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In or der to im prove the ther mal per for mance of ther mal en ergy stor age sys tems, a
packed bed ther mal en ergy stor age sys tems unit us ing spher i cal cap sules filled with 
mul ti ple phase change ma te ri als (multi-PCM) for use in con ven tional air-con di -
tion ing sys tems is pre sented. A 3-D math e mat i cal model was es tab lished to in ves ti -
gate the charg ing char ac ter is tics of the ther mal en ergy stor age sys tems unit. The
op ti mum pro por tion be tween the multi-PCM was iden ti fied. The ef fects of heat
trans fer fluid-flow rate and heat trans fer fluid in let tem per a ture on the liq uid phase
change ma te ri als vol ume frac tion, charg ing time and charg ing ca pac ity of the ther -
mal en ergy stor age sys tem unit are stud ied. The re sults in di cate that the charg ing
ca pac ity of multi-PCM units is higher than that of the con ven tional sin gle-PCM
(HY-2). For pro por tions 0:1:0, 2:3:3, 3:2:3, 3:3:2, 4:1:3, and 4:2:2, the charg ing
ca pac ity de creases by ap prox i mately 24.84%, 14.69%, 6.47%, 3.82%, and 1.13%,
re spec tively, com pared to the 4:2:2 pro por tion. More over, de creas ing the heat
trans fer fluid in let tem per a ture can ob vi ously shorten the com plete charg ing time of 
the ther mal en ergy stor age sys tems unit. 

Key words: cold stor age air-con di tion ing, la tent heat ther mal en ergy stor age,
mul ti ple phase change ma te ri als, dy namic char ac ter is tics

In tro duc tion

Con ven tional cen tral air-con di tion ing sys tems equipped with ther mal en ergy stor age
sys tems (TES) can use cheaper elec tric power at night to re duce elec tri cal costs and al le vi ate the
on-peak elec tric ity load [1-3]. La tent heat stor age (LHS) is con sid ered as one of the most prom -
is ing TES meth ods due to its much higher en ergy stor age den sity  when com pared with the sen -
si ble heat stor age [4]. At pres ent, LHS units us ing ice have gained con sid er able at ten tion in con -
ven tional air-con di tion ing sys tems. How ever, with the melt ing point of ice be ing 0 °C, the
evap o ra tion tem per a ture and the co ef fi cient of per for mance (COP) of these units are lower than
those of con ven tional air-con di tion ing sys tems [5]. To deal with this is sue, Li et al. [6] pre pared
a novel phase change ma te rial (PCM) whose melt ing tem per a ture (8.5 °C) is higher than ice.
How ever, PCM suit able for air-con di tion ing sys tems suf fer from the dis ad van tages of low la tent 
heat and the poor ther mal con duc tiv ity, which lim its the sys tems' charg ing ca pac ity [7]. To over -
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come this prob lem, the use of multi-PCM with dif fer ent melt ing tem per a tures in TES sys tems
has been con sid ered. 

The multi-PCM TES sys tems have been ap plied in var i ous fields, such as so lar-based
ther mal power plants [8], waste heat re cov ery sys tems [9], and en ergy-ef fi cient build ings [10].
The heat trans fer in multi-PCM TES sys tems de ter mines their ther mal per for mance of such sys -
tems. Aldoss and Rahman [11] in ves ti gated the per for mance of a TES sys tem based on a
multi-PCM de sign of two and three stages. Chiu and Mar tin [12] an a lyzed the per for mance of a
mul ti stage la tent heat ther mal en ergy stor age (LHTES) sys tem us ing a cas cade de sign of
multi-PCM at var i ous phase change tem per a tures. Peiro et al. [13] ex per i men tally an a lyzed the
ad van tages of multi-PCM com pared to sin gle PCM in TES sys tems at a pi lot plant scale. How -
ever, these stud ies did not pro vide a fur ther dis cus sion on the ef fects of the op er at ing pa ram e ters
on the charg ing per for mance of the multi-PCM TES sys tems. Shaikh and Lafdi [14] in ves ti -
gated a com bined con vec tion-dif fu sion phase change heat trans fer pro cess in var i ous con fig u ra -
tions of com pos ite PCM slabs based on a 2-D con trol vol ume based nu mer i cal method. Hu et al.
[15] de vel oped a 2-D con trol vol ume based nu mer i cal model to in ves ti gate the ef fects of the ar -
range ment of multi-PCM, their melt ing tem per a ture dis tri bu tion and type on melt ing be hav ior
and heat trans fer. Wang et al. [16] de vel oped a 2-D nu mer i cal sim u la tion model of a LHTES
unit with three high tem per a ture PCM, sim u lat ing the ef fects of op er at ing and geo met ric pa ram -
e ters on the LHTES. The re sult showed that the melt ing times de crease with an in crease in the
air in let tem per a ture. Mean while, an op ti mum length of the LHTES ex ists for achiev ing a high
melt ing rate. 

Sev eral stud ies re ported that the im prove ment of charg ing pro cesses is a key is sue to
be solved for the de vel op ment of TES sys tems. How ever, 2-D math e mat i cal mod els can nei ther
pre dict the lo cal tem per a tures in the PCM well nor show the com plete charg ing time when com -
pared to 3-D anal y ses. Futhermore, few stud ies have dealt with the charg ing pro cess of
multi-PCM TES sys tems us ing 3-D mod el ling. There fore, this pa per pres ents a TES unit us ing
spher i cal cap sules filled with three kinds of PCM. More spe cif i cally, the multi-PCM TES unit is
fit ted to con ven tional air-con di tion ing sys tems. A 3-D sim u la tion model is de vel oped us ing
ANSYS FLUENT to in ves ti gate the dy namic char ac ter is tics of multi-PCM TES unit. An op ti -
mum pro por tion be tween the multi-PCM is deeply stud ied and iden ti fied. The ef fect of dif fer ent
heat trans fer fluid (HTF) in let tem per a ture and flow rates on the vol ume frac tion and the charg -
ing ca pac ity are in ves ti gated.

Phys i cal and math e matic mod els

Phys i cal model of the LHTES

The LHTES tank is com posed of spher i cal cap sules filled with three kinds of PCM. Wa -
ter is used as the HTF. The multi-PCM are used and those with a higher phase change tem per a ture
are placed higher in the stor age tank. The ini tial tem per a ture of the PCM was set at 12 °C and the
HTF tem per a ture was kept at 2 °C dur ing the charg ing pro cess, while the fluid was flow ing at dif -
fer ent flow rates. The charg ing pro cess was con sid ered as fin ished once the vol ume frac tion of the
PCM was 0. Fig ure 1 il lus trates the TES unit.

Math e mat i cal model

The en ergy con ser va tion equa tion is:

¶

¶
n

t
h h k T q( ) ( ) ( )r r+ Ñ = Ñ Ñ +

r
r (1)
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where r is the den sity, h – the enthalpy, r
v – the velocity of the fluid, k – the ther -
mal con duc tiv ity. The qr is the source
term, and it is set to zero. Enthalpy h can
be writ ten:

h h c T L
T

T

= + +ò0

0

d a (2)

where c is the spe cific heat, L – the la tent 
heat of the PCM, and the vol ume frac -
tion a is:
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The mo men tum equa tion is:
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where t is the time, p – the pres sure, m – the dy namic vis cos ity, r
r
g – the grav i ta tional body force, 

Amush – the mushy zone con stant (1×105) [17], and e – a con stant (0.001) to avoid di vi sion by
zero.

The charg ing ca pac ity of the PCM in the TES tank can be cal cu lated us ing:
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where rPCM, i is the den sity of the ith PCM, and Li – the la tent heat value of the ith PCM, Tini tial and
Tfi nal are the ini tial and fi nal tem per a tures, re spec tively, and Vp,i – the vol ume of the spher i cal
cap sule.

Re sults and dis cus sion

Ef fects of dif fer ent pro por tions of PCM on the
ther mal per for mance of the TES tank

In this pa per, the PCM con sid ered are HY-1, HY-2, and HI-1. Among them, HI-1 and
HY-2 were pre pared by our team. The phase change tem per a tures of HI-1 and HY-2 are 5.3 and
6.5 °C,  and  la tent  heat val ues are 271.2 and 226.2 kJ/kg, re spec tively. The HY-1 is the al ready
ex ist ing  ma te rial  par af fin  C15, whose phase change tem per a ture and la tent heat are 10 °C and
205 kJ/kg, re spec tively. Mean while, multi-PCM de signs with vol ume ra tios of 2:3:3, 3:2:3,
3:3:2, 4:1:3, and 4:2:2 (HI-1:HY-2:HY-1) were stud ied.

Fig ure 2 shows the ef fects of dif fer ent pro por tions of PCM on the charg ing ca pac ity of the
TES tank. Ac cord ing to the fig ure, the charg ing ca pac ity of TES tank us ing only HY-2 (i. e. vol ume ra -
tio 0:1:0) is smaller than that of the other pro por tions. To find the op ti mum pro por tion be tween PCM,
the com plete charg ing time (i. e. the time needed to achieve a charg ing ca pac ity of 95%) and the cor re -
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Figure 1. Physical model of the TES unit



spond ing charg ing ca pac ity val ues are shown. When
the pro por tions were 0:1:0, 2:3:3, 3:2:3, 3:3:2, 4:1:3,
and 4:2:2, the cor re spond ing com plete charg ing 
times were 17941.8, 17580.2, 18469.3, 18992.5,
19521.8, and 19745.9 sec onds, while the charg ing ca -
pac i ties were 2539.59, 2882.55, 3108.89, 3147.43,
3340.43, and 3379.11 kJ, re spec tively. For pro por -
tions 0:1:0, 2:3:3, 3:2:3, 3:3:2, 4:1:3, and 4:2:2, the
charg ing ca pac ity de creases by ap prox i mately
24.84%, 14.69%, 6.47%, 3.82%, and 1.13%, re spec -
tively, com pared to the 4:2:2 pro por tion. The re sults
in di cate that the pro por tion 4:2:2 have the larg est
charg ing ca pac ity. There fore, the op ti mum pro por -
tion 4:2:2 is se lected to in ves ti gate the dy namic char -
ac ter is tics of multi-PCM TES unit.

Ef fects of dif fer ent HTF flow rates on charg ing
time and charg ing ca pac ity

Fig ure 3 shows the charg ing pro cess of the PCM un der dif fer ent HTF flow rates, with
the HTF in let tem per a ture be ing 2 °C. The fig ure il lus trates the tem per a ture fields of the cross-sec -
tions at dif fer ent times. In fig. 3(a), the tem per a ture of the PCM re mains be low 10 °C through out,
in di cat ing that HY-1, whose phase change tem per a ture is 10 °C, is com pletely frozen. Due to the
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Figure 2. Charg ing ca pac ity of dif fer ent
pro por tions of PCM

Figure 3. Ef fects of dif fer ent HTF flow rates on the charg ing time; temperature distributions
(for color image see journal web site)



phase change tem per a ture of HY-1 be ing higher
than that of HY-2 and HI-1, HY-1 is the fast est to
com pletely freeze. Fig ure 3(b) is the tem per a ture
fields of the cross-sec tions at 95% of the to tal
charg ing time. It takes 19745.9, 18552.3, and
17092.3 sec onds to com plete the charg ing pro -
cess at the flow rates of 0.15, 0.3, and 0.45 kg/s,
re spec tively. For the 0.3 kg/s and 0.45 kg/s cases,
the time to reach the com plete charg ing pro cess is 
shorter by ap prox i mately 6.04%, and 13.44%, re -
spec tively, com pared the 0.15 kg/s case. The re -
sults in di cate that in creas ing the HTF flow rate
con trib utes to the faster freez ing of the PCM and
short ens the nec es sary charg ing time, but the ef -
fect is not ob vi ous.

Ef fects of dif fer ent HTF in let
tem per a tures on the vol ume frac tion

Fig ure 4 shows the  ef fect of in let tem per a ture on the vol ume frac tion. An HTF flow rate of
W = 0.15 kg/s con di tion in di cates that the vol ume frac tion in creases more rap idly when the in let
tem per a ture is smaller dur ing the charg ing pro cess, and the vol ume frac tion is a steady value
dur ing the fi nal pe riod. When the HTF in let tem per a ture are 1, 2, and 3 °C with an HTF flow rate 
of 0.15 kg/s, the charg ing pro cesses end (i. e. reach a charg ing ca pac ity of 95%) at 15518.9,
19745.9, and 25299.9 seconds, re spec tively. The com plete charg ing time is re duced by de creas -
ing the HTF in let tem per a ture; dif fer ences of 27.24% and 63.03% are, re spec tively, ob served
when the in let tem per a ture of HTF is 2 °C and 3 °C com pared to 1 °C re sults.

Con clu sions

· The nu mer i cal re sults in di cate that the 4:2:2 pro por tion yields the larg est charg ing ca pac ity.
For this pro por tion, the charg ing ca pac ity is in creased by ap prox i mately 33.06%, 17.23%,
8.69%, 7.36%, and 1.16%, com pared to the 0:1:0, 2:3:3, 3:2:3, 3:3:2, and 4:1:3
con fig u ra tions, re spec tively.

· In creas ing the HTF flow rate can shorten the com plete charg ing time. For the 0.3 kg/s and
0.45 kg/s cases, the time to reach the com plete charg ing pro cess is short ened by
ap prox i mately 6.04%, and 13.44%, com pared to 0.15 kg/s case. How ever, in or der to re duce
en ergy con sump tion, the HTF flow rate should re main within a cer tain range in prac ti cal
ap pli ca tions.

· The charg ing time de creases as the HTF in let tem per a ture de creases. The com plete charg ing
time is re duced by de creas ing the HTF in let tem per a ture. Dif fer ences of 27.24% and 63.03% 
are re spec tively ob served when the in let tem per a ture of the HTF is 2 °C and 3 °C com pared
to 1 °C re sults.
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Figure 4. Vol ume frac tion at dif fer ent HTF
in let tem per a tures
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No men cla ture

Amush –  mushy zone con stantr
g –  grav ity vec tor, [ms–2]
c –  con stant-pres sure spe cific heat, [kJkg–1 °C–1]
h –  enthalpy, [kJ]
k –  ther mal con duc tiv ity, [Wm–1 °C–1]
L –  PCM la tent heat, [kJkg–1]
p –  pres sure, [Nm–2]
Q –  charg ing ca pac ity of the TES unit, [kJ]
T –  tem per a ture, [°C]
t –  time, [s]r
v –  ve loc ity, [ms–1]
W –  flow rate, [kgs–1]

Ac ro nyms

COP –  co ef fi cient of op er a tion per for mance

HTF –  heat trans fer fuid
LHS –  la tent heat stor age
LHTES – la tent heat ther mal en ergy stor age
multi-PCM  – mul ti ple phase change ma te ri als
PCM –  phase change ma te rial
TES –  ther mal en ergy stor age

Greek sym bols

a –  vol ume frac tion
m –  dy namic vis cos ity co ef fi cient, [Nm–2s–1]
r –  den sity, [kgm–3]

Sub scripts

l –  liquid
s –  solid
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