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Abstract

Brushes made of carbon fibers are used to improve the thermal conductivities of phase change materials packed
around heat transfer tubes. The transient thermal responses measured in brush/n-octadecane composites essentially
improve as the volume fraction of the fibers and the brush diameter increase. However, there is a critical diameter above
which further improvement is not expected due to thermal resistance between the fibers and the tube surface. A two-
dimensional heat transfer model describing anisotropic heat flow in the composite is numerically solved. The calculated
transient temperatures agree well with the experimental. A simple model is also developed to predict the heat exchange
rate between the composite and the heat transfer fluid. The values of the correction factors are identified on the basis of

the results for the anisotropic model.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Many phase change materials (PCMs) have been
proposed as thermal energy storage materials because of
their superior energy storage capacities [1,2]. However,
the thermal conductivities of most PCMs are too low to
provide a required heat exchange rate between the PCM
and the heat transfer fluid. In this case, the thermal
conductivities have to be enhanced to efficiently use the
thermal energy stored in the PCM.

The thermal energy storage units are roughly divided
into two types. One is a capsule type, while the other is a
shell-and-tube type. As enhancement techniques for the
capsule type, metal fins [3-7] and honeycombs/PCM
composites [3,8,9] were frequently examined. Metal thin
strips [3,9], thin walled rings [7], porous metals [10],
porous graphite matrices [11], copper chips [12], porous
metal foam matrices [13] and carbon fibers [14,15] were
also applied to the capsule type. On the other hand, the
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techniques for the shell-and-tube type are limited to fins
[3,16-19] and honeycombs [3,8,9,20]. It might not be
easy to apply the other methods as mentioned above
because the tubes arranged on the shell side prevent
inserting porous materials or uniformly distributing
fibers/chips on the shell side. However, it is important to
propose effective methods for the shell-and-tube type for
further development of the thermal energy storage units
using PCMs.

When the thermal conductivity of a PCM is im-
proved, it is important not only to increase it to a re-
quired value but also to avoid unnecessary reduction in
the energy storage capacity. The volume fractions of the
promoter materials in the past experimental studies were
1-2 vol.% for metal thin strips [3,9], 20 vol.% for thin
walled rings [7], 60 vol.% for porous metals [10], 10-60
vol.% for porous graphite matrices [11,20], 70 vol.% for
copper chips [12] and 2-10 vol.% for porous metal foam
matrices [13]. The fins and honeycombs usually occupy a
space of 5-10 vol.% on the shell side. In summary, the
volume fractions of the promoter materials in the past
studies are above a few percent.

Fukai et al. [21] developed brushes made of carbon
fibers. The feature of this method is that the volume
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Nomenclature

a1, ay  correction factor

Bi Biot number, /v, /km

Cp specific heat (J/kg K)

dy diameter of brush

d; inner diameter of tube (m)

d, diameter of container (m)

h heat transfer coefficient (W/m? K)

k thermal conductivity (W/m K)

k thermal conductivity tensor (W/m K)
Iy, I, I distance between thermocouples (m)

lp tube pitch (m)

liw distance between tubes, Iy, — di — 26 (m)

M mass (kg)

n the number of grid

0 heat exchange rate per unit length (W/m)
Omax maximum heat exchange rate per unit

length, hhﬂdi(Th‘in — T()) (W/m)

r radial distance (m)

t time (s)

T temperature (K)

X,y x- and y-coordinates (m)

X; local volume fraction of fibers

X volume ratio of fibers to brush of the di-
ameter [y,

KXot volume ratio of fibers to the composite

Greek symbols

o thermal diffusivity, k/c,p (m?/s)

o thickness of tube wall (m)

> normalized heat exchange rate per unit
length, O/ O

p density (kg/m?)

0 angle (rad)

2] dimensionless temperature, (7 — Ty)/(Thin—
Ty)

T dimensionless time, ot/ lfp

4 coordinate normal to the boundary surface
(m)

{ coordinate tangential to the boundary sur-
face (m)

Subscripts

0 initial

in inlet

c composite

cal calculation

detail  detailed model

eff effective

exp experiment

f fiber

h heat transfer fluid

iso isotropic model

m phase change material

p parallel model

r random model

] series model

simple  simple model

t tube

fraction of the fibers is accurately and easily controlled
and that the fibers with a low volume fraction (<1
vol.%) are entirely dispersed in the PCMs. They used the
brushes to improve the thermal responses in the PCMs
packed into cylindrical capsules and experimentally
demonstrated that the effective thermal conductivities of

the fiber/PCM composites reach the maximum values
theoretically predicted [21].

In this study, we propose that the carbon-fiber bru-
shes are arranged along the tubes (Fig. 1(a)) as an en-
hancement technique for the shell-and-tube type. The
purpose of this study is to investigate the fundamental

Fig. 1. Thermal energy storage units where brushes made of carbon fibers are inserted.
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thermal characteristics of the brush/PCM composite
surrounded by four tubes (Fig. 1(b)). The experimental
apparatus imitates heat exchangers with a square ar-
rangement. The transient thermal responses in the
composite are experimentally measured to discuss the
effect of the brush diameter on the heat transfer rate. A
heat transfer model describing anisotropic heat flow in
the composite is numerically solved. From a comparison
between the experiments and the calculations, the heat
transport phenomena in the composite are discussed. A
simple model is moreover proposed to predict the heat
exchange rate between the composite and the heat
transfer fluid in the tubes. Last, the effective thermal
conductivity of the composite is numerically discussed.

2. Thermal characteristics of the composite
2.1. Experimental procedure

Fig. 2(a) shows the experimental apparatus. Four
steel tubes are vertically arranged in a cylindrical con-
tainer made of acrylic resin. A carbon brush of 60 mm
length is inserted in the center of the container. The
diameters of the carbon fibers are 10 pm. The container
is filled with n-octadecane up to a height of about 50
mm. The container is insulated using glass wool. Two to
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three pieces of the apparatus are prepared to examine
the reproducibility of the experimental results.

Small and large apparatuses are prepared. Table 1
shows the dimensions of the apparatuses and the loca-
tions of the thermocouples in Fig. 2(b). The small appa-
ratus corresponds to a laboratory-scale heat exchanger,
while the other corresponds to a practical-scale one.

First, the apparatus was placed in a room at 18 °C
overnight to maintain the container at a uniform tem-
perature. Next, water at 23 °C was provided from a
thermostatic bath to the tubes. The flow velocities of
water are 0.35 m/s for the large apparatus and 0.31 m/s
for the small apparatus. The transient thermal responses
in the brush/PCM composite were measured. It should
be noted that the experimental temperature range was
below the melting point of n-octadecane (28 °C) to in-
vestigate the conductive heat transfer excluding latent
heat.

The fiber density in the azimuthal direction is char-
acterized by the volume fractions of the fibers to the
brush of the diameter /y:

_ M;/p;
nlg /4

Xin (1)

where M; is the mass of the fibers per unit longitudinal
length, and p; the density of the fibers. The volume

35

60

Water Water

(@

(b)

Fig. 2. Experimental apparatus and locations of thermocouples.
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Table 1
Experimental apparatuses
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Dimensions of apparatuses

Locations of thermocouples

lp lw dy d; 0 L 15 I3
Large apparatus 108.0 80.8 164 23.6 1.8 10.1 24.6 19.1
Small apparatus 36.0 26.5 56 8.0 0.75 3.3 8.0 6.4
fraction of the fibers for an arbitrary diameter was de- where k. is the thermal conductivity tensor. The
termined such that the fiber density in the azimuthal boundary conditions are indicated in Fig. 3. The ther-
direction agrees with that of the brush for the diameter mophysical properties of the composite are given as
lip. Thus, the volume fraction Xj, for the diameter d, is functions of the local volume fraction of the fibers (X;).
given by The heat capacity is given by
X=X, @  Cere = Koot (L= X)omon 5)
° The local x'—)/-coordinate, where the x'-axis is along
the fiber orientation, is introduced (Fig. 3). The effective
2.2. Mathematical model thermal conductivities in the x'- and )/-directions are
given by
Fig. 3 shows the computational domain, which con-
sists of the brush/PCM composite and the tube wall. ko = Xeke + (1 = Xr)kim (6)
Consider that the composite, including the PCM at the -1
. ks = {X;/k 1 —Xt)/km} 7
periphery, and tube wall are initially kept at a temper- (X /e + ( )/kn' ™)
ature 7p and the fluid at a .tempe?rature Thin ﬁ(?WS in the respectively. As a result, the thermal conductivity tensor
tubes at ¢t > 0. The two-dimensional conduction equa- in Eq. (3) is given by
tions in the composite (c) and the tube wall (t) are given '
- o [Re ke
CPvcpCa_tC =V (kC : VTC) (3) < kc‘ywr kc,}y
oT; B {cos() —sinO}l{kp 0}[0050 —sinO} (8)
CotPiy = V- (kVT) (4) " |sin0 cos0 0 k||lsin@ cosO
Y
A
g
ar _ |
98
a7,
kL =h(To - TOH g
t % W(Thin - T0)
BT . a7, +k dT.
ag $eoe T Megr
TIi=T.
aT
= = O
x| )
\ [ "
dT,
—Q-Y;:O/ hh(Thm - )
oy ‘V%

Fig. 3. Computational domain and boundary conditions corresponding to the experimental apparatus.
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where 0 is the angle between the x-axis and x'-axis. X; in
Egs. (5)—(7) is approximated by the following equation
[21]:

2r Xfa
1 t0< — < —
N )
Xfallp X[‘a 2r db
t 2
Xf(r) 4 2 le le (9)
2 d
0 at =%
lp Iy

where r is the radial distance from the center of the brush.

The mathematical model is numerically solved using
the control volume method. The curvature surfaces are
approximated using square grids. The 50 x 50 uniform
meshes are needed to have numerical results indepen-
dent of the mesh size.

2.3. Results

The properties of the materials used in the experi-
ments are k, = 0.34 W/mK, k = 190 W/mK, k = 80
WimK, cpmp, = 1.53 x 10° J/m* K, cpppp = 2.12 x 10°
Jm* K and ¢, p, = 3.48 x 10° J/m> K. The heat transfer
coefficient /;, is nearly 1700 W/m? K for both appara-
tuses [22,23]. It is numerically confirmed that this value
is so high for the estimation error of 4, that it does not
affect the calculated temperature distribution in the
composite. Fig. 4 shows the nondimensional time vari-
ations in the nondimensional temperatures for the large
apparatus. The fiber tips do not reach the tube surface at
dy/lw < 1, while the fibers touch the tube surface at
dy/lw = 1. The curves for dy/ I, = 0 indicate the results
for no brush. From the experiments in the figure, the
transient thermal responses in the composite become
sensitive as the brush diameter increases up to
dy/lw = 1. However, there are no remarkable differences
among the experimental results for d,//,, = 1. On the
other hand, the calculated thermal responses improve as
dy/l increases up to dy/l = 1.11. From the compar-
ison between the experiments and the calculations, the
model predicts well the experimental results for
dy/lw < 1. The brushes for dy, /I, = 1.11 obviously de-
grades the calculated thermal responses. This is because
the region with high thermal conductivities is extended.
This tendency is found in the experimental results for
dy/lw = 1.11. Fig. 5 compares the calculations to the
experiments at some measurement points under various
experimental conditions. The results for two pieces of
the apparatus are plotted in each figure to show the
reproducibility of the experiment. The calculations for
dy/lw > 1 certainly have errors to some degree at the
points except for point E, while the model predicts well
the experimental results at d,//,, < 1 for all points.

The present model assumes no thermal contact re-
sistance between the fibers and the tube surface. The fact

1 | I 1 1 I I 1 | |
L Point B —
0.8F
@ -
i dy/l, Exp. Cal.
- 0 o
i 087 O ——-
0.6 099 © =eeee I
i 11 A —-m
1 i
dy/l. Exp. Cal.
0 o
087 O ——:
099 O =meeem
111
136
0.8
©)
0.6

0

Fig. 4. The effect of the brush diameter on the transient thermal
responses for the large apparatus (X = 0.008).

that the experimental thermal responses for dy//y > 1
do not reach the corresponding calculations shows that
there is thermal contact resistance. The thermal contact
resistance might be caused by branching of the fibers
near the tubes. Figs. 4 and 5 demonstrate that the
thermal contact resistance affects the heat exchange rate
between the composite and the fluid. At point E in Fig.
5, the calculations agree with the experiments even at
dy/lw > 1. This is because the fiber direction disagrees
with the heat flow from the tube at point E as shown in
Fig. 2, resulting in a relaxation of the overestimated heat
exchange rate.

In spite of the numerical errors at dy, /I, > 1, Figs. 4
and 5 demonstrate that the results for d,//, =1 ap-
proximate the experimental results for dy//i > 1. Con-
sequently, the present model is valid for the predictions
for dy/l > 1 if dy/l = 1 is assumed.

The time variation in the calculated temperature dis-
tribution in the composite under a typical condition for
the large apparatus is shown in Fig. 6. When there is no
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Fig. 5. Comparison between the experimental and calculated transient thermal responses.

brush (X = 0), the temperature rises in a concentric
configuration from the tubes, and consequently the
temperature in the center region is the lowest at 1 = 0.5.
At X, = 0.004 and 0.008, the heat flows preferentially
from the tube surface to the center region, and the tem-
perature in the center region rises more rapidly than that
at Xz, = 0. It should be noted that the temperature in the
area between the two tubes is higher than that at Xz, = 0.
Although there might be thermal resistance between the
fiber tips and the tube surface as mentioned above, the
brush essentially enhances the thermal conductivity of
PCM in the whole area surrounded with the tubes.

3. Development of a simple model

The above-mentioned model, which is referred to as a
detailed model below, requires 200 x 200 meshes in a
space surrounded by four tubes. Therefore, unrealistic
numbers of meshes are needed when the detailed model
is applied to three-dimensional heat transfer analysis in
a thermal energy storage unit where there are many

columns and rows of tubes. Accordingly, another model,
which is referred to as a simple model below, is required
to perform such a numerical study.

To assess the capacity of the simple model, it is nec-
essary to compare the calculations to the experiments.
However, the tube lengths of the apparatus shown in Fig.
2 are too short to calculate the heat exchange rate from
the temperature difference between the inlet and outlet
fluids. In addition, the apparatus does not consider the
thermal contribution of the next brushes and tubes,
though there are many tubes and brushes in practical
thermal energy storage units as shown in Fig. 1(a). Ac-
cordingly, the detailed model is used as a reference.

The computational domain and the boundary con-
ditions for the detailed model are shown in Fig. 7(a).
The brush diameter d, is assumed to be equal to the
distance between the tubes /.

3.1. Simplification of model

A reason for requiring many meshes in the detailed
model is that straight lines approximate the curvature
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Fig. 6. The nondimensional time variation in the calculated nondimensional temperature distribution in the brush/PCM composite for

the large apparatus (dy/lw = 1).

surfaces of the tubes. Another is due to the anisotropic
properties of the composite. Accordingly, the configu-
ration of the tubes as well as the thermal conductivity
tensor is simplified below.

The simple model corresponding to Fig. 7(a) is
shown in Fig. 7(b). The circular cross-section of the
tubes is assumed to be a square cross-section. The side
length of the outer wall is given by /7(d; + 26)/2, while
that of the inner wall is given by nd;/4. Egs. (3) and (4)
are used as the governing equations. The heat capacity
of the composite and the local volume fraction of the
fibers are also given by Egs. (5) and (9), respectively. To
simplify the anisotropic thermal conductivity in the
composite, the composite is divided into seven regions as
shown in Fig. 7(b). In all regions, k.., and k., are set to
zero. In the regions A, B and C, k. and k., are given as
the combination of the modified parallel and series
models:

kl,J = Cthkf + (1 - lef)km (10)

ko= (1= an)Xe/ke + {1 = (1 = a)X;} k] (11)

In the region D, the fiber tips are assumed to be ran-
domly oriented. A semi-empirical random model for
chip fibers [21] is applied in this region.

K= 0.456{1 — (1 — axX0)*Yhe + (1 — axX0) Pk (12)

In Egs. (8) and (9), a; and a, are the correction factors.
a; represents the number of the fibers contributing the
heat flow from the tube surface to the center of the
brush. a, represents the number of fibers contributing
the heat flow between the tube and the composite in the
region D. The components of the thermal conductivity
tensor are given by

Region A: ke =k

p?

ke = kyy  kewy = ke =0

(13)
Region B: ke = kypy heyy = Ky hewy = ke =0
(14)
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Fig. 7. Computational domain and boundary conditions corresponding to the brush/PCM composite in thermal energy storage units.

Region C ke = k;, kc,}y = k;,; kc,w = kc.yx =0
(15)

Region D: ke = ki, keyy =k, kery =kepe =0
(16)
The mathematical model is numerically solved using

the control volume method. The mesh size dependence
of the numerical results is described in the Appendix A.

3.2. Results

The values of the correction factors in Egs. (10)—(12)
are identified through the heat exchange rate per unit

0. 1 T T T T I T T T T
Xfa = O al = 0.3
a,=0.1 1
B Simple model -
& 0.05 o Detailed model |
Small Apparatus _|
Large Apparatus -
0 L L L 1 | 1 f h
0 0.05 0.1

T

Fig. 8. The nondimensional time variations in the normalized
heat exchange rates when no brush is used for the large appa-
ratus.

length Q. First, Fig. 8 shows the normalized heat ex-
change rates @ for the simple model and the detailed
model at Xz, = 0. @ is defined as the ratio of Q to the
maximum heat exchange rate:

® = Q/szlx = Q/{ndihh(ﬂl,in - TO)} (17)

Apparently, the simple model predicts well the re-
sults for the detailed model. This fact shows that the
simplification for the configuration of the tubes is rea-
sonable.

The calculations were performed in the ranges
0<X;, <0.016, 50 <Bi <5100, 0.75< dy /11, < 1.2, 42<
ki/km <1900, 0.17 < d;/1, <0.28, 0.0033 < 5/1, <0.017
and 100 < k¢ /ky, < 1500. These ranges of the parameters

0 X, =0
0 X;, = 0.004
© X;, = 0.008
A X, =0016
1|4 Bi=50
> Bi=5100
H ® dyl,= 12
& 1| k/k,, = 1900
1| k/k, =42
1|4 dvt,=0.17
1{wdn,=02s8
<4 8/1,,=0.0083
11> 81, = 0.0033
2 > kiky, = 1500
10 10° 10’ 10°
(Ddclail

Fig. 9. Comparison between the normalized heat exchange

rates calculated using the detailed and simple models.
X, = 0.008, Bi = 669, dy/ly, = 0.75, ky/kw = 412, d; /1, = 0.22,

0/l =0.017 and k¢ /ky, = 905 are chosen as a base case.
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probably cover the operation conditions from labora-
tory-scale apparatuses to practical-scale ones. The col-
lection factors a; and a, are determined by fitting Qgimple
t0 Quetail USIng the trial-and-error technique. As a result,
a; = 0.3 and a, = 0.1 are identified.

Fig. 9 shows the correlations between ®gpmy. and
Doy during the thermal transient process. The param-
eter values of Xg = 0.008, Bi = 669, dy/ly, = 0.75, k/
km =412, di/l, =0.22, /1, = 0.017 and k¢/ky = 905
are chosen as a base case. This figure indicates the effects
of change in various parameters. The prediction errors
of the simple model are within £10%.

Fig. 10 compares the nondimensional temperature
distributions calculated by the two models. The detailed
model predicts diamond-shaped contours whose center
is on the middle point between the tubes, while the

T =
0.005

simple model predicts strip contours on a diagonal line.
Thus, the temperature distributions calculated using the
simple model has a prediction error to some degree be-
cause the present study focuses on accurate predictions
of the heat exchange rates.

4. Effective thermal conductivity of the composite

The effective thermal conductivity of the composite in
the heat exchanger is estimated. To achieve it, the fol-
lowing isotropic heat conduction equation instead of
Eq. (3) is applied to the composite region:

oT.
cp,cpca_; =V (ke VTe) (18)

0.010

0.015

Detailed model

Simple model

Fig. 10. The nondimensional temperature distributions calculated using the detailed and the simple models (Xp, = 0.008, Bi = 669,

dy/lyy =0.75, ki fkm = 412, d; /1, = 0.22, 6/ 1y, = 0.017, ke [k = 905).
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Fig. 11. The effect of the fiber volume fraction on the effective
thermal conductivity (Bi =669, k/kn =412, d;/l, =0.22,
0/l = 0.017, k¢ /ky = 905).

where ke is the effective thermal conductivity. This
model is referred to as an isotropic model. On the cal-
culation domain shown in Fig. 7(a), the time variations
in the heat exchange rates Qi and Qj, are calculated
using the detailed and isotropic models, respectively.
The value of k. is determined by fitting Qiso t0 Qyetail-

Fig. 11 shows the estimated effective thermal con-
ductivity, which is normalized using the thermal con-
ductivity of PCM. The result for d, = I;,, shows the case
of existing the thermal resistance near the tube wall. k.
increases as Xp, increases. kep at Xp = 0.012 becomes
three times as large as the value of k. The result for
dy, = I, 15 a value excluding the thermal resistance.
Hoogendoorn and Bart [9] examined an aluminum-thin-
strip/paraffin matrix system. Their results are plotted
against the volume ratio of the fibers/strip to the com-
posite, Xo(. The relationship between X;, and X, are
given by

(do/ ) . 1)
2/m— {(di/ 1) + 25/ 1)}

Kot

Their data do not include the thermal resistance on the
heat transfer surface. The thermal conductivity of alu-
minum is close to that of the carbon fibers used here.
From a comparison between their results and the pre-
sent ones for d, = [, the present method is superior to
their method.

5 T T T T T T T T T T T T T T
i X;, =0.020 1
4 | =
X;,=0.016
X,,=0.012
NQE fa
=3 1
«O
2r X;, = 0.008]
X;, = 0.004
1 L L 1 L L L L L L L L L L L
1 500 1000 1500
ke ! K

Fig. 12. The effect of the thermal conductivity ratio of fibers to
PCMs on the effective thermal conductivity (db//iw).

Additional computation are carried out in the range
0.004 < Xp, <0.020, 50 < Bi <5000, 100 < k¢/ky < 1500,
40 < ki /km <1900, 0.17 < di /1, <0.28, 0.0033 <6/l <
0.017. As a result, keg/ky strongly depends on X;, and
ki /kyn as shown in Fig. 12 even though it does not so
much depend on the other parameters. The following
equation is derived from the calculated results.

ket /km = (3.31 x 107 + 1.69X;, — 2.65 x 10'X7)
X (ke ke — 1) +1 (20)

Eq. (20) agrees with the calculated results within £10%
in the aforementioned ranges.

5. Conclusion

This study experimentally and numerically investi-
gates the fundamental thermal characteristics of the
carbon-fiber brush /PCM composite. The summary is
described below:

(1) The transient thermal responses in the composite im-
prove as the diameter of the brush increases.

(2) The transient thermal responses in the composite,
however, do not further improve when the diameter
of the brush is larger than the distance between the
tubes due to thermal resistance near the tube wall.

(3) The effective thermal conductivity, including the ef-
fect of the thermal resistance, of the composite is
about three times as large as that of PCM at only
Xr. = 0.012.
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Fig. 13. Effect of mesh size on the calculated result for a base
case (X, = 0.008, Bi = 669, dy,/ly, = 0.75, ki /kn = 412, d; /1, =
0.22, 6/1y, = 0.017, k¢ [k = 905).

(4) The detailed model predicts well the experimental
temperature in the composite.

(5) The simple model is developed to simulate the heat
exchange rate between the heat transfer fluid and
the composite.
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Appendix A

The meshes are generated as shown in Fig. 13. nis the
number of meshes in the x- and y-axes, respectively, in
the region D in Fig. 7(b). The meshes at both ends of the
region D are placed so as to fit with the thickness of the
tube wall. The normalized heat exchange rate calculated
using the simple model is independent of » when n > 3.
It also agrees well with the detailed model even though
large meshes are adapted into the region A. This is be-
cause the temperature gradient is not large in this region,
as shown in Fig. 10. As a result, the value of n =5 is
chosen in the present study.
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