after dropping the superscript *)

L _Lfown 1O OT) 10 r(SE)fLT

o R | Prror| or r or v/ or
with 7=0 at z=0, 0T/or=0 at r=0, and
oT/or=—latr=1.

In the above equation, Pr is the suspension Prandtl

number (Pr = v/a, v being the kinematic viscosity and o
is the thermal diffusivity of the suspension in the absence
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of the phase change process). The parameter anp can be
evaluated as a function of the non-dimensional tem-
perature 7

onp =1 for T' < Sh

_ Ste Mr
a 1 + SteMr(l — cp.ND)

GND

for Sb < T < Sb+ Mr, and
O(NDZI for T > Sb + Mr.

where Ste is the Stefan number (= ¢,(qwR/k)/(cmbss)),
Sb is the degree of subcooling (= (TmpL — T3)/(qwR/k)),
My is the non-dimensional melt range (= (Typn — TvpL)
/(gwR/k)), and c,np is the heat capacity ratio
(= emeprem/cp)-

The term R™ in the non-dimensional energy conser-
vation equation can be calculated from the following
relation:

_ R _ Re/f
(v/Valp) 427

where Re is the Reynolds number (= u,D/v, u, the
mean velocity and D the diameter) and f is the friction
factor corresponding to this flow/Reynolds number.

Velocity distribution and other flow parameters. All
flow related variables/parameters used in this study have
been obtained from literature by assuming that the flow
is Newtonian. Numerous previous studies with suspen-
sions/emulsions (see for example, the discussion and
references in [4]) confirm that this assumption is valid as
long as the suspended particle sizes are very small and
their volumetric concentrations are relatively low (less
than 20-25%) as is the case with typical PCM suspen-
sions. Thus, the friction factor f has been calculated
using a very accurate explicit version of the classical
Prandtl-Karman—Nikuradse correlation by Techo et al.
[8]) (within +0.1%):

1 Re
N 0.8686 In (1.964 In Re — 3.8215)‘

Three equations have been used to evaluate the velocity
distribution in the duct. In the viscous sublayer
(r=>1-10.8/R"), the non-dimensional velocity u is
given by:

R+

u=Rl -7l ;’217i
Rt

and [9]:
u=>5In(R"(1—7r)) +3.05,
1-5/R"<r<1-108/R".

Outside the viscous sublayer, turbulence effects domi-
nate and the velocity distribution is given by

1.5R*(1 — 12)

+ =251
. n{ 1+ 272

| +5s.

The function ey /v is calculated by assuming that ey is
equal to the momentum eddy diffusivity, ey (i.e. the
turbulent Prandtl number is 1). Since the effective
specific heat and thus the effective Prandtl number of the
suspension is significantly greater than 1 during the
phase change process, the van Driest approach [10] was
used to evaluate the eddy diffusivity in the viscous sub-
layer

STM: [KR*(I ,,,)<1 —exXp (*%(1 ”2)))}2

where K and 4™ are empirical constants (= 0.4 and 26,
respectively). Outside the viscous sublayer, the momen-
tum eddy diffusivity have been calculated using:

&M o KR*

v 6

Qu
or

)

(1—-)(1+27), K=04

3. Method of solution

A numerical approach was used to solve the gov-
erning equation with its boundary conditions. The en-
ergy equation was discretized using second-order central
differences in the r-direction and first-order forward
differences in the z-direction. Forward differences were
also used to discretize the boundary conditions, and the
overall set of algebraic equations were numerically
solved using an implicit method. As a first step, the
computer code implementing the model was verified for
the case of a pure fluid using the correlation of Petukhov
[11] which is considered to be the most accurate corre-
lation for the configuration under consideration [§]. The
maximum difference between the numerical results and
the predicted values were less than 10% (approximately
5-10% higher at low Pr (= 5) and 5-10% lower at high
Pr (= 100) for all Re between 10* and 10°). These dif-
ferences are similar to those between the correlation and
the best available experimental data [11]. The entrance
length of 34 the diameter for the case of water is also
comparable to those obtained experimentally by Hart-
nett [12] and theoretically by Sparrow et al. [13]. Careful
grid size independence studies were also conducted to
verify the validity of the solutions. These showed that a
Ar of 10~* was acceptable for Re < 10°, whereas a Ar of
1075 was used for Re = 10°. The solutions were inde-
pendent of Ax less than 1072 for all Re and Pr combi-
nations. Two versions of the program were developed
during the testing phase, one assuming that the turbu-
lent Prandtl number is 1 (i.e. the Reynolds analogy holds
or €,/en = 1), and other using a semi-empirical equa-
tion for the turbulent Prandtl number [14]. As expected,
the numerical results with both models are similar since
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the Prandtl numbers under consideration significantly
greater than 1. Thus, all numerical runs were done as-
suming a turbulent Prandtl number of 1.

4. Results and discussions

Experimental data for turbulent heat transfer to
PCM suspensions have been reported by Choi [15,16]. In
order to verify the model, numerical solutions were
obtained for non-dimensional parameters corresponding
to these experiments. The concentration, density, ther-
mal conductivity and specific heat capacity for n-hex-
adecane were obtained directly from [15]. Properties of
water were at 15°C which was approximately the mean
temperatures during the experiments. The latent heat,
melting point, inlet temperature of the fluid and the flow
rate were calculated from the experimental data in [15].
The viscosity was calculated using an available correla-
tion for suspensions [17] using properties of water at
15°C which was approximately the mean temperature
during the experiments. This value was also verified
approximately by using friction factor data in [15].
Alternative correlation for emulsions were also used [18]
but the differences between the predictions were quite
small (<10%).

One particular parameter, the melt temperature
range posed some problems at the initial stages of veri-

40

fication. However, since the phase change material, n-
hexadecane, was not a mixture but a single component
substance (possibly with some impurities, see later sec-
tion), physical considerations suggest that the melt
temperature range will be of the order of 1-2°C or lower.
Numerical runs with the corresponding non-dimen-
sional melt temperature range showed that the results
were insensitive to the actual value and the final results
correspond to an Mr = 0.0035.

Fig. 1(a) shows the wall temperature rise along the
length of the tube as predicted by the model together
with the experimental data from [15]. The difference
between the two results are within 10-20% over the
entire length of the tube. These are noticeably greater
than those associated with results for a pure fluid where
the model predictions are typically within 10% of ex-
perimental results. However, a careful analysis points to
probable reasons for these higher discrepancies. First,
consider the dashed lines which have been drawn par-
allel to the numerical predictions for the two cases. Note
that these follow the measured temperatures quite ac-
curately (less than 1°C difference) except at the later
stages of the 12.3 kW experiment. In this high power
experiment, the difference between the dashed line and
the experimental data can be seen to increase gradually
with increasing temperatures. Based on these observa-
tions, the overall differences can be attributed to two
factors: (a) a temperature difference that is uniform

30

Q=123 kW, Ste =130, Sb

(T(wall) - T(inlet)) (K)

-1

-0 "
T9 % 02621 kW, Ste =67, Sb =0.026

b

Melting point

0 1
0 500

z/R 1000 1500

Fig. 1. Comparison of numerical predictions with experimental data of Choi [15]. Water: ¢, = 4.19 x 10° J/kg K, k£ = 0.593 W/m K,
p =999 kg/m’, = 1.16 x 107 N s/m’. n-hexadecane: ¢, = 1.92 x 10° J/kg K, k = 0.144 W/m K, p = 773 kg/m’, hy, = 2.19 x 103
J/ikg, Melting point = 16.5°C. Suspension: ¢ = 0.1, ¢, =0.079, ¢, =4.01 x 10> J/kg K, k=0.535W/m K, p=976 kg/m3,
u=155x103N s/mz. Experimental parameters: d = 0.01 m, u,, = 1.6 m/s, T, = 8.8°C, heated length = 6.37 m. Non-dimensional
parameters: Re = 10,200, Pr = 11.6, ¢, np = 0.038, Mr = 0.0035 (assumed same in both cases).
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along the length of the tube; (b) a gradually increasing

difference that occurs primarily at higher temperatures.

These are considered separately below:
(a) The constant temperature difference is present
even in the early sections of the tube. Since the
fuidlwall temperatures are below the reported melt-
ing point of n-hexadecane in this region (a point that
is particularly noticeable for the 6.21 kW test), this
discrepancy between the experimental results and
the numerical predictions cannot be due to any limi-
tations in the effective specific heat capacity model.
Instead, thermodynamic considerations suggest
that this is probably due to phase change effects
at lower temperatures caused by impurities in the
commercial grade material used in the experiments.
This explanation is also supported by the fact that
the melting point of the n-hexadecane (16.5°C) in
the suspension was lower than that of a laboratory
grade sample (18.1°C). Quantitative verification of
any form is unfortunately not possible since DSC
or other test data has not been reported for this
material (though the presence of unknown impuri-
ties is confirmed in [15]).
(b) The source of the gradually increasing “error”
in the high power test is much easier to identify.
In this experiment, the temperatures ranged from
about 9-33°C due to the high heat flux. Although
most properties of water do not change signifi-
cantly over this temperature range, the viscosity
does decrease by about 60%. As a result, the Rey-
nolds number associated with the flow changes
significantly along the length of the tube. Under
these circumstances, Choi and Cho [19] have
shown that the Nusselt numbers along the length
of the tube can differ from the fully developed val-
ues by as much as 20%. The corresponding wall
temperatures will also be affected similarly, and
the differences between the predictions from a
constant property model and experimental data
will be larger than expected at high tempera-
tures.In order to verify this hypothesis, it is useful
to consider a correlation for the local Nusselt
number, Nu, that accounts for this axial variation
in viscosity [19]:

Nu, = 0.00425Re™ P04 (. /11, ).

In this equation, Re. and Pr. are the local Reynolds
and Prandtl numbers based on the bulk properties at
a given axial position z/R on the tube. Since the wall
temperature rise is inversely proportional to the local
Nusselt number, it is possible to estimate a corrected
wall temperature by using the following equation:

JT T'“Q { Ky
Hisec

0.11
(Tw - Tm)z.COR - { } (Tw - Tm)chv

Hisec

where the subscripts COR and CP refer to the cor-
rected temperatures and the temperatures obtained
using the constant property model, respectively. Wall
temperatures have been calculated using the above
equation and are also shown superimposed on the
dashed line in Fig. 1. Note that the modified tem-
perature distribution now clearly follows the exper-
imental data very well.
The above results and analysis provide a reasonably
good verification of the effective specific heat model used
in this study. The fact that a relatively simple model can
provide quantitative results that predict the pattern of
the experimental data is particularly notable since the
model can be used for future design if it is further ver-
ified through systematic experimental studies. In order
to provide such data to support future experiments (and
initial systems design), a parametric study has been done
to evaluate the performance of PCM suspensions under
various operating conditions.

The primary parameter influencing the heat transfer
was found to be the Stefan number with 50% or greater
reductions possible in the wall temperature rise for
Stefan numbers as high as 50-100 for z/R of the order of
100-250 (Fig. 2). For lower Stefan numbers, of the order
of 5-10, wall temperatures may be reduced by 80% or
more for lengths of the order of 1500-2000 diameters or
more. Fig. 2 also shows that the phase change effects are
concentrated over tube lengths that are approximately
inversely proportional to the Stefan number (z/R
of 1400, 350 and 175 for Ste of 10, 50 and 100, re-
spectively).

The melt temperature range, Mr, determines the
heated length over which the phase change effects are
apparent. When Mr values are small, i.e. for suspen-
sions with phase change materials melting over a small
temperature range and/or for systems with high heat
fluxes, the phase change effects are limited to a smaller
region of the tube. However, the localized temperature
reductions are higher for these cases as seen in Fig. 3.
For higher melt temperature ranges/lower heat fluxes,
the relative wall temperature reductions are somewhat
lower (for the same Stefan number) but are felt over a
greater section of the heated length. For most practical
cases with high heat fluxes however, Mr will be very
small and the Stefan number will be the only parameter
determining the tube length over which the phase
change effects are important.

The degree of subcooling directly influences the
region of the tube that is affected by the phase change
process. As its value increases, the melting effects are
seen further downstream (Fig. 4). The relative tem-
perature reductions therefore tend to be higher for
lower subcooling. An important point to note is that
approximately 50% of the phase change effects are
complete by z/R equal to RePrSb/4 (i.e. at z/r = 125,
250 and 1250 for Sb = 0.005, 0.01 and 0.05, respec-
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Re=10000, Pr=10, Mr=0.005, Sb=0.005, Cp*=0.05

0.12
0.1

<
% 0.08 O Pure fluid
% ¢ Ste = 100.0
£ 0.06 A Ste = 50.0
g + Ste = 10.0
‘:%’ 0.04 0 Ste=5.0
=)

0.02

A D 100.6.0.0.0000000000000000es: XO000000000000000
08 . , b . .
0 500 1000 1500 2000 2500

z/R

Fig. 2. Wall temperature variations along tube for various Stefan numbers: Re= 10,000, Pr = 10, Mr = 0.005, ¢, np = 0.05.

Re=10000, Pr=10, Ste=50, Sb=0.005, Cp*=0.05

0.12

0.1

0.08

=2
&
o
= 0 Pure fluid
Lg a Mr=0.005
£ 0.06 + Mr=0.01
= | Mr=0.05
$ 0.04
£

0.02

O H' 1 1 N N I J
0 500 1000 1500 2000 2500
z/R

Fig. 3. Wall temperature variations along tube for various melt temperature ranges: Re=10,000, Pr = 10, Ste = 50, Sb = 0.005,
Cp.ND = 005

tively). This corresponds to the location where the Nusselt number achieves a maximum value based on
phase change material would begin melting if the fluid the three-equation bulk mean temperatures suggested
were perfectly mixed. It is also the location where the by Choi [15,16].
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Re=10000, Pr=10, Ste=50, Mr=0.005, Cp*=0.05

e
)
1

e
—

0.08

0.06

0.04

(T(wall)-T(inlet))/(qR/k)

0.02

0 Pure fluid
A Sb=0.005
+ Sb=0.01
I Sb=0.05

0 . : 1 )
0 500 1000

z/R

1500 2000 2500

Fig. 4. Wall temperature variations along tube for various degrees of subcooling: Re=10,000, Pr = 10, Ste = 50, Mr = 0.005,

CpND = 0.05.

Finally, the numerical results also showed that the
specific heat ratio does not have a significant impact on
the heat transfer process. A careful consideration of axp
shows that this is inevitable since ¢, np is typically much
smaller than 1 (as is the product Ste- Mr(1 — c,np) in
many cases). Thus, the normalized wall temperature
distributions and Nusselt numbers will be functions of
only three parameters, Ste, Sb and Mr. For high heat
fluxes and/or suspensions with relatively pure phase
change materials resulting in very low values of Mr, only
the first two parameters (and if necessary, the Reynolds
and Prandtl numbers) will be of importance. Although it
is feasible to develop correlations for the normalized
wall temperatures and Nusselt numbers using the nu-
merical model, such correlations have not been obtained
since the available experimental data is too limited to
permit proper calibration. The initial quantitative results
discussed in this paper will hopefully provide a basis for
careful parametric experimental studies in the future.

5. Conclusions

This study has shown that an effective specific heat
capacity model can be effectively used to model turbulent
heat transfer with phase change material suspensions. The
Stefan number found to be the primary parameter influ-
encing the heat transfer process. Considerable reductions
in wall temperatures are seen over large heated lengths for

low to moderate Stefan numbers. The melt temperature
range and degree of subcooling are two other important
parameters with the degree of subcooling determining the
location of the phase change effects. Non-dimensional
operating parameters/tube locations where phase change
effects are important can be estimated from the numerical
results. Further experimental research together with DSC
tests to properly characterize the phase change materials
are recommended so that the numerical models can be
accurately calibrated.
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