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This paper presents a theoretical analysis of thermal storage unit using phase
change material as storage medium. Storage unit consists of parallel rectangular
channels for the air flow which are separated by phase change storage material.
The purpose of storage unit is to absorb the night coolness and to provide cooled air
at comfort temperature during day time in summer season. MATLAB simulation
tool has been used to compute the air temperature variation with location as well as
time, charging, and discharging time of storage unit. Phase change material used
for analysis is selected in such a way that it’s melting point lies between comfort
temperature and minimum night ambient temperatures. The air flow rate needed
for charging of phase change material is approximately four times greater than the
flow rate required during day time to achieve comfort temperature for approxi-
mately eight hours, due to limited summer night time (only eight hours). The length
of storage unit for which number transfer of units value is greater than or equal to
five will give the exit air temperature equal to phase change material temperature
for the case of latent heat utilization. It is found that artificial roughness on the duct
surface effectively reduces the length of storage unit in the cost of some extra pres-
sure drop across the duct.

Key words: phase change material, storage unit, air temperature, comfort
temperature, number transfer of units, night coolness, artificial
roughness

Introduction

Energy storage not only plays an important role in conservation the energy but also im-
proves the performance and reliability of wide range of energy systems, and become more im-
portant where the energy sources are intermittent. Due to the increased environmental concerns
and limited nature of fossil fuels passive ways of space condition are getting more attention like
solar cooling/heating, storage of night coolness, earth coupled cooling/heating systems, phase
change material (PCM) based cooling/heating systems, etc. Since many of the resources on
which passive techniques depend are intermittent in nature so storage of these resources always
plays a vital role for continuous utilization of these resources. So an efficient and reliable ther-
mal energy storage system plays a vital role when talking about passive techniques. Thermal en-
ergy storage can be in form of sensible heat of liquid or solid, storage of high pressure steam,
heat of hydration or utilization of heat of fusion or heat of evaporation. Among all above men-
tioned storage techniques latent heat storage energy technique is getting more attraction due to
their very high energy storage densities and smaller temperature difference when storing the en-
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ergy and releasing it as compare to sensible storage technique. Using coolness of night to
achieve comfort temperatures in a space is one of the passive ways of cooling. If this night cool-
ness is stored and being used during day time to achieve the comfort temperatures mechanical
cooling can be either totally eliminated from day time also or at least can be limited to certain pe-
riod of day time. Same can be practiced during winters, if in winter solar energy during day time
is stored and used for night time heating a large amount of fossil fuels can be left unburnt which
may help in reduction of pollutant gases like NO, and CO,. In this paper the study of PCM stor-
age unit for night coolness storage system has been done with an objective to reduce the length
of storage system by using different artificial roughness geometry which in turn reduces the cost
of its use.

Literature survey

Hed and Bellander [1] presented a method to simulate a PCM air heat exchanger. PCM
used is having phase change in a given temperature range. The aim was to find a model that will
fit into a finite difference based indoor climate and energy simulation software. To do that a fic-
tive heat transfer coefficient is established. The fictive heat transfer coefficient includes aspects
of the geometry and the airflow in the heat exchanger as well as the material properties of the
PCM.

Alkilani et al., [2] presented theoretical investigation of output air temperatures due to
a discharge process in a solar air heater integrated with a PCM. PCM unit consist of inline single
row of cylinders containing PCM. The PCM consists of paraffin wax with mass fraction 0.5%
aluminum powder to enhance the heat transfer.

Stritih and Butala [3] presented the experimental and numerical analysis of cooling
buildings using night-time cold accumulation in PCM with constant inlet temperatures. The
comparison of experimental and numerical results shows good agreement.

Arkar and Medved [4] have presented a numerical study the free cooling concept with
varying inlet temperatures using RT 20 paraffin as PCM which is integrated into the ventilation
system of the building. The cylindrical latent heat thermal energy storage (LHTES) device was
filled with spheres of encapsulated RT20 paraffin. In this research a parametric study of storage
unit has been carried out and ambient air is being used as inlet air.

The correlation between the climatic conditions and the free cooling potential was in-
vestigated by Medved and Arkar [5] for different cities of Europe and for the case of a cylindri-
cal LHTES with a packed bed of spheres encapsulated with PCM that is integrated into a build-
ing’s mechanical ventilation system. For an experimental verification of the LHTES numerical
model a commercially available PCM (RT20 paraffin, Rubitherm GmbH) with a latent heat of
142 kJ/kg was used. This PCM has a relatively large phase change temperature range.

Morison and Abdel-Khalik [6] developed a theoretical model for studying the tran-
sient behavior of phase-change energy storage (PCES) unit and studied the performance of solar
heating systems using both air and liquid as working fluid, this model based on three assump-
tions: axial conduction in the flow mode is negligible, Biot number is very low that temperature
variations normal to the flow can be neglected, and heat loss from the unit can be ignored.

Solomon [7] studied the behaviour of an array of PCM cylinders as a thermal storage
unit under some assumptions which can make this study by looking at a single row of N cylin-
ders. The heat transfer process in every cylinder is radially symmetric, and recommended to use
this method to design the systems and their simulation, which is used by the authors in this study
to predict the air temperature and freezing time.
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Virgone et al. [8] performed the assessment of PCM wallboard usage for the renova-
tion of a tertiary (i. e. light weight) building. For this purpose, two identical rooms of a renovated
tertiary building have been tested, one equipped with PCM wallboard the other being “classi-
cally” renovated. The results show that the PCM wallboards enhance the thermal comfort of oc-
cupants due to air temperature and radiative effects of the walls.

Susman et al. [9], constructed PCM modules from a paraffin composite and tested in an
occupied London office, in summer season. Design variations tested the effect on heat transfer of a
black paint or aluminum surface, the effect of different phase transition zones and the effect of dis-
charging heat inside or outside. The modules temperatures were monitored along with airflow rate,
air temperature and globe temperature. Black modules transfer heat and exhaust latent storage ca-
pacity significantly quicker than aluminum modules, due to radiant exchange.

This analysis presents the affect of limited summer night times and temperature during
the storage of night coolness using PCM in harsh summer climatic conditions for the utilization
of during day time to achieve comfort temperatures from storage outlet. For this purpose storage
unit used is composed of multiple rectangular channels for the flow of heat transfer fluid, which
is air in this case, separated by the phase change storage material. MATLAB simulation tool has
been used to compute the air temperature variation with location as well as time, charging and
discharging time of storage unit. Effect of PCM mass, air flow rate and different inlet tempera-
tures are considered both for the day time and night time operation of the storage unit. Melting
point of PCM used for analysis is selected in such a way that between comfort temperature and
minimum night ambient temperatures. The five artificial roughness geometries on the duct sur-
face as per the order of ability to create turbulence and a smooth surface have been selected. The
correlations for heat transfer coefficient and coefficient of friction developed by respective in-
vestigators have been used to calculate the required length of storage unit and extra pressure
drop across the duct.

Methodology

For the analysis of storage of
night coolness using phase change
materials storage unit configuration
is displayed as in fig. 1. This system
consists of two essential parts, PCM
channels and air flowing duct in alter- ;?:w
nate orders. Number of air channels is
taken as fives. Dimension of the air
flowing duct is / x a x b in which / is
the length of storage unit, » — the  Figure 1. Thermal energy storage unit to be analyzed for
width of storage unit which is taken ~ night coolness storage
as 0.45 m, and a — the air gap which
depends on air flow rate.

Simplicity of this type of storage unit is the main advantage of'its selection. Such types
of model have been studied by Morrison and Abdel-Khalik [6] for the thermal energy storage
coupled with solar water heating system. Here in this work this type of system is used to be stud-
ied with night coolness storage for day time utilization for cooling during summer season.

PCM container and air gap that will be used for the analysis are given in fig. 2. Half
thickness of the plate and, respectively, half of its air gap is considered here and other portion of
plate with the same thickness and same air gap will behave in the similar way.

PCM
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Analysis is based on the following
assumptions:
.............................................................. - —  material changes phase at a

~ o i constant temperature,

' ' ; - | — properties of PCM in both phases

PCM are considered to be constant,

- Proton of PCM and air gap used for analysis — conduction resistance of material
used between PCM and heat
transfer fluid is negligible,

— sub cooling of PCM is ignored,

Figure 2. Cross-section of PCM and air gap used for
analysis

— heat loss from the unit is ignored,
— axial conduction in the flow direction is negligible,
— temperature of PCM is constant with location but it can vary with time [2], and
— air flow in the channel is fully developed.
Governing equation for air as heat transfer fluid is:

m,C, dT, = h,bdx(T ., — T,) @)
where v .
m, =2aPa and V, =u, A,
3600
Eqution (1) can be written with finite difference method in the form:

Tn —Tn 4 ha bdx(Tlfcm - T,'fl’a)

i,a i—1l,a

m,C
a“~ p,a
For fully developed laminar flow in a smooth duct [10], Re <2300
Nu =59, for b/a =180 and 5.7 for b/a=90

For fully developed turbulent flow in a smooth duct [11], Re > 2300:
Nu =0.023 Re’® P for cooling, and Nu= 0.023 Re®8 P4 for heating where = 0.079 Re ™03,
Heat carried away by air in time interval of At at any time:

0 =i, C, (T, ~Ty)A @
if there is no phase change T iil = T, + O/M,,.,,,C, . and if there is phase change 7)., = T}y,

Following is the relation that has been developed for calculating indoor comfort tem-
peratures for any region which is coupled with mean outdoor temperatures and it is given by

Nicol and Raja et al. [13]:

T +T,.
T, =185+036T,,, T, =-mx " Zmin

mo

where, T,,, is the mean daily temperature and 7, — the indoor comfort temperature. Comfort
temperature range may vary about =2 °C for air conditioned space.To overcome the low thermal
conductivity problem of PCM we can add a powder of material having good conductivity such
as copper or aluminum powder, in goal to low the system cost we preferred aluminum powder
(1.5%), the physical properties of the stimulated compound calculated as follows, tab. 1 [2]:

keff = kpcmupcm + kAl NG Cp,eﬁP = Cp,pcmmpcm + Cp,al LONE and Peft = ppcmupcm + ParVal

where U, = Vi Vegr 18 volume fraction of PCM in the compound, v 5 = V/V g — the volume

fraction of aluminum powder in the compound, m,,,, = M,.,,/M.q; — the mass fraction of PCM in
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the compound, m,; = M /M — the mass fraction of aluminum in the compound. The com-
pound formed after mixing is used as PCM for night coolness storage.

Table 1. Physical properties

Name of Property SP 25 A8 (PCM)/Rubitherm Aluminum Compound
Melting point, (71,) 27°C - 27°C
Latent heat enthalpy, (L) 180 kJ/kg - 180 kJ/kg
Density, (p) 1380 kg/m? 2702 kg/m? 1390 kg/m?
Thermal conductivity, (k) 0.6 W/mK 237 W/mK 2.45 W/mK
Specific heat, (C,) 2.5 kl/kgK 0.896 kJ/kgK 2.47 kl/kgK

Effect of roughness geometry on heat
transfer and friction characteristics

Use of artificial roughness in the form of ribs on the heat transfer plate has been found
to be an efficient method of enhancing the performance and to reduce the size of the system.
There are several parameters that characterize the roughness elements, but for heat-exchanger
the most preferred roughness geometry is repeated rib type, which is described by the
dimensionless parameters viz. relative roughness height e/D,, and relative roughness pitch P/e,
fig. 3. The friction factor and Nu are function of these dimensionless parameters, assuming that
the rib thickness is small relative to rib spacing or pitch. Although the repeated rib surface is
considered as roughness geometry, it may also be viewed as a problem in boundary layer separa-
tion and re-attachment. The rib creates
turbulence, by generating the flow sepa- kPl
ration regions (vortices) one on each side Flow
of the rib, which results in enhancement |
in heat transfer as well as friction. }

Figure 4 shows the various possible (a) —&0
flow patterns downstream from arib, as a
function of the relative roughness pitch Flow
and relative roughness height. Flow sep- '
arates at the rib, forms a widening free ®) e
shear layer, and reattaches at a distance

R
P

of 6-8 times r1b—r9ughness height down- s | / / / / / /

stream from the rib. Re-attachment does

not occur for P/e less than about eight (©) \\\\\\

except for chamfered rib or rib-groove B

roughness. The local heat transfer coeffi- Flow™

cients in the separated flow region are @ =

larger than those of an undisturbed

=T

—

i ]“H j:e

P

boundary layer and wall shear stress is _— g h:'s"'g_. —h‘
zero at the re-attachment point; the maxi- 47

mum heat transfer occurs in the vicinity
of the re-attachment Polmlt- A Teverse  Figure 3. Different types of roughness geometry;

flow boundary layer originates at the (a) circular ribs, (b) expanded metal mesh, (c) V shaped
re-attachment point and tends toward re-  ribs, (d) wedge shaped ribs, (¢) chamfered rib-groove

(e) I
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Ple Flow patterns eD|  Flow pattem development downstream from the

F on re-attachment point. The value of p/e
fram=. i DD indi

o0 s Re-atigchment free less than 10, indicates that the rough-

TRe-atachment of . | ness elements are too close to allow

the free shear layer to touch the sur-
face, consequently there is no heat
transfer gain but pressure drop in-
creases. For the same reasons, the
value of e/D could not be taken be-
yond a value which might lead to
non-re-attachment of free shear
layer. Figure 4(b) explains the effect
of the roughness height (e):

_— SPE%IE 'r':iayer
10 “‘_\)g'ﬁ

8 — oo/ — If e <6, roughness has no effect.
g EstE — If e » 6, roughness has more
al P effect on fluid pressure drop (Ap)
as compared to heat transfer,
Figure 4. (a) Flow pattern downstream the roughness as a owing to probable interference of
function of relative roughness pitch; (b) Flow patterns turbulence induced in the already

downstream the roughness as a function of relative

roughness height (¢5 > e4 > €3 > ¢2 > e1:P = constant) [14] turbulent core.

— Ife>6, the intended purpose of
noticeable increase in heat transfer and moderate fluid Ap could be served.

The optimum chamfering angle on the basis of thermodynamically performance has
been reported equal to 15-18° [19]. The optimum relative groove position g/P is about 0.4. The
induced form drag is reduced due to change in angle of attack for ribs from 90° (transverse), and
a better thermal to hydraulic performance is obtained by having optimum angle of attack. As the
angle of attack decreases, the friction factor reduces rapidly; however, there is marginal de-
crease in Nusselt number with change in angle of attack from 90° to 45°.

Results and discussion

Results obtained from the MATLAB computer programs are presented here to show
the effect of different parameters during charging and discharging of PCM storage unit. Thermal
conductivity of PCM is increased by mixing aluminum powder to reduce Biot number below 0.1
for PCM container. The main aim of this work is to obtain comfort temperature from the storage
unit when it is hot in day-time during summer season by utilizing night coolness with air as the
heat transfer fluid. Figure 5 shows the maxi-
mum, minimum and comfort temperatures for
the location Varanasi, India. The comfort tem-
perature as calculated from the mentioned rela-
tion and known climatic data for the month of
3 . June is 30 +£ 2 °C.

' / L INT ] Variation of air flow rates, length of storage

L [ 1 | unit and its effect on air outlet temperature is
shown in fig. 6 for inlet air temperature of 40 °C.
Eight air flow rates have been considered
here which varies from 10 m3/h to 80 m*h
Figure 5. Climatic data for the location Varanasi  with the increment of 10 m3/h. All the flow rates

T

1 2 3 4 5 6 7 8 9 10 11 12
Month
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5 I ——10m*h mentioned here are the flow rates with single air
Zaghl -20 m¥h . . .
g\ 30 mh channel i. e. total flow rate is five times of these
gss- ' i values. For analysis purpose it is assumed that
Sal) . eom'm PCM is fully charged at its melting point and
: =70 m'Mm . . . . .
no sensible heat is considered for this analysis
- A . i, part only. The reason behind no sensible heat
e e iy st consideration is that here latent heat action is of
aaEe y S = more interest than sensible heat for this type of
i P e —a = —— storage system (sensible heat is10% of the la-
% os 1 15 2 25 3 35

tent heat).

Here velocity of air has been assumed to be
constant as 2.5 m/s and air gap will vary ac-
cording to the flow rate required. it has been
ensured that for all air flow rates, the air gap re-
quired will also generate fully developed flow within 10% length of the minimum length re-
quired of the storage unit to obtain comfort temperature. If we select air gap constant and make
air velocity variable then either flow will not be fully developed (at lower air flow rate) or the
power required for fan will be high (at higher air flow rates). The outlet air temperature is de-
creasing exponentially with increasing the length of storage unit. The outlet air temperature for
higher air flow rate is higher than lower air flow rate at any length of storage unit. At lowest flow
rate which is 10 m3/h, the length of storage unit required is less than 1 meter. The minimum
length of storage unit required for the highest flow rate is 3.7 meters.

The length of storage unit corresponding to

Distance from the entrance of storage unit [m]

Figure 6. Outlet air temperature vs. length of
storage unit during day time operation, 7;, = 38 °C

30 10 mh NTU value 5, as shown fig. 7, is the minimum
NTU| 50 moh . L

25 30 m¥h- length at which temperature of the air will almost
gg EZE i Pt become equal to the material temperature, while

] moh e only latent heat of the material is being consid-
15.......;.?9.?‘_;“.'7 | ered. Therefore increasing the length of storage

5 unit beyond this value will have no affect on the

oy outlet temperature of air. NTU depends upon heat

transfer coefficient and the surface area of the
path along which air is moving. For surface area
width of the channel is kept constant while the
length of the air channel can be increased or de-
creased. So according to figs. 4 and 7 higher air
flow rates will require much larger storage length
to exchange heat with PCM to be in comfort tem-
perature limits at the exit of storage unit. On the other hand limitations of space availability and cost
are always associated with length of the storage unit. Best approach will be first choose the minimum
length in such a way which provides comfort temperature at the start of operation at required flow
rate and then use the mass option of PCM to keep the exit air temperature in comfort range for de-
sired time period.

Figure 8 and shows the effect of mass of PCM on discharge time for different inlet air it
is assumed that initially PCM is in solid form at its melting point of 27 °C. During the melting of
PCM its temperature will be constant therefore we are getting constant outlet air temperature in
the comfort temperature range up to total mass of PCM is melted. Beyond this point output air
temperature increases rapidly which represents that PCM temperature will also increase rapidly

01 2 3 4 5 6 7 8 9 10
Distance from the entrance of storage unit [m]

Figure 7. Effect of flow rates and length of
storage unit on NTU
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5 Pl ~120m¥h o
= ag|-- 2% 160 mih : {
& =
] 10
- 5 B
L @
:_aaa E B
=] o
Q i
a2 -5,4
o
£
30 O 2 : + . £
= Air flow rate is four times of the day
g : ; : : : 0 I I 1 i i i
ag 1 1 1 1
28 2 2 3 2 10 14 0 2 4 6 8 10 12 14 16

T-.nlng [nl Mass of PCM [kg]

Figure 9. Charging time of storage unit against
mass of PCM for different air flow rates
[=2.0m, T;, =24 °C

Figure 8. Output air temperature against
operating time for different inlet air conditions
during day time operation, M, = 15 kg,

[ =2.0m,V =40 m’/h

because sensible heat is very less as compare to latent heat due to very low specific heat of PCM.
Increased inlet air temperature will always provide less time of comfort temperature as compare
to decreased inlet air temperature. Change in inlet air temperature do not have effect on dis-
charge time of storage unit, it is approximately 12 hours for all inlet air temperatures.

Figure 9 shows the effect of limited summer night time on charging of PCM for differ-
ent air flow rates. If 15 kg of mass is considered for solidification during night time it can be to-
tally solidified in 8 hours for the storage unit length of 2.0 m with the air flow rate of 160 m*/h
which four times of 40 m*/h, while the same mass can provide comfort temperature for about 8
hours with 2 meters plate length.

Charging time required for PCM is most important parameter to be analyzed during this study
due to limited time and temperature availability during night in summer season. In fig. 10 three
different possible ambient temperatures during summer night are considered which are 23 °C,
24 °C, and 25 °C and air flow rate is four times as compare to day time air flow rate of 40 m3/h. As
the ambient temperature available during night increases the time required for charging also in-
creases. According to fig. 10, 15 kg mass of PCM per channel will require eight hours at inlet tem-
perature of 24 °C.

Figure 11 shows the outlet air temperature

for different types of artificial roughness on the _14

air duct. The artificial roughness wedge shaped 512

ribs, circular ribs, V shaped ribs and expanded gw :

metal mesh and chamfered rib-groove require & .

only 24 m, 23 m,20m, .75 m,and 1.5 m S

length of storage unit, respectively, for 30 °C £ &

outlet air temperature in comparison to 3.75 m g 4

length required for smooth surface. Figure 12 & al (OO N N
shows that expanded metal mesh is having © g © Air flow rale is four times of the day
maximum Ap but V shaped ribs and chamfered 05— 6 8 10 12 14 16

rib-groove are having almost same Ap. Accord- Mass of PCM [l

ing to figs. 11, 12 the chamfered rib-groove  Figure 10. Charging time against mass of PCM
roughness is the best option to reduce the length ~ for differe3nt inlet air temperature / = 2.5 m,
of storage unit. V=160 m’/h
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40 30
b \?Vmgcth CPI1UCk _— . 26.09
o edge shaped ribs o
833_ ..................... 8"‘?1“ alegb{ E 25 2170
© -~ V shaped ribs =z 18.74
538 — Expanded metal mesh =20 =
= Chamfered rib-groove | 5 15.95 16.08
5_34. HA R i 'g 154253 |
@ = !
a2 : - § 10
Comfort — T 57
30_ .......... lempefalﬂfe N |
pgl A ' £ 83 3 T =% B
{ Air flow rate is 80 m¥/h 85 ¥%. 3 = g § 3
26 i | i | ES =22 =3 = & € = E S
0 0.5 1 15 2 25 3 3.5 s = O% 28 8% 8%
Distance from the entrance of storage unit [m] = BE o=

Figure 11. Outlet air temperature vs. length of  Rjgyre 12. Pressure drop across the duct vs. types of
storage unit for various types of artificial roughness 4 rtificial roughness, I’ = 80 m*/h

(during day time operation) V' =80 m*/h T, =40 °C

Conclusions

Storage of the night coolness in the climatic conditions where summer is very harsh is
a challenging work but it is possible by use of PCM for obtaining comfort temperature air during
day time. Mass of PCM and air flow rate plays vital role in obtaining the comfort temperatures to
certain period of time during the day operation but during night time operation air flow rate and
night ambient temperature plays vital role and these will decide how much mass of PCM can be
solidified in limited summer time of eight hours. It has been found that four times of air flow rate
will be required as compare to required air flow rate during the day time so that it can be charged
in limited night time of eight hours and it can provide comfort temperature for about eight hours
during day time. Increase in the N7U value beyond five (i. e. increase in the length of storage
unit) has no significance because it will not affect the exit air temperature for latent heat utiliza-
tion. Use of artificial roughness effectively reduces the length of storage unit. Amongst all the
artificial roughness used for the analysis the chamfered rib-groove is providing minimum Ap
and the length of storage unit required is also minimum.

Nomenclature

A, — cross-sectional area of air channel, [m?] Re — Reynolds number (= p,u.Di/u), [-]
R — surface area of heat exchanging plate, [m’] r — long way of mesh, [m]

a — air gap, [m] s — short way of mesh, [-]

b — width of storage unit, [m] T — temperature, [°C]

C,. - specific heat of air, [klkg 'K '] T, — indoor comfort temperature, [°C]
Cppem — specific heat of PCM, [kikg'K™] T, — melting point of PCM, [°C]

D, — hydraulic diameter [= 2ab/(a + b)], [m] Twmo  — outdoor mean temperature, [°C]

e — rib height, [m] Tyom  — temperature of PCM, [°C]

et — Roughness Reynolds number, [—] At — time interval, [s]

S — friction factor, [] - i, — velocity of air in the channel, [ms ']
h, — convection coefﬁmept forair, [Wm “K '] v, — volume flow rate of air, [m>h™]

L — lenght of storage unit, [m]

l — latent heat of PCM, [kJkg '] Greek symbols

mM:cm _ ﬁ::: %{)‘P;Crl;t %(f‘g;ir, [ke] ap — angle of attack for V shaped rib, [degree]
NTU - number of transfer units (= h,dy/m, C,,) @ B chamfer angle of rib, [degree]

Nu  — Nusselt number (= hDy/k,), [-] ap - rib wedge angle, [degree]

P — roughness pitch, [m] o — boundary layer thickness, [m]

Ap - pressure drop (= 4 flu2p,/2D;), [Nm™]
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Superscript

a — air in — inlet condition to storage unit

n — previous time-step out  — outlet condition from storage unit

n+l  — current time step i — number of node in x direction
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