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ABSTRACT

Cogeneration plants benefit from many of the energy efficiency improvements that are brought
about in utility power generation because the same basic technology is employed in both cases.
However, cogeneration being more attractive for small-scale decentralized applications, signifi-
cant technological progress has been made in the development of modular and packaged cogen-
eration systems of lower capacities. Moreover, as such systems are being adopted in industrial
zones and city centers, the stringent laws and regulations put in place for protecting the local en-
vironment has obliged the cogeneration technology providers to innovate incessantly. The usage
of phase change materials to store the latent heat in the form of latent heat is increased, because
large quantity of thermal energy is stored in smaller volumes. A thermal storage device is com-
posed of an inner aluminum sheet having a wide of 30 mm and length of 1000 mm. The sheet
passes through a rectangular storage device have a wide 600 mm, fill with paraffin wax. In the
present work the numerical study of the effects of convection, fins and the method of heating
surface constant wall heat flux , changing heated surface temperature and heat flux on the
storage characteristics of latent heat energy storage system (LHESS) using the CFD software
FLUENT6.3.26. The results show that the effect of convection cannot be neglected, but it is de-
creased when the space of liquid to moving decreased that occurs when increased numbers of
fins, in the case of constant wall temperature the heat transfer increase when the number fins
increase and found that after 12 hours the rate of energy stored increased to 116.5% and 89.6%
and 89.6% at 3 fins, 8 fins and 13 fins respectively. The effect of fins is small for a constant wall
heat flux, no fins is the beast case for storage energy, simple design and less cost than with fins.

NOMENCLATURE H Total enthalpy
Cp Specific heat capacity (J kg'1 K g Gravity
E  Total energy stored (J) Greek symbols

L -1 pe-1

K Thermal conductivity (W m ) K) 0 Density kg m-g
L Latent heat of fusion (J kg )
T Temperature (K ) A Liquid fraction
S Source term B volumetric expansion coefficient
t Time (s) v Dynamic viscosity
\Y% Velocity vector Abbreviations
h Sensible enthalpy CFD Computational fluid dynamic
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LHESS Latent heat energy storage system
SHSS Sensible heat energy storage system
PCM Phase change material

TESS energy storage system

ESCO energy Sservice company

IC Internal combustion

INTRODUCTION

Cogeneration is defined as the sequential
generation of two different forms of useful en-
ergy from a single primary energy source, typ-
ically mechanical energy and thermal energy.
Mechanical energy may be used either to
drive an alternator for producing electricity, or
rotating equipment such as motor, compres-
sor, pump or fan for delivering various servic-
es. In a gas turbine or reciprocating engine,
typically a third of the primary fuel supplied
is converted into power while the rest is dis-
charged as waste heat at a relatively high
temperature, ranging between 300 and 500°C.
At sites having a need for thermal energy in
one form or the other, this waste heat can be
recovered to match the quantity and level of
requirements. For instance, steam may be
needed at low or medium pressures for pro-
cess applications. Any heat recovered from
the exhaust gases of the prime movers will
help to save the primary energy that would
have been otherwise required by the on-site
conversion facility such as boilers or
dryers.Thermal energy can be used either for
direct process applications or for indirectly
producing steam, hot water, hot air for dryer
or chilled water for process cooling.Thermal
energy storage (TES) system using phase
change materials (PCM) as a storage medium
offers advantages such as high heat storage
capacity, small unit size and isothermal be-

havior during charging and discharging when
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compared to other sensible heat storage (SHS)
system. TES has various domestic, industrial
and power generation applications and it is
useful way of decreasing costs and overall
electricity demand. Better power generation
and economic benefit can be achieved if some
of peak load could be shifted to the off peak
load period , which can be achieved by ther-
mal storage of heat or coolness so the size of
air handling unit in air conditioning systems
would be smaller (Khudhair et al. 2004). As a
result, this technology is becoming more ap-
plicable to a wide range of heating, ventilation
and air—conditioning systems and (Halford et
al. 2007). TESS applications include passive
storage in building, thermal protection of food
and electronic devices, solar energy thermal
storage and heating water (Sharma et al,
2009). According to (Ogoh 2010) it is obvious
that any energy storage systems incorporating
phase change materials will comprise signifi-
cantly smaller volumes when compared to
other materials storage only sensible heat.
Thermal efficiency of IC engines becomes low
due to huge percent of the engine heat loses
mostly through the radiator and the exhaust
pipe, and partly through engine walls during
the engine operation. Furthermore, sunlight is
also another source of heat for vehicles in
summer, by means of applying an efficient
TES application. The waste heat is taken from
the coolant and exhaust pipe of the engine.
The stored energy can then be discharged in
cold weather starting to preheat the engine,
preheat the catalytic converter and/or heat-
cool. in the industry, PCM are used in cooling
of engines, thermal comfort in vehicles, pre
heating of engine (Schatz 1992; Vasiliev, Bu-
rak et al. 1999; Vasiliev, Burak et al. 2000;
Gumus 2009), pre heating of evaporator and
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pressure regulator of gaseous sequential in-
jection system (Gumus et al., 2011) and other
application in internal combustion engines
(Boam 1986).
the
heat and electricity,
all energy
process

Co generation technologies
of
increasing the over-
of the
in comparison with conventional
This ef-

recover-

enable simultaneous generation

efficiency conversion

thermal generation technologies.
ficiency is achieved by partially
ing heat produced during electricity gen-
eration to make it available for end use

applications.

LITERATURE REVIEW

For more power is required at any site, it is
possible to adopt a combined cycle that is a
combination of gas turbine and steam turbine
cogeneration. Steam generated from the ex-
haust gas of the gas turbine is passed
through a backpressure or extraction con-
densing steam turbine to generate additional
power. The exhaust or the extracted steam
from the steam turbine provides the required
thermal energy. The exhaust gas can used as
a heating element of heating or cooling the
housing.

In the storage systems, the modes of heat
transfer encountered in the melting and solid-
ification of phase change materials (PCM) are
conduction, convection and close melting (Be-
jan, 1994). Melting of phase change materials
in rectangular enclosures has received consid-
erable attention. It was demonstrated numeri-
cally that free convection plays a role during
the melting process encountered in rectangu-
lar geometries (Wang et al. 1999). It was con-
cluded that the heat transfer rate and the
melting time increased and decreased respec-
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tively, as the volume fraction of nanoparticle
increased, (Lamberg et al, 2004)
physical validation of the numerical results
produced using FEMLAB. Through a compar-

obtained

ison of experimental data and numerical re-
sults. (Zhengguo et al., 2005) experimentally
studied the thermal performance of paraffin/
expanded graphite composite phase change
material. The heat transfer rate of the paraf-
fin/expanded graphite composite was obvi-
ously higher than that of paraffin due to com-
bination with the expanded graphite that had
a high thermal conductivity. The numerical
methods studied were an enthalpy method
and an effective heat capacity method. Both
numerical methods gave good estimations for
the temperature distribution of the storages
in both the melting and freezing processes.
The melting process in spherical geometry of
PCM was studied numerically by (Assis et al.,
2007). Also, detaled parametric investigation
of melting spherical shells of various diame-
ters with a uniform temperature. (Medrano et
al., 2009)
heat transfer process during melting (charg-

experimentally investigated the

ing) and solidification (discharge) of five small
heat exchangers working as latent heat ther-
mal storage systems. The results showed that
the double pipe heat exchanger with PCM em-
bedded in a graphite matrix was the one with
higher values of storage. During the freezing
process, the temperature clearly leveled out
during the phase change, due to the increase
in specific heat. But in the melting process,
this leveling out of temperature over the
phase change range could almost not be not-
ed at all. (Ogoh, 2010) presented a numerical
study of the effects of fins and thermal fluid
velocities on the storage characteristics of a
latent heat energy storage system. The results
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showed that the heat transfer rate increases
with addition of fins and increases thermal
fluid velocity. The effect of HTF velocity is
small with few fin configurations. The total
energy stored after 12 hours for O and 27 fins
configurations range between 3.6 MJ and
39.7 MJ for thermal fluid velocity of .05 m/s
and between 3.7MJ and 57 MJ for .5 m/s.
The highest system efficiencies for the .05 m/
s and .5 m/s ,obtained with 27 fins are 68.9%
and 97.39% respectively. The heat transfer
coefficient was more important than increase
of heat transfer area. (Johansson, 2011) car-
ried out an advanced heat transfer analysis
for phase change thermal energy storage sys-
tem by looking at the heat transfer mecha-
nisms in a finned cylindrical PCM heat ex-
changer The position of the heat exchanger
affected the overall heat transfer effect, this is
because the vertically placed fins inhibit the
convections less as there is larger space for
gravity assisted convection mechanism Dur-
ing the freezing process, the temperature
clearly levels out during the phase change,
due to the increase in specific heat . But in
the melting process, this leveling out of tem-
perature over the phase change range can al-
most not be noted at all. (Sebti et al., 2011)
has studied heat transfer enhancement dur-
ing melting in a two-dimensional cylindrical
annulus through dispersion of Nano particle
is investigated numerically. Paraffin-based
Nano fluid containing various volume frac-
tions of Cu is applied. It is found that the sus-
pended Nano particles give rise to the thermal
conductivity as compared to the pure fluid
and consequently the heat transfer is en-
hanced. In addition, the heat transfer rate
and the melting time increase and decreases
respectively, as the volume fraction of nano-
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particle increases," (Reddy et al., 2012) stud-
ied the heat transfer in PCM. The variable
studied included PCM, mass flow rate, and in-
let temperature of heating transfer fluid. The
PCM were stored in the form of spherical cap-
sules of 38 mm diameter made of high density
It was concluded that the
charging time can be reduced with increasing

poly ethylene.

mass flow rates of heat transfer fluid. Stearic
acid attains maximum temperature (equal to
heat transfer fluid inlet temperature) faster
compared to paraffin. Also, it is stated that,
from economic point of view, the stearic acid
is recommended as PCM for TESS.

Most of the previous work in literature not
take into account natural convection and
heating with constant heat flux so, in the cur-
rent work, the heat transfer in PCM storage
tank is numerically investigated using
FLUENT 6.3.26. The numerical results are
validated through a comparison with results
from literature studied. Then, the effect of
convection, number of fins and heating sur-
face temperature on the PCM in cylindrical
tank is numerically investigated. In numeri-
cal model with constant heat flux to check the
numerical model is correct for solving heat
flux boundary condition. Then , the effect of
convection, number of fins on the PCM inside
tank is numerically investigated on practical
design for storage.

MATHEMATICAL MODEL
A cylindrical thermal storage device is
studied as shown in (Fig 1) it is composed of
an inner aluminum pipe having inner/outer
diameter of 20/30 mm and length of 1000
mm. The pipe passes through a rectangular
shape storage with a wide of 600 mm, filled
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with paraffin wax which is used because of its rate of heat transfer from the pipe surface to
high storage capacity and low melting temper- paraffin wax aluminum fins are added to the
ature, In addition to its thermo physical prop- pipe with 5 mm thickness. (Groulx and Ogoh,
erties presented in (Table 1). To increase the 2009).
!
I
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|
! 1000
!
|
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|
1200
< >

Fig. (1) : Geometry of thermal storage device.

Table (1) : Thermo physical properties of Paraffin Wax Materials
(Groulx and Ogoh 2009).

Thermal conductivity 21 Wimk

Heat capacity 2.5kj/kg k

Density 900 kg/m3

Enthalpy of fusion 174 kj/kg
Temperature range melting 313Kto 316 K

(Hosseini et al., 2012). In order to simulate

ST
<l

—+7. \7\7:%(—\7% VAT + 0B G (T-Trg)) +$

phase change in a shell and tube heat ex-

—t

changer, enthalpy method is used. The conti-

nuity, momentum, and thermal energy equa- Thermal energy:
tions can be expressed as follows: dh OH k
at+a—+V(Vh) V(—Vh)
Continuity: Cp
V.V =0

The enthalpy of the material is computed
Momentum: as the sum of the sensible enthalpy, h, and
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latent heat, AH:

H = h+ AH

The latent heat content can be written in
terms of the latent heat of the material, L :

AH = \*L

Where AH may vary from zero (solid) to L
(liquid), therefore, the liquid fraction, A can be

defined as:
AH
T =0 forT < Toona
AH
A= - 1 for T < Tyiquia
AH T- TBO[Ld

= for Toolia = T < Tyiqui
liquid
L ]Eiquid jsv:)ln:l

Darcy's law damping terms (as source
term) that are added to the 5‘ momentum
equation due to phase change effect on con-
vection, it is defined as:

(1-4)7
A3

S = 14

mush

The coefficient is a mushy zone constant;
this constant is large number, In present

study is assumed constant and set to 106.

Numerical solution is carried out using the
CFD software FLUENT6.3.26 to solve melting
modeling and energy equation in three steps.
Firstly, the geometry is created with GAMBIT
software and consists of two parts. Fins and
heated tube is treated as solid and spacing
between fins is treated as fluid (PCM). Sec-
ondly, mesh is created by discretizing the
computational domain into different mesh ele-
ments to maintain minimum skewness. The
convergence criterion of 107 is used for the
studied case. The boundary conditions are as
follows the outer casing is insulated and the
pipe is heated under constant wall tempera-
ture. Thirdly, the physical parameters for 2-
Dimension axisymmetric model (PCM) used in
this study , the specific heat capacity of paraf-
fin wax has the following form) Salyer and Sir-
car .1986).

255 forT< 313K
kg

cp=1{6052 for 313K > T < 316K
ke

2559 forT>316 K
kg

60000

40000

spesific heat (j/kg.K))

20000

— cp

S —

300 310

320

330 340 350

temperature (K)

Fig. (2) : variation specific heat with temperature
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The stored energy is in two forms sensible
and latent heat. Sensible heat plays a major
role in regions where the temperature of PCM

PCM
PCM

heated Lo 2 7= ) aluminum
PCM

PCM insulation

Fig. (3) : Numerical modeling and meshing of
studied geometry (3 fins).

MODEL VALIDATION

A study on mesh size was made in
FLUENT 6.3.26 to determine the optimum
mesh size to use without losing much accura-
cy. The results shown in Fig (4) are for mesh
sizes of (.01, .02, .03, .04, .05, .06 and .07m);
it is seen from the figure that the volume
size below .03m did not change largely the

360
No fins

@ present study (CFD)

340 |- — (Groulx and Ogoh 2009)

Temperature (k)
e
®
S
1

300 =

280 P I I
0 0.1 0.2 0.3 0.4
Distance (m)

Figure (5): comparison between Groulx and case
study for no fins.

is below 313 K or above 316 K and between
these two temperatures the latent heat is
dominated.

312

-@- mcsh independence study

average temperature (K)

0.02 0.04 0.06 0.08 0.1
mesh size (m)

Fig. (4) : dependence of mesh size.

PCM average temperature.

The PCM average temperature are com-
pared with published results of (Groulx and
Ogoh 2009). As shown in Fig (5) and Fig (6)
for no fins and 3 fins respectively. It can be
seen from the figures that the present result
is close to the results of published one.

360
3 fins
L @ present study (CFD)

—— (Groulx and Ogoh 2009)
340 |-

Temperature (k)

0 0.1 0.2 0.3 0.4
Distance (m)

Figure (6): comparison between Groulx and case
study for (3)fins
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RESULTS AND DISCUSSION
Figure (7) Present the temperature distri-
bution inside the PCM after 12 hours for con-
duction model at constant heat flux with no
fin and (3, 8, 13) fins. As can be seen from
this figure, the number of fins plays an impor-
tant role on the overall charging and melting

4 a0 N » K
430002

s - -
1802 - =

&1t
4002
no fins 3 fins 8 fins 13 fins

4 ueliz
I04a2
I8 02
3w
INe2
3002
36402
358002
352002
3452
330002
330402
32wz
121ee2
3150002

Fig. (7) : Temperature distribution obtained after
12 hours of charging at constant heat
flux.
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330002
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121ee2
3150002

“ — t -

no fins 3 fins 8 fins 13 fins

Fig. (9) : liquid fraction distribution obtained af-
ter 12 hours of charging.

process. Fig (8) Present the relation between
average temperature and time of charging. It
is seen from the figure that the average tem-
perature of PCM increases with number of
fins, because the fins increased the surface
area and consequently increases the heat
transfer to PCM (Fig. 9 & 10) .

440

q=3600 w/m2 (conduction maodel)

- + mno fins 7
= == 3 fins .
- == 8 fins /7 7/
— 13 fins .
400 [~ 7

Average temperature (k)

time (hr)

Fig. (8) : show the average temperature for the
PCM at constant heat flux for various
numbers of fins

120

q=3600 w/m2 (conduction model)
- + mo fins

- e= 3 fins

- == 8 fins

13 tfins .

Average liquid fraction (%)

time (hr)
Fig. (10) : show the liquid fraction in the PCM
for various numbers of fins.
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conduction-convection model:

Figure (11) present the temperature distri-
bution inside the cylindrical PCM after 8
hours of no fins and (3, 8, 13) fins. Shown

no fins 3 fins 8 fins 13 fins
11 hours 9 hours 9 hours 8 hours

Fig. (11) : Temperature distribution obtained for
storage unit at charging.

Fig (12) presents the relation between aver-
age temperature and time of charging. It is
seen from the figure that the average tempera-
ture of PCM increases with number of fins
and less than that of conduction only. This is

1 CowecD
95100t
90t
852000
30001

153001
1 Odetn
6 Ste 01
%0501
3 We

4 Sretn
4 Ole 01

) 001
2500
21001
161801
1 et
© 20002

1 Mo

13 fins
8 hours

no fins 3 fins 8 nns
11 hours 9 hours 9 hours

Fig. (13) : liquid fraction obtained for storage
unit at charging.
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from this figure, the number of fins and the
convection effect plays an important role in
increasing the overall charging and melting
process than conduction only.

q=3600 w/m2 (conduction-convection model)
360 |= — - no fins

== + 3 fins .
— 8 fins ¢
[ — .13 fins 4

w
'Y
=

w
N
=

Average temperature (k)

w
=3
=3

280 . 1 . 1

time (hr)
Fig. (12) : PCM average temperature versus with
time at various numbers of fins.

may be because most of energy is used to
change the phase of PCM. Fig (13) present
the liquid fraction distribution inside the cy-
lindrical PCM after 8 hours of no fins and (3,
8, 13) fins.

120

q=3600 w/m2 (conduction-convection model)

— 13 fins
_--‘Sﬁns
— -3 fins - -
-_— fins LT/ *
no nns /

Average liquid fraction (%)

12

time (hr)

Fig. (14) : The liquid fraction in the PCM versus
time for various numbers of fins.
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Fig (14) presents the relation between aver-
age liquid fraction and time. It is seen from
the figure that the average liquid fraction of
PCM increases with number of fins until
reach to a maximum value of (99%) after 7
hours for the 13 fins and (99.7%) after 10
hours for the 8 fins.

comparisons between the results of the
two models.

Fig (15) presents the relation between per-
centage increased in average liquid fraction
between the convection-conduction model
and the conduction model only, and time. It is

250
q=3600 w/m2 (conduction-convection model)
. — - no fins
= = + 3 fins
. =~

g 200 == - 8 ﬁr:s ‘ - _
£ 13 fins 7 N
£ T .
=
5 150 7
=
£ /
=
g - .
<
£ /
£ 100 [~ -
& ’ -
e | L eeeaL -
= [P
5 < . - -
2 50 p—_ - ~

Er

L.

R 1 1
4 8 12
time (hr)

Fig. (15) : The relation between the percentage
increased in average liquid fraction and
time at various numbers of fins.

CONCLUSION

1- Free convection plays a role during the
melting process inside storage system
and must not be neglected.

2- Liquid fraction and total energy stored
in PCM increases with time for both
conduction and conduction-convection
models.

3- The effect of fins is nearly to be neglect-

558

seen from the figure that the percentage in-
creased in average liquid fraction of PCM de-
creases with increases of number of fins this
is because increasing number of fins reduces
convection effect due to the reduction of space
of PCM thickness.

Fig (16) presents the relation between per-
centage increases in total energy stored in
PCM and time. It is seen from the figure that
the percentage increased in total energy of
PCM decreases when increases number of fins
because increasing fins reduced convection
effect by reducing space of PCM.

40 F<1=3600 w/m2 (conduction-convection model)
- - no ftins
| = = - 3 fins
E — - 8 fins
= —— 13 fins —_
230 - — -_—
’g- - — ~
g
=
=
=
220
g
S
g
S
s
g10
2
2
0 1 1
4 8 12

time (hr)
Fig. (16) : The relation between the percentage
increased in total energy stored and

time at various numbers of fins.

ed when heating by constant wall heat
flux, no fins is the best case for storage
energy, simple design and less cost than
with fins.

4- Time of melting of PCM decreases with
increases number of fins for both mod-
els.

5- Time of melting, liquid fraction and total
energy stored enhances using conduc-
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tion-convection model.
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