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Abstract

The contact melting processes of phase change material (PCM) under a sliding plate, which is driven by the friction and

temperature difference AT, are studied. By using film theory, the fundamental equations for the melting process are derived. The thick-
ness of boundary layer, the pressure distribution inside boundary layer and the mass melting rate of PCM are also obtained with the numer-
ical method. It is found that (1) the larger the temperature difference is, the larger the thickness of boundary layer and the mass melting
rate are, and the more asymmetric the pressure distribution is; (2) the quicker the sliding velocity is, the larger the mass melting rate is,
the flatter the thickness of boundary layer is, and the more symmetric the pressure distribution is; (3) the results of the contact melting
driven together by the friction and temperature difference cannot be obtained by the addition of those driven respectively by the friction and

temperature difference.

Keywords: friction, contact melting, sliding plate.

The contact melting of the solid phase change
material (PCM) around a rigid body has been widely
used in numerous natural and technological processes,
such as ice-out, skating, metallurgy, lubrication and
nuclear technology. The contact melting and lubrica-
tion are considered to be related to heat transfer, hy-
drodynamics, tribology and manufacturing! ). The
classical application of melting lubrication is in the
area of sliding friction on ice and snow. Among the
more modern applications is the coating of a metallic
part with another metal whose melting point is con-
siderably lower. The function of the latter is to melt
and serve as lubricant in a manufacturing process to
which the former may be subjected. Another applica-
tion is in the field of interior ballistics, where a pro-
jectile (e. g., brass bullet) melts superficially as it
travels along a gun barrel, and so on. Over the past
years, a large number of literaturest*"'2) have been
published concerning contact melting driven by tem-
perature difference AT and pressure difference Ap,
and many useful results were obtained. Comparatively
the study on the contact melting driven by fric-
tion' ") is rare. In addition, after comparing the
similarities and differences between temperature dif-
ference and friction melting, Morega et al. (151 tfied to
directly obtain the results for contact melting due to

temperature difference by the substitution of the re-
lated parameter for contact melting due to friction,
but they were defeated. In fact, although there are
many analogies between temperature difference and
friction melting, the results for them cannot be ob-
tained by the simple substitution of the related param-
eter. As noted earlier Chen and Yang[“] considered
pressure contact melting around a horizontal cylinder
and sphere. They concluded that though the relation-
ship between the pressure and temperature difference
is linearity, the results of the AT-driven contact
melting cannot be obtained from that of Ap-driven
contact melting by the substitution of equivalent tem-
perature difference. In the present work, the contact
melting processes of phase change material (PCM)
under a sliding plate, which is driven together by the
friction and temperature difference, are studied. Con-
sidering the mutual effect of the friction and tempera-
ture difference, we derive the fundamental equations
for the melting process by the film theory. The liquid
layer thickness, the pressure distribution and the
mass melting rate are also obtained.

1 Theoretic analysis

Consider the contact melting of solid PCM under
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a sliding plate, which is driven together by the fric-
tion and temperature difference AT. The physical
model and coordinates considered in this investigation
are shown in Fig. 1. The plate with width W and
constant temperature T, as well as uniformity sliding
velocity V is placed in and acted on the solid PCM by
a down force F. The temperature of PCM is uni-
form, remaining at the melting point T_, smaller
than T,. It is assumed that (1) the melted liquid
layer is very thin (i.e., 8§ K W) and the viscous
forces are dominant; (2) heat transport by convective
flow is negligible as compared with that by heat con-
duction in the quasi steady liquid layer. Other as-
sumptions are the same as those used by Bejan and
Fowler!™ ). Then we can obtain the liquid move-
ment and continuum equations inside the boundary
layer as follows, respectively,

o’u _ dp
4u asz - dx’ (1)
Ju  Ju _
ox * 3 0. (2)

The related boundary conditions are
s=0:u =V, v=20
s=06:u=0, v=—U/ (3)

where u and v are the velocity of molten liquid along
x and s direction, respectively; p is the pressure in-
side the liquid layer; g is the dynamic viscosity; U is
the melting velocity of PCM. From Fig. 1 we can get
U= Vdé/dx. Solving Egs. (1) and (2) with the
boundary conditions (3) results in

‘= zl j—ﬂsu —8) + V(L ~-s/8), (&)
p dx
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where C is a constant to be determined. The force

per unit length exerted on the sliding plate F is
w

F = Jo pdx. (6)

Fig. 1. Schematic of friction melting under a sliding plate.

The energy balance equation with the friction
dissipation inside the liquid layer is written as fol-
lows:
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Substituting Eq. (4) into Eq. (7) and integrat-
ing it results in
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where D, and D, are the constant to be determined
by the temperature conditions respectively, i.e., T
= T, while s=¢ and T =T, while s =0. Substitut-
ing the temperature conditions into Eq. (8) we get

2
:ﬁﬂ_[_l_(iﬁ) 4, 12 Kitzz]
T A 24#2 dx 6+2V+6,udx6
+ D8 + D,,
T, = D,.

Obtaining D; and D, from above the two equa-
tions and substituting them into Eq. (8), the tem-
perature distribution inside the liquid layer can be de-
rived as follows:

2
T ~L[i( d—l’—] (8% — 38252 + 485> — 25%)

T2AL12u\ dx
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+#(E) (85—52)+§£ 65—3s2+§ss)]
+(Tm—TW)§+TW. (9)

The energy balance equation between the solid-
liquid surfaces of PCM is
~ A(dT/ds) |,_, = pLV(d8/dz), (10)
where A, p and L are the thermal conductivity, den-
sity and melting latent heat of PCM, respectively.

Substituting Eq. (9) into Eq. (10) yields

_f?“_(ie PLouv? veldp _

24t del F T2 76 dr T (Tw Twld
_ do \
= LV 4. (11)

The dimensionless parameters are defined as fol-
lows:

+ _ 0 o« _x x__D

S =wr T Tw P TEw
veYu . F AT, -T,)
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Then Egs. (5), (6) and (11) can be rewritten
as follows:
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where C* =12uC/(FW) is a dimensionless constant
to be determined. The mass melting rate of PCM
during the sliding of the plate is

prJ:udsde /W. (15)

0

M =

Substituting Egs. (4) and (5) into Eq. (15),
the dimensionless mass melting rate can be obtained
as follows:

* M *

1
* * C
M =—~=de +— (e

oWV = 1% Ty (16)

Egs. (12), (13), (14) and (16) are the funda-
mental equations which can be used to describe the
contact melting driven together by the friction and
temperature difference. With the boundary condition
p* =0 while x* =0 and 1, the mass melting rate of
PCM, the thickness of boundary layer and the pres-
sure distribution inside boundary layer during the con-
tact melting can be obtained from Egs. (12), (13),
(14) and (16).

2 Results and discussion

Here, n-octadecane is chosen as the PCM for
calculation and discussion. The thermophysical prop-
erty of the PCM is T, =28C, L =224 kj/kg, p=
814 kg/m’, A =0.358 W/(m*C), £=3.9x10"°
kg/(m-s). Figs. 2—5 illustrate the variation curves
of the dimensionless liquid layer thickness 6 and
pressure p * obtained by the numerical method from
Egs. (12), (13) and (14). From Figs. 2 and 3 it is
found that liquid layer thickness gradually increases a-
long x during the sliding of the plate, which is
analous to the results obtained by Fowler and Be-
jan"*! for the pressure and friction contact melting.
From Figs. 2 and 3 as well as the definition of V*
and ¢, it is also seen that the variation curves of the
liquid layer thickness will become flatter when the
sliding velocity increases and temperature difference
(T,— T,) decreases. While ¢ =0, namely the con-
tact melting is due to the friction, the liquid layer
thickness is a constant beeline, which is the same as
the results for the contact melting driven by the tem-

perature differencel6].

Figs. 4 and 5 show that the pressure distribution
inside boundary layer is close to a parabola curve, but
the maximum pressure is in the front of the plate a-
long the sliding direction. From Fig. 4, it is seen
that when the sliding velocity V increases the pres-
sure distribution curve will move to the back along the
sliding direction and the maximum pressure will de-
crease. Similarly, it is also seen from Fig. 5 that the
variation law of the pressure distribution with the
temperature difference (T, — T,,) is opposite to that
with the sliding velocity V, namely when the tem-
perature difference (T, — T,,) decreases the pressure
distribution curve will move to the back along the
sliding direction and the maximum pressure will de-
crease. But when the temperature difference (T, —
T,,) decreases to a fixed valve, its effects on the

pressure distribution and the maximum will disap-
pear. While ¢ =0, namely the contact melting is due
to the friction, the pressure distribution is a parabola,
which is also the same as the results for the contact
melting driven by the temperature difference! 16!
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Fig. 2. Effect of sliding velocity on layer thickness.
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Fig. 3. Effect of temperature difference on layer thickness.
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Fig. 4. Effect of sliding velocity on pressure distribution. Fig. 7. Variation of mass melting rate with temperature differ-
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Fig. 6. Variation of mass melting rate with sliding velocity. References

Figs. 6 and 7 give the variation curves of the
mass melting rate obtained numerically by Eq. (16).
In Fig. 6, in order to truly reflect the effect of sliding
velocity, the mass melting rate is denoted by M’ =

M*V*"/(5x1077). It is clear that the melting
mass rate is a monotonically increasing function of the
dimensionless sliding velocity V' * and temperature
difference ¢, which accords with the law and phe-
nomena of heat transfer. Because the increase of the
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