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Abstract

An analytical study was conducted in order to examine the role of convection and inertia on close contact melting of a phase change material
(PCM) resting on a sliding heated plate. Results indicate that for high Prandtl substances, inertia has no effect on contact melting regardless o
the magnitude of the melt layer Reynolds numBerConvection however, enhances contact melting and its effect is increasingly perceptible
for Re > 102. Viscous dissipation may be ignored as londRas< 10* and the Stefan numb&te > 0.001. On the other hand, for low Prandt|
substances, both convection and inertia influence contact melting. Convection enhances melting while inertia hinders it. The effect of inertia
is further accentuated as the Prandtl number becomes smaller. Viscous dissipation remains negligible ﬁ«eierfg)%and&e> 0.001.

0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

1. Introduction Few studies have examined the effect of a relative motion
between the PCM and the heated source on close contact

Close contact melting occurs when a solid melts while melting [11,12]. These investigations focus on the transient
being in contact with a heat source. The liquid generated atthermal behaviour in the early stages of contact melting
the melting front is squeezed out from under the solid by the while conduction was still considered to be the prevailing
pressure maintained in the central section of the film by the mechanism of heat transfer across the melt layer. Convection
weight of the free solid. was ignored.

The problem of contact melting has been the subject of  The present paper overcomes this limitation by looking
investigations related to the fundamentals of heat transferat the effects of both convection and inertia on close contact
[1-5], lubrication [6] and latent heat energy storage [7-9]. melting. These effects are delineated in terms of the Stefan
The importance of close contact melting lies in the fact that and Reynolds numbers for high and low Prandtl substances.
the heat flux across the thin melt layer separating the heatedThe assumptions of negligible viscous dissipation and of
surface from the solid phase change material (PCM) is muchquasi steadiness of the melting process are also assessed.
higher than the heat transfer dominated by convection, which
generally occurs in much thicker layers of molten material.

As a result of the higher heat fluxes, the melting times are 5 M athematical model
considerably reduced.

In most of the investigations repor_ted in the open litera- A schematic representation of the physical system is
ture, the process by which the melt is squeezed out of thedepicted in Fig. 1. A block of solid PCM of initial heigif,

s_mall gap se_parating the heat source and the solid is _COﬂJengthL and deptfz initially at uniform melting temperature
s_ideied quasrstegdy and the heat transfgrthrough the |.IQUI 7., rests on a flat plate. At time= 0, the temperature of
T'Im is by conduction oniy [1-3,5-10]. Ti_us last gssumption the flat plate is suddenly raised to a constant valye=

1S howgver no longer valid wiie_n a relative motion between T,» + AT and simultaneously a relative motion between
t_he solid and the heat source s |mpo§ed. In th.'s case, convecy, plate and the PCM is set. The amplitude of the relative
tion heat transfer mth_e energy equation_and mertiaf(_)rces N otion is U Melting is triggered and the solid descends
the momentum equation must be taken into account in orderVertically at a speed while squeezing the melt out of the

to model faithfully the melting process. thin gap of thicknes8 between the solid and the plate.
Five basic assumptions are made regarding the behaviour
* Corresponding author. of the physical system:
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Nomenclature
C heatcapacity.................... kg—tK1 v meltingspeed ........................ snt
e depth oftheblock........................ m x coordinate . ........cooii m
Ec Eckert number= U2/CfAT y COOTdINALE .. v v e et m
g acceleration of gravity . ............... a2 Greek letters
h latent heat of fusion.................. kgt
H initial height of the block ... ............... m « thermal diffusivity of melt............ fhs~!
k thermal conductivity ............ wh—1.K-1 8 molten layer thickness .................... m
L length of the block . ......oovovei.... m AT  temperature differences 7p — Tm
P PIESSUIE. . ..o et e et e e Pa P density............oo kg®
Pe Peclet numbek UL /o i d_ynamlc_ V|§c03|ty ................... -Blm?
Pr Prandtl number= v/« v kinematic viscosity .................. 1
0 flowrates..........coovvveneennn.... sl Subscripts
Re Reynolds humbes UL /v 7 liquid
S molten height of the block................. m melting point
Se Stefan numbek= Cs AT/ his P plate
t Me . e S s solid
T temperature............ K ot total melt
u x velocity component................. a1t _
v y velocity component................. a1t Superscript
U moving plate velocity ................. 8! * indicates dimensionless quantity
= du  Jv
t=0 - g 0 1)
t>0 Ii
Performing an order of magnitude analysis, one obtains the
following result from Eq. (1):
H
g .0
PCM l VR U @)
The vertical dimension of the thin melt gaps assumed
Y very small in comparison with the length of the block
¢« Liquid|film——> 5 (6 < L). It follows from Eqg. (2) that the velocitw is
» ; = 5 "T T » U negligibly small with respect to the velocity of the moving

Fig. 1. Schematic of the system studied.

(1) The melting process is considered quasi-steady, i.e., at

every point in time the weight of the solid is balanced
by the excess pressure built in the liquid film;

oT
(2) The transfer processes are one-dimensional (function ofua +v—=

y only);
(3) The gap thickness is constant along the length of

plate.
2.2. Energy

The equation for the conservation of energy may be stated
Hf

as:
a2T N a2T N
a —_— —_— _—
I\ 9x2 dy? prCy

The last term on the right-hand side of Eq. (3) represents

oT
= ]
W ®

the block (this assumption results from 2). The gap the effect of internal heat generation by fluid friction. An

thicknesss may however vary with time;
(4) The flow in the liquid film remains laminar;
(5) The fluid properties are temperature independent.

2.1. Mass

order of magnitude analysis of Eq. (3) yields the following

result:
2
AT AT AT wr (U
U—~r~ail —5+—> |+ —2( = 4
L af<L2 " 52)+,0fcf<5> )

The diffusion term in the horizontal directiol\{"/L?)

Subjected to the above assumptions, the mass conservaean be neglected with respect to the diffusion term in

tion equation for the melt is then:

the vertical direction A7/8%). As a result, the effect
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Fig. 2. Physical representation of the injection—suction theoretical model. 0 : 1 : ‘ J | . | '

of convection is negligibly small with respect to that of 0 0.2 0.4 0.6 0.8 1

conduction if y/d
(£>2Pe<< 1 ) Fig. 3. Temperature profile in the melt gap as a functiom.of

L
and the effect of viscous dissipation can be ignored in departs from the linear distribution found in the case of no
comparison to that of conduction if relative motion between the PCM block and the heated plate.
Pr.Ec« 1 (6) The relation between the gap thickness and the melting

speed follows from an energy balance at the melting inter-
For most of the cases examined in this study, Eq. (6) is face (y =§), i.e.:
satisfied. The effect of convection must however be retained
when a relative motion is set between the heated plate and_kf(d_T) =hyspsV 9)
the PCM block. For a one-dimensional transfer process, dy /-5

Eq. (3) then becomes: Substituting Eqg. (8) in Eq. (9) provides a first relation

s dr d’r between the molten layer thicknesgsand the melting
Tdv - Y g2 (7 speedV:
L dy dy p

with T(y=0) =T, =T, + AT andT(y=46) =T, as USAT 1

the boundary conditions. The additional assumption that the —,rCy L exp(—Us2jasL)—1 =hpspsV (10)

problem can still be accurately modelled in one dimension
(vertical direction) has been made and Eg. (2) was used t05 3 pMomentum
replacev in Eq. (7).

Eqg. (7) is the energy equation retained in the present
model. From a physical point of view, modelling the effect
of convection may be pictured as the injection of warm fluid
through the plate at a speed= U§/L and suction of the L/2
same amount of cold fluid through the PCM block at the |, / P(x)dx = ps(H — S)eLg (11)
same speed (Fig. 2). As a result, the heat flux at the surface
of the PCM block is larger than that at the surface of the
heated plate and energy is conserved via the injection and From the momentum conservation equation in the hori-
the suction of fluid in the melt gap. zontal direction,

The temperature profile in the liquid gap is then given by:

At all times, it is assumed that the pressure in the liquid
gap is related to the weight of the PCM block by:

Us . U2l oL ou L ou —1dP n <82u n 82u> (12)
ex —ex U —FV —=———FVf| 5+
() =T, + AT SRSy asL) —eXpUS/as L)) o FR Mt Rl W e v
1—expUs?/aysL)
) i . it is found that
This temperature, depicted in Fig. 3, shows that the effect
of convection becomes increasingly important &4.(%Pe U2 1dP U U
augments. For §/L)?Pe > 0.1, the temperature profile 77~ _;a Vs ﬁ"'ﬁ (13)
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where (//L?) is negligibly small with respect tol{/s?).
Inertia may be neglected with respect to friction if the
following condition is satisfied:

Table 1
Dimensionless variables
and parameters

5\2 5* §/L
(—) Re«k 1 (14) H* H/L

L Ne S/L
The effect of the inertia forces cannot, however, be discarded V* VL/vy
automatically when the plate is set in motion. As a result, the o* ps/of
momentum conservation equation retained here becomes, vpi/L2
for a one dimensional process: 3,2

A L g/vf
8 du 1dpr d?u
Y pr & Y Table 2

with U(y =0) = U andU(y = é) = 0 for the boundary Dimensionless num-
conditions. As for the energy conservation Eq. (7), Eq. (15) bers

may be viewed as a combination of injection and suction of
mass in the melt gap. Further details on this approach may
be found in reference [13].

Substituting Eq. (2) fow in Eq. (15) and solving yields
the following velocity profile:

LP,
vLP (U - exp( Us )

Se CyAT /hps

Re UL/vy
Pr vy/lag
Re UL/vy

u(x,y)=— y : —y Substitution of Eq. (20) in Eqg. (11) provides a second
Us 1-— exp(f}/f—,‘sL) vrL relation between the molten layer thicknessand the
Vi LP, 2 melting speed’:
("~ Uexpp) >
32 e X - (21)
1- exp(vf—L) 12¢ ‘
where ) _ )
1 dp 2.4. Dimensionless equations
X = 3
oy dr Egs. (10) and (21) were cast in dimensionless form using
From the definition of the height integrated flow rate, the variables and parameters defined in Table 1 and three
s dimensionless numbers provided in Table 2:
0(x) :/M(x, y)dy a7) _ 5* . SeRe=p*V* (22)
0 exp(—RePré*) —1
and with the help of Eq. (16), it is possible to calculate the _ V*Re — p*(H* — S)A (23)
mass flow rate. Integration of Eq. (1) from=0 (v =0) to 12+
y=246 (v=-V) yields, with
=V 18 = -\ st+t—
o (18) & = pe 2 exp(Res*’) —1

Differentiating the result obtained in Eq. (17), the following  The Prandtl numbePr characterises the substance, the
relation between the pressure and the melting speed isStefan numbe®&e the heating intensity and the Reynolds

obtained: numberRe the magnitude of the relative motion between
d?p d?p the heated plate and the PCM block. The Peclet and Eckert
V= W@) = «‘E@ (19) numbers are defined in the nomenclature.
where Both Egs. (22) and (23) are nonlinear equationsWér
s andé*. Their numerical solution is obtained from a regula
pypL? Ls Upyr falsa method. The total melting time may then be extracted
§= (p%UZ(S B 2Upy + 1— exp(ﬁ/%z) from the solution foB*.

Integrating Eq. (19) twice with respect toand using the
boundary conditions for the pressutéx = +1/2) =0, one 3. Resultsand discussion
obtains:
vV, o, 5 Egs. (22) and (23) were solved numerically. Different
P(x)= g(“x - L% (20) melting scenario€0.0001< Ste < 1) and different rela-
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Table 3 ' R N N L E Sy
| \’
Thermo physical properties afoctadecane Re -0
y 776 kgm=3 O Re=175x102
Ps 814 kgm3 08 ® Re=175x103
c 2240 Jkg~1.K 1 © © Re=175x10%
k 0.152 Wwm~1.K 1 -9 e ——
v 4639% 106 m2.s~1 - © 57 |
o 875x 1078 m2.s1 06 © 0.1
-1 ¥ © Y
h 242 x 10° Jkg -9 —
Pr 57 R
¥ ©
I ©
0.4 |— ©
Table 4 © i
Thermo physical properties of gallium ©
©
P 6094.7 kgm—3 ' © -
c 398 Jkg~1.k 1 0.2 |- o
k 33.49 Wm~1.k—1
v 287x 1077 m2s1 ©
o 1.3667x 10> m?.s71 S 1
h 80160 kg1 0 0 : 014 o > 112
Pr 0.0208 : - :
Table 5 Fig. 4. H* — S* versust* for Pr = 57 atSe=0.1.
Thermo physical properties of potassium (TemperatB50 K)
of 824.4 kgm~3 8000 - Y A N —
Ps 860 kgm~3 ° Re—0 |
c 818 Jkg~LK~1 | O --- Re=1.75x102|
k 54.2 Wm7_1~I2<_11 J ® - - Re=1.75x103
v 6.28x10~ ' m*.s™ ! _
a 8.037x10° m2.s~1 f ©-- Re= 1'75X10jL
1 S |
: ks - Pr=57 |
: s 0 Ste = 0.1/
34 / T
- /
tive motion between the heated plate and the PCM block < © i
(0 < Re< 10°) were examined. Three substances were con- -8
sideredn-octadecaneRr = 57), gallium (Pr = 0.0208 and 2000 @oﬁo ® 4
potassium(Pr = 0.00782. Their thermo physical proper- !
ties are provided in Tables 3, 4 and 5, respectively. For all :
simulations reported here, the initial dimensions of the PCM |
block areL = 0.1 m andH = 0.1 m (Fig. 1). .
3.1. High-Pr substances

Fig. 4 shows the temporal variation of the thickness of
a PCM block(H* — §*) made ofn-octadecangPr = 57), Fig. 5.Nuj, versus* for Pr = 57 atSe=0.1.
for Reynolds numbers varying from 0 ta76 x 10%. The
Stefan number is maintained equal to 0.1. As time passes, the
PCM block melts and the thicknes#* — S*) diminishes. m

It is seen that the efect of the relative motion on the o7 ZECC BEITE L O e
melting process remains imperceptible e < 10, For N

Re > 10? however, convection in the melt layer enhances (Fig. 5). The Nusselt numbeu , is defined as:
melting and dominates fdRe > 10%. It was also found that ”

. . . . . . . Nuy = 4q — dT/dyb:B 24
simulations conducted with and without the inertia term in UL = k;AT/L == AT/L (24)
the momentum equation (15) yield the same results. Inertia '

appears to play an insignificant role in the contact melting of ~ The melting speed* is linked to the Nusselt number via
high-Pr substances. the following expression:

Another interesting feature of Fig. 4 is that, fBe < . Se
10%, the melting rate (or speed) decreases as the block Vi= o*Pr

t*

elts and increases f&e > 10*. The effect of convection

Nuz, (25)
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1000 £ T T =

——— = ———— | | ;/ | T | I 77\';\
s Pr =57 8 Re >0
N b Re >0 = 3
1000 \\_¢\ o Rei?75><102: O Re: 48><104_
o ‘\g\ ¢ Re=175x10° 08| J D Re =4.8X104
- o \3 + Re=175x10% L © Re =4.8X109
10 = . ‘3\ o Re=1.75x10% - = |
- SNy = I Pr=0.0208]
- o . 06 Ste=0.1 |
1 < ‘_ \6‘ ‘6‘ ] x Ny - L,
5 F * T~ % E o ]
<L T S |
0.1‘\
el . 0.4 — —
B .. ] B i
0.01 'Y i B 4
- Pro00208 | e - i 1
- Pr=0.0208 - 3 02 — —
— — _Re—0 'Y < 1 L ]
0001 ) Re=48x10° o j s .
| ¢ Re=4.8x10* ~5 3 L 1
= 5 =~
00001 JD‘ 1R‘e\l_l.4'8>i1q, L1l \‘ 1 | JH’ 1 N 0 L ‘ L
0.0001 0.001 0.01 0.1 1 0 0.0002 0.0204 0.0006 0.0008
Ste t
Fig. 6. Total melting times,) versus3te for n-octadecane and gallium. Fig. 7. H* — §* versus* for Pr = 0.0208 atSte=0.1.
01 N T T T I T T IITIT T 17T
Comparison of Figs. 4 and 5 reveals that, Rer< 107, . T A o w
the time wise Nusselt number decreases in the same manner " s Pr =0.00782
as the melting speed. Its magnitude remains slightly larger - W Re_’a
than that for the case of no relative motion between the PCM \&\e @ Re= 1-28X1°5
block and the heated plat®e — 0). ForRe > 10* however, 001l . O Re=1.28X10
convection dominates the melting process and the temporal TE ‘\g . © Re= 128&9/7
variation of the Nusselt number is radically different. Not i \‘8 |
only is the magnitude of the Nusselt number larger but it _ 8 ]

increases steeply, like the melting speed (Eq. 25), as timex_"

passes. 6
The variation of the dimensionless melting timg, that 0.001

is the time needed to melt entirely the PCM block, with

respect tde is depicted in Fig. 6 for-octadecane and for

gallium (Pr = 0.0208). Fom-octadecane, it is seen the;

decreases linearly witlste and it remains independent of &

the relative motion forRe < 107. For Re > 10? however, 0.0001

tey versusSte departs form a linear relation. The melting I I TTI S IR NI R R SR RTINS AR

time diminishes and the decrease is accentuated as the Stefan ~ 0.0001 0.001 0.01 0.1 1

number increases. Ste

T
/

T
@
Lol

T
&

ELl \,_J'

Fig. 8. Total melting times;) versuste for potassium.
3.2. Low-Pr substances o

The tempora| variation of(H* — §*) for a low-Pr (Re: 1.28 x 10° andSte = 0.3). It is clear that convection
substance, i.e., galliurPr = 0.0208), is depicted in Fig. 7. enhances melting while inertia hinders it. Both effects must
The Stefan number is kept constaist{ = 0.1) and the however be taken into account simultaneously when simu-

Reynolds number varies from 0 to8x 10°. Contrary lating contact melting of lowRr substances.
to highPr substances, the effect of convection on contact
melting of lowPr substances remains negligible fiee < 3.3. Limitations of the model

5.0 x 10*. For Re > 10° however, the melting rate slows

down! This behaviour is further accentuated for lower Pr In closing the discussion, some of the limitations of the

substances such as potassium (Fig. 8). It is the result of theabove mathematical model must be stressed.

inertia forces acting on the flow (Eg. 15). The first limitation concerns the effect of viscous dissipa-
Fig. 9 distinguishes the effects of inertia and of con- tion. This effect is negligible provided that Eq. (6) is satis-

vection on the melting of potassium for a given test case fied. Fig. 10 shows that viscous dissipation may be ignored
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ey 1~g—=T 7 | — T T
——— Motionless ’ T %06y S | T a)
———————— Convection only er 70 e 0 o ]
ol &  ——-- Inertia only | bos— - T Only 40% ofthe PN
1 = o 1
O Convection and inertiaH Toaf — — block has melted
—— = _|Pr=0.00782 i
I g: . 060g782 I "2 e 128108 E
0.6 - e=0. R - Re =1.28X ]
* R — a | 0] 1 | R ) | | ] l | | | 1
e =1.28x107 L L 7
. I - & b
I 003 - ﬁ “E’, {
0.4 — — | _g -
¥ 0.02 — 4.0 _]
= - r i N
L C cal
02| _ 0016-0 60 & GO &0 &° | -
.. - |
B h 0 1 1 | 1 ! L | 1 L ‘ 1 : 1 ]
| o~ E 0 0.0001 0.0002 0.0003 0.0004
0 1 i \ I I N L L L I | t*
0 0.0001 0.0002 0.0003 0.0004
t* Fig. 11. Case where the quasi-steady assumption is not satisfied:
Pr = 0.00782 Ste=0.06 andRe= 1.28 x 10%; (a) H* — S* versust*;
Fig. 9. H* — S* versus r* for Pr = 0.00782 e = 0.3 and Re (b) 8* versust*.
=1.28x 10°.
0'4 T T T I [ T | T 1
LIS N R N N ‘
T T T TTTIT T T TTTTT ] P'vi s Pr=000782 ‘g
r==57 E Ste = 0.06 | ©
J - (o))
102 - O Re= 1.75><103% Re = 1.28x10¢, ﬁ 5
+* @ Re=1.75x10%- S sl - =
+ & Re=1.75x109" e | e
E [} = |
¢ ] 3 L | |
1 _@_ 777777777777777 —= § (4
---3 e L
o s & = 02 " -
w o E 5 | & |
< o & E g o0 e
Q102 IS & 4 & oo @O o |
4 vy i Z2 eo0® | 1
s & = 8 o1 : —
é b & S }
104 é L | |
é L ; ,
Pr = 0.00782 $ N . AR R B
¢ Re= 1.28x102 é 0 0.0001 0.0002 0.0003 0.0004
10-6 "Q“RQ‘=1'28>><1OVIH‘ Lo [ EENE) t*
0.0001 0.001 0.01 0.1 1
Ste Fig. 12. Relative error between pressure and weight veisus

Fig. 10. Viscous heating versus Stefan number. discrepancy between the pressure and the weight is clearly

illustrated in Fig. 12.
for high-Pr substances whelRe < 10* andSte > 0.001. For
low-Pr substances, viscous dissipation remains negligible as
long asRe < 10° andSte > 0.001.

The second limitation concerns the quasi steadiness of

the cor(l)te_)act melting process. For high Reynolds number ., ection and of inertia on close contact melting of a phase
(Re > 10°), the static equilibrium between the dimensionless o546 material resting on a sliding heated plate. Based on

pressure in the liquid layer and the dimensionless weight of 4o 1eqits obtained, the main conclusions are summarised
the PCM block above may, at some point in time, break

4. Concluding remarks

A numerical study was conducted to examine the role of

down. Then, the set of Egs. (22), (23) no longer has a below.

solution. An example is provided in Fig. 11, fdr = e For highPr substances, inertia has no effect on contact
0.00782 Se=0.06 andRe = 1.28 x 1(P. At approximately melting regardless of the magnitude of the melt layer
1* ~ 3.25 x 1074, 40% of the PCM block has melted. The Reynolds numbeRe . Convection however, enhances

pressure in the melt layer no longer balances the weight of ~ contact melting. Its effect is increasingly perceptible for
the block and Eqgs. (22), (23) diverge quickly. The temporal Re> 10%;
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e For low-Pr substances, both convection and inertia in- Québécois de la Recherche sur la nature et les technologies
fluence contact melting. Convection enhances melting for their financial support.
while inertia hinders it. The effect of inertia is further
accentuated as thBr number becomes smaller. For
Pr < 0.01 andRe > 10%, the relative motion between
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