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Abstract

Brushes made of carbon fibers with a high thermal conductivity are inserted on the shell side of a heat exchanger to

enhance the conductive heat transfer rates in phase change materials. The experimental results show that the brushes

essentially improve the heat exchange rate during the charge and discharge processes even when the volume fractions of

the fibers are about one percent. A three-dimensional model describing the heat transfer in the heat exchanger is nu-

merically solved. The model predicts well the experimental outlet fluid temperatures and the local temperatures in the

composite.
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1. Introduction

The development of efficient and cost effective ther-

mal energy storage units is necessary for the utilization

of solar energy, industrial waste heat, distributed gen-

eration waste heat and so on. Phase change materials

(PCMs) attract attention as thermal energy storage

materials because their energy densities are much higher

than those using sensible heat [1].

The latent heat thermal energy storage units previ-

ously studied are roughly classified into two types. One

is a capsule type [2–9] and the other is a shell-and-tube

type [10–17]. If vacant spaces are not considered for

relaxing the volume change of the PCMs, the packing

ratio of PCM in the former is no more than 0.74 (the

closest packing of spheres), while that in the latter is

usually no less than 0.90. Thus, the shell-and-tube type

is suitable for minimizing the volume of the thermal
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storage unit. However, the latter is inferior to the for-

mer regarding the heat transfer area between the PCM

and the heat transfer fluid. This means that the shell-

and-tube type hardly follows sudden changes in the

load compared to the capsule type. To overcome this

problem, extension of the heat transfer area and en-

hancement of the thermal conductivity using fins,

honeycombs, porous media, fibers and so on may be

useful. Actually, several researchers examined the ef-

forts on fins [10–14] and honeycombs [10,15–17] in the

shell-and-tube type. However, no other technique was

applied to this type to the best of the authors� knowl-
edge.

In this study, carbon-fiber brushes proposed by the

authors [18] are used for enhancing the thermal con-

ductivity of the PCMs. The feature of the brushes is that

the volume fraction of the fibers is accurately and easily

controlled. In the present experiments, carbon fibers

with a thermal conductivity of 190 W/mK were shaped

into radial brushes and inserted along the space on the

shell side. The effect of the brushes on the thermal re-

sponses of the heat exchanger is experimentally and

numerically investigated. A three-dimensional heat
ed.
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Nomenclature

A constant representing temperature depen-

dence of thermal conductivity (W/mK2)

cp specific heat (J/kgK)

db diameter of brush (m)

di, do inner and outer diameter of tube (m)

h heat transfer coefficient (W/m2 K)

k thermal conductivity (W/mK)

k thermal conductivity tensor (W/mK)

M mass (kg)

n coordinate normal to the boundary surface

(m)

q heat transfer rate (W)

r radial distance (m)

s coordinate along the center of the tube (m)

t time (s)

tres residence time (s)

T temperature (K)

uh mean fluid velocity (m/s)

Xfa volume fraction of fibers in a brush

Xf local volume fraction of fibers

q density (kg/m3)

Subscripts

0 initial

a insulator

c composite

ch charge

dis discharge

f fiber

h heat transfer fluid

in inlet

liq liquid

m phase change material

out outlet

p parallel model

r random model

s series model

sol solid

t tube wall
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transfer model on the basis of the simple model [19] is

numerically solved. The calculated results are compared

with the experiments to examine the capacity of the

model. The effect of natural convection in the liquid

phase is also discussed.
2. Experimental setup

Physical properties of the fibers and paraffin wax are

shown in Table 1. Those of urethane foam as a heat

insulator are also indicated because they are used for the

numerical calculations described later. The apparent

specific heat of the paraffin wax measured using a dif-
Table 1

Physical properties

Carbon fiber

Diameter 10 lm
Thermal conductivity 190 W/mK

Specific heat 1000 J/kgK

Density 2120 kg/m3

Paraffin wax

Thermal conductivity 0.21 W/mK in solid

0.12 W/mK in liquid

Density 900 kg/m3 at 25 �C
780 kg/m3 at 60 �C

Urethane form

Thermal conductivity 0.03 W/mK

Specific heat 1100 J/kgK

Density 30 kg/m3
ferential scanning calorimeter (DSC) is shown in Fig. 1.

There are three peaks in the DSC curves. The two peaks

in the range 20–35 �C are due to the phase transition of
the solid phase. A peak in the range 40–53 �C is due to
the solid–liquid phase change. The latter is utilized to

store the thermal energy in the present study. The latent

heat calculated from the DSC curve is 1.8 · 105 J/kg.
Fig. 2 shows the details of the heat exchanger. Cop-

per tubes (8.0 mm ID· 9.5 mm OD) with six paths and
Fig. 1. Apparent specific heat of paraffin wax.



Fig. 2. The details of the thermal energy storage unit.
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ten columns are arranged in a rectangular pitch. Water

as the heat transfer fluid is on the tube side while paraffin

wax as a PCM is on the shell side. The height of the

PCM is 245 mm in the liquid state. The carbon-fiber

brushes of 40-mm diameter and 450-mm length are in-

serted in the whole spaces among the tubes, though only

a few brushes are drawn in the figure. It should be noted

that the diameter of the brush is slightly larger than the

tube pitch of 36 mm. The thermocouples are placed at

the inlets and outlets of the tubes. Three thermocouples

are placed near the upper surface of the PCM: one is at

the center of four tubes, or the center of the brush, and

two are in the middle of two tubes as shown in Fig. 2.

Urethane foam encloses the heat exchanger.

High and low-temperature thermostatic baths were

prepared. Water was provided from the former in the

charge process, while it was provided from the latter in

the discharge process. The fluid velocity was controlled

and maintained at a constant.

The ratios of the fiber volume to the apparent volume

of the brush, Xfa, were 0, 0.004 and 0.008. Overall, the
volume ratio of the fibers to the brush/PCM composite

in the unit is 0.0068 for Xfa ¼ 0:004 and 0.0137 for
Xfa ¼ 0:008 because parts of the brushes are overlapped.
The apparent thermal conductivities of the composites,

including the thermal contact resistance between the fi-

bers and the tube surfaces, are estimated to be 0.40 and

0.51 W/mK in the solid state [19], respectively. The two

sets of the water temperature levels were examined: one

was 55 �C (charge) )38 �C (discharge) and another was
60 �C (charge) )35 �C (discharge). The initial tempera-
ture in the unit was maintained at the water temperature

in the discharge process. The mean fluid velocities of

water were 0.015, 0.03 and 0.08 m/s.
3. Mathematical model

A three-dimensional heat transfer model in the stor-

age unit is developed. The difficulties of the numerical

calculations in this system result from the anisotropic

heat transfer in the brush/PCM composite and the cir-

cular cross-section of the tubes. That is, many meshes are

necessary to obtain the mesh-size independence solutions

if they are accurately modeled. Fukai et al. [19] developed

a simple model describing the two-dimensional heat

transfer on the plane normal to the longitudinal direction

of the tubes (the z–x plane in Fig. 3). They show that the
simple model reduces the number of meshes to about 1/

25 of a precise model. Accordingly, the simple model is

extended to the three-dimensional model.

Assuming the adiabatic surfaces of the heat ex-

changer, the periodicity of the tube arrangement on the

z–x plane reduces the computational domain as indi-
cated by a dark area in Fig. 3(a). According to the

simple model, the cross-sections of the tubes are as-

sumed to be square. The side length of the outer tube

wall is given by
ffiffiffi
p

p
do=2 and that of the inner tube wall is

given by pdi=4.
The three-dimensional energy conservation equations

in the brush/PCM composite ðcÞ, the tube wall ðtÞ and
the insulator ðaÞ are given by

ðcpqÞc
oTc
ot

¼ r � ðkc � rTcÞ ð1Þ

ðcpqÞt
oTt
ot

¼ r � ðktrTtÞ ð2Þ

ðcpqÞa
oTa
ot

¼ r � ðkarTaÞ ð3Þ



Fig. 3. Three-dimensional computational domain. (a) z–x plane and (b) y–z plane.
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The convective heat transfer term does not appear in Eq.

(1). Instead, its effect is considered in the thermal con-

ductivity in the liquid phase as mentioned later.

For the heat transfer fluid ðhÞ, the following one-
dimensional conservation equation is given by:

ðcpqÞh
oTh
ot

�
þ uh

oTh
os

�
¼ o

os
kh

oTh
os

� �
ð4Þ

where s is the coordinate along the center of the tube
measured from the inlet of the tube, uh the mean fluid
velocity, and Th the bulk temperature of the fluid. In the
present analysis, Eq. (4) is independently adopted to the

heat transfer fluid flowing in the two tubes.

The initial conditions are

Tj ¼ T0 at t ¼ 0ðj ¼ c; t; h; aÞ ð5Þ

The boundary conditions are given by:

Th ¼ TinðtÞ at the inlets of the tubes ð6Þ

�kt
oTt
on

¼ hhðTt � ThÞ on the tube-wall=fluid interface

ð7Þ

Tc ¼ Tt; kc
oTc
on

¼ kt
oTt
on

on the composite=tube-wall interface ð8Þ

Tc ¼ Ta; kc
oTc
on

¼ ka
oTa
on

on the composite=insulator interface ð9Þ

Tt¼Ta; kt
oTt
on

¼ka
oTa
on
on the tube-wall=insulator interface

ð10Þ
�kj
oTj
on

¼ 0 on the outer boundary surface ðj ¼ c; t; aÞ

ð11Þ

Tjjx¼0 ¼ Tjjx¼l; kj
oTj
ox

����
x¼0

¼ kj
oTj
ox

����
x¼l

on the periodic surface ðj ¼ c; aÞ ð12Þ

where n is the coordinate normal to the boundary sur-
face, and hh the heat transfer coefficient.
The heat capacity of the composite is given as a

function of the local volume fraction of the fibers (Xf ):

ðqcpÞc ¼ XfðqcpÞf þ ð1� XfÞðqcpÞm ð13Þ

In this equation, the apparent specific heat of the PCM,

cp;m, is approximated by a polynomial function of the
temperature based on the DSC curve shown in Fig. 1.

According to the simple model [19], the region of the

composite is divided into four types of regions as shown

in Fig. 4. The components of the thermal conductivity

tensor are given with the combination of the modified

parallel, series and random models:

k0p ¼ 0:3Xfkf þ ð1� 0:3XfÞkm ð14Þ

k0s ¼ f0:7Xf=kf þ ð1� 0:7XfÞ=kmg�1 ð15Þ

k0r ¼ 0:456f1� ð1� 0:1XfÞ2=3gkf þ ð1� 0:1XfÞ1=3km
ð16Þ

The asymmetric terms of kc in Eq. (1) vanish. kxx and kzz
in the four regions are given by

kc;xx ¼ k0p; kc;zz ¼ k0p in region A ð17Þ



Fig. 4. The typical grids generated in the computation domain. (a) z–x plane and (b) y–z plane on a–a0.
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kc;xx ¼ k0p; kc;zz ¼ k0s in region B ð18Þ

kc;xx ¼ k0s; kc;zz ¼ k0p in region C ð19Þ

kc;xx ¼ k0r; kc;zz ¼ k0r in region D ð20Þ

The constants in Eqs. (14)–(16) were determined for the

simple model to accurately predict the heat transfer rate

between the composite and the heat transfer fluid under

wide conditions [19]. kyy in all regions is represented by
the well-known series model:

kyy ¼ fXf=kf þ ð1� XfÞ=kmg�1 ð21Þ

Xf in the Eqs. (13)–(16) and (21) is approximated by [18]

XfðrÞ ¼
1 at 06 2r=db6Xfa=2
Xfadb=4r at Xfa=2 < 2r=db6 1
0 at 2r=db > 1

8<
: ð22Þ

where db is the diameter of the brush, and r the local
radial distance from the center of the brush. Considering

that a part of a brush overlaps other brushes, the local

volume fraction of the fibers is generally calculated from

the sum of the volume fraction for the ith brush, Xf;iðrÞ:

Xf ¼
X
i

Xf ;iðrÞ ð23Þ

If the natural convective heat transfer in the liquid phase

plays an important role, the apparent thermal conduc-

tivity in the liquid must be higher than the true value.

However, a stepwise change in the thermal conductivity

of the PCM results in numerical instability. Accordingly,

the thermal conductivity of the PCM is assumed to in-
crease continuously and lineally with temperature

starting from Tliq:

km ¼

km;sol at T < Tsol
km;liq � km;sol

Tliq � Tsol
ðT � TsolÞ þ km;sol at Tsol6 T 6 Tliq

AðT � TliqÞ þ km;liq at T > Tliq

8>><
>>:

ð24Þ

where Tsol and Tliq are the starting and ending tempera-
tures of the melting, respectively, and A a constant

representing temperature dependence of thermal con-

ductivity. The values of Tsol ¼ 43:8 and Tliq ¼ 50:6 �C are
chosen on the basis of the DSC curves in Fig. 1.

The governing equations are numerically solved

using the control volume method [20]. Fig. 4 shows

typical grids generated in the computational domain.

On the z–x plane, the domain where the heat transfer
fluid flows is fitted by a mesh. The meshes at both ends

of the region D are placed so as to fit with the thick-

ness of the tube wall. The region D is divided into 7 · 7
meshes, which are sufficient to provide the mesh-size

independent solutions [19]. On the y–z plane, the tubes
are assumed to form a right angle on both sides as

shown Fig. 4(b). The typical number of meshes is

19· 45· 100 and the time step is 5 s. The thermal
storage/release energy from the unit is calculated from

the difference between the inlet and outlet fluid tem-

peratures. Another value is calculated from the time

variation in the thermal energy within the computa-

tional domain. They agreed within 0.1% in each time

step.
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4. Results

4.1. Experimental

Fig. 5 compares the experimental heat exchange rates

for different values of Xfa. The heat exchange rate is
calculated by

q ¼ ðcpqÞhuh
pd2i
4

� �
ðTin � ToutÞ ð25Þ

In the charge process, the natural convection in the

liquid phase is well-known to play an important role in

the enhancement of the heat transfer rate between the

PCM and the tube surface. In spite of this fact, the heat

exchange rate at the first half increases as Xfa increases
(Fig. 5(a)). This fact shows that an increase in the ef-

fective thermal conductivity of the composite fully

makes up for the reduction in the convective heat
Fig. 5. The time variations in the experimental heat exchange rates.

temperature ¼ 55 �C in the charge )38 �C in the discharge). (a) Cha
transfer rate. There is an irregular thermal response at

90–150 min for Xfa ¼ 0. This is because lumps of the
PCM are elevated in the liquid phase due to buoyancy

and come into contact with the tube surfaces. However,

the contact heat transfer dose not frequently occur at the

earlier stage, resulting in low heat transfer rates for

Xfa ¼ 0. On the other hand, the thermal conductivity of
the PCM directly affects the heat exchange rate in the

discharge process because the solid phase develops from

the tube surface. As a result, q at the first half essentially
increases as Xfa increases.
The curves for km ¼ 1 are obtained by numerically

solving the following equation:

dfðMmcp;m þMtcp;tÞT ðt � tresÞg
dt

¼ ðqcpÞh
pd2i
4

� �
uhfT ðt � tresÞ � Ting at t > tres ð26Þ
The effect of the brushes on the heat exchange rate (The fluid

rge and (b) discharge.
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where M is mass, and tres the residence time of the fluid
in the tubes. The results were numerically confirmed to

agree with the three-dimensional model where km was
assumed to be infinity. The effect of the brushes on the

heat exchange rate in the charge and discharge processes

is exemplified by the times, t0:1, when the absolute value
of q reaches 0.1 kW. t0:1 normalized with the time for
km ¼ 1 is shown in Table 2. The fibers with one percent

reduce t0:1 10–20% in the charge process and about 30%
in the discharge process.

Fig. 6 shows the time variations in the measured

temperatures in the composite. For Xfa ¼ 0 in the charge
process, the temperature at point A suddenly rises from

47 �C to 53 �C due to the natural convection, resulting in
little temperature difference in the PCM. Although there

is no sudden change for Xfa 6¼ 0, the high conductive
heat transfer rate reduces the times when the tempera-

ture reaches the water temperature. In the discharge

process, the temperatures go down to 50 �C immediately
after the energy releases due to the natural convection.

However, the temperature differences in the PCM are

larger than those for Xfa 6¼ 0 below 50 �C. The experi-
mental results for Xfa 6¼ 0 show the characteristics of the
heat transfer in the composite. That is, in the discharge

process, the temperature at point A at Xfa ¼ 0 is the
lowest because this point is farther away from the tube

surface than the others. However, the temperature at

point A is the highest when Xfa ¼ 0:004 and 0.008. The
same results are observed in the charge process. This

reverse of the temperature distribution results in the

anisotropic conductive heat transfer in the composite

[19].

4.2. Numerical

Figs. 7 and 8 show the dependence of the local

temperatures and the outlet fluid temperatures on the A-
value in Eq. (24) for Xfa ¼ 0. In the charge process in
Fig. 7, the calculated local temperatures for A ¼ 2 and
10 W/mK2 are much closer to the experimental than

those for A ¼ 0. As a result, the model predicts well the
sudden change in the outlet fluid temperature at 220 min

in Fig. 8 when the value of A ¼ 2 or 10 W/mK2 is as-
sumed. In the discharge process, the calculated local
Table 2

Experimental time to be required for the absolute value of the heat e

uh [m/s] Charge

Xfa ¼ 0 Xfa ¼ 0:004 Xfa ¼ 0:00
0.03 1.45 1.37 1.26

0.08 2.85 2.62 2.32

The results are normalized with the time for km ¼ 1.
temperatures for higher values of A also agree with the
experimental values better than those for A ¼ 0. How-
ever, the outlet fluid temperature is more insensitive to

the A-value than that in the charge process because the
conductive heat transfer rate in the solid phase domi-

nates the overall heat transfer rate in the discharge

process. The fact that there is little difference between

the calculated results for A ¼ 2 and 10 W/mK2 probably
shows that the apparent thermal conductivity in the

liquid can be regarded as infinity due to the natural

convection.

Figs. 9 and 10 show the time variations in the outlet

fluid temperatures under all experimental conditions

carried out in the present study. The calculated results

for A ¼ 0 and 2 W/mK2 are indicated because there is
little difference between the calculated results for A ¼ 2
and 10 W/mK2 as shown in Figs. 7 and 8. From a

comparison between the experiments and calculations, it

is again certain that the calculated results for A ¼ 2 W/
mK2 are much closer than those for A ¼ 0 W/mK2
when Xfa ¼ 0. Consequently, the present model can be
applied to the case for Xfa ¼ 0 by assuming a high
thermal conductivity in the liquid phase.

Contrary to Xfa ¼ 0, the difference between the cal-
culated results for A ¼ 0 and 2 W/mK2 is small when
Xfa 6¼ 0. However, in the charge process, the calculated
outlet fluid temperatures for A ¼ 2 W/mK2 suddenly
change starting from Tout � 51 �C though such a sudden
change is not observed in the experiments. In other

words, the calculations for A ¼ 0 give better predictions
than those for A ¼ 2 W/mK2. This fact shows that the
fibers surely prevent natural convection in the liquid

phase.

Consequently, the present models predict well the

experimental thermal responses by assuming A ¼ 0 for
Xfa 6¼ 0 and a high value of A, e.g. >2 W/mK2, for
Xfa ¼ 0.
Fig. 11 compares the calculated local temperature in

the composite with the experimental values. The simple

model has prediction errors to some degree for the local

temperatures in the composite because the constants in

Eqs. (14)–(16) are determined to accurately predict the

heat exchange rate between the composite and the heat

transfer fluid. However, this figure demonstrates that the
xchange rate to reach 0.1 kW

Discharge

8 Xfa ¼ 0 Xfa ¼ 0:004 Xfa ¼ 0:008
1.79 1.44 1.28

3.38 2.70 2.32



Fig. 6. The time variations in the experimental local temperatures in the brush/PCM composite (uh ¼ 0:03 m/s). (a) Charge and (b)
discharge.
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present model almost predicts the time variation in the

local temperatures.
5. Conclusion

A shell-and-tube type heat exchanger is used to

store latent heat thermal energy. The special feature of

this thermal storage unit is the insertion of carbon-fiber
brushes for enhancing the conductive heat transfer rate

in the PCMs. The effect of the brush on the thermal

responses of the unit has been experimentally and nu-

merically investigated. The summary is described

below:

(1) In the discharge process, the discharge rate using the

brushes with one volume percent is about 30% higher

than that using no fibers.



Fig. 7. The effect of the A-value on the calculated local temperatures in the PCM (Xfa ¼ 0, uh ¼ 0:03 m/s). (a) Charge and (b) discharge.

Fig. 8. The effect of the A-value on the calculated outlet fluid temperature (open circle: experiment, Xfa ¼ 0, uh ¼ 0:03 m/s). (a) Charge
and (b) discharge.
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Fig. 9. The effect of the A-value on the outlet fluid temperature (dotted curves: A ¼ 0 W/mK2, solid curves: A ¼ 2 W/mK2). (a) Charge
and (b) discharge.

4522 J. Fukai et al. / International Journal of Heat and Mass Transfer 46 (2003) 4513–4525
(2) In the charge process, the brushes prevent the natu-

ral convection. However, the charge rate with the

brushes is 10–20% higher than that with no fiber.

Accordingly, an increase in the effective thermal con-

ductivity fully makes up for the reduction in the con-

vective heat transfer rate.
(3) The two-dimensional simple model previously re-

ported is extended to describe the three-dimensional

heat transfer in the thermal energy storage unit.

(4) When the brushes are added, the developed model

predicts well the outlet fluid temperature under var-

ious experimental conditions.



Fig. 10. The effect of the A-value on the outlet fluid temperature (dotted curves: A ¼ 0 W/mK2, solid curves: A ¼ 2 W/mK2). (a)
Charge and (b) discharge.
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(5) When the brushes are not added, the developed

model predicts well the outlet fluid temperature by

assuming high thermal conductivities in the liquid

phase.

(6) It should be noted that there is no fitting parame-

ter in the present model. Although several empiri-
cal constants are included in Eqs. (14)–(16), their

values have been identified on the basis of the ex-

perimental and theoretical investigations using an-

other experimental setup and are applicable into

laboratory-scale apparatuses to practical-scale ones

[19].



Fig. 11. The effect of A-value on the calculated local temperatures (uh ¼ 0:03 m/s, A ¼ 0 W/mK2). (a) Charge and (b) discharge.
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