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Abstract

This paper addresses a numerical and experimental investigation of a cold thermal energy storage system involving phase-cha
dominated by heat conduction. The problem involves a fluid flowing inside a horizontal finned tube surrounded by a phase-chang
(PCM). The objective of this paper is to predict the temperature distribution, the phase front distribution along the tube and to an
effect of fin density and size on the dynamic performance of the system. The problem is modeled as axisymmetric and two-dim
and a control volume computer code has been developed for the solution of the corresponding mathematical model. In the ex
arrangement of the tube configuration, two different fin diameters;Dfn = 2.7 and 3.2 are considered and the fin density at each fin diam
is varied in the range ofNfn = 14–31 fins·m−1. For a particular geometry then the heat transfer fluid inlet temperature assumes
between−10◦C and−20◦C, and the flow Peclet number is varied in the range from 14 350 to 200 900 accordingly. Comparison b
the numerical predictions and the experimental data shows good agreement, even though some effects that are produced by h
to the environment especially at high flow rates neglected in the model but unavoidable in the experiments. Finally, time-wise va
energy stored by the system is evaluated through instant images of solidification fronts and the combined effect of fin paramete
flow rate on energy storage is discussed.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Among the available techniques for storing cold th
mal energy, the use of the solid–liquid phase change
attracted considerable attention in recent years. Use of
technique allows for a greater proportion of the base loa
be utilised and hence the maximum generating capacit
cooling equipment can be reduced [1].

The present work is applicable to modelling of ice-o
finned-tube thermal storage systems where both the ch
and the discharge of the phase-change material (PCM) (
ally water) occur only from the flow inside the pipes. The
systems typically consist of a large tank with a network
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long tubes of relatively small diameter submerged in st
water. A region of the PCM can be associated with each
such that an outer symmetry (insulated) boundary app
imation can be used. Due to small temperature differe
between the tube outside surface and the PCM (less
5 ◦C), natural convection is largely absent in these syste
Besides, the presence of vertical fins hampers the deve
ment of a buoyancy-driven flow. In fact, experimental obs
vations by the authors indicate that nearly cylindrical lay
of ice forming around the tube also signals the lack of c
vective currents within the PCM. During the phase-cha
process the interface of the two phase moves and its p
tion is a priori unknown. This makes the mathematical mo
strongly non-linear. Further difficulties arise when the tu
wall and the fins are at finite thicknesses. For all these
sons, no analytical solution for a particular simple case e
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Nomenclature

A surface area of a control-volume . . . . . . . . . . m2

cp specific heat capacity at constant
pressure . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

C non-dimensional heat capacity,(ρcp)/(ρcp)b
d diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
D non-dimensional diameter,d/dpi
Fo Fourier number,αbt/d

2
pi

FVF frozen volume fraction, dimensionless
h local heat-transfer coefficient . . . . W·m−2·K−1

H latent heat of freezing . . . . . . . . . . . . . . . . J·kg−1

k thermal conductivity . . . . . . . . . . . W·m−1·K−1

K non-dimensional thermal conductivityk/kb
l length of the finned tube . . . . . . . . . . . . . . . . . . m
L non-dimensional lengthl/dpi
ṁ mass flow rate . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

M number of grids on the radial direction
nfn number of fins on the heat exchanger
N number of grids on the axial direction
Nfn fin density . . . . . . . . . . . . . . . . . . . . . . . . fins·m−1

Nu local Nusselt number,hdpi/kb
Pe Peclet number, 4(ṁcp)b/πdpikb
Q non-dimensional thermal energy stored,

q/πd3
pi(ρcp)b(Tb,in − Tfr)

q thermal energy stored . . . . . . . . . . . . . . . . . . . . . J
q̄ thermal energy stored per meter of the finned

surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J·m−1

r radial coordinate from the centre of the tube m
R non-dimensional length inr-direction,r/dpi
Re Reynolds number, 4̇m/πdpiµ

s source term . . . . . . . . . . . . . . . . . . . . . . . . W·m−3

Ste Stefan number,cpl(Tfr − Tb,in)/H

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
u velocity component in axial direction . . m·s−1

V volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3

w fin spacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
x axial distance from the pipe inlet . . . . . . . . . . m
X non-dimensional distance from the pipe inlet,

x/dpi

y fin thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek letters

α thermal diffusivity . . . . . . . . . . . . . . . . . . m2·s−1

β exponent
δ difference
θ non-dimensional temperature,

(T − Tfr)/(Tb,in − Tfr)

µ dynamic viscosity . . . . . . . . . . . . . . kg·m−1·s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

τ solidification time of liquid between fins . . . . s

Subscripts

b bulk variable
c cross section
ex exit conditions,x = l

f related to heat transfer fluid
fn fin
fr freezing
i general axial grid
in inlet conditions,x = 0
init initial conditions,t = 0
j general radial grid
jout radial grid adjacent tor = rout

l liquid
lh latent heat
m mean
out outside wall surface,r = rout

pi pipe inside
po pipe outside
s solid
sh sensible heat
sp spacing
w outer surface of the exchanger

Superscripts

n general time level
∗ refers to converted values
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and for predictions of practical interest the use of numer
methods is required.

Numerous studies related to energy storage by liqu
solid phase change phenomenon have been published
last decade. An excellent review on thermal energy sto
in general and on cold thermal energy storage in partic
is provided respectively by Zalba et al. [2] and by Saito [
Many researchers agree that adding lateral fins on the
surface can offset the increase of thermal resistance bet
the cooling surface and the solid–liquid interface with
formation of ice. Lacroix [4] is the first who studied the me
ing of n-octadecane (n-C18H38) around a finned tube by th
e

n

enthalpy based method. In his computational model, Lac
[4] neglects the effect of the tube wall and the fin thickn
on the thermal performance of the unit. Assuming unifo
surface temperature, the local convective heat transfer co
cient inside the tube is determined in accord with the res
of Graetz solution [5]. To validate his mathematical mod
several melting experiments are conducted on a finned
having the following configuration:Nfn = 12 fins·m−1 with
the fin-to-tube diameter ratio;dfn/dpi = 2.015. Zhang and
Faghri [6] numerically investigated the heat transfer
hancement of latent heat thermal energy storage system
using internal fins and concluded that the performanc
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systems designed for a heat transfer fluid with low th
mal conductivity and operating at low flow rates may
increased by 15-percent. Zhang and Faghri [7] have also
ried out similar studies for systems equipped with exte
radial finned tubes. In their analysis, contrary to Lacro
mathematical model [4], the convection inside the tube
coupled with the melting of PCM and the tube wall tempe
ture varies along the flow direction. Hence, the effect of t
wall thickness on molten volume fraction (MVF) is co
sidered. However, without any rigorous definition of MV
and in the absence of experimental verification, Zhang
Faghri [7] conclude that increasing the height of the fins
sults with an increase in MVF of the exchanger. Lacroix a
Benmadda [8] have numerically and experimentally stud
the solid–liquid phase change from a finned vertical wall
have explained that increasing the number of fins will
doubtedly enhance the solidification rate. Ismail et al.
presents a numerical model for the solidification of ph
change material around a radially finned tube with a c
stant wall temperature and perform numerical experim
to investigate the effects of the number of fins, fin mater
fin thickness, and the tube wall temperature. In cold ther
energy storing systems, due to heat interaction betwee
heat transfer fluid and the PCM along the exchanger sur
the wall temperature is a function of both time and locati
and could not be uniform. In fact, the present experime
observations reveal that, depending upon the flow rate
time, the surface temperature may vary in a range betw
25% and 40% of its value at the inlet of the finned tube.

The lack of experimental modelling and the need fo
computational algorithm to solve the freezing and the m
-

,

ing problem of a PCM surrounding a finned tube motiv
this paper. This problem occurs in ice forming cold therm
energy storing systems. To verify the computational pre
tions and visualise experimentally the formation of ice,
experimental set-up is designed and developed. Beside
flow rate, the test apparatus is capable of altering the
temperature of the heat transfer fluid (HTF) as well as
finned tube geometry. In experiments, the fin diameter r
spanned the range from 2.7 to 3.2, and the fin density f
14 fins·m−1 to 31 fins·m−1 accordingly. The objective of thi
paper is to device a computer code to predict the thermal
formance, energy stored and phase front distributions a
the finned tube and illustrate the accuracy of the code by
perimental means. Besides the tube geometry, the ana
focuses on the roles of the Peclet, Fourier and Stefan n
bers on the heat storage.

2. Experimental equipment and test procedure

A schematic diagram of experimental equipment
shown in Fig. 1. The flow system consists of a reserv
for the heat transfer fluid, a constant temperature circula
bath, a variable speed pump, a flow meter, a hydro-dyna
entry section, a main heat transfer test section, and th
turn piping for the HTF. The main heat transfer test sec
is composed of a container having a horizontal cross sec
of 50 cm× 57 cm, and a height of 42 cm and a finned tu
being equidistant from the side walls of the container
ented at the mid-section. The container is filled with distil
water to a height of 40 cm. To record the images of solid
sula
Fig. 1. Schematic diagram of the experimental equipment and apparatus: 1, Constant temperature bath; 2, main valve; 3, precision thermometer; 4, circulation
pump; 5, recirculation valve; 6, flow adjustment valve; 7, test section; 8, alcohol recycling pipe; 9, thermocouple extension wire; 10, data logger; 11, finned tube;
12, fittings; 13, flow meter; 14, check valve; 15, PC computer; 16, monitor; 17, disc drive; 18, top cover; 19, digital camera; 20, view window; 21, intion;
22, light source; 23, diffuse reflection screen.
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cation around the finned tube, the front and back walls of
container are 10 mm thick Plexiglas. The two other late
and the bottom surfaces are made out of 5 mm thick stain
steel sheet and the top surface is a 100 mm thick Styrof
plate. To reduce the heat gain from the environment,
walls of the container are insulated with 100 mm thick S
rofoam layers. Two concentric and central openings ha
the dimensions of 25 cm by 18 cm is cut at each Styrofo
layer covering the Plexiglas walls. In taking an instant p
tography of solidification, these openings are necessar
the digital camera access and for the back screen lightin

To eliminate any possible thermal contact resistance
tween the tube base and the fins, the finned tube for a
ticular configuration is a one-piece unit, and is produ
by machining a solid bronze cylinder. The thermo-phys
properties of the tube material having a laboratory ba
content of 87.2% Cu, 6.57% Sn, 4.13% Zn, and 1.97%
are determined by the available tables in Ref. [10]. All
finned tubes having the same length of 49.2 cm share
same inner and outer tube diameters of 20 mm and 30
respectively. In regard to fin-tube geometry, three differ
fin spacings of 14, 23, and 31 fins·m−1 are considered. Thus
for particular fin spacing, the fin diameters being at 54 m
and at 64 mm, a total of six distinct geometrical combi
tions are constructed and studied in the experiments. Fo
entire of experiments, the fin thickness is 3 mm. To at
fully developed flow conditions for the heat transfer flu
at the inlet of the test section, the hydrodynamic entry s
tion is depicted to be 250-tube-diameter and the entire le
of the experimental set-up is approximately 6.5 meters
set the inlet temperature of heat transfer fluid to a des
value and control the flow rate, the apparatus contains
eral valves. Additionally, the entire piping is insulated w
a 20 mm thick layer of foam rubber specially manufactu
for refrigeration purposes.

The phase change material of the experiments is d
lated water, and is charged into the system after a pre-co
process to a temperature of 0.3◦C. The heat transfer fluid
is 99% pure ethyl-alcohol, because it is chemically sta
with very well known thermophysical properties from t
literature [11]. Besides, using this fluid makes possible
study inlet temperatures as low as−20◦C in experiments
A Haake brand T model constant temperature bath wi
sensitivity of±0.1◦C is used in providing the desired tem
perature to alcohol at the inlet of the test section. A varia
speed pump circulates the alcohol through the flow sys
To maintain steady flow of heat transfer fluid at predefin
flow rates between 0.5 and 30 L·min−1 in experiments, the
power supplied to the pump is first regulated and then
to an electronic variance which in turn drives the pump. T
alcohol supply is metered by a Schutte and Koerting t
ASA glass tube variable area rotameter. The meter h
sensitivity of 0.5 L·min−1 per cm of the bob displaceme
and a maximum capacity of 30 L·min−1. The meter is fac-
tory calibrated to be accurate within±1% of the full range.
The surface temperature of the finned tube is measure
-

copper-constant thermocouples (type T) of gage no. 24
ibrated by a precision thermometer. These thermocou
are distributed sequentially along the finned tube surfac
one at the fin-tip and the other at mid-section of the b
Hence, depending upon the fin density of the exchan
under study, the number of thermocouples measuring
surface temperature may vary between 15 and 31. Two a
tional thermocouples measure the alcohol temperature a
inlet and outlet of the test section. Moreover, two thermoc
ples being vertically 20 cm apart in the test section de
any variation in temperature of the phase change mate
The average temperature of alcohol in the reservoir is
checked by one additional thermocouple. A digital multim
ter Hewlet–Packard HP34970A with an accuracy of±0.04%
of the reading is used to measure the electromotive forc
each thermocouple. The data acquisition system is man
through a personal computer by means of an RS232 s
dard interface. The time is measured with the inner cloc
the personal computer.

Prior to the experimentation, the uniformity of tempe
ture in the container is assured through a mixing proc
Hence the test section containing 110 L of still wa
at 0.3◦C with a temperature deviation within a range
±0.1 ◦C, the alcohol at a predetermined flow rate is cir
lated through the system. In reducing the alcohol temp
ture to a desired value at the start of an experiment, the
path first short-circuits the main test section. However, as
temperature reaches the specified inlet value, the alcoh
let abruptly into the test section by opening the inlet va
Three different inlet temperatures of−10◦C, −15◦C, and
−20◦C are studied. At each temperature however the
cohol flow rate is varied so that the flow Reynolds num
ranged between 200 and 7000 in the experiments. Co
ering various combinations of the finned tube geometry,
alcohol inlet temperature and the flow rate, a total of 45
perimental runs are performed.

A typical experimental run lasts 150 minutes. The alco
inlet and outlet, and the finned tube outer surface temp
tures are measured and recorded at every fifteen second
riods. However, the images of solidification profiles arou
the finned tube exchanger are taken at every 15 min
The Styrofoam lids at the front and at the back of Ple
glas surfaces are removed. The white light rays from a
cially constructed halogen tube lamp incident upon a w
screen reflect diffusely into the test section. Hence the ne
sary illumination for taking clear-cut picture of solidificatio
field around the finned tube is provided. A digital came
Fuji type MX600, is situated at the center and 20 cm aw
from the front opening of the test section, and is perp
dicular to the approaching rays. The camera periodic
takes the 24-bit color images of ice profiles at the size
1280× 1024 pixels with a resolution of 120 pixels per c
and transmits to the personal computer through a RS
standard interface and data transfer software. Then thes
stantaneous color images are transformed to B&W inten
images. After applying special filtering techniques, bri
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images that clearly indicate the boundaries of the ice form
around the finned tube are obtained. Considering the di
ences in pixel values between regions of solid and liq
phases, the edges of the solidified mass can be identified
thus the average thickness of ice at a particular cross se
of the finned tube can be measured [12]. These meas
quantities are then converted to the actual diameters o
by linear proportioning with the fin diameter of that partic
lar image. Finally, the volume of ice accumulated around
finned tube surface up to that instant of time becomes,

Vice(t) = π

4

∑
i

d2
icei

(t)δxi − Vfinned tube (1)

Wheredicei
(t) is the instantaneous diameter at an axial

cation xi on the finned tube and the volume occupied
the finned tube itself may be calculated asVfinned tube=
π[d2

pol + (d2
fn − d2

po)nfny]/4. The axial increments,δxi , as-
sume identical values with the grid distribution of the n
merical analysis. In studying the effect of fin density on
profiles, an axial length corresponding to the distance
tween two fins of 14 fins·m−1 geometry is taken to be th
reference length in experiments. Thus, at a particular ex
imental run, the diameters of ice-layer within this referen
length are determined and substituted into Eq. (1). Moreo
for specified flow conditions and geometry, the sensible h
stored by the exchanger may be computed as,

qsh(t) = π(ρcp)ice

4

∑
i

(Tfr − Twi
)

((
d2

icei
− d2

po

)

+ d2
icei

2 ln(dicei
/dpo)

(
1− 2 ln

dicei

dpo
−

(
dpo

dicei

)2))
δxi

(2)

In deriving this result, the temperature distribution in so
ice-layer is assumed to be a logarithmic function of rad
The experimental data also yield evaluating the latent
part of the total energy stored by the exchanger as,

qlh(t) = (
ρV (t)

)
iceH (3)

Hence the instant value of the total cold thermal ene
stored by the system becomes,

q(t) = qsh(t) + qlh(t) (4)

The uncertainties in the measured properties are estimat
be as in Table 1. With the uncertainties given in Table 1,

Table 1
Experimental uncertainties

Property Uncertainty Range

Alcohol flow rate ±0.5 L·min−1 1.5–26.5 L·min−1

Alcohol inlet and outlet temperature
difference

±0.1◦C 0.5–3.5◦C

Finned tube surface temperature ±0.1◦C −14 to−1.5◦C
Ice radius ±0.5 mm 22–51 mm
Finned tube dimensions ±1 mm 32–492 mm
d

o

over the indicated ranges, the method of Kline and McC
tock [13] is employed to evaluate the uncertainties of the
perimental results. The maximum uncertainties are±12.3%
for the ice volume, and±15.2% for the total energy store
by the system. For the flow Reynolds number,Re, the max-
imum uncertainty occurs at very low flow rates (Re= 500)
and is determined to be±25.4% of the reported value.

3. Mathematical formulation and numerical solution

The physical system under investigation involves the
dial and axial evolution of phase fronts along the outside
horizontal finned tube. A pure substance with a freezing
melting temperature ofTfr is contained between the finne
tube and an outer cylindrical wall of length l both of that a
concentric. The thin outside wall is insulated and has a
dius of rout. The tube wall has inside and outside radii
rpi, andrpo. There is a fluid of bulk temperatureTb(x, t) and
mass flow rate ofṁ flowing inside the tube. The fluid en
ters the finned tube at a temperature ofTb,in which is always
less thanTfr and leaves the tube atTb,out(t). In formulating
a mathematical model to represent this physical system
system is divided into following three subsections: (i)
tube flow of heat transfer fluid, (ii) the finned tube, a
(iii) the region occupied by the phase change material.
pending upon the region of the system under considera
the related governing equations may be studied as follow

Equations in the heat transfer fluid.Assuming that the ax
ial conduction is negligible and the fully developed flo
conditions exist at the tube inlet, the energy equation of
fluid can be expressed as,

kb
1

r

∂

∂r

(
r
∂Tf

∂r

)
= (ρcp)b

(
u

∂Tf

∂x
+ ∂Tf

∂t

)
(5)

The initial and inlet conditions are,

Tf = Tinit, t = 0, 0� x � l

Tf = Tb,in, x = 0, t > 0 (6)

Here,Tf represents the local temperature of the fluid an
a function ofx, r , andt .

Integrating over the cross section of the tube and u
the axisymmetric conditions atr = 0 reduces Eq. (5) to,

2πrpikb

(
∂Tf

∂r

)
r=rpi

= πr2
pi(ρcp)b

∂Tm

∂t
+ (ṁcp)b

∂Tb

∂x
(7)

Whereṁ is the mass flow rate,Tb andTm represent accord
ingly the bulk and the mean temperatures of the heat tran
fluid. Note thatTb andTm are defined as,

Tb =
∫ rpi

0 (ρcp)buTf dAc∫ rpi
0 (ρcp)budAc

=
∫ rpi

0 uTf dAc

umAc
(8)

Tm =
∫ rpi

0 (ρcp)bTf dAc∫ rpi
(ρc ) dA

=
∫ rpi

0 Tf dAc

Ac
(9)
0 p b c
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As stated by Eqs. (8) and (9),Tb is the bulk fluid temper-
ature at a given cross section,Ac, and is defined in term
of the thermal energy transported with the bulk motion
the fluid as it moves through the cross section. The tem
atureTm is the average temperature defined in terms of
lumped capacity or heat storage of the fluid. These two t
peratures differ since the velocity is involved inTb but is
not in Tm. The thermal energy storage applications for
problem under investigation seldom consider sensible t
perature differences of more than 10◦C below the tube wal
temperature,Tpi. Thus the maximum possible difference b
tweenTb andTm is 7-percent with actual values much clos
Together with energy equation given by Eq. (7), the conv
tive boundary condition between the fluid and the pipe w
may be expressed as,

−kf

(
∂Tf

∂r

)
r=rpi

= hb(Tb − Tpi) = −kp

(
∂Tp

∂r

)
r=rpi

(10)

WhereTpi represents the tube inside surface temperature
hb is the forced convection heat transfer coefficient of
tube flow. Substituting Eq. (10) into (7) and replacingTm

with Tb yields the following:

2πrpihb
[
Tpi(x, t) − Tb(x, t)

]
= πr2

pi(ρcp)b
∂Tb

∂t
+ (ṁcp)b

∂Tb

∂x
(11)

The convection inside the tube is treated as a serie
steady forced convection problems. For laminar and hy
dynamically fully developed flow with arbitrary varyin
temperature at the tube wall, the local value of heat tra
fer coefficienthb in Eq. (11) may be determined as follow
ing [5],

(Nub)i =
i∑

k=1

δTk

∞∑
n=0

Gn exp
[−(

2λ2
n/Pe

)(
X − (k − 1)δX

)]

×
[

2
i∑

k=1

δTk

∞∑
n=0

Gn

λ2
n

× exp
[−(

2λ2
n/Pe

)(
X − (k − 1)δX

)]]−1

(12)

where

δTk = (Tpi)k − (Tpi)k−1 and i = int

(
X

δX

)
+ 1 (13)

The eigenvaluesλn and the constantsGn in Eq. (12) may
be found in Kays and Crawford [5]. For the transition a
for the turbulent flow regimes of heat transfer fluid, inclu
ing the thermally developing region, an average value
heat transfer coefficienthb may be computed and substitut
into Eq. (11) by using the empirical correlation of Gniel
ski [14].
Equations in the finned tube and in the PCM.The math-
ematical modeling of these regions of the physical sys
is based on the following simplifications: (i) the therm
physical properties of each phase of PCM, and the fin
tube material are independent of temperature, (ii) the P
is homogeneous and isotropic, (iii) the phase change oc
over a range of temperatures from(Tfr − δT ) to (Tfr + δT ),
(iv) the difference of density between liquid and solid do
not create appreciable local motion of the liquid. The volu
dilation due to ice formation between the fin spaces ca
a radial outward motion of liquid PCM and the Reyno
number based on the time-wise averaged radial flow ra
evaluated as,

Re= (ρl − ρice)dpodfn

4µlτ

(
1− d2

po

d2
fn

)

The experimental observations reveal that the magnitud
this Reynolds number varies in the range of 10−3 and 10−2

and the effect of such slow moving currents on heat tran
is certainly not traceable. Besides, the difference in temp
tures between the liquid water and the ice front is always
than 0.5◦C and is not potentially sufficient to cause conv
tive heat transfer from the liquid to the freezing interfa
[15]. Hence the heat transfer is controlled by conduc
only and the energy equation for the finned tube and
PCM becomes,

∂((ρcp)∗T ∗)
∂t

= 1

r

∂

∂r

(
kr

∂T ∗

∂r

)
+ ∂

∂x

(
k
∂T ∗

∂x

)
− ∂s

∂t
(14)

Where,T ∗ = T − Tfr and depending upon the location
the solution domain the related parameters of Eq. (14)
defined in Table 2.

As shown in Fig. 2, for a computational domain;rpi �
r � rout and 0� x � l, the initial temperature of the syste
is the same as given by Eq. (6). However, the approp
boundary conditions for this problem may be described
follows:

(1) Insulated surfaces include the outside wall, the i
and the outlet planes of the exchanger as:

Fig. 2. Typical parameters of the flow geometry and discretization of
computational domain.
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Table 2
Parameters of the finned tube and PCM as used in Eq. (14)

Parameter in Eq. (14) Solution
region

Restriction Corresponding
parameter

(ρcp)∗ Finned tube none (ρcp)p
PCM T ∗ < −δT (ρcp)s

−δT ∗ � T ∗ � δT 1
2(ρs + ρl)(cpm + H

2δT
)

T ∗ > −δT (ρcp)l

k Finned tube none kp
PCM T ∗ < −δT ks

−δT ∗ � T ∗ � δT ks + (kl − ks)
T ∗+δT

2δT
T ∗ > −δT kl

s Finned tube none 0
PCM T ∗ < −δT ρscpsδT

−δT ∗ � T ∗ � δT 1
2(ρs + ρl)(cpmδT + H

2 )

T ∗ > −δT ρscpsδT + ρlH
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(
∂T ∗

∂r

)
r=rout

= 0 for 0� x � l (15)

(
∂T ∗

∂x

)
x=0

=
(

∂T ∗

∂x

)
x=l

= 0 for rpi � r � rout (16)

(2) Pipe outside surface:

−kp

(
∂Tp

∂r

)
r=rpo

= −k

(
∂T ∗

∂r

)
r=rpo

Tp(x, rpo, t) = T (x, rpo, t)


 (17)

for (2n − 1)
w

2
+ ny � x � (2n + 1)

w

2
+ ny

n = 1,2, . . . , nfn − 1

(3) Surface at the fin tip:

−kp

(
∂Tp

∂r

)
r=rfn

= −k

(
∂T ∗

∂r

)
r=rfn

Tp(x, rfn, t) = T (x, rfn, t)


 (18)

for (2n − 1)
w

2
� x � (2n − 1)

w

2
+ y

n = 1,2, . . . , nfn

(4) Lateral fin surfaces:

−kp

(
∂Tp

∂r

)
x=x∗

= −k

(
∂T ∗

∂r

)
x=x∗

Tp(x
∗, r, t) = T (x∗, r, t)


 (19)

for rpo � r � rfn

Where, for the left surface of the fin,x∗ is (2n − 1)w
2 +

(n − 1)y and for the right,(2n − 1)w
2 + ny. In addition,

the convective boundary condition at the tube inside sur
that relates the fluid and the tube temperatures is give
Eq. (10).

Eqs. (11) and (14) together with the boundary conditi
can be transformed into non-dimensional form by cho
ing the thermal diffusivity, the thermal conductivity, and t
heat capacity of the heat transfer fluid, the inside diamete
the tube, and the freezing temperature of PCM as refer
quantities. Then the significant dimensionless paramete
the problem are as follows,

L = l

dpi
, θ = T − Tfr

Tb,in − Tfr
,

Pe= 4(ṁcp)b

πdpikb
, Fo= αbt

d2
pi

Ste= cpl(Tfr − Tb,in)

H
, K = k

kb
, C = ρcp

(ρcp)b




(20)

The resulting non-dimensional equations as well as the
tial and the boundary conditions are discretised by emp
ing the control-volume based finite difference method
by implicit formulation for the temperature equations [1
Referring to Fig. 2 for grid distribution in the computation
domain, fine grid spacing was applied to a region betw
rpi andrfn where high temperature gradients were expec
However, the grid spacing need not necessarily be unif
in size for the entire solution domain. Starting from the
tip, the increment size of the grids is taken to be 4% gre
than the previous size. A total of 114 nodes are allocate
radial direction and 60 of which are in a region betweenrfn
androut. In the axial direction, the number of nodes for o
fin spacing is 24 and kept constant for all configuratio
Hence the total number of nodes in the axial direction
creases as the fin number increases and varies betwee
and 360 nodes in the analysis.

Computational algorithm. Beginning with the liquid phas
of PCM, all temperatures are initialized toθinit . At time
Fo = 0, the inlet temperature of the heat transfer fluid is
to θb,in = 1. The strongly implicit solver that requires co
siderably less storage and computational time per itera
than the other available iterative solution algorithms [17
implemented in solving the set of simultaneous equations
sembled for the unknown temperatures of the domain.
to need of accurate calculation of the energy stored by
exchanger especially at initial time steps, the incremen
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Fo have to be kept small. Hence the value ofδFo at a par-
ticular time interval is determined with respect to the froz
volume fraction(FVF) of the exchanger which is defined a

FVF(t)% = Vice(t)

V ∗ × 100

V ∗ = π

4
d2

fnl − Vfinned tube (21)

Thus, δFo assumes two different values in the numeri
analysis. For values of FVF less than 5-percent, the time
is assumed to be 0.001, otherwiseδFo = 0.003. Numerical
experimentation showed that these choices produced re
that were independent of segment size both in radial and
ial directions and in time step. At a particular time level ofn,
convergence in temperature is declared at the(m + 1)th it-
eration when the following condition is satisfied at all nod
of the computational domain.∣∣θn

m+1(i, j) − θn
m(i, j)

∣∣ � 10−β

i = 1, . . . ,Nt andj = 1, . . . ,Mout (22)

The value ofβ in Eq. (22) is determined with respect to t
overall energy balance of the exchanger. The increase in
thalpy of the heat transfer fluid for a time step ofδtn must
be equal to the total energy supplied on the inner surfac
the exchanger tube as follows,(

PeδFon

4

)[
θn(1,1) − θn(Nt ,1)

]

= 2
N∑

j=1

M∑
i=1

RjC(i, j)
(
θn(i, j) − θn−1(i, j)

)
δRj δXi

+ Cs

(
V ∗

πd3
pi

)(
FVFn − FVFn−1

Stes

)
(23)

The left-hand side of Eq. (23) represents the total ene
removed from the exchanger by the heat transfer fluid
a time step ofδtn. Including the energy change of the e
changer tube-material, the right-hand side is the total
thermal energy stored (sensible+ latent). Hence, in provid
ing a solution to the temperature field, the exponentβ in
Eq. (22) is altered in a range;(5 � β � 7) so that the devia
tion between the energy flow out of the system and the
thermal energy stored by the system is less than 5-per
Computations are conducted on a Pentium IV personal c
puter and depending upon the flow rate, the CPU time va
in a range between 2-hour and 16-hour for the simulatio
a 2.5-hour freezing problem.

4. Numerical code validation

When the heat transfer fluid inlets the exchanger a
temperature above the melting point of the phase change
terial, then the present code analyzes the melting of a P
for which extensive numerical results are provided in lit
ature [4,7]. For such a case, a comparison exercise bet
s

-

.

-

n

Fig. 3. Validation test: numerical comparison of heat transfer fluid
temperatures and (MVF) values with Lacroix [4] (lines: present result
symbols: Lacroix’s results).

numerical results may be arranged in order to evaluate
reliability of the present approach. In simulating Lacroi
mathematical model [4], the tube wall possesses ce
thickness and no lump analysis is applied to the fins. E
though the fins are subdivided by the grid lines, to at
a uniform distribution of temperature across the thickne
they are assumed to be very thin in the present compa
process. The related geometric and flow parameters ar
same as those applied by Lacroix [4], who chose water a
working fluid, andn-octadecane (n-C18H38) as the PCM.
In validation exercise, the comparison is carried out fo
finned tube equipped with 12 fins, and the working fluid
sumes Peclet numbers of 75.4, 754, and 7540 respect
In Fig. 3, the effect of flow rate on the molten volume fra
tion (MVF) and on the exit temperature of the heat trans
fluid is compared with the results of Lacroix [4]. Owing
the local heat capacitance of the tube wall, the tube mat
absorbs some portion of the released energy. Especia
low flow rates (Pe= 75.4), due to fundamental difference
in mathematical modeling, the results do not appear to
fully consistent. The non-uniformity in the wall temperatu
strongly affects the distribution of MVF. As shown in Fig.
the diminished values of MVF data is in accord with t
time wise variation of the exit temperature of the heat tra
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(a)

(b)

(c)

Fig. 4. Images of phase fronts at mid-section of the finned tube ((a)Dfn = 3.2, Fo = 1.83, Pe= 14350,Ste= 0.19; (b) Dfn = 2.7, Nfn = 23, Fo = 1.22,
Ste= 0.19; (c)Dfn = 2.7, Nfn = 31,Fo= 0.61,Pe= 143500).
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fer fluid as depicted by the lower curves of the same fig
As the flow rate increases, however, the discrepancy du
wall heat capacitance and wall temperature becomes n
gible and the agreement between the two numerical re
becomes satisfactory.

5. Results and discussion

Having demonstrated the numerical validity of the co
by comparing with the results of Lacroix [4], the phys
cal validity of the mathematical model may be studied
comparison of predictions with the experimental data. Fi
presents the photographic images of solidification front
the indicated values of fin densities (Fig. 4(a)), the flow ra
(Fig. 4(b)), and the Stefan numbers (Fig. 4(c)). The ac
diameters of ice determined by using such images are
lized in evidencing the validity of numerical predictions.
fact, Figs. 5–7 display the axial evolution of phase fro
at various flow and geometric parameters. In each fig
the Fourier number is kept constant at 1.22. For all t
reported in these figures, the presence of interface sep
ing the liquid zone from the solid is clearly evidenced. Th
the experimental evaluation of the local radius of ice
the images is accomplished by generating uniform grid
δx = 0.5 mm apart from each other and extending one
spacing to the left and to the right from the mid-section
the exchanger. Symmetry in experimental profiles is chec
for any possible effect of convection currents. The profi
being straight-sided with a thicket of discrete crystals on
finned surface confirm the decision to neglect all phenom
but the conduction. Hence the experimental results on s
ification fronts are compared well with the numerical da
The effect of fin density on solidification profiles is illu
trated in Fig. 5. An increase in solidification rate due to
density is noted and ratified by the relative increase in



414 N. Kayansayan, M. Ali Acar / International Journal of Thermal Sciences 45 (2006) 405–418

om-
tests:

in-
on

ec-
ited.
ifi-
ture
-

ig. 7
s a
ven
nts

ax-
es
for

inter
g

The
of
nd
ode
tes
s at

part

nal
er-

son
fronts

ed
y
3.2
s
mid-
iable
o-

r
. At
-

felt
the

ter-
ker
that

ffect
m-

VF
ri-

hat
ta
ults
Fig. 5. Effect of fin density on solidification and comparison between c
puted (lines) and measured (symbols) profiles of phase fronts for
Pe= 28700;Ste= 0.19; Fo= 1.22;Dfn = 3.2.

temperature of the heat transfer fluid as the fin density
creases at a particular flow rate. The effect of fin density
solidification rate is further discussed in the following s
tions as the FVF characteristics of the exchanger exhib
As depicted in Fig. 6, the effect of Stefan number on solid
cation rate is demonstrated by reducing the inlet tempera
of alcohol from−10◦C to −20◦C, and on the average 15
percent of increase in phase-change rate is noticed. F
reveals that increase in flow Peclet number also cause
increase in the amount of accumulated ice. In Fig. 7 e
though the numerical model yields trends of phase fro
totally similar to those experimentally determined, a m
imum of 12% shift in results is noticed for high flow rat
(Pe= 143 500). One of the essential factors responsible
such a discrepancy between measured and predicted
face positions is the experimental difficulty in minimisin
the heat gains from the surroundings at high flow rates.
faster advance of solidification front at high flow rates
HTF affects the temperature gradients in liquid PCM a
causes an increase in heat gains. Since the numerical m
assumes adiabatic boundary at the lateral walls of the
section, the code tends to predict larger values of radiu
the solid–liquid interface than the experimental counter
at high flow rates.

Fig. 8 exemplifies the variation of the non-dimensio
wall temperature on the outer tube surface for two diff
n

-

l
t

Fig. 6. Effect of fluid inlet temperature on solidification and compari
between computed (lines) and measured (symbols) profiles of phase
for tests:Pe= 14350;Fo= 1.22;Nfn = 14;Dfn = 2.7.

ent Fourier numbers. All curves in this figure are obtain
for the same flow rate (Pe= 28 700) and the fin densit
(Nfn = 14) but the top curves are for a fin diameter of
and the bottom ones are forDfn = 2.7. Experimental result
are the output signals of the thermocouples located at
sections between consequent fins. In Fig. 8, no apprec
effect of fin diameter on wall temperature distribution is n
ticed at low Fourier numbers (Fo= 0.61) and almost simila
profiles of surface temperature distribution are recorded
high Fourier numbers (Fo = 2.44), however, increase in so
lidification rate due to increase in fin diameter is better
by the finned surface and more ice is accumulated for
same time interval of operation. Hence, at large time in
vals, the ice layer on the finned surface being much thic
for larger fin diameter causes a higher thermal resistance
in turn reduces the actual tube wall temperature. This e
exhibits itself as an increase in non-dimensional wall te
perature distribution in Fig. 8.

In accord with Eq. (25), the instantaneous value of F
is evaluated from the solid–liquid interface by a nume
cal integration of the ice volume accumulated up to t
instant of time,t . A comparison of the experimental da
with the predicted FVFs is shown in Fig. 9. These res
are for two different fin densities ofNfn = 14, and 31 re-
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Fig. 7. Effect of flow Peclet number on solidification and comparison
tween computed (lines) and measured (symbols) profiles of phase fron
tests:Ste= 0.19; Fo= 1.22;Nfn = 23;Dfn = 3.2.

spectively. The fin diameter (Dfn = 3.2) and the HTF inlet
temperature (Ste= 0.19) are kept constant but two differe
flow rates (Pe= 28 700, 143 500) are considered for the
particular experiments. Despite a maximum discrepanc
6-percent taking place at high flow rates and high Fou
numbers, the agreement between measured and pred
FVF values is satisfactory. On these curves, the nume
value of the derivative; dFVF/dFo, determined at a particu
lar Fo number is a measure of the average solidification
of the exchanger at that particular instant. Hence, it is c
from Fig. 9 that as the number of fins increases so does
overall freezing rate. Especially, at the initial period of fre
ing (Fo → 0), the difference in freezing rate is distinct. A
time advances, however, this difference gets smaller and
proaches to a limiting value. As expected, the effect of
density on freezing rate is better felt at high flow rates.
instance, atFo= 2.0, increase in frozen volume fraction du
to change in fin density fromNfn = 14 to 31 is 51.6-percen
at Pe= 143 500, however, this increase for the same cha
in fin density is reduced to 12.9-percent atPe= 28 700.

The results on energy behaviour of this phase-change
tem have also been compared. In energy analysis, to i
trate the validity of the present mathematical model, in
dition to the fin density and the fin diameter, the flow con
d

-

-

Fig. 8. Comparison between computed (dotted lines) and meas
(symbols) tube outer surface temperature distributions at two diffe
fin-diameter-ratio and Fourier numbers for tests:Pe= 28700;Ste= 0.19;
Nfn = 14.

tions have also been altered. For two cases of the tube g
etry characterised by (Nfn = 14,Dfn = 2.7), and (Nfn = 263,
Dfn = 3.2), and the inlet and flow conditions respectively
Ste= 0.19, Pe= 14 350, 28 700, and 57 400, the trends
total cold thermal energy as a function of the Fourier nu
ber are presented in Fig. 10. In this figure,Q represents the
dimensionless instant value of the total cold energy store
the system and defined as,

Q(Fo,Pe,Ste,Nfn,Dfn) = q(t)

πd3
pi(ρcp)b(Tb,in − Tfr)

(28)

In experiments,q(t) is determined by Eq. (4) for whic
the required ice diameters,dicei

(t), should be the results o
snapshots presenting the complete ice profile formed a
the tube surface. However, the aforementioned experime
conditions and the present photography techniques do
yield any solution to this desire. In accord with the w
temperature distributions of the exchanger, the experim
tal observations reveal that the ice formed at the inlet sec
is thicker than the ice layer formed at the exit of the tu
Depending upon the HTF inlet temperature, the flow con
tions, and the time, the difference in thicknesses may v
At low flow rates, since the heat transfer coefficient,hb, is a
strong function of length,x, a maximum of 27-percent de
viation in ice diameter along the flow direction is measu
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Fig. 9. Comparison of computed (lines) and experimental (symb
time-wise variation of (FVF) results for tests:Ste= 0.19; Dfn = 3.2, at
flow rates ofPe= 28700 (lower curves) and 143 500 (upper curves).

after a 21/2-hour of test run. Hence, in estimating the
tal volume of ice, the ice-layer diameters measured at
mid-section and extending only about three-fin spacing
linearly extrapolated to the entire tube length. As shown
Fig. 10, however, the experimental total energy evalua
by this method and the numerical predictions, deviate b
maximum of 70-percent at high Fourier numbers (Fo � 2)
and at low flow rates (Pe= 14 350). Since the volume o
accumulated ice is a square function of diameter, the e
made in estimating the local diameter of the ice-layer b
linear extrapolation will be squared in computing the to
volume at these working conditions. As the flow rate
creases, however, a more uniform distribution in ice-la
diameters along the flow direction is attained and the d
ation in energy predictions remains within acceptable lim
of engineering accuracy.

After demonstrating the numerical and the physical
lidity of the computer code, a parametric study on therm
behavior of the system has been pursued. Fig. 11 pre
the time wise variation of the total thermal energy stored
the system for Peclet numbers of 28 700 (lower curves),
143 500 (upper curves). To determine any effect of the fin
tube geometry on energy storage, two extreme fin dens
of 14 and 31 are considered for each flow rate and the fin
s

Fig. 10. Comparison of computed (lines) and experimental (symb
time-wise variation of the total thermal energy stored in the system
tests atSte= 0.19 with the exchanger geometry specified as:Nfn = 14;
Dfn = 2.7 (lower curves), andNfn = 23;Dfn = 3.2 (upper curves).

ameter ratio,Dfn, is varied in a range between 2.0 and 5
It is evident that, at low flow rates, any improvement in e
ergy storage due to exchanger geometry is hardly detect
The high thermal resistance of heat transfer fluid surpa
the alleviation obtained by the denser fins at low flow ra
However, at high flow rates, a considerable difference in
slope ofQ-curves takes place. Both the number of fins a
the fin diameter play an important role on enhancing the
lidification rate.

For efficient solidification/fusion processes around
tubes of ice-banks, the finned tubes are immersed in P
with a radial distance sufficient to avoid overlapping of
terfaces. Hence, each finned tube functions individually
determination of the amount of energy stored per mete
each tube has a practical significance. The present appa
provides such experimental results and Fig. 12 shows
mal energy storage capacity of the finned tube exchange
cases;Ste= 0.19, Dfn = 3.2, and fin densities at 0, 14, 2
and 31. In accord with the numerical findings, this figu
indicates that the effect of fin density on energy storag
only distinguished at high flow rates;Pe� 86 100. The en-
hancement in energy storage due to surface geometry
be justified by comparing the time-wise averaged energy
ues. Fig. 12 indicates that for flow conditions;Pe= 143 500,
Ste= 0.19, and forDfn = 3.2, doubling the fin density in
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Fig. 11. Computed results of total cold thermal energy stored by the
changer for tests atSte= 0.19 with the fin density;Nfn = 14 (lines), and 31
(symbols).

creases the mean value of the energy storage (averaged
a region; 0.61� Fo � 2.44) by 30-percent. In addition, th
figure supplies data for the bare tube case (Nfn = 0) and may
assist determining the improvement in thermal performa
due to fins. For instance, the finned tube surface define
Nfn = 31, Dfn = 3.2, stores 45-percent as more energy
stored by a bare tube in time-wise average basis at flow
ditions ofPe= 143 500, andSte= 0.19.

6. Concluding remarks

A numerical code has been developed for the analys
ice formation on a horizontal finned tube having a finite tu
wall and fin thicknesses. Stable and accurate results are
erated using fully implicit scheme in the axial and the rad
directions and in time. The code enables all the informa
necessary to be obtained in studying the energy storag
ice-banks, for which conduction is prevalent over the ot
heat transfer effects. To test the physical validity of the c
results, an experimental apparatus has been designe
built by which the effect of the heat transfer fluid inlet te
perature, the flow rate, the fin density, and the fin size on
thermal energy storage can be studied.
er

:

-

d

Fig. 12. Experimental results on total energy stored per meter of the
changer surface geometry for tests atSte= 0.19, Dfn = 3.2, and Peclet
numbers: (P, 14 350;!, 28 700;F, 57 400;Q, 86 100;2, 143 500;",
200 900).

Including the bare tube, a total of seven tube configu
tions is experimentally tested and numerically studied.
flow rate of HTF is varied in range so that the flow Reyno
number covered the laminar and the turbulent flow regim
and assumed values between 500 and 7000. Compar
between experimental and numerical distributions of ph
fronts and surface temperatures give very good result
these comparisons, only minor discrepancies arise. In a
tion to the instrumental uncertainty, when it is conside
that in the experiments the heat transfer through the
walls of the test section is small but not negligible, the
sults of comparison serve to justify the assumptions mad
the basis of the mathematical model.

The analysis in energy storage of the system indicate
dimensionless value of the total energy stored increase
increasing the Fourier number and also for increasing
Stefan number. Within the range of the fin density (14�
Nfn � 31) and the size (2.7 � Dfn � 3.2) studied, no ap
preciable change in the amount of energy stored is obse
for laminar flow of the HTF (Re< 2300). In turbulent flow
regime, however, the presence of long and denser fins sig
cantly accelerates the solidification process and a jump in
stored energy takes place. In fact, it has been demonst
experimentally that for identical flow and inlet condition
the heat exchanger withNfn = 31 fins·m−1, andDfn = 3.2
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stores as high as 45-percent more energy than the bare
in turbulent flow regime (Re> 3000).
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