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ABSTRACT  [rhis paper has dealt with  therrnal propenies of microcapsllle water  slurTy as a 1atent
heat-storage material  having a  low melting  point. The measured  results  of  the physical propenies of the test
microcapsule water  slurrM that is, thermal conductivity; specbic  heag latent heat and  densitM were  discussed for

the temperature  region  of  solid  and  liquid phases of the dispersion material  (paraffin). It was  clarified that
Eucken's equation  could  be applied  to the estimation  of  the therrnal conductivity  of  the mierocapsule  water

slurry. Usefu1 correlation equations  of the thermal properties for the mierocapsule  water  slurry were  proposed in

terms  of  temperature  and  concentration  ratio  of  the microcapsule water  slurry  constituents,

Keyvvords:Thermophysical  property, cold  heat storage,latent  heat, microcapsule sluny  parafiin

1. INTRODUCTION

    RecentlM much  attention has been paid to

investigations of  the usage  of  slurry-type  latent heat-storage

(phase-change material) systems [1]. Tliis type of  latent
heat-storage system can  take  the place of the traditional

sensible (water) heat-storage system. [[he benefit of  a

low-temperature phase-change material  (solid-liquid phase)
in water  is to yield an  increase ef  the amount  of the heat

transmitted, and  to inerease the h.eat-trarisfer coeMcient  by
the chuming  effect [2]. There are some  dispersion-mixing
methods  between latent heat-storage material  and  wate;  for
example,  microencapsulation {3} and  emulshication.  There

are few studies  of the thermal properties of phase-change
mierocapsules since  this type  of  phase-change
microcapsule has a  complex  construction,  The present
study  deals with  microcapsule (paraffin, freezing point
7;.=278.9K, latent heat L=164kl/kg  as the phase-change
material) water  (continuous phase) slurry as the
experimental  latent heat-storage material.

    The measurements  of density; specMc  heat latent heag
hnd thermal conductivity  of  the microcapsule water  slurry

have been carried out by using  a spechic-gravity  meter,  a

water,  calorimeter,  a  differential scamiing  calorimeter

(DSC), and  a trunsient hot-wire method  [4,S], respectively,

in the temperature  range  over  the solid-liquid  phase change.

Eucken's model  was  applied  to estimate  thermal
conductivity  of  the microcapsule water  slurry.

2. FEMURE  OF  TEST  MICROCAIPSULE  
'wtTER

SLURRY

    Paralfin as a cold  1atent heat-storage material  is an

insoluble oil  [6]. This type  of  insoluble oil is dispersed in

water  by using  capsulaimg  that is, a microen¢apsulation  is

used  to obtain  a  homogeneous microcapsule  water  slurry

[8].

Fig, 1 (a) Appearance  of

microcapsule water  slurry.

Fig. 1 (b) }vficrophotograph of

  microcapsule water  slurry
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   Figure 1(a) shows  the external  appearance  of  the test
microcapsule water  slurry ((,,,=40.8wt%). The
microcapsule water  slurry  has a  white  color  and  good
finidity. A microphotograph (2000 magnification  of

microcapsule wateT  sluTry) is shown  in Fig, 1(b), Figure
10) illustrates the homogeneous  dispersion of  spherical

microcapsules  in water.

3. ESTIMATION  OF  DENSITY

    A  specific-grayity  meter  method  was  selected  for the
measurement  of the microcapsule water  slurry density. The

specific-gravity  meter  was  mounted  in the cylinder,  which

is fi11ed up  with the microcapsule water  slurry, in order  to

prevent supercooling  of  the paralfin as  the dispersion

phase-change material  by stirring. The data below the
freezing point of the paraffin was  obtained  after stining  the
microcapsule water  slurry  in order  to avoid  the

supercoeling  of  the paralfin.

3.1 Measuring  Device amd  Procedures For Density
Measurement

    Figure 2 shows  the experimental  apparatus  for the

microcapsule water  slurTy rneasurements,  The temperature
of the microcapsule  water  slurry was  controlled  by  the

temperature control bath (temperature range  of

7!253-J373K, temperature control  accuracy  ±O.1 K). The
test microcapsule  water  slurry  (170cm3) fi11ed an  acrylic

cylinder  (inner diameter D,--30mm, height Ht300mm),

which  was  mounted  in the temperature  control  bath. The
temperatures  of  the  microcapsule water  slurry was

measured  by T-type thermocouples (O.1mm in diarneter),
which  were  located in the acrylic  cylinder.  The
microcapsule water  slurry  density rr}easurements  were

carried  out  at a constant  temperature. fest microcapsule
water  slurry was  mixed  with  the stirrer in the case  of  the
temperature range  of  below freezing point (7L,=278.9 K)  in
order  to solidify  the dispersed paraff:in as the  phase-change
material  without  the supercooling.  The measurement  range

of  the specific-gravity meter  was  p  =700-1000[kgtm3],

and  the division of  its scale is 1lkgtm]1. The accuracy  of

the specific-gravity  meter  becomes  within ±O,5 percent.

3.2 Measuring  Resutts and  Discussiom of  Density

    The  variation  of  the densities of  the microcapsule
water  slurry  p  .,,  paraffin p p,  and  water  p .  with  temperature

T are  shown  in Fig.3. The  density of paraffin (purity 99.99

percent) has almost a constant  value  (p,fi770 kgtm3) in
the Iiquid phase. The paraffin density in the solid phase of

the dispersion material  shows  a higher value  ( p,,=810
kgrm]) than the one  of  the liquid phase.
   The dashed line shown  in Fig,3 indicate the calculated

values  of  the microcapsule water  slurry density by the
additional  propertieslawwhichisdefinedbythedensity  

'
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Specificgravitymeter

Mixing
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Tempecontrol
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      e T-type thennocouple

Fig. 2 Schematic diagram for the density measurement

        by Specific-gravity meter
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Fig. 3 Relationship between density and  temperature

and  constituent  of  wal1  material, water, and

follows:

          pmexCme+PwxCw+ppxCp
Pmi=

paraffin as

100
(1)

   The  water  density p 
.
 (from the published water-stearn

tal)le) [7] and  paraffin density p,  (measured in the present
study)  are used  for Eq.(1). The density of  the wal1  material

is a  constant  value  p  
.,=1490

 kgXm3 from the Teference  [9].
The  calculated  values  of  the micrecapsule water  slurry

density from Eq.(1) are  almost equal to the  measured

values  within  ±1.0 percent (application temperature  range

is 7i=273.0 -J  293.0 K). It is understood  that the additional

propenies law equation  can  apply  to the estimation  of the
microcapsule water  slurry density in both the liquid and
solid  phases of  paraffTm as the dispersed pbase£ hange

material.
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4. ESTIMATI[ON  OF  S?ECIFIC  HEAT  AND  LATENT
HEA[Er

    Figure 4 indicates the  water  calorimeter  used  for the

measurement  of  specific heat because of the ease  of  the
release  of  the supercooling  condition  for the paraffin. Ihe
latent heat of  the microcapsule water  slurry was  measured

by a  ditferential scanning  calorimeter  (DSC), which  can

also measure  thg, melting  point of  the microcapsule water

slurry
 
at

 
the

 
same.tiTP9･

                         tt

4.1 Measanring Device  and  Proeedan res For  Specific Heat
and  Latent Heat  Measurement

   The  measurement  of  specific heat of microcapsule

water  slurry Cip.i was  carried  out  using  the water

calorimeter  as mentioned  above.  The measuring  process
was  as fo11ows. The temperature of  the water  (A(.=80g) in
the ealorimeter  (copper vessel  A4L==80.96g, mixing  rod

A4.=12.53g) was  controlled  by the temperature control  bath.
SubsequentlM the test microcapsule water  slurry at a

temperature 5.0-6.0 K  higher than the initial water

temperature in the calorimeter  was  put into the water

calorimeter. The  specific heat of the microcapsule water

slurry was  calculated  from the fo11owing Eq.(2) which  is
derived from the heat capacities of  wateT  (M;.X Cip.),
copper  vessel PPI, mixing  rod PP;., and  the heat loss ei
resulting  from  the temperature  dilference between the  test

sample  and  the environment  temperature.

   qp.-(MwX(Pw'Mc'Mm)
× (71fi-7;vt)-2 (2)

              M.X(Zs-za)

   where,  7}i is the equilibrium  temperature  of  the

microcapsule water  slurry  and  the water  mixture,  71.. is the
initial temperature of  the water  in the calorimeter,  and  2i is
the heat loss from the water  calorimeter.  The  heat loss 9i
was  estimated  from  the temperature  variation  of  the cold

water  in the water  calorimeter  [5]. The  accuracy  of  the

mass  weight  and  temperature measurements  were  within

±O, 1 percent and  ±O.4 percent, respectiyely. The  ratio of  the

heat loss ei to total heat transfer in the calorimeter  waS  less
than 4.0 percent, so  that the total accuracy  of  the  water

calorimeter  is estimated  within  ±5.0 percent. The data of

specific  heat of  water  rneasured  by the  present water-

calorimeter  show  good agreement  with  the reference  value

[7] within ± 5.0 percent.
   A  differential scaming  calorimeter  a)SC) was  used

for the measurement  of  tlie'latent heat and  melting  point of

paraffin (dispersion phase-change material).  The test

section  of  the DSC  measurements  was  mounted  into the

temperature control bath (capacity 50 × 50 ×  50cm,
temperature range  7L253L298 K, temperature centrol

accuracy  ±O.1 K). The test microcapsule water  slurry

temperaturewasdecreased to 263Kbythetemperature
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Fig. 4 Cut view  of water  calorimeter
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Fig. 5 Relationship between specific heat

        and  temperature

control bath. in order  to completely  freeze the paraffin.
After that, the DSC  measurement  was  started  when  the

microoapsule water  slurry  temperature  reached  at  274 K  in

order  to melt  the water  as a continuous  phase.
   The  latent heat measurements  of the microcapsule

water  slurry  were  perfbrmed under  the conditions  of  a

heating rate  Vh=5.0 Klmin, mass  of  sample  M,=5.0-6,O  nig.
The  total accuracy  of the measurement  was  estimated  to be

within  ±2,O percent in consideration  of  the heat supply  of

the electric heateg a temperature measurement  accuracy  ef

±O.1 percent and  a  measurement  accuracy  of  the mass

weiglit of the sample  of ±O.5 percent. The  latent heat of
water  and  indium (purity 99.99 percent) were  measured  by
the  present DSC,  and  these measured  values  coincide  with

the reference  values  [9] within  ±2.0 percent.

4.2 Measuring  Results and  Dfisctussion of  Specific Heat

and  Latent Heat

Figure 5 shows  the relationship  betvveen the specific
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heat of  the microcapsule  water  slurry C p.,, water  (;p. , and

parafiin (ijz,, and  temperature T. The specific heat of  the

paraffin has almost a constant  value  op,=1.8 lkJlkg 
"
 K]

in the temperature region  of  the solid phase (T<278.9 K)r
On  the other  halld, the specific heat of  the paraff7in in thg
liquid phase (T>278. K) increases with temperature Z  and

its value  is larger than in the solid phase CI]<278.9 K). The

specific heat of  the microcapsule water  slurTy Cip.i shows

the difference between the solid and  liquid phases (melting
point 7L,tt278.9 K). The specific heat of  the microcapsule
water  slurry  in the liquid phase is larger than  that in the

solid  phase, The specific  heat of  the microcapsule water

slurry  Cp.i decreases with an  increase in paraliin

concentration  C,. Ms  tendency of  the specific heat of  the
microcapsule water  slurry  could  be caused  by the fact that

the specific heat of  paraffin Cle, has the smaller  value  than

that of water  qp.. The  specific heat of  the wall  material  has
a  constant  value  CP..= 1.67 [kJ/(kg ' K)] in the

temperature range  of  7lt273-293 K  [9].'An additional

propenies equation  can  be applied  to the calculation  of  the

specific heat of  the microcapsule water  slurry as shown  in

Eq.(4) by using  the reference  values  of  the specific heat of

water  (Zp. [8], the specific heat yalue  of  the paraffin in the

solid phase qz,=1.8 lkJ/(kg 
'
 K)] and  the specific heat

value  in the liquid phase which  can･ be calculated  from

Eq.(3).

 (;),..=-5.8Sx1OU3T+3.69 (273KC<278.9K)  (3)

 cp., 
CIPpCp+(ZPwCw+CPnte(1OO-Cp-Cw)

 (4)
                 100

   The values  calculated  by Eq. (4) are shown  in Fig.S as
one  point chain  1ines. These calculated  values  agree  with
the measurement  values  within  ±4,O percent, so that the'additive

 property law is applicable  to ppply for the

estimation  of the specific heat of the microcapsule water

slurry.  Fig.6 shows  the measurement  values  of  the latent

heat of  the  microcapsule  water  slurr)J  and  the calculated

values  from Eq.(S) which  is expressed  by the mass  weight

ratio of the  paratlin to the microcapsule water  slurry and

the latent heat of  the paraffrin. The measured  latent

            Lmi =  
ICoPo

 XLp  (5)

heat of the microcapsule water  slurry is consistent  with  the
calculated  one  L., from  Eq.(5) within  ±3 percent. It is

clanfied  that the latent heat of  the microcapsule water

slurry is proponional to the mass  weight  ratio  of  the

paraffin to the microcapsule water  slurry. The measured
melting  point T. of  the paralfin as a  dispersion material

coincides  with proposed yalue  [9] within ±2 percent
considering  the standard deviation.

5. ESTIrVglVTION  OF  TIIEma  CONDUCTIVITY

   A  transient hot-wire method,  by  using  an  electrically

insulated platinum wire  [5,6], was  used  for the thermal
conductivity  measurement  for the microcapsule water

slurry, because (1) the test ernulsion  is an  electrolyte,  (2)
the transient hot-wire method  enables  us  to measure  the

thermal conductivity  of the microcapsule  water  slurry even

if the paraffin changes  phase (solid and  liquid phase) and

(3) this transient method  can  be used  to measure  the

them)al conductivity  in the reqllired  temperature  range

without  natural  convection  induced from  the temperature

increase of  the hot wire.

5.1 MIeasuringDeviceandProceduressForThermal
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ConductivityMeasurements

   Tlie device consists  of  an  acrylic  cylinder  (imer
diarneter D,=42mm,  height Hi140mm,  3.5mm in thickness)
and  a  praimum  wire as  the hot wire  (purity 99.99 percent,
wire  diameter 76"m,  length t=100mm),  which  is located
in the center  of  the acrylic resin  cylindet  The platinum
wire was  coated  with Tbfion (17u m  in thickness) in order
to eliminate  any  electric current  leakage to the test sarnple.
Both ends  of  the platinum wire are supported  by enameled
copper  wires  (O,1mm in diameter). The  thermal expansion
of  the plaimum  wire is al)sorbed by the tension of  the
spring  which  is mounted  on  top of the acrylic  resin  cylinder.

The electric insulation of  the soldered  joint between the

platinum and  copper  wire  was  made  by using  acrylic paint.
Ihe relationship between the electric resista;ice of the

plaimum wife  and  temperature  was  calibrated  by a  standard

thermometer and  a  precision electric-resistance  measuring

instrument, in the temperature  range  of  7!=273--3 13 K. The

temperature increase of  the hot wire  was  controlled  within

A  T=1.0 K. [{he temperature dilierence between  the upside

and  downside of the test sample  in the wire  drection was

measured  by the T-type therrnocouples, and  the

temperature  difference was  controlled  within  O,1 K. [[he

thermocouples were  calibrated by a standard  thermometeg
so that the accuracy  of  the thermocouples was  ±O,05 K.

   The measurement  began by impressing an  electric

yoltage  to the hot wire  after the temperature of  the test
sample  layer reached  a giyen temperature, which  was

controlled  by a  temperature control  bath. The thermal
conductivity  was  calculated from  the fo11owing Eq.(6) [4,5]
by using  the temperature  increase AT  and  the elapsed

ttmestl,t2.

                In(t2/ti)
                                (6)           Z;qx
                 4nAT

   The total aocuracy  of  the devioe was  estimated  to be
±2,5 perceng by considering  the Tbflon coating  effect on

the het-wire temperature rise, the measuring  accuracy  of

the elecuic  voltage  and  the wire length, etc. An
experimental  check  of  the device's accuracy  was  canied

out by using  pure water.  The results  of  the water  coincide

with the reference  values  [8] within  ±2,5 percent,

5.2 Measuring

ConductivityResultss
 apmd  Dfiseussion of  Therm[nall

   The surfactant forms the melamine  in the water

solution, and  it makes  a  wal1  around  the dispersed paraff/in
in the microcapsule water  slurry.  At the beginning, the

thermal condnctivity  of  the spherical  surfactant

construction  is complex  in the test mierocapsule water

slurTy. The therrnal conductivity  of the microcapsule ' water

s
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Fig, 8 Eucken's dispersion model
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slurry was  estimated  by using  the measured  results of  the
two phase (melamine and  wa{er), Eucken's dispersion
model  [10] was  then applied  to estimate  the thermal
conductivity  of the test microcapsule water  slurry, An

estimation  of  the thermal conductivity  of the microcapsule

water  slurry is very  diffTicult because the paraifin (phase-
change  material) is dispersed in the water  and  coated  with
the wall  materiai.  Iri this study,  the spherical  paralfin

dispersed in watgr  was  assumed  for the thermal
conductivity  model  of  the microcapsule water  slurry,  as

shown  in Fig.8, [Ihe thermal conductivity  of  the  assumed

microcapsule  water  slurry model  (Eucken's model)  was

calculated  by using  thermal conductivity  of  water,'  parallin,

and  microcapsule water  slurry as fo11ows:
                         ZU7  Jt me             Z"-A.
        1-2[di                   +(op-ip)                               ]
                        2JL w+  Jt mt  (7)            M.+Z,
  Ami=Zw
                        Jtw-JLmt            JLw'JLp
                  +(9-ip)         1+[ip                              ]
                        2JLw+JLmt            2JLw+JLp
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   where,  the themial condiictivity of  the paralfin is

calculated  from  Eq. (8). The  calculated  values  in the solid

phases are  shown  in Fig.9 as  the doted 1ines.

      Z .  .9.03×  10-6 T2 -2.2 × lo4 T+  L65
        p

              (273K<T<278.9K) (8)
   Figure 9 presents the variation of  the therrnal
conductivity  of  the test microcapsule water  sluny  Z.,

svateT  Z., and  paraffin Z.  with  temperature T. The  one

point chain  lmes indicate the calculated  values  from

Eq.(7). The thermal conductivity  of  the paraliin is plotted
in Fig.8 as the plus. The  thermal conductivity  of  the

paralfin decreases with an  increase in temperature in the
solid phase. On the other  hana the thermal conductivity  of

paralrin in the liquid phase has an  almost constant  value.

The thermal conductivity  of  the  water  becomes 1arger than
that of the paraffin, and  it increases sligrrtly  with

temperature.

   11ie thermal conductivity  of  the  mierocapsule water

slurry  shows  a different behavior below and  above  the
freezing point. [1ie thermal conductivity  of  the
mierocapsule water  slurry  decreases with  increasing

paraifTin concentration.  Ihe  thermal conductivity  for a low

paraifTin concentration  is dependent on  the thermal
conductivity  of waten  The  temperature dependence of the
thermal conductivity  of  the mierocapsule water  slurry

shows  a  decreasing tendenqy with an  inerease in the
paralfin concentration.  Ihe  calculated  values  from  Eq.(7)

are consistent with  the measured  results within  ±O.9 percent.
Therefore Eucken's dispersion model  can  be applied  to the
estimation  of  the thermal conductivity  of  this type
mierocapsulewaterslurry.

6. CONCLUSION

   Measurernents of  therrnal propenies of  a mierocapsule
water  slurry  have been perfbrmed which  included the
dispersed phase-change aatent heat-storage) material.  [Ihe

fo11owing conclusions  were  obtained.

(1) Measurements of the mierocapsule water  slurry density
were  carried out by using  a specific-grayity meter. It was

determined that an  appropriate  property law could  be

applied  to estimate  the microcapsule water  slurry  density
with parafiin (dispersion phase), water  (conimuum phase),
and  melamine  density

(2) [Ihe specMc  heat of  the microcapsule water  slurry was

measured  by the water £ alotmeter. The  specific heat of the
microcapsule water  slurry could  also be estimated  using  the

property law merrtioned  al)ove.
(3) A  transient hot-wire method  was  used  for the

rneasurement  of  the thermal condiictivity  of the
mierocapsule water  slurry in the solid and  liquid phases of

the dispersion material.  It was  clarified  that a  modhied

Eucken model  could  be applied  to the estimation  of  the
thermal conductivity  of  the microcapsule water  slurry.
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NOMENCLMURE

C  : mass  concerrtration { wt%  ]
CZp:specdicheat[kY(kg  

o
 K)]

D  i diameter [ mm  ]
H  : height [ mm  ]
L : latent heat [ kJIkg ]
Mi  rnass [g]
T:temperature[K]
t:time[sec]

q : heat flux ofhot  wire  per Iength [ Wfm2  1

Greek  Symbols

A  idifierence

2  ithermal  conductivity[Wf(m  
.
 K)]

p  :density[kgtm3]

di :volumeconcentrationofparaffin

di i total volume  concentrztion  ofparaifTm  and  water

Subscripts

m  : melting  point
me  : melamine  resin

mi  : microcapsule

pIparailin

ps : solid phase ofparaffin

pl : liquid phase ofparaffin
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