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ABSTRACT

Numerical experiments were carried out to detennine tube geometries for more

efficient thermal storage. A finite element simulation code developed earlier~ which

solves the two dimensional goveming conservation equations was employed to examine

the thermal performance of horizontal annuli of the following configurations:

(a) Square external tube with a circular tube inside - Anoulus Type A

(b) Circular external tube with a square tube inside - Annulus Type B

Effects of the Rayleigh number as weil as heating of the inside~ outside or both walls at a

temperature above the meIting point of the material were studied. Flow and temperature

patterns within the melt, local heat flux distributions at the heating surface and the

cumulative energy charged as a function oftime are presented and discussed.

To enhance the heat transfer rate during melting in horizontal annular containers

various innovative passive methods were examined. Eccentric annUlar configurations are

identified as superior to concentric tubular geometries due to the venically upward

orientation of the buoyancy force in the mell phase at higher Rayleigh numbers. In

addition to this the effect of flipping the container at pre-selected times after initiation of

rnelting as a measure to increase the heat transfer rate during the last stage of the melting

process is also examined and discussed.



RÉSUMÉ

Des expériences numériques ont été réalisées dans l'optique de déterminer des formes

optimales de tubes pour le stockage thermique. Un programme de simulation basé sur les

éléments finis développé antérieurement résout les équations de conservation à deux

dimensions. Cene technique est utilisée pour examiner les performances thermiques des

anneaux horizontaux des configurations suivantes :

(a) Tube de section extérieure carrée avec une section interne circulaire- Anneau de type A

(b) Tube de section extérieure circulaire avec une section intérieure carrée- Anneau de type B

Les effets de la constante de Rayleigh comme l'échauffement de l'intérieur, de l'extérieur ou

des deux surfaces à une température supérieure au point de fusion du matériau ont été étudiés.

L'évolution du flux et de la température dans la phase de fusion, les distributions du flux de

chaleur sur la surface chauffée et l'énergie thermique cumulée emmagasinée sont présentés et

commentés en fonction du temps.

Pour amél iorer le rendement du transfert de chaleur, pendant la fusion dans des

récipients horizontaux et annulaires, différentes méthodes innovatrices et passives ont été

examinées. Des modèles d'anneaux excentrés ont obtenu de meilleures performances que des

formes tubulaires concentriques. Ceci est principalement du à l'orientation ascendante

verticale des forces de poussée dans la phase de fusion pour des nombres de Rayleigh élevés.

De plus le récipient est retourné à des temps prédéfinis après le début de la fusion, pour

augmenter le taux de transfen thermique pendant la dernière étape du procédé de fusion.

L'effet sur le système est examiné et commenté.
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r Chapter 1 ,

Introduction

1.1 GENERAL INTRODUCTION

Heat transfer during melting and/or freezing of a phase change material has

attracted considerable attention over the past severa) decades due ta its relevance to Many

technological applications such as latent-heat energy storage systems, casting and crystal­

growth processes, latent-heat thermal storage devices, ta name a few. Literally several

thousand papers have examined various aspects of melting and freezing phenomena both

from the fundamental as weil as applications point of view. The non-linearity of the

goveming energy equation and a wide variety of geometric and thermal boundary

conditions provide a fertile ground for challenging basic research problems. AIso,

numerous industrial applications in diverse industries provide the necessary incentive for

engineering research and developmenc Time-dependant boundary conditions, under

sorne conditions can lead ta interesting and unique multiple moving boundaries as weil.

Although a number of experimental and numerical studies have been devoted to

convection dominated melting of a phase change material (PCM) for various geometric

configurations. particular anention is given to melting in a horizontal annulus as a model

for thermal energy storage system A number of numerical/analytical studies [1-3] have

been performed in an attempt ta model the melting phenomenon based on the Boussinesq

approximation. Rieger cl al. [4] and Ho and Viskanta [5] investigated experimentally the

evolution of the solid-liquid interface during melting of a PCM contained in a horizontal

cylinder. They also presented results of a numericai simulation of the melting process

using a finite ditTerence numerical method. In addition to this, recently Ng et al. [6]
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studied the free convective melting of a phase change matenal in a horizontal cylindrical •

annulus heated isothermally from the inside wall and their results indicate that an

increase in Rayleigh number promotes the heat transfer rate. However no prior work

exists on the problem of melting in a horizontal annulus ofarbitrary cross-section.

The present investigation is motivated by both a fundamental heat transfer

problem and the need ta identify container geometries and thermal boundary conditions

that may lead ta enhanced thermal energy storage as heat of fusion in a phase change

material. PCM thermal storage devices compete with sensible heat and chemical heat

storage devices as possible alternatives ta store heat during the melt cycle and discharge

it during the freezing cycle. PCM stores provide the key advantages of high energy

density. small f100r space, stable temperature of discharged heat etc. Gong [7] has

discussed this aspect of PCM stores in considerable detail.

•1.2 OBJECTIVES

The main objectives ofthis study are as follows:

1. To simulate using a mathematical model the free convection-dominated melting heat

transfer characteristics of a PCM contained in arbitrary-shaped annular geometry, and

2. Ta identify and numerically examine simple ways of enhancing such heat transfer

rates

The model used in this work is an extension of the one developed by Gong[7]. The

computational code is based on a finite element discretization of the governing

conservation equations [7] This work is confined to melting heat transfer when effects of

temperature dependant mell density leads to buoyancy forces driving the free convective

motion in the melt zone

•
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Introduction

1.3 OUTLINE OF THE THESIS

This thesis is divided into five chapters with introduction as the first chapter.

Chapter 2 presents a brief review of the Iiterature associated with melting heat transfer of

a PCM with heating along horizontal wall, vertical wall in annulus of ditrerent cross­

section. In Chapter 3, the finite element model used to simulate melting of a PCM

including free convection in the liquid phase is described. Results of the simulations for

melting in horizontal annulus of arbitrary cross-section and passive innovative ways to

enhance the heat transfer rate are presented in Chapter 4. The conclusions based on the

results are enumerated in Chapter 5.

REFERENCES

1. Prusa, l. and Yao, L.S., 1984, "Melting around a Horizontal Heated Cylinder: Part 1­

Perturbation and Numerical Solution for Constant Heat Flux Boundary condition, " 1.

Heat. Trallsjer, Vol. 106, pp. 376-384.

2. Rieger, H., Projahn. U. and Beer, H.. 1982, "Analysis of the Heat Transport

Mechanisms during Melting around a Horizontal Circular Cylinder," /111. 1. Heat

Mass Trall!Jfer, Vol 25. pp. 137-147.

3. Ho, C.J. and Chen. S.. 1986, "Numerical solution of melting of Ice around a

Horizontal Cylinder:' /111. J. Heal Mass Trallsfer, VoL29, pp. 1359-1369.

4. Rieger, H., Projahn, U., Bareiss. M. and Beer, H., 1983, "Heat Transfer during

Melting inside a Horizontal Tube." J. Heat Trallsfer, Vol. 105, pp.226-234.

5. Ho. C.l. and Viskanta. R. 1984... Heal Transfer during inward Melting an a

Horizontal tube," /,,1- 1. Heal Ala'is Trallsfer. Vol. 27, pp. 705-716.

6. Ng. K.\\' .. Devahastin. S. and t\1ujumdar, A.S., 1998, "Free Convective Melting of a

Phase Change t\1atcrial in a Horizontal Cylindrical Annulus," Transactions TSTU,

Tom 4., No. 1.. pp 40-52.

7. Gong, Z. X., 1997. "Time-dependant Melting and Freezing Heat Transfer in Multiple

Phase Change ~1atcrials:' Ph.O Thesis, Department of Chemical Eng., McGiIl

University, Canada
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Literature Review

Free convective heat transfer studies, both experimental and analytical, have been

reported in the literature very extensively in view of their industrial significance in many

processes. This review is confined to sub-areas of free convection which are direetly

relevant to the theme of this thesis viz. melting heat transfer for a pure phase change

material in horizontal containers of various geometries under conditions such that a two

dimensional free convective flow develops in the melt zone due to the temperature­

induced density variations leading to buoyancy forces. The aspect ratio of the container is

such that three dimensional effects are not considered. Gong [E21] provides an extensive

listing of relevant literature published prior to 1997.

2.1 CONVECTION-CONTROLLED MELTING

2.1.1 Melting along a Horizontal and Vertical Wall

•
The heat transfer from a venical heated wall to a PCM contained in a rectangular

enclosure has received considerable research attention due to its simple geometry as weil

as fundamental imponance in several technological applications. A number of

experimental studies in this area [AI-A6] have demonstrated the enhancement effects of

natural convection on the melting heat transfer along a vertical wall in rectangular

cavities. Also several numericallanalytical studies [A7-AI7] have also been published

over the last decade based on the Boussinesq assumption. Only a selected few are cited

here due to space limitations.

Hale and Viskanta [Al] studied experimentaUy the melting ofn-octadecane from

a heated vertical wall of a rectangular test cell. The melt shapes, the temperature histories •
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and the local heat transfer coefficients at the solid-liquid interface demonstrated the

dominant role played by natural convection during melting from a vertical heat source.

The experiments of Bareiss and Beer [A2] clearly showed that the local enhancement in

melting at the top of the wall overrides the decrease occurring near the bottom, and that

the melt volume increases linearly with time.

Benard, Gobin and Martinez [AJ] observed the development of a thermal

boundary layer along the heated wall and solid liquid interface with a central stratified

zone in between, once the melt zone is sufficiently large. According to Ho and Viskanta

[A4] sub-cooling of the solid is found to significantly impede the melting process

because of the required sensible heating of the solid and the delay in the occurrence of the

convection stage which the reduced melt zone causes. The role of natural convection on

the shape and motion of the phase change interface ofgallium and tin from a vertical wall

were investigated by Gau and Viskanta [A5] and Wolff and Viskanta [A6], respeetively.

Their results indicate that the melting of the solid from the top of the PCM could be

greatly accelerated and near the bonom region could be significantly retarded or even

terrninated by buoyancy driven convection in the liquid phase.

Gadgil and Gobin [A7] numerically simulated the two dimensional melting of a

solid phase change material in a rectangular enclosure heated from one side. They

divided the process into a large number of quasi-statie steps and for each quasi-static step

natural convection in the liquid phase was ealculated by directly solving the goveming

equations with a finite ditTerence technique. \\'ebb and Viskanta [AS] developed a

numerical model to predict the melting of a pure metal from an isothermal vertical wall.

They used a control volume based discretization scheme adapted for irregular geometries.

The moving boundary was immobilized by employing the quasi-steady assumption with

an algebraically generated grid.

Lacroix [A9) employed a vonicity-veloeity formulation with body-fitted co­

ordinates to model a similar problem to that modeled by Webb and Viskanta [A8] and

obtained similar results Costa el al. [A10] carried out a fixed grid finite difference

analysis of melting in rectangular cavities using the SIMPLEC algorithm. Usmani el al

[A Il] performed a fixed grid finite element analysis of melting in reetangular enclosures.
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Rady and Mohanty [A12] employed an enthalpy-POrosity fixed grid method for

simulating the natural convection during melting ofpure metal in a rectangular cavity.

Keller and Bergman [AI3] modeled numerically the steady state melting and

freezing in an open rectangular cavity including both buoyancy and surface tension forces

in the liquid phase. They found that surface tension induced t10w could affect the solid

geometry and, ultimately the rnelting and freezing rates. Liu el al. [AI4] modeled both

numerically and experimentally the melting and solidification of a pure metal in an open

cavity with liquid phase buoyancy and surface tension forces and their numerical results

were verified by comparing them with experimental data. Ho and Chu [AI5, A16]

simulated conduction-convection controlled melting of n-octadecane in a vertical square

enclosure imposed with a tirne-dependant sinusoidal oscillatory wall temperature. Ho and

Chu [A17] also simulated coupled melting and free convection heat transfer in two

vertical rectangular composite ceUs one of which is filled with a PCM and the other is an

air layer.

Sasaguchi et al. [A 18] numerically studied the utilization of melting of a phase

change material for cooling of a surface heated at a constant rate. Two orientations of the

heated surface, i.e., al the bonom and at the side of the cavity, were examined. In

addition, they studied the etTects of uniform and discrete heating conditions on the

cooling of the heated surface. They observed that the discrete arrangement of the heated

portions strongly atTected the cooling rate of the surface. They found that if the uniformly

heated surface is located al the side of the cavity, the maximum temperature becomes

much larger than that for the heated surface located at the bottom. They concluded that, if

possible the heat-generating surfaces should be located at the bottom of the cavity for

effective cooling.

Little prior work exists on the problem of melting of a PCM heated by a

horizontal wall. Benard [A 19) was the tirst to observe the convective instabilities, which

develop during the melting of a horizontal layer of a PCM heated from below. An

experimental investigation was carried out by Yen el al. [AlO, AlI] and Seki el al. [Al2]

on the melting of a horizontal ice slab heated from below. Seki [Al2] et al.

•

•

•
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experimentally determined the Rayleigh number marking the onset of free convectio~

when the heat transfer mode changed from conduction to convection from the faet that

the temperature distribution in the melted water layer started to deviate from its linear

profile. Hale and Viskanta [A23] carried out experiments for melting from below and

solidification from the top of a n-octadecane slab in a rectangular cavity. However, in

their paper they did not present tlow patterns and phase change interface shapes. Gau el

al. [A24] presented tlow visualization results for melting from below of an n-octadecane

slab in a rectangular cavity. Diaz and Viskanta [A25] extended the experiments ofGau et

al. [A24] to the observation of the morphology of the liquid/solid interface. Lacroix and

Benmadda [A26] did a numerical study of melting from a horizontal heated wall with

vertically oriented fins embedded in the phase change material. Their results show that

melting is enhanced with a bottom finned heated wall and increasing Rayleigh number.

Later Lacroix and Binet [A27] carried out a numerical study for natural convection

dominated melting inside uniformly and discretely heated rectangular cavities using the

computational methodology based on the enthalpy method for the phase change. Gong

and Mujumdar [A28] have simulated the melting of a pure PCM in a rectangular

container heated from below using the streamline Upwind/ Petrov Galerkin finite element

method. They obta:ned several complex and time-dependant tlow patterns at different

Rayleigh numbers. which are quantitatively consistent with published results.

For more information on melting problems the reader is referred to the reviews by

Yao and Prusa [A29). Viskanta [AJO-A32] . Samarskii el al. [A33 ]. Fukusako and

Yamada [A34].

2.1.2 Melting inside a Horizontal Cylinder

One imponant geometric arrangement an view of technical applications

particularly in phase change thermal storage is the phase change process occurring inside

horizontal enclosures of various geometries. There are two possible cases: solid­

constrained melting and close contact melting. Both of these cases have received

considerable research anention in the past several years and are summarized in Table 2.1

in the interest ofbrevity



Author(l) Configuntion ConciusioDs

Rieget', Il el al. (1983) (81)

Bareiss, M. & Beer, II. (1984) (D2)

Ho, C. J. &. Viskanta, R. (19841) IIJJI • Experimental

SplfTow. E. M. A GclICI', G. T. (1916) (IW) Sludies • Melling inside a

lIirlla. T. and Nishida, K. (1919) (85) 1torizonlai • I)eriod of heal conduction is quite short, bul

cylindcr dependant on Rayleigh number

• Solid PCM was • I:or smaller Rayleigh nWllbers, a streamlined
Pannu. J. ct II. (1980) (U6)

mainlained al shape for the solid occurs.
Saitoh, Til. ttirose, K(1982) 107)

a fixed posilion • For larger Rayleigh numbers «(!: 106
) thrce

Ho, C. J. &. Viskanla, R. (1984) 103) • Thcoreticall inside lhe healed dimensional, Wlslcady roll œil appcars al the
Sparrow, E. M. Il. Geiger, G. T. (1986)(04) Numerical horizonlal bottom of lhe solid, resulling in an invertcd,
Prasad, A. &: Sengupt.. S. (1987) (D8) Studics cylinder pear-shaped, solid region.
Prasad, A." Sengupla, S. (1988) (09)

Park, C. E." Chang, E. P. (1992) (810)

Ro, S. T. &. Kim, C-J. (1994) [811 )

Nicholas, O. and Bayazitoglu, Y.(1980)(BI2 ) • If solid phase has higher density, the solid

Bareiss, M. &. Beer, H. (1984) [DI3) sinks to the bottom of the cylindcr, giving

Sparrow, E. M. &. Geiger, G. T. (1986) [B4) • Invcsligaled "cat transfer during melting rise to a region ofclose-contact melting

SaitdJ, T ct al. (1992)(8 1S] of an Wlfixed solid phase change in a • Close-contact melting is the dominant mode

Saitoh, Til. Kato, K. (1993) [814) horizontal cylindrical enclosure of hcat transfer when stefan nwnber is small

Chen, W. Z. et al. (1998) (016) and contribution to free convection becomes

significant as Stefan nwnber incrcascs

•

Table 2.1 Summary or Litcraturc for Mclting insidc a Ilorizontai CyHnder
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Panou et al [B6] modeled the melting of a PCM inside a horizontal cylinder over

the Rayleigh number range of 1.0 )( lOS and 2.0 x lOS and for a Prandtl number of 145.

For the case of Rayleigh number of 1.0 )( lOS they observed secondary tlow at the top of

the melted annular zone. Saitoh and Hirose [B7] simulated the problem of Pannu et al.

using the Landau transformation and an explicit finite difference method. Over a wide

range of Rayleigh numbers. they predieted two vortex circulation cells at the bottom part

of the melt annular which was ditTerent from that obtained by Pannu et al. [B6]. Rieger

et al. [B 1] studied inward melting of n-oetadecane in a horizontal cylinder using a co­

ordinate transformation technique and obtained experimental and numerical results for

Rayleigh numbers in the range lOs S Ra s 106
. They observed three-dimensional Benard

convection in the bottom region of the melt layer. which was unsteady in their time wise

behavior. Their simulations using the body-fitted curvilinear co-ordinale approach also

predicted the three vortex circulation zones observed in experiments.

Melting inside a horizontal cylinder was also investigated both experimentally

and numericalIy by Ho and Viskanta [B3]; they reported the presence of secondary

vortices induced by thermal instability in the bottom of the melt region for larger

Rayleigh nurnbers, but failed to predict nurnerically the existence of the vortices. This

may be due to the relatively coarse computational grid they used in their simulation. Park

and Chang [B 10] studied numerically the same problem and found that at low Rayleigh

number (1.0 x 106
) the natural convection flow in the rnelt region was unicellular. For a

higher Rayleigh number (8.0 )( 106
) they obtained both flow patterns reported by both

Saitoh and Hirose [B7] and Rieger f!I al. [B 1] by applying a small perturbation to the

vorticity field during the initial stage of the melting. However they did not observe

secondary flows at the top of the melted annular as did Pannu el al. [B6]. They concluded

that there existed a bifurcation phenomenon in certain Rayleigh number range of the

melting process. Prasad and Sengupta [B8. 89] investigated the effects of variation in the

Rayleigh, Stefan and Prandtl numbers on melting inside a horizontal cylinder using a

numerical model and obtained useful correlations for the melt time and Nusselt number.
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Nicholas and Bayazitoglu [B 12] studied numerically the melting of an •

unrestrained solid in a horizontal cylinder Moreover an extensive investigation

conceming melting of an unfixed solid in a horizontal cylinder was performed by Bareiss

and Beer [B 13] . Sparrow and Geiger [B4] provided a definitive comparison between

melting in a horizontal tube in which the solid is either constrained to be stationary or

may freety fall to the bottom of the tube due to ilS higher density than the mett phase.

They observed that the amount of mass melted in the unconstrained mode exceeds that

melted in the constrained mode by 50 to 100% , depending on the operating conditions.

Their numerical solutions also showed that about 90% of the Metting in an unconstrained

mode occurs at the lower panion of the solid, which is in quite close proximity to the

lower ponion of the tube wall. Recently Chen et al. [B16] obtained theoretical fonnulae

of the melting rate, thickness of the liquid layer, elapsed time of solid PCM and Nusselt

number during the close-contact melting of a PCM inside a horizontal cylinder.

2.1.3 Melting around a Horizontal Cylinder •

Melting characteristics around (i.e. external to) a horizontal heated cylinder

immersed in a PCM provide sorne of the most fundamental information concerning the

latent heat-of-fusion thermal energy storage systems. This configuration was extensively

studied both experimentally and theoretically~ a comprehensive review is available in

Yao and Prusa [A29]

Il has been established both experimentally and theoretically that free convection

during melting around a horizontal cylinder proceeds as follows. Conduction heat transfer

predominates only during an initial brief period after which free convection becomes the

dominant mode of heat transfer. Recirculation of the melt produces a "pear- shaped"

solid-tiquid surface. Moreover, mell volume against time can be weil correlated as a

function of Rayleigh and Stefan numbers bath experimentally and theoretically.

•
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Table 2.2 Summary of Literature for Melting around a Horizontal Cylinder

Author(s)

Goldstein. R. J. & Rarnsey. 1. W. (1978) [C3)

Sparro\\', E. M. et al. (1978) (C11

BathelL A. G. et al. (l979)(C2)

Abdcl-Wahed. R. M. et al (1979) (C.$)

1 Bathclt. A.G. & Viskan~ R. (1980) [C51

Whitc. O. A. el al. (1986) [C6)

Configuration

• Experimental investigation of naturaI

convection in the melting of PCM around

heated horizontal cylinder.

• TheoreticaJ 1Nwnerical study of the melting

around a heated horizontal cylinder

embedded in a PCM.

•

Sparrow. E. ~1. el al. (1978) [CI)

Rîcgcr. H. et al. (1982) [(7)

Prusa. 1. & Yao. L. S. (l98~) Pan 1and Il [C8, C9)

1 Ho. C. 1. and Chen. S. (1986) (CIO)

Rllmscy. 1. W. el al. (1979) [e II)

Balhch. A. G. el al. (l979)[C 151

Sasaguchi. K. & Viskanta R. (1989) [C121

Sasaguchi. K et al. (199~) (e 131

1 L1croix. M (1993) (CI6]

1 Sasaguchi. K & Kusano. K (1995) [CI.&I

• Experimental
Study

• Numcrical
AnaJysis

• Convection ­
dominated melting
and freezing around
multiple horizontal
cylinders.

•

Sparrow et al. (C 1] carried out experiments to investigate the role of natural

convection in the melting of a PC~1 around a horizontal cylinder. Bathelt el al. [C2]

visualized the solid-liquid interface photographically and measured the local heat transfer

coefficients using a shadowgraph technique for the experimental investigation of melting

around a heated horizontal cylinder Their experimental results provided conclusive

evidence of the imponant role played by natural convection in melting of a solid due to

an embedded cylindrical heat source. Goldstein and Ramsey (C3] did a similar

experiment to that of Bathelt et al. [C2] and found that the shape of the melt region could

vary considerably, being symmetrical about the vertical plane, pear- shaped or even

keyhole-shaped depending on the conditions as the plume begins to develop.
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Melting around a heated horizontal horizontal cylinder embedded in a PCM was

first modeled by Rieger et al. [C7] using a body-fitted co-ordinate transformation

technique. Numerical solutions were obtained for Rayleigh number up to 1.5 x 105
y

Stefan number in the range 0.005 ~ St $ 0.08 and Prandtl number of 50. Prusa and Yao

[CS, C9] developed a numerical model to investigate melting around a horizontal

cylinder with constant heat flux and constant temperature boundary conditions using a

co-ordinale transformation technique. Ho and Chen [C 10] simulated the melting of ice

around a horizontal isothermal cylinder and found that the melting process was strongly

affeeted by altering the re-circulation flow developed in the molten area due to the

density anomaly. It was also found that the melt shape and the predicted flow pattern

were in good agreement with the experimental results of White et al. [C6].

Additional research results on convection-dominated melting around multiple

horizontal cylinders can be found in (C Il, C 13-C 16]. Most of this work deals with two

dimensional configurations and restrained solid (unmelted) zonesy as is the case in the

present work.

2.1.4 Melting in a Horizontal Concentric Annulus

MeIting of a PC~1 in a horizontal concentric annulus is not only a basic thermal

engineering problem but also of potential interest to Many practical applications. This

configuration has been extensively adopted for heat exchanger in refiigeration systems

and low-temperature storage systems utilizing PCM. No work has been reported for

melting ofPCMs in vertical or indined annuli.

Betzel & Beer [01-03] studied experimentally and theoretically the melting

process of an unconstrained PC~1 between two horizontal concentric cyl inders. They

reported an interesting process that owing to gravitational forces the solid moves

downward to contact ~;th the lower part of the outer tube as weil as with the upper part

of the ioner tube, and pointed out that in this process thin liquid films form between the

•

•

•
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solid and the walls and conduction heat transfer is the dominating mechanism during

melting.

Heat transfer charaeteristics during melting of a PCM in an concentric annulus

with fins has been extensively determined by Sasaguchi et al., (1986) [D4];Sasaguchi &

Sakamoto, 1990 [05]; Sasaguchi, (1990) (06]; Sasaguchi et al., (1990) [D7]; Sasaguchi,

(1992) [08]. Sasaguchi el al. (1986) [04] observed the melting behavior from a heated

inner tube in a concentric annulus and found that the heat flux for the finned tube is

markedly greater than that for the bare tube. and that the melt fraction is a function of

Biot number and Stefan number as weil as the number of transfer units.

Ng, Devahastin and Mujurndar [D9] studied the free convective melting of a

phase change material in a horizontal cylindrical annulus. They employed the same finite

element method as employed in this work to simulate the free conveetion-dominated

melting of a pure paraffin wax in a cylindrical annulus heated isothermally from the

inside wall. A multiple cellular pattern was observed at high Rayleigh numbers (>106
).

Their results reveal that an increase in the Rayleigh number promotes the heat transfer

rate. However no numerical simulation has been carried out for meIting of a phase

change material in horizontal annuli of arbitrary cross-section.

2.2 NUMERICAL METH005 FOR PHASE CHANGE PROBLEMS

A simulation of the phase change phenomenon requires the solution of the

conservation equations accounting for the convection and conduction in the fluid zone

and the conduction in the solid zone. In addition an interface equation to couple both

phases is needed. The analytical approach is only possible for very limited cases when

several restrictive assumptions cao be assumed. On the other hand, parametric studies of

experimental designs covering real situations are usually prohibitively expensive.

Therefore, the numerical techniques are recognized as a convenient way of obtaining

accurate solutions and identifying configurations of practical interest
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Two classes of solution methods have been developed to handle phase change

problems numerically: front-tracking and 6xed grid methods to allow for the moving

interface.

In the front tracking methods, the discrete phase change front is tracked

continuously and the latent heat release is treated as a moving boundary condition. This

requires either deforming meshes [E l-E5], or transformation of variables or coordinate

[E6-E 10], or using changing time step (for one-dimensional problem) 50 that the interface

coincides with the grid nodes. The front-tracking methods are not suitable for problems in

which phase change takes place over a temperature interval although they are accurate for

isothermal phase change problems. Also. for problems involving complex geometry

and/or large geometry change in the molten zone, the implementation of these methods is

extremely difficult, sometimes is impossible, e.g. for multi-dimensional problems with

multi-interface in the phase change processes.

Fixed grid methods removes the need ta explicitly satisfy interface boundary

conditions at the phase front and therefore are able to utilize standard solution procedures

for the fluid flow and energy equations. without resoning to mathematical manipulations

and transformations. They are amenable to physical interpretation and easy to implement,

especially for multi-dimensional problems and for multi-interface problems.

Three methods have been developed for fixed grid methods. They are the

effective heat capacity method. the enthalpy method. and the source-based method. The

enthalpy method and the source-based method are outlined brietly in the following

section.

2.2.1 Enthalpv Method

Shamsundar and Sparrow [E II] in 1975 first proposed the enthalpy method which

inc1udes both enthalpy and temperature as the dependant variables in the field equation.

•

•

•
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Therefore, the final discrete algebraic equation system requires non-simultaneous

iterative solvers. The enthalpy model has been widely used in the finite ditTerence

techniques since finite ditTerence is always associated with non-simultaneous iterative

solvers. On the other hand the enthalpy method has seldom been implemented in the

finite element technique. This is because of the feature of the enthalpy model which

requires non-simultaneous iterative solver makes the solution procedure of the finite

element method both inefficient and difficult to implement due to the fact that the

existing finite element programs are always equipped with direct solvers. Recently Gong

and Mujumdar [E12] developed a simultaneous iterative procedure for the finite element

analysis of the enthalpy model. Gong and Mujurndar [E13] also developed a non-iterative

procedure in the context of the finite element method for conduction phase change

problems. This makes the implementation of the enthalpy method very easy and

straightforward in the finite element method.

2.2.2 Source·Based Method

A source based method was proposed by Rolphe and Bathe [E 14] which is

completely conservative However, it appears to be inefficient computationally. To

i mprove the computational efficiency. new schemes were developed by Voller [E15] and

Swaminathan and Voiler [EI6]. The improved versions are effective in solving a wide

range of phase change problems inc1uding conduction-convection controlled phase

change problems.

2.2.3 Fixed Grid Methods for Convection-Controlled Melting

The examples of fixed grid solutions of convection-diffusion phase change can be

found in Morgan[E 18J. Ganling[E 17] and Voiler el al. (E19].

A major problem with fixed grids is in accounting for the zero velocity condition

as the liquid region tums to solid. Two methods were developed for modeling the

development of free con"'ection during the melting and freezing processes. One is the
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viscosity approach proposed by Gartling [E17] and Morgan [E18] and the other is the

enthalpy-porosity approach proposed by Voiler and Prakash [E19] and Brent el al. [E20].

Morgan [E 18] employed a simple approach of fixing the velocities to zero n a

computational cell whenever the mean latent heat content reaches some predetermined

value between 0 and À., where Â. is the latent heat of phase change. Garding [E17]

employed a more subtle approach in making the viscosity a function of L1H such that as

LlH decreases from À. to 0 the value of the viscosity increases to a large value thus

simulating the liquid-solid phase change.

Voiler and Prakash [E19] investigated various ways of dealing with the zero solid

velocities in fixed grid enthalpy solutions of freezing in a thermal cavity. They proposed

a pseudo porous medium model with the porosity decreasing from 1 to 0 as LUi decreases

from A. to O. In this way, on prescribing a "Darcy" source term, velocities arising from the

solution of the momentum equations are inhibited, reaching values close to zero on

complete solid formation.
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Numerical Model

3.1 INTRODUCTION

While a major effort has been devoted to the numerical solution of conduetion­

controlled phase change problems over the last three decades focus has now shifted to

convection-dominated problems involving melting of PCMs in containers. The finite

element method has been wideIy applied to solve conduetion-controlled phase change

problems. and it is now making inroads in problems involving conveetion-dominated

melting and solidification of PCMs. especially in view of the compIex flow geometries

encountered in such probIems.

Gartling [1] was apparently the first to model conveetion-dominated melting and

solidification problems with the standard Galerkin finite element technique. He employed

the Boussinesq assumption and effective heat capacity method to solve the Navier-Stokes

and energy equations. To account for the zero velocity condition as the liquid tums to solid

or the solid becomes liquid he deveIoped an approach which makes the viscosity a funetion

of .Mi where & is the cumulative energy of latent heat of a computational cell. When &-1

decreases from À (where ~.. is the latent heat of the phase change) to 0 the value of viscosity

increases to a large value thus simulating the liquid-solid phase change. Morgan [2]

presented an explicit finite element algorithm for the solution of conveetion-dominated

melting and solidification problems ln his model he employed an enhanced heat capacity

ta treat the latent heat etfect. To account for the velocity evolution at the phase change

interface he used a simple approach which fixes the velocities to zero in a computational

cel! whenever the cumulative energy of latent heat of a cell reaches sorne predetermined

value between 0 and À.. Usmani et al. [3] reponed an implicit finite element model based on

effective heat capacity approach in combination with the standard Galerkin finite element

•

•

•
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method with a primitive variable formulation. They also employed the varying viscosity

approach to model the velocity evolution at the phase change interface.

In the context of the finite volume method VoUer and Prakash [4] and Brent et al. [5]

investigated various ways of dealing with zero solid velocities in fixed grid enthalpy

solutions of freezing in a thermal cavity. They assumed the mushy region to he a pseudo

porous medium with the porosity decreasing from 1 to 0 as Nf decreases from À. to o. In

this way. on prescribing a "Darcy" source term the velocity value arising from the solution

of the momentum equations are inhibited, reaching values close to zero on complete solid

formation. The enthalpy-porosity model has proved to be effective in solving both

isothermaI and non-isothermal phase change problems.

ln this thesis a Streamline UpwindlPetrov Galerkin finite element model in

combination with primitive variables is employed for solving convection dominated

melting and solidification problems. The computational code used is that based on

Gong's [18] early work. The Boussinesq assumption is invoked and two-dimensionality is

assumed. The enthalpy-porosity approach is utilized to model the velocity evolution at the

phase change interface. A Penalty formulation is employed to treat the incompressibility

constraint in the momentum equations. Simulations are carried out for the melting of a

phase change material (n-octadecane) in a horizontal annulus of arbitrary cross-section.

Gong [18] has verified the validity of the computational model used in this study by

extensive numerical experiments including comparison with analytical solutions,

comparison with numerical and experimental results of others etc.

3.2 MATHEMATICAL FORMULATION

3.2.1 Goveming Equations

For the mathematicaJ description of the melting process the following assumptions are

made: (1) heat transfer in the PCM is conduction/convection controlled. and the melt is

Newtonian and incompressible~ (2) the flow in the melt is laminar and viscous dissipation
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is negligible; (3) the densities of the solid and liquid are equal; (4) the Boussinesq •

assumption is valid for free convectio~ i.e. density variations are considered ooly insofar

as they contribute to buoyancy, but are otherwise neglected; (S) the solid PCM is fixed to

the container wall during the melting process. The following follows closely the discussion

given by Gong [18].

Based on the above assumptions, the governing equations in tensor fonn are

Solid region:

Liquid Melt Region:

Continuity equation

U ~O
'.'

Momentum equation

èu,
p( êl + uju,.) = -P., + [u(u,.J + uj.Jt - pg,fJ(T - Ta)

Energyequation

The initial and boundary conditions are

initial conditions

T(r,O) = T'(r)

Il,(x.O) = u,o(x)

(1)

(2)

(3) •

(4)

(5)

•
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• boundary conditions

u, =u,(s,/)

l, =CT,Jn}(s) =1,(S,t)

T =T(s,t) on r T

q =-(kT.J)n}(s) =qQ(s,t) + qc(s) + q,(s) on r q

3.2.2 Enthalpy-Porosity Madel

Two methods are available to account for the physics of the evolution of the f10w at the

solid/liquid phase change interface in fixed-grid methods namely the enthalpy-porosity

model [4, 5] and the visCûsity model [1,3]. The enthalpy-porosity is employed in this study.

The enthalpy-porosity model treats the mushy region as a POrous medium. The f10w in

the mush is governed by Darcy' s law. According to the enthalpy-porosity model [4, 5] Eqs.

( 1) through (4) can be rewritten as follows:

• Il =0/./

In Eq. (8)

A = -CO - Àf~ 1 (À3 + h)

in which b is a small constant introduced to avoid division by zero and C is a constant

accounting for the morphology of the mushy region. In general b is assigned a value of

0.001. For isothermal phase change C is assigned a value of 1.6x 106
.

•

(6)

(7)

(8)

(9)

( 10)
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3.2.3 The Penalty Formulation

To treat the incompressibility constraint in the momentum equation two models can be

usecL one is the penalty fonnulation [69 7] and the other is the so-called slightly

compressible fonnulation [7, 8]. In this study the penalty formulation is employed to treat

the incompressibility constraint.

In the penalty fonnulation, the continuity equation is replaced by

1
U ---p
'.' .,

where y is the penalty parameter which is generally assigned a value of 1.0x 109
.

As a result of the utilization of the penalty approximatio~ the pressure term and the

mass conservation equation are eliminated from the system of equations (Eqs. (7) through

(9». The governing equations (Eqs. (7)-(9» then become

Ô Il, 1
p( ô t + IIJ U,,) =y(Ut.,) .. + [~(lIt.) + u)., >1) - pgJ3(T - ~) + Au,

êh
p(- + uT) = (kT) + qê 1 ).) ,} ,} s

Once the velocity and temperature fields are known9 the pressure variable is calculated

a posteriori if desired al any step by solving the Poisson equation [9]

- (P.) >.J = p(u)ut •J)., + PJ3(g}~})

subject to homogeneous Neumann conditions along the boundary r, i.e.

n p =0
J .)

ln order to obtain a unique pressure field it is necessary to set the pressure al one point in

the domain equal to a reference pressure.

•

(11)

(12) •

(13)

( 14)

( 15)

•
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3.2..4 Finite Element Model

Following the work of Brooks and Hughes [7] and Argyris [10] the streamline

upwindIPetrov-Galerkin method was seleeted by Gong[19] for the convection and source

terms of the momentum and energy equations. After spacewise discretization of Eqs. (12)

and (13) in two dimensions subjeet to above mentioned boundary conditions we obtain the

following semi-discrete equation as described by Gong et al. [19].

o
~(11)+ A:(v)

o

•

•

[ AI(U)~ A,(v)

[A 0 0]("
z1 (F;1o A 0 11. = F:
.~ -

o 0 0 T G

Typical elements in these matrices are

M = le pqxpT dO.

}.' =l e IX, 99 TdQ

èrp êrp
K,} = fe P-... - ~ dO.

cr, lM/

l = f k è9 ê8 dO
-'1 e ... ...

cr, cr}

(16)

(17)

(18)

(19)

(20)

(21)

(22)
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p = J ..!.. otp otp dn
'1 c yôxôx

r }

Br = In pg,l3cpS Tda

-
F; = fr t q) dT + fnpgJ31;,cp da

G = fr (qQ +qc +q,.)S dT + InqsSdD

in which

- -
qJ = 'P + k, ")'P.}

Following Heinrich and Yu [9]

(23)

(24)

(25)

(26)

(27)

(28)

•

- ç 1
k =-'
, 211ull

in which Ilull is the magnitude ofthe local velocity u,

Il'~I~ = u,", (sum)

and 1 is an average element length whose definition is given in [9]. The parameters 1;, are

given by

1
): = coth r --
~r ~, ç,

ç = ll"IV
1 2J..lI P

l;;: = Prl;,

It should be notcd that the numerical integration orthe pressure term (Eq. (23» must he

one order lower than that ofthe velocity terms.

(29) •

(30)

(31 )

(32)

(33)

•
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Using the aforementioned numerical scheme the instantaneous temperature

distributions in the PCM are obtained and the magnitude of the cumulative energy charged

per unit length Q, is calculated as a funetion oftime. The calculation is made by computing

the enthalpy of the PCM at each time increment using the solid PCM at its fusion

temperature as the reference state and subtraeting the enthalpy ofthe PCM at the beginning

of the melting process. The value of Q is zero at the beginning and increases over the

melting process toward Or. the cumulative energy charged for a melting process.

The maximum amount ofenergy which can be charged during the melting process is

Q..f = pA%}" [fH (Tw) - fH (Tm)]

In this work, bilinear quadrilateral elements are used to perform ail computations.

Grid-dependence experiments indicated that the maximum difference of the temperature

al an identical location is within 0.16 % between using 20x20 elements and 30x30

elemenls with dimensionless time step of4.32x 10.5 .

0.3

0.4

0.2

0.1

0.5

0.60.50.40.30.2

40 by 80 elements
30 by 30 elements ......................................

......•.
.........

o 1
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0.0

02

o 1

~o
"";:. 03
o

•

•

o0 0.0
00 0 1 02 03 0.4 0.5 0.6

Fourier number

Fig. 3.1 Comparison ofDimensionless Cumulative Energy Charge as a function of the

Fourier number for 30 by 30 elements and 40 by 80 elements



34

Numcric:al Model

Fig. 3.1 compares the results obtained in this work for the dimensionless cumulative •

energy charged for heating from outside in a horizontal annulus of type A (square

external tube with a circular tube inside) for 30x30 elements and 40xSO elements. There

is hardly any ditTerence in the results obtained for both the grids. But, in order to achieve

a higher resolution of the flow patterns, 40xSO elements are employed in this work. The

domain is discretized into 40 elements in the radial direction and 80 elements in the cP

direction. A source-based scheme [II, 12] is used to treat the phase change etTeets. A

backward Euler scheme is employed to accomplish the time discretization ofEq. (16).

3.2.5 Dimensionless Form of the Goveming Equations in two dimensions

For conveetion-dominated two-dimensional melting or freezing problems subjeeted to

the Dirichlet boundary condition (first kind boundary condition) the dimensionless

goveming equations are:

Solid region:

Liquid region:

(34)

•

(38)

in which

a lJ av
-+-=0 (35)
êX êY

è U êU ,. [-LI ap azu a2u . .
.... f" + U èX + ~ "'}' = - "":V + Pre --:v" + ay2) + Ra Prslneo + A U (36)c 0 ~ C C", CA -

av êV (~V êP ê 1V a2v •
a Fa + U c':X + V DY = - ay + Pr(aX2 + ôy2) + Ra Prcosro + A V (37)

èH êH aH a2a a29
eFa +U ex +V ar = Ste(ax2 + ay2) •
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{

H =Cs Ste (J t

c,
H =Sle(J+ 1

(}<o

(}>O
(39)

and

(40)

v = uyL.~. 8= T - T", H = h-csT".
al ' T

w
- T", , M'

• AL[~ lai clP
A =-- Fo= LZ ' Pr=T'

pa, ' y 1

•

It is clear that mehing and freezing phase change heat transfer including free

convection is determined by the following five dimensionless parameters, Rayleigh number

(Ra), Prandtl number (Pr). Stefan number (Sie), the ratio of solid/liquid specific heat (c/ca,

as weil as the ratio of solidlliquid heat conduetivity (kiki). These are defined for our

configuration as follows:

C,f..l
Pr=­k t

1

3.3 TEST OF THE NUMERICAl MODEl

•

The above-mentioned numerical model as obtained by Gong [18] is verified by

comparison with the experimental results ofGau and Viskanta [13] and the implicit finite

difference results of Lacroix (14] for the melting of a pure metal (gallium) inside a two­

dimensional rectangular cavity (height Ly=O.0445 m; width L,r=0.089 m). The gallium is

assumed to be initially at its fusion temperature. The top and bottom boundaries are

adiabatic. At time t=O, the temperature of the left vertical wall is suddenly raised to a

prescribed temperature above the melting point. The values of the goveming

dimensionless numbers and aspect ratio are listed in Table 3.1 for the test problem.
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Table 3.1 Parameters Used in the Accuracy Test Runs •R Aspect ratio Ly/Lx 0.5

Ra Rayleigh number 2.2x/tf

Pr Prandtl number 0.02/

Ste Stefan Number 0.042

c/c/ Ratio of solid/liquid specifie heat J

k/k/ Ratio of solidlliquid heat conductivity J

•
-- present model

• experiemtnal data

6 Lacroix's model

0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

X (xlH)

1.0

0.8

î 0.6->-->- 0.4

0.2

Fig. 3.2 Comparison of the Predicted Phase Front with Experimental Data

Fig. 3.2 compares the predicted phase front by Gong [18] with both the experimental

results of Gau and Viskanta [13] and the finite ditTerence prediction of Lacroix [14]. It is

seen from this figure that the present model is in good agreement with the results of the

above mentioned references. Experimental uncenainty values are not available. It is

believed that the computer code is sufficiently accurate for the work presented here.

The discrepancy between the predieted phase front of the present model and the

experimental results is due to two possible reasons. First, in the experiment, the solid

showed an initial subcooling of approximately 2 oC. This degree of subcooling is

significant in the light of the faet the heated wall was at only 8 oC higher than the melting •
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temperature of gallium. The second reason is that it is difficult to impulsively heat the

vertical wall to a desired temperature in reality due to its finite thermal inertia. The

discrepancy of predieted phase front between the present model and Lacroix's model is due

to the difference of the numerical methods used. Lacroix used a &ont-tracking method

whi le this model uses a fixed-grid enthalpy-porosity approach to model the phase change

effects.
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NOMENCLATURE

A porosity funetion for the momentum equation

A • dimensionless form ofA

AX). area of a computational domain

b a small constant

c specific heat

d diameter of the inner cylinder

C constant

fH enthalpy-temperature function

Fa Fourier number.

g, gravitational force veetor

Il enthalpy

H dimensionless enthalpy

k heat conduetivity

k anificial diffusion coefficient
1

1 average element length

Lx length of reetangular enclosure in x direction

Ly length of reetangular enclosure in y direction

Il, surface unit normal veetor

p fluid pressure

P dimensionless fluid pressure

Pr Prandtl number. Pr = cd,"
k[

q heat flux

qa prescribed heat flux

qc convective heat flux
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q" radiative heat flux

qs heat source

Q instantaneous energy charged

Qr total energy charged

Q"'f maximum energy charged

40

r

Ra

s

SIe

1

radial co-ordinate

radius ofinner cylinder

radius ofouter cylinder 2 3
P c/gP Ly(T., - Tm)

Rayleigh number, Ra = II/'

• JM'-/
boundary surface coordmate

c (T - T )
Stefan number, Ste = /... III

Ml
time

•
T temperature

To reference temperature

Tm melting point ofPCM

T... isothermal wall temperature

Il, velocity component

111; velocity in x direction

lIy velocity in y direction

U dimensionless velocity ofr direction

f· dimensionless velocity ofy direction

x. y coordinate

.X: y dimensionless coodinate

Greek symbols:

a di ffusi vity

P expansion coefficient

L1h latent heat

L1t time step•
() dimensionless temperature. 0 = T - T.

T., -T.
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À porosity of a mush zone

cp shape funetion of velocity

cp weighting function for momentum equation

.9 shape funetion oftemperature

S weighting function for energy equation

r penalty parameter

r boundary

Ji viscosity

il integration domain

p density

{jJ the angle horizontal direction to .r axis

u,J stress tensor

Superscript:

over bar, boundary value of the variable

o initial value

Subscripts:

1 liquid

Il "th time step

s solid

x component of x direction

y component of y direction
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r Chapter 4 t

Results and Discussion

Numerical experiments were carried out ta examine etTects of PCM container

geometry for more efficient thermal energy storage. Using the numerical model described

in Chapter 3.• simulations were carried out for the melting of a PCM (n-octadecane (99%

pure» in horizontal annuli of the following configurations:

(a) Square extemal tube with a circular tube inside - Annulus Type A

(b) Circular external tube with a square tube inside - Annulus Type B

lnnovative passive methods for enhancement of the melting heat transfer rate such as

f1ipping and introducing eccentricity for the internai tube for the horizontal annuli were

identified - a principal objective ofthis thesis.

4.1 MELTING HEAT TRANSFER IN TYPE A ANNULUS

4.1.1 Effect of Heating inside wall, outside wall and both walls

For heating from inside. the inner wall of the tube is maintained at a constant

temperature higher than the melting point of the PCM. The outer wall is adiabatic. The

thermo-physical propenies of the PCM used i.e n-oetadecane (99% pure) are enumerated

in Table 4.1. The parameters for the computed problem are listed in Table 4.2. A

schematic diagram of the physical model simulated is shawn in Fig. 4.1 .
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TABLE 4.1

Thermo-physical properties of n-octadecane (990A. pure)

Property Solid Phase Liquid Phase

Density (p) kg/ml 768 768

Thermal Conduetivity (K) W/mK 0.358 0.148

Specific Heat (c)J/kg K 2150 2230

Viscosity kg/ln s 3.06 x 10-3

Coefficient of thermal 0.0008
Expansion (Il) 11K

Latent Heat (L) J!kg 243500

43
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The VarlOUS dimensionless numbers used are defined as follows:

B =: T - T... Fo = la(

T.., - T... • d 2
•

p2c(gPd3(T.. - T..,)
Ra=-------

pk( •

Ct/..I
Pr=:­

k •1

~ cf(T.. - T",)Jte =---'------'--~

Ml

(1) •
The Rayleigh and Prandtl number are based on the inside diameter of the annulus.

TABLE 4.2

Parameters used in the Simulation Runs

Pr Prandtl number -16.1

Ste Stefan Number 0.138

C~:C, Ratio of solidlliquid specifie heat 0.96-1

k~ k, Ratio of solidlliquid heat conduetivity 2.-119

BI Initial dimensionless temperature -0.0256

•
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x

Fig. 4.1 Schematic diagram of the physical model for type A annulus

Fig. 4.2 shows the predicted distribution of isotherms (left) and streamlines (right)

at various Fourier numbers for Ra=2.844 x 106
. At this Rayleigh number, in the early stage

of melting (Fo<0.043) no flow is deteeted in the melt region with only one convection

cell formed in the melt zone. The heat transfer rate is controlled by conduction at short

times. The single convection cell splits into two ceUs at fo=O.043. The size of the second

convection cell formed along the top of the heated cylinder increases with elapsed time.

The direction of the flow of the second convection cell is anti-c1ockwise while the

original cell flows in the c10ckwise direction. The melt is heated up to the highest

temperature at the junction of the two cells and then floats up due to its lower density.

The two cells recombine at a later stage for Fo > 0.26 and thereafter remain unicellular

for the rest of the melt period.

The local dimensionless heat flux along the heated wall is given as ê\1/èR, where

•

() = T - T.
T. - T.
r-r

R=--I
rb -r

is dimensionless temperature, and

normalized polar angle <t> = ; / 1r

(2)
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•

(al) Fo=O.0432 (a2) Fo=O.1296

•

(aJ) Fo=O 3024 (a4) Fo=O.432

Fig. 4.2 Streamlines(right) and isolherms(lefi) in the rnelt zone with Ra=2.844 x 106 for

heating from inside

Fig. 4.3 displays the dimensionless heat flux distribution OOlôR, corresponding to

the flow pattern given in Fig 4.2. ~to\r'ing from the bottom to the top of the inner cylinder

the heat flux decreases smoothly except for the troughs at the junction of the two

convection cells. This is due to the fact that the melt has the lowest temperature at the

bottom of the cylinder. Since the inner cylinder wall is isothermal, the larger temperature •
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difference between the melt and the heating surface results in a higher heat flux. As the

melt front moves upward along the inner cylinder, the melt is being heated up. Hence the

temperature difTerence between the melt and the heating surface is reduced and 50 is the

heat flux. Now the melt at the junetion between the two cells is at the highest

temperature. Hence the temperature ditTerence is lowest at the junction of the two cells

which results in a sudden drop for the heat flux. Moreover the position of the trough is

time-dependant. This is a result of the changing size of the second convection cell with

time. It can be seen from the dimensionless heat flux distribution curve (Fig. 4.3) that at

Fo=O.302, the two convection cells coalesce into a singe cell. Thermal stratification is

observed in the upper pan of the liquid melt region. The temperature gradient decreases

significantly in this region. This results in the predieted smaller heat flux in the upper half

of the melt region.
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Fig. 4.3 Local Dimensionless heat flux distribution along the heated surface

(Ra=2.844x 106
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Fig. 4.4 presents the variations of the dimensionless cumulative energy charged •

with the dimensionless time (Fourier number). The value of Q i.e, the cumulative energy

charged per unit length is zero at the beginning and increases over the melting process

toward Qr, the cumulative energy charged in the melting process.

The maximum amount of energy which can be charged during the melting process is

(3)

This figure shows that the dimensionless cumulative energy charged increases linearly

during the first half of the melting process. But, later on the charge rate begins to slow

down. This can be anributed to the thermal stratification mentioned earl ier. At the last

stage of the melting process only a small pan of the solid remains at the bottom of the

container. Thermal stratification occurs and significantly decreases the temperature

gradient at the phase change interface, and therefore the phase change heat transfer rate.

Note that in the present model we have assumed that the solid zone is constrained i.e. not

free to move.
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0.1

0.0 0.0
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Fig. 4.4 Dimensionless energy charge curve for heating inside wall

(Ra=2.844 x 106
) •
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(al) fo=O.0432
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(a2) Fo=0.1296

•
phase
change interface

•

(aJ) Fo=O 3024 (a4) fo=O.432

Fig. 4.5 Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844 x 107 for

heating from inside

Fig. 4.5 presents the predicted distribution of isotherms and streamlines at

different Fourier numbers for Ra=2.844x 10'. The convection cells form much earlier as

compared ta the earlier case of heating from inside in annulus type A for Ra=2. 844xl 06
.

At an early stage, Fo=O 022, four convection cells are formed. The duration of the four

convection cells is shon However the evolution of streamlines and isotherms is similar to
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the case of Ra=2.844 x 106
. As melting progresses, the cells at the top of the inner •

cylinder combine together. Bicellular flow is observed in the intermediate stage for

Fo < 0.238 and thereafter the two cells combine and the f10w in the melt remains

unicellular throughout the rest of the process. Another important observation that can be

made is that the shapes of the ceUs are quite irregular. No physical explanation can be

otfered for this observation, however.
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Fig. 4.6 Local Dimensionless heat flux distribution along the heated surface

(Ra=2.844 xl 07
)

Fig. 4.6 displays the local dimensionless heat flux distribution corresponding to

the flow pattern given in Fig. 4.5. As stated earlier. the troughs in the curves correspond

ta the junctions orthe convection cells. The single trough in the curve for Fo=0.1296 is a

result of bicellular melt flow during this period. For fo=0.302 the low heat flux in the

upper part of the cylinder is due to thermal stratification i.e. high temperature fluid rises

ta the upper region. •
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Fig. 4.7 Comparison of dimensionless cumulative energy charge curve for heating from

inside
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•
Fig. 4.7 shows a comparison between the dimensionless cumulative energy

charged in type A horizontal annulus for heating from inside for two Rayleigh numbers.

As in the early stage heat transfer tS mainly due to conduction, the cumulative energy

charged is identical in both cases Now as the Rayleigh nurober increases natural

convection develops earlier and increases the melting rate due to increased heat charge.

This is due to the free convective flow in high Rayleigh nurober case being much

stronger than the one in the low Rayleigh number case.

•
A comparison of the fraction melted as a function of time for the two Rayleigh

numbers is presented in Fig. 4.8. The rate of energy charged to the system is enhanced by

the convective tlow in the melt which tS dominant for high Rayleigh number. Hence the
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fraction melted is more for higher Rayleigh number as compared to the lower Rayleigh •
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Fig. 4.8 Comparison ofmelt fraction as a function ofFourier number for type A
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The melting of a PCM in a type A annulus when heated from outside was studied

using the numerical model described in Chapter 3. The inside wall of the tube is assumed

ta be adiabatic. The parameters used for the simulated problem are identical to those in

Table 4.1.

For two dimensional melting of a PCM in a rectangular container heated from

below, it is known from experiments that three-dimensional convection eeUs develop and

last for a short period of lime during the early stage[ 1]. In this study three-dimensional

effects on melting are not considered since a two-dimensional model is employed.

However, the duration of the three-dimensional convection is very shon [1,2] compared

with the whole melting process 50 that the two dimensional results are believed to he •
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close to reality for long aspect ratio containers. No experimental data are available for

direct validation of the predieted results at this time.

•

o •

(al) Fo=0.0432 (a2) fo=0.1296

•
(aJ) Fo=O 3024 (a4) fo=0.432

Fig. 4.9 Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844 x 106 for

healing from outside
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Fig. 4.9 displays the predieted streamlines and isotherms at ditTerent Fo values for

the computed problem (Ra=2.844 x 106
). It can be seen that al Fo=O.0432 a total of nine

convection cells develop. The predieted phenomena are consistent with the results

obtained by Devahastin et al [3] for heating from two adjacent walls in a reetangular

enclosure. With the increase in the melt dept~ the size of the convection cells increases

and the number of cells decreases. The rightmost œil in Fig.4.9 has a large ponion at the

top of the cavity as the hot melt drifts up resulting in faster melting rate near the top.

Moreover, the circulation along the vertical wall intensifies and embraces larger part of

the melt zone as time progresses on. This results in the appearance of an upward melting

pattern. The size and number of ceUs is a function of time and as melting proceeds, the

cells merge with the neighboring ones and grow in size.

The isotherm contours reveal a concave curvature at the junction of the cells

which can be explained as follows. At Fo=O. 129, the circulation of the leftmost cell with

a clockwise motion and its neighboring cell with an anti-c1ockwise direction deliver the

hot melt to the interface resulting in the formation of high temperature zone near the

bottom of the junction On the other hand. since the third cell is c10ckwise and the second

cell is anti-c1ock.\.Vise. a low temperature junction is observed at the junction of the

second and third cells from the right.

Corresponding 10 the no\\' patterns and isotherms in Fig. 4.9, Fig 4.10 and Fig.

4.1 1 illustrates the local dimensionless heal flux ffi/ôX. ëe/OY along the heated isothermal

vertical wall and the bottom wall. respectively. The occurrence of each trough and crest

corresponds to the junctions of the cells in Fig.4.9. The first crest represents the junction

of the leftmost cell and its neighbors Since the tirst cell is c10ckwise and the second one

is anti-clockwise a 10"" temperature zone is round near the bottom. A high temperature

gradient leads to a high heat flux

•

•

•
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•
Fig. 4.10 Dimensionless heat flux êfJ/ôY along the heated bottom wall at different

dimensionless times

Fig. 4.11 Dimensionless heat Flux OOlôX. along the heated vertical wall at ditTerent

dimensionless times
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•

(al) fo=0.0432 (a2) fo=O.1296

•

(aJ) Fo=O 3024 (a4) Fo=0.432

Fig. 4.12 Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844 x 106 for

heating from both walls

ln addition to heating the inside wall and outside wall numerical simulations were

carried out to study the etTect of heating both inner and outer walls in a type A annulus.

Both the walls of the tube are maintained at a temperature higher than the melling point

of the PCM. The parameters are identical to those listed in Table 4.1. •
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Displayed in Fig. 4.12 are the predicted distributions of isotherms{left} and

streamlines(right) at various Fourier numbers for Ra=2.844 x 106
. For Fourier number less

than or equal to 0.13 it is observed that the distribution of the streamlines and isothenns

is similar ta that for heating inside wall and outside wall separately. However for

Fo=û.173. only a small triangular solid region exists and for the l'est there is flow in the

melt zone due ta convection currents. As time progresses the remaining part of the solid

PCM aiso melts. The dominant l'ole played by convection is clearly noticeable for whole

of the melting process.

-0.5 -04 -0.3 -0.2 -o., -0.0 0.1 0.2 0.3 0.4 0.5
40 ,..------r--------,.-----.......--__---p---........- __---, 40

o

30

20

10

Fo=0.0432
Fo=0.0864
Fo=0.1296
Fo=0.1728

..... .
....... -.'S: i

..•.•....._._._._._._._.•.•._.•.~~~~:::.._.•._._.•._.
.....

........
'.'........., ..~:.:~ :~~ ::~.~ .

....
"

" ......

o

.........
30 .~ .

.." -.
., ... -.
., ....... -..

" "'0- - ••-, ......
~ "'..

" ..,,
"

' .. , ..
ni 20
CD
L;

CI)
CI)

CD
ca 10

'c;;
C
CD
E
:.0

•

-0 5 -0 4 -0 3 -0 2 -0 1 -0 0 o. , 0.2 0.3 0.4 0.5

normalized polar angle, <1>

Fig. 4 13 Local Dimensionless heat flux distribution along the heated inside wall

(Ra=2.844 ~ 106
)

•
Displayed in Fig 4 13 is the local dimensionless heat flux along the inside wall

corresponding to the no\\" pattern in Fig 4.13. Aiso Fig. 4.14 and Fig. 4.15 illustrates the

local dimensionless heat flux ffi/èV. c-eIXY along the heated isothermal vertical wall and

bottom wall respectively
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With the same explanation stated earlier, the occurrence of each trough and crest

corresponds to the junctions of the cells in Fig.4.12.

From the results of the numerical experiments, it is observed that the effeet of

heating both walls on the cumulative heat stored is same as the sum of heating inside wall

and outside wall separately until there is interaction between the two melt zones. This can

be easily deduced by observing the streamline and isotherm contours in Figures 4.2, 4.9

and 4.12 for either of the cases during the tirst stage of the melting before the interaction

begins of the melt zones, formed by heating inside wall and outside wall. Also it is found

that an increase in the Rayleigh number results in an earlier onset of convection thereby

expediting the melting process. Moreover, another observation that the melting is most

inefficient in the bonom of the enclosure when heating inside wall. While thermal

stratification is attained at the top part of the cavity, PCM al the bottom pan remains in

solid state for heating the inside wall of type A horizontal annulus. Thermal stratification

can he eliminated in type A annulus by heating the outside wall. which results in faster

melting. Thus there is merit in heating outside wall and ofcourse heating both walls gives

rise ta [aster melting and the energy charged to the solid PCM also increases.

4.1.1 Effect of Eccentricity on the Enhancement of Heat Transfer Rate

Fig. 4.2 shows that heating the inside wall of the horizontal type B annulus causes

thermal stratification at fo==O.432 which results in lower heat flux and hence reduced

melting. To mitigate this problem and to enhance the heat transfer rate an eccentric

annulus is identified as a better alternative to the concentric one and simulations were

carried out to investigate how much the heat transfer rate can be enhanced and what

parameters influence the enhancement of heat transfer rate. if any. Due to limitations of

the computing resources no attempt is made to perform a complete parametric study.

Only the effect of Rayleigh number (Ra) is investigated. However the trends are expected

to hold even for other geometric parameter values. Note that the axis of the inner

container is beIow (not above) that orthe outer one.
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•

(a) (b)

Fig. 4.16 Concentric and Eccentric annuli

Fig. 4.16 Shows the geometric representation of eccentricity in type A annulus.

Displayed in Fig. 4.17 are the predicted streamlines and isotherms at different

dimensionless times (Fo numbers) for a Rayleigh number of 2.844 x 106 in an eccentric

annulus, when heated from inside. At an early stage the evolution of the streamlines and

isotherms is similar to that observed for the concentric annulus in Fig. 4.5 .For Fo >

0.0432 two convection ceUs are formed in the melt zone. The size of the convection cells •

increases as time progresses for each case and the flow is bicellular. But at Fo ~ 0.302 for

the concentric annulus the two ceUs merge and become unicellular for the rest of the

melting. unlike for the eccentric annuli where the two convection cells persist. The

convection cells merge for the eccentric annulus at Fo = 0.454 and thereafter remain

unicellular.

Fig. 4.18 presents the local dimensionless heat flux distribution corresponding to

the flow pattern sho",·n in Fig 4 11 As mentioned earlier the trough in the heat flux

distribution corresponds to the junction of the two convection ceUs. The single trough in

the curves for Fo=O 11Q6. fo=O.J024 and fo=0432 is a result of bicellular melt flow

during this period.

•
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Fig. 4.19 shows a comparison between the dimensionless cumulative energy

charged in the system for both concentric as weil as eccentric annuli. The cumulative

•

s

(al) Fo=0.0432

s

(a2) Fo=0.1296

•

(aJ) Fo=O 3024 (a4) Fo=0.432

Fig. 4.17 Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844 x 106 for

healing from inside ( S = Solid phase)

energy charged 10 the system is identical for bath concentric and eccentric annulus until

Fa $ 0.302. But later on the energy charged to the system is more for eccentric annulus as

campared to the concentric annulus. This may be attributed to the fact that a bicellular
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f10w pattern persists for eccentric annuli which results in enhancement of energy charged •

into the system.
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A comparison of the fraction melted as a function of time for eccentric and

concentric annuli is presented in Fig. 4.20. It cao be seen that more melting is achieved

with eccentric annulus rather than that with concentric annulus at longer elapsed times. In

addition ta this, no obvious thermal stratification occurs at the last stage of the melting

process for the eccentric annulus. Hence the role played by free convection continues and

is not reduced during the last stage of the melting process.
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Fig 4 10 ~1elt Fraction as a function of Fourier Number
(Ra=2.844 xl 06

)

•

Fig. 4 21 presents the predicted distribution of isotherms and streamlines at

ditTerent Fourier numbers for Ra=2 844 Je 10' in type A eccentric annulus. The convection

ceIIs form much earlier as compared to the earlier case of heating from inside in eccentric

annulus type A for Ra=:! 844 x 106
. However the evolution ofstreamlines and isotherms is

similar to the case of Ra=2.844 x 106
. As melting progresses, the cells at the top of the

inner cylinder combine together. Bicellular flow is observed in the intermediate stage,
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thereafter the two cells combine and the f10w in the melt remains unicellular throughout •

the rest of the process. Moreover the shapes of the cells are quite irregular.

(a 1) Fo=O.0432 (al) Fo=O.1296

•

(a3) Fo=O 3024 (a4) fo=0.432

Fig. 4.21 Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844 x 10' for

heating from inside

Fig. 4.22 displays the local dimensionless heat flux distribution corresponding to

the flow pattern given in Fig. 4.5. As stated earlier, the troughs in the curves correspond

ta the junction of the convection cells. The single trough in the curve for fo=O.1296 is a •
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result afbicellular melt flow during this period. Lower heat flux at higher Fourier number

results due to thermal stratification which is clearly visible in Fig.4.21 for Fo=0.432.
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Fig. 4.22 Local Dimensionless Heat Flux Distribution along the Heated Surface
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•

Fig. 4.23 shows a comparison between the dimensionless cumulative energy

charged in the system for both concentric as weil as eccentric annuli al the same Rayleigh

number of 2.844.-: ID'. The cumulative energy charged to the system is identical for both

concentric and eccentric annuli ooly during the initial stage. The energy charged to the

system is higher for eccentric annulus as compared to the concentric annulus for Fo>O.05

as can he seen in Fig. 4.23. This is due to the fact that more melting occurs in the

eccentric annulus as convection continues ta play a very important role as opposed to that

in concentric annulus.
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A comparison of the fraction melted as a function of time for eccentric and

concentric annuli is presented in Fig. 4.24. More melting is achieved with eccentric

annulus rather than that with the concentric annulus.
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Fig. 4.25 Dimensionless cumulative energy charge curve

Fig. 4.25 shows a comparison between the dimensionless cumulative energy

charged in type A horizontal annulus for heating from inside for two Rayleigh numbers.

ln the early stage heal transfer is mainly due to conduction and the cumulative energy

charged is identical in both cases for a short period. Now as the Rayleigh number

increases natural convection develops earlier and increases melting due to increased heat

charge. This can be anributed to the fact that free convective flow in high Rayleigh

number case is much more than the one in the low Rayleigh number case.



67

Resolts and Discussion

A comparison of the fraction melted as a funetion of time for the two Rayleigh •

numbers is presented in Fig. 4.26. The rate of energy charged to system is enhanced by

the convective flow in the melt which is dominant for high Rayleigh number. Hence the

fraction melted is more for higher Rayleigh number as compared to the lower Rayleigh
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Fig. 4.26 Comparison of melt fraction as a function ofFourier number

From the numerical experiments il can be deduced that eccentric geometry IS

superior ta the concentric one (ail other parameters being held constant) due to the

vertically upward orientation of the buoyancy force in the mell phase at high Rayleigh

numbers. This follows directly from the comparison of the cumulative energy charged

and melt fraction (Fig 4 19. 4.20 for Ra=2.844 x 106 and Fig.4.23, 4.24 for Ra=2.844x 107
)

for bath eccentric and concentric horizontal annuli of type A. An increase in the

Rayleigh number results in earlier onset of natural convection adding to the benefit of

eccentricity of the annulus increasing the rate of melting. Note that the centerline of the

inner container must be below (not above) the axis ofthe outer cylinder. •
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4.1.2 Effect of Flipping on the Enhancement of Heat Transfer Rate

Flipping of the PCM container in the type A horizontal annulus is identitied as a

potential passive means of enhancing the heat transfer rate during the latter stages of the

melting process. A schematic representing this idea is represented in Fig.4.27. Numerical

experi ments were carried out to determine how much the heat transfer rate can be

enhanced using this simple procedure.

It is assumed that the liquid phase is weil mixed and the melt is stationary after

the PCM container is flipped or inverted. However, numerical simulations indicated that

as the initial conditions after the PCM container is inverted whether the liquid phase is

weIl mixed and stationary (at pre-flipping conditions) or not has litde effect on the heat

transfer rates. Therefore. in the subsequent situations the temperature and velocity fields

were not modified to the adiabatic mixing cup temperature after the horizontal annulus

container is inverted. The solid phase is fixed spatially and not allowed to move as the

container is inverted(or flipped).

melt reglon

(
phase
change Interface solic:J regton melt region

•
(a) (b)

Fig. 4.27 Schematic of the physical system for annulus type A
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Consider the case of heating the inside wall of type A horizontal annulus. The •

PCM container is flipped at Fo = 0.216 and held in that position for subsequent heating.

The effeet of flipping on the melting and the heat transfer rate is studied numerically

(al) Fo=0.259 (hl) Fo=0.302

•

(a2) Fo=O 259 (b2) fo=0.302

Fig. 4.28x Streamlines(right) and isolherms(left) in the melt zone with Ra=2.844 x 106 for

unflipped and flipped horizontal annuli oftype A •
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•
(a3) Fo=O.346 (bJ) fo=O.346

•

(a4) Fo=O.432 (b4) Fo=O.432

Fig 4.28y Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844 x 106 for

unflipped and flipped horizontal annuli oftype A

Fig. 4.28x and 4.28y presents the predieted streamlines and isotherm contours at

different dimensionless times ( Fourier numbers ) for the second period in the case of the

f1ipped horizontal annulus (type A) for a Rayleigh number of 2.84x 106
. No thermal

stratification occurs in the tlipped container and convection continues to play a
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signi ficant raie; it does not decrease during the last stage of the melting process. This •

explains why the energy charge rate is enhanced by flipping the horizontal annulus of

type A.

Fig. 4.29 displays the local dimensionless heat flux distribution corresponding to

the flow pattern shown in Fig.4.28 The crest and the trough in the heat flux distribution

curve correspond to the junction of the convection cell. At fo=O.346 and fo=0.432 the

single trough is a result ofhicellular melt flow during this period.
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)

Fig. 4.30 Shows a comparison between the dimensionless cumulative energy

charged in the system for both unflipped as weil as flipped annuli. As the PCM container

is flipped at Fa > 0.216 Fig. 4.31 reveals that the cumulative energy charged for the •
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flipped case is higher than that for the unflipped case. This can be attributed to the faet

that for the flipped horizontal anoulus bicelJular flow continues and hence keeping the
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Fig. 4.30 Comparison ofDimensionless Cumulative Energy Charge as a function of the

Fourier number(Ra=2.844x (06
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convection flow active thereby increasing the heat transfer rate. But for the unflipped

case it is clearly obselVed in Fig. 4.2 that thermal stratification occurs and reduces the

heat transfer rate.
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A comparison of the fraction melted for both the tlipped and unflipped horizontal

annulus of type A is presented in Fig.4.32. From the figure it is obvious that there is

enhancement in the melting rate with the tlipped container relative to the conventional

unflipped case at long elapsed times.

It should he noted that the concept of flipping at an appropriate time during the

meIt cycle (storage or charge cycle) May not he feasihle for ail design configuration of

peM storage type heat exchangers. Also, the beneficial effect of flipping appears ooly

during the late stages of melting. Again, these results assume that the unmelted portion of

the peM is fixed i.e not free to move during melting or upon flipping.

4.2 MELTING HEAT TRAN5FER IN TYPE B ANNULUS

4.2.1 Effect of Heating inside wall, outside wall and both walls

For type B annulus. a schematic diagram of the physical model simulated is

shawn in Fig.4.34. To study the etTect of heating only inside wall, the inner wall of the

tube is maintained at a constant temperature higher than the melting point of the PCM.

The outer wall is adiabatic The PCM used for the numerical experiments is n-octadecane

(99%) pure) and the parameters for the computed problem are the same as listed in Table

4.2.

The various dimensionless numbers used are defined as follows:

T-T
O=T_i':·. .

The Rayleigh and Prandtl number are based on the inside diameter of the annulus.

The local dimensionless heat flux along the heated wall is given as ôS/ôR, where

•
() = T - T.

T., - T.
r-r

R=--'
rb - r

is dimensionless temperature, and
normahzed polar angle cp =; / Ir

(5)
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•
x

y ;=rr/2
.-.......---

;=-rr/2

Fig.4.34 Schematic diagram of the physical model for type B annulus

Fig. 4.34 displays the predicted distributions of isotherms (left) and streamlines

(right) at various Fourier numbers for Ra=2.844x 106
. It is seen that at Fo=0.0432 a total

of six convection cells develop. The predicted phenomena are similar to those obtained

by Gong el al. [4] for melting in a rectangular cavity heated from below. The size of the

convection cells increases and the number of cells decreases with increase in the melt

depth. The increase in the melt depth further results in the formation of a single

convection cell at the top heated surface of the inner tube. At Fo=0.26 il is found that a

bicellular flow exists and that only a small portion of the PCM at the bottom remains ta

be meIted.

•

Figs. 4.36, 4.37 and 4.38 display the dimensionless heat flux distributions ë(j/av.
ffJ/êX. ëe/OY along the heated bottom wall. venic:al wall and top wall, respectively

corresponding to the flow patterns shawn in Fig. 4.35. Moving from left to the right along

the bottom heated wall the heat flux is almost constant except for the troughs at the

junction of the convection cells as displayed in Fig. 4.36. Along the heated vertical wall

the heat flux decreases smoothly The mell has the highest temperature ditTerence al the

bottom of the inner tube which results in higher heat flux. The dimensionless heat flux

distribution along the inner heated top wall is wave like for fo=0.0432 and 0.086

corresponding to the multiple convection cells. There are 3 crests and 2 troughs on the •
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•
(al) fo=O.0432 (a2) fo=O.0864

•

(aJ) Fo=O.1728 (a4) fo=O.259

Fig. 4.35 Streamlines (right) and isotherms (Ieft) in the melt zone with Ra=2.844x 106 for

heating from inside

dimensionless heat flux curve of Fo=O.0432 displayed in Fig. 4.38. These crests and

troughs correspond to the five junctions of the six convection cells visible in the
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streamline contours in Fig.4.35(al). The first crest from left corresponds to the junetion •

of the tirst and second convection cells. The tlow direction of the first circulation is

c10ckwise and the second circulation is anti-clockwise. The Iiquid layers trom the two

circulation cells are cooled after passing the phase change interface and then reach the

junction of the two circulation zones at the bottom. This causes a low temperature zone to

appear near the junetion at the bottom of the inner surface of the container. As the bottom

surface of the inner wall is isothermal. a low temperature near the bottom isothermal

surface means a large temperature ditTerence for heat transfer. This results in a higher

heat flux. Similarly the first trough from left corresponds to the junction of the second

and third convection cells in Fig. 4.35(al). At the junction of the two cells a high

temperature zone is developed which results in lower temperature difTerence between the

wall and the melt and hence a lower heat flux.
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Fig. 4.39 presents the variation of the dimensionless cumulative energy •

charged with the dimensionless time (Fourier number). The value of Q i.e, the cumulative

energy charged per unit length is zero al the begjnning and increases over the melting

process toward Qr, the cumulative energy charged in the melting process.

The maximum amount of energy which cao be charged during the melting process is

Q..f = pAX}. [fH (T....) -fH (Tm)] (6)

The dimensionless cumulative energy charged increases linearly during the tirst half of

the melting process. Afterwards, the charge rate begins to slow down. This occurs due to

thermal stratification during the terminal stage of the melting process leading ta a lower

heat transfer rate at large Fourier numbers.
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Fig 4.39 Dimensionless energy charge curve

Numerical experiments were carried out to study the effect of heating outside wall

oftype B annulus. The inside wall is assumed to be adiabatic for this case.

Fig. 4.40 presents the predicted streamlines and isotherms at ditTerent Fa values

for the computed problem (Ra=2.844 x 106
). During the initial stages the heat transfer is •
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• controlled mainly by conduction. As time progresses convection cens develop and al

fo=0.0864 four ceUs are observed. Later on these cells merge to form two large ceUs and

the flow continues to remain bicellular until the whole PCM solid melts. No thermal

stratification is observed even al the late stages of melting as good mixing appears to take

place, until full melting of the PCM solid occurs.

• (a 1) Fo=O.0-t32 (al) Fo=0.0864

•
(a3) Fo=O 216 (a4) Fo=0.3024

Fig. 4.40 Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844x 106 for

heating fram inside
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Displayed in Fig. 4.41 are the local dimensionless heat flux, lelô~ distributions •

along the heated outer wall corresponding to the flow patterns presented in Fig. 4.40.

With the same explanation as noted earlier, the troughs in the curves correspond to the

junction of the adjacent convection ceUs. At Fo=0.086, the two crests and one trough

correspond to the junction of the four convection ceUs shown in Fig4.40 (a2). For

Fo=O.3024, the lower heat flux is due to the fact that at this time most of the solid is

melted and the ditTerence in temperature between the outer wall and melt is not very

high.
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Fig. 4.41 Local Dimensionless heat flux distribution along the heated surface

(Ra=2.844 J( 106
)

Fig.4.42 presents the variation of the dimensionless cumulative energy charged as

a function of the Fourier number. As can observed from this figure the energy charge rate

increases nearly linearly initially and at the final stage of the melting it is almost constant.

Near the outer wall of the tube most of the solid is melted and hence there is no further

increase in the energy charge. •
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Fig. 4.42 Dimensionless energy charge curve (Ra=2.844 x 106
)

To study the effect of heating the inside wall and outside wall simultaneously

numerical simulations were carried out using the numerical model described in Chapter

3. 80th walls of the tube are maintained at a temperature higher than the melting point of

the PCM. The parameters are identical to those Iisted in table 4.1.

•

Displayed in Fig. 4.43 are the predicted distributions of isotherms (Ieft) and

streamlines (right) at various dimensionless times for Ra=2.844x 106
. At Fo=0.0432 it is

observed that the distribution of streamlines and isotherms is the same as the one

obtained for heating the inside wall and outside walls separately. This is due to the fact

that there is no interaction between the melt zones formed by heating the inside wall and

outside wall. However as time progresses interaction between the melt zones leads to

more melting and hence at fo=O.0864 only a smail ponion of the PCM solid remains.

Later on, the entire solid melts. Depending on the location a number of convection cells
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are observed ofditTerent sizes. This increased melting is a result of the dominant effeet of •

convection.

(al) Fo=O.0432 (a2) Fo=O.0864

Fig. 4.43 Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844x 106

when both the inside and outside walls are heated •

Figures 4.44,4.45 and 4.46 present the local dimensionless heat flux distributions

êfJ/èY. OJlèX. OO/iN along the heated isothermal bottom wall, vertical wall and top wall of

the inner tube, respeetively corresponding to the flow patterns shown in Fig. 4.43.

r-...1oreover, Fig. 4.47 displays the local dimensionless heat flux êelôR along the heated

outer wall. As shown in Fig.4 44 it is observed that the heat flux is almost uniform except

for the troughs at the junction of the convection cells. Similarly along the heated vertical

wall of the inner tube the heat flux drops gradually. Moving along the heated top wall of

the inner tube il is secn that a wa"'e like pattern is observed which corresponds to the

multiple convection cells as displayed in Fig 4 46 With the same explanation applicable

here the troughs and crests correspond to the junctions of the convection cells. Fig. 4.47

shows the occurrence of three troughs which represent the four convection cells as

observed in Fig. 4.43(a2) al Fo=O 0864

•
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Fig.4.48 presents the dimensionless cumulative energy charged as a function of

the Fourier number when both walls of the annulus are heated. It cao he seen that the

energy charged remains almost linear until the final stage of the melting when it remains

constant. This can be attributed to the fact that in the final stage almost ail the PCM has

melted giving rise to lower temperature ditTerence and hence reduced rate of energy

charge.
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Fig 4 48 Dimensionless energy charge curve (Ra=2.844 x 106
)

Thus. from the aforementioned results it can be deduced that the effect of heating

both walls on the streamlines and isotherms is similar to heating inside wall and the

outside wall separatcly in type B horizontal annulus at lower dimensionless times when

no interaction betwecn the two melt takes place. This is c1early visible for Fo=0.0432 in

Figures 4.35,4.40 and 4 43 for heating the inside wall, outside wall and both walls

respectively. No thermal stratification is observed for heating outside and both walls of
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type B horizontal annulus although it is predominant for higher Rayleigh numbers when •

heated from inside wall.

4.2.2 Effect of Flipping on the Enhancement of Heat Transfer Rate

T0 enhance the heat transfer rate during the latter stages of the melting process,

Flipping or inverting of the PCM container in the type B horizontal annulus at the

appropriate elapsed time after melting begins is proposed as a innovative passive method.

A schematic representing the idea is shown in Fig.4.49. Numerical experiments were

carried out to detennine to what extent the heat transfer rate can be enhanced using this

simple procedure. Moreover it is reasonable to assume that the liquid (melt) phase is

well-mixed and the melt is stationary after the PCM container is flipped or inverted and

melting proceeds without interruption. Numerical simulations indicated that as the initial

condition after the PCM container is inverted whether the liquid phase is weil mixed and

stationary with original temperature distribution or not has little effect on the heat transfer •

rate. Therefore, in subsequent simulations the temperature and velocity fields were not

modified after the container is inverted

Fig 4 49 Schematic of the physical system for annulus type B

Consider the case of heating only the inside wall of type B horizontal annulus.

The PCM container is flipped al Fo = 0.13 and held in that position for subsequent •



88

Results and Discussion

• heating. The effect of flipping on the melting and the heat transfer rate is studied

numerically

•
(a) Fo=0.1296

(a2) Fo=O.1728 (b2) fo=O.1728

Fig. 4.S0x Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844 x 106 for

heating from inside in case ofuntlipped and flipped annuli oftype B

•
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•

(aJ) Fo=O.216 (b3) Fo=0.216

•

(a4) Fo=O.259 (b4) Fo=O.259

Fig. 4.50y Streamlines(right) and isotherms(left) in the melt zone with Ra=2.844x 106 for

heating from inside in case of unflipped and flipped annuli of type B

As can he seen from the isotherms plotted in Fig. 4.35(a4) thermal

stratification occurs during the last stage of the melting process at Fo=O.259. Hence for •
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heating trom inside in a type 8 horizontal annulus the PCM container is inverted at

fo=O.1296. Fig. 4.50x and Fig.4.5Oy present the predicted streamlines and isotherm

contours at different dimensionless limes (Fourier numbers) for the unflipped annulus

(type B) and for the second period in the case of the flipped horizontal annulus (type 8)

for a Rayleigh number of2.84xI06
. In Fig. 4.50x (a) since the container is inverted at Fo

> 0.1296. the streamline and isotherm distribution are similar to those for the unflipped

annulus case. No thermal stratification occurs in the flipped container at Fo=O.259 when

compared to that of unflipped annulus (Fig.4.50y (a4» and free convection continues to

play a significant raie as can be seen in Fig.4.S0y (b4). In fact the inversion of the

container gives rise to a higher melting rate. This explains why the energy charge rate is

enhanced by ft ipping the horizontal annulus of type 8.

1.0
26
24
22
20
18
16
14
12
10

8

6
4

2
o

1.0

...........

. ..... ... ......'

Fo=0.1296
Fo=0.1728
Fo=0.216
Fo=0.2592

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
26
24
22 _.- ~ .

... '.

20 '·.I:-~_x .
::] 8 '.

c;:= 1 •..••• .....~....-. .'.~- ...16 .... '.. ".'. .
14 .;..

12 ····..~.····:·~.-···--··-·f·· •.•.
10 :. / ..

8 .~.~..... j .........
.:. '. . .

6 '., ••.•.••••••••••••::.:~.:...:.::._.•.-

4

2

O'-----------------,..,--i.-.-...--..0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

êë
QJ
~

CI)
CI)
Q)

c
a
CI)

c:
QJ

E
=c

•

x

•
Fig. 4.51 Dimensionless heat flux ('"{j/ëY along the heated bottom wall at ditTerent

dimensionless times



Results and Discussion

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
24 24

x
cÈ 22.. Fo=0.1296 22
1ü 20 .... Fo=0.1728 20en
.c. 18 .... F0=0.2592 ,l 18
~ .•••.•.. Fo=0.1296 ;
CD 16 ,.i 16
§ 14 ....••.. ...._,l 14

"Ci) •••• .' •
c •••• ..... .•.•.•.•."
CD 12 ••••... _.•.- 12
E ;.. ". .
:.0 10 10

4

: •._.......................................... •••••••••••••.••••••••••••••••• ; :

r ..: 4. .....
2 2
o 0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Y

91

•

Fig. 4.52 Dimensionless heat Flux OOlôX. along the heated vertical wall al ditTerent

dimensionless limes

•

6

4

2

O'-----~----....---....- .....__....- ......_....l

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
24 ,...--......- .....---........--.....-""."...---......------.24
22 Fo=O.1296 22

Fo=O.1728
20 Fo=O.216 20
18 Fo=0.2592 , 18

16 1 16
1

14 1 14
•

12 ; 12

10 ",,_ 1 10
~:...:, 18 w._ ·,. ·.. •.. ·,~"'.".. , ,..' .. ,..fo ..~'.,"'.,..,.t.__. .., ....-... -.t!: 8-. . -:::::~ ~.:;:- ~:':':.... ~'-~

6

4

2

o
1.0

X
:J

.;::-co
CD
~

en
en
CD
C
a

ëi)
c
CD
E

:.0

X

Fig. 4.53 Dimensionless heat flux 0010'{ along the heated top wall at different

dimensionless limes •



•
92

Results and Discussion

Figures 4.51, 4.52 and 4.53 display the dimensionless heat flux distributions

OO/8Y, OOIiJX, OOlàY along the heated bottom wall, vertical wall and top wall for the

flipped annulus type B respeetively, corresponding to the tlow patterns shown in Figures

4.50x and 4.50y. Along the heated bottom wall of the inner tube the heat flux obtained

for fo=O.13 is the same as obtained for unflipped annulus of type B. However, after

inversion of the container the heat flux.. moving from left to right of the bottom heated

wall, at various Fourier numbers is found to decrease steadily. In faet, at fo=0.173 a

trough and a crest is observed which basically corresponds to the junctions of the

convection cells in Fig.4.50x(b2). For the inverted container the dimensionless heat tlux

along the heated vertical wall increases trom the bottom to the top. Also the heat flux

distribution along the heated top wall of the inner tube from left to right appears to be the

same after inversion as can be seen from Fig.4.53.
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Fig. 4.30 shows a comparison between the dimensionless cumulative •

energy charged in the system for both unflipped as weil as flipped annuli. In Fig. 4.54 the

energy charge curves with and without inverting the container are identical prior to F0=

0.1296. This is because the flipping action takes place after Fo=O.1296. Fig. 4.31 reveals

that the cumulative energy charged for the flipped case is higher than that for the

unflipped case. Thus there is no obvious slow-down in the energy charge curve for the

case ofinverting the PCM container during the final stage of the melting process.
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A comparison of the fraction melted for both the flipped and unflipped horizontal

annulus of type B when only the inside wall is heated is presented in Fig.4.32. This figure

reveals that there is a enhancement in the melting rate with the flipped container relative

to the conventional unflipped case at long elapsed times. It can be deduced that the

beneficial etfects of flipping towards increase in the heat transfer rate is helpful only •



•
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during the late stages of the melting process. Of course the magnitude of such

enhancement will depend on the PCM used, the container geometry, boundary conditions

as weil as the time when the flipping occurs.

4.3 CONCLUDING REMARKS

Melting of a pure phase change material in tube geometries of two ditTerent

configuration i.e type A horizontal annulus and type B horizontal annulus were studied

numerically. Numerical experiments were carried out for each of the configurations for

heating the inside wall, the outside wall and both walls simultaneously to detennine

which one is more effective for more rapid thermal storage.

Fig.4.56 displays a comparison of the dimensionless thermal energy charged for

both horizontal annuli of type A and B for heating from inside as a function of the

Fourier number. Although for type B annulus the energy charged is greater than that for

the type A annulus during the first stage of the melting process, later on the rate of energy

charged is more rapid for the type A annulus. Moreover there is an almost linear increase

in the cumulative energy charged As can be seen in Fig. 4.57 the melt fraction for the

type A annulus is lower than that of the type B annulus.

Fig 4.58 presents a comparison between the cumulative energy charged for

heating from outside in bath horizontal annuli of type A and B. Type A annulus has a

higher cumulative energy charge rate rather than that of annulus type B. However a

comparison of the corresponding melt fraction versus Fourier number curves shown in

Fig 4.59 shows that the melting rate is higher for type B annulus than type A annulus.

This apparent anomaly is due to the fact that the melt fraction considers only the latent

heat storage while the cumulative energy slored inc1udes both sensible and latent heat

components.
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Fig. 4.60 displays a comparison between the cumulative energy charged in

horizontal annulus of type A and B when heated trom both inside and outside wall,

respectively. The energy charged in case of annulus type A is higher than that of annulus

type B. Fig. 4.61 shows a comparison of the melt fraction as a function of Fourier

number where annulus of type B melts at a faster rate thereby melting the entire solid

PCM.

For both horizontal annuli of type A and B it is observed that the effect of heating

bath walls is the same as heating inside wall and outside wall separately until there is

interaction between the two melt zones. However, during the late stages melting appears

to occur at a faster rate due to good mixing between the melt zones formed by heating

bath the inside and the outside walls. This suppresses thermal stratification, which occurs

in bath horizontal annulus of type A and B for heating the inside wall. The thermal

stratification is attained in the upper part of the cavity while the PCM at the bottom

ponion remains solid. This is due to the fact that the energy charged to the system is

mainly carried upward by the free convective tlow in the melt. Thus energy is used to

raise the temperature of melt instead of melting the PCM. In other words energy storage

in the system is in the form of sensible heat and not latent heat.

To counteraet the problem of stratification for heating of the inside wall in type A

annulus. introduction of eccentricity is proposed as a viable solution. This is supported by

the numerical results obtained in this study. This is mainly attributed to the vertically

oriented buoyancy force in the melt phase at high Rayleigh numbers, which facilitates

melting. The extent of eccentricity determines the increase in melting as compared to the

concentric case. The meIting rate below the heated inner wall is controlled by conduction

and hence is lower than that on the sides and top wall.

Another interesting yet simple approach to take care of stratification in both

horizontal annulus of type A and B for heating the inside wall is tlipping or inverting the

container at pre-selected times after initiation of melting. The present numerical study
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reveals a good improvement in the melting rate, which indireetly reduces the melting •

time as compared to the conventional (unflipped) PCM container.

The numerical evaluation of heating the outside wall of both type A and B

horizontal annuli ofreveals that there is merit ta heating the outer external bottom wall. It

also eliminates the interference of thermal stratification as observed when heating only

the inside wall.
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NOMENCLATURE

d Diarnctcr of the Inner ~ IInder

If{ cnthalpy-tcmpcratun: function

g, gravitational force \cetor

h cnthalpy

k heat conductivity

Q instantaneous encrID' chMgcd

•

•
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QT total energy charged

0f maximum energy charged

rs radius of inner cylinder

rb radius ofouter cylinder

r radial co-ordinate (see Fig. 1)

time

T temperature

To reference temperature

Tm melting point of PCM

T... isothermal wall temperature

u, velocity component

Us velocity in r direction

uy velocity in y direction

x. y coordinate

Greek sJ"mbols .­

a diffusi\;;ty

fJ expansion coefficient

.1h latent heat

q, polar angle (sce Fig. 1)

J.1 viscositv

p dcnsity

Sllbscnprs .­

liquid

s solid

x component of x direction

y component of y dm"octlon
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D/menslOnless groups:

•
Fo

la,
Fourier numbcr Fo = -.,-

d"



Pr Prandtl number Pr = ciJ,l
kr
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•
R Nonnalized radiaI co-ordinate R= r - rs

rb- r

p2crgPd3(T"., - Tm}
Ra Ravleigh number Ra = --------

• )Jk,

c/(T. - T.. )
Ste Stefan number Ste = M m

o d
" . () T - Tm
ImenSlOnless temperature = T. _ T.

w m

<t> normalized polar angle~~ht
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[ Chapter 5 1

Conclusions

Using a mathematical model the free convection-dominated melting heat transfer

characteristics of a phase change matenal (PCM) ( n-oetadecane (99% pure» are

determined for horizontal annuli of the following configurations:

(a) Square external tube with a circular tube inside - Annulus Type A

(b) Circular external tube with a square tube inside - Annulus Type B

Numerical experiments were carried out for each of the configurations for the following

three cases: heating the inside wall. heating the outside wall and heating both walls

simultaneously to a temperature above the melting point of the PCM. Additionally,

various innovative passive methods such are introducing eccentricity to the annulus and

inverting (or flipping) the assembly are proposed and examined as possible means of

enhancing the melting heat transfer rates. The following conclusions are made based on

this investigation subject to assumptions made in the model:

• Type A annulus appears ta be more effective than type B annulus because the

cumulative energy charged is more effective for ail of the cases examined i.e heating

the inside wall. the outside wall and both walls simultaneously. Although the melting

rate appears to be better for annulus type B. it should be noted that melt fraction

considers only the latent heat storage while the cumulative energy charged includes

both sensible and latent heat components.

• Heating the inside wall in both configurations display that thermal stratification

occurs in the upper pan of the cavity while the PCM in the bottom portion remains
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solid at longer dimensionless times (Fourier number), i.e in the late stages of melting.

This happens due to the fact that the energy charged to system is mainly carried

upward by the free convective tlow in the melt. An increase in the Rayleigh number

results in an earlier onset ofconvection thereby increasing the melting rate.

• For the case of heating the outside wall in both configurations it was observed that

thermal stratification does not occur. This increases the melting rate to a considerable

extent. Moreover, it can be inferred that the etTect of heating both walls in horizontal

annuli of type A and B is the same as the sum ofheating inside wall and outside wall

separately until there is interaction between the two melt zones.

• ln horizontal annulus of type A.. as a measure to suppress the thermal stratification on

heating the inside wall, eccentricity is introduced. The numerical results indicate that

the eccentric geometry with the inner cylinder moved lower is superior to the

concentric one (ail other parameters being held constant) due to the vertically upward

orientation of the buoyancy force in the melt phase in free convection-dominated

tlows.

• Flipping or inverting the partially melted container at pre-selected times after

in itiation of melting was studied in horizontal annuli of type A and B. ft is deduced

that there is enhancement in the melting rate with the flipped container relative to the

conventional untlipped one at long elapsed times.

•

•

•


