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Analytical and Experimental Investigation
of Melting Heat Transfer
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and
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A computational model is presented for the prediction of the heat transfer between a heat-transfer fluid (HTF)
and a phase change material (PCM) of a latent heat storage unit. Two models of flow, hydrodynamically fully
developed and developing, of the HTF were proposed in this study. A twe-dimensional enthalpy method was used
for the computation of the phase change heat transfer in the PCM. A fully implicit finite-difference scheme was
utilized for the calculation of convective heat transfer in the HTF. The unknown time-dependent boundary condition
between the HTF and the PCM was found iteratively. The predictions were substantiated by their fair agreement
with experimental data. Factors affecting the heat-transfer rates between the HTF and the PCM were studied
numerically for both the hydrodynamically fully developed and developing flows. It was found that the Nusselt
number is significantly increased by the developing temperature prdﬁles. The developing velocity profiles also
increased the Nusselt number. However, the influence on Nusselt number due to the developing velocity profiles was
less significant than that due to the developing temperature profiles. Other factors affecting the Nusselt number are

discussed.
Nomenclature

A =area
Ay, Ay, A3 = constant
B = constant
c = specific heat
C = constant
D’ = diameter
D, = hydraulic diameter, 2(ro — r53)
Fo = Fourier number, dimensionless time, Eq. (7)
h = heat-transfer coefficient
[ = specific enthalpy
k = thermal conductivity
L =length of tube, L'/RePrDyj
L’ = length of tube
M = constant
Nu = Nusselt number
p = pressure, p'/(pu;;/2)
p’ = pressure
Pr = Prandtl number, v/a
q = heat flow rate
Q = heat flow per length
O, 0w =local heat flow per length
r = spatial coordinate, r’/r;
r’ = spatial coordinate
Re = Reynolds number, u,,D,/v
Re’ = Reynolds number, 2u,,rq/v
Ste = Stefan number, Eq. (39)
t = time
T = temperature, (T" - TP/NT, - T)
T = temperature
u’ = axial component of velocity
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= specific internal energy

= radial component of velocity

= control volume

= spatial coordinate, x’/Re’r;

= spatial coordinate

= spatial coordinate, x’/RePrD),

= spatial coordinate, x’/Rer;

= thermal diffusivity

= step size '

= convergence criteria

= enthalpy, Eq. (5)

= scaled dimensionless enthalpy, Eq. (28)
=latent heat of fusion

= kinematic viscosity

= density

= dimensionless time, a,/rg

=scaled dimensionless temperature, Eq. (8)
= spatial coordinate, x’/r}

= time level
= saturated state

= mean bulk value

= at the inlet

= fusion

= heat-transfer fluid

= gpatial location

= initial value

= spatial location

=liquid region

= mean value

= maximum value

= phase change material
= tube

= at the shell wall

= at the inner-wall of tube
= at the outer wall of tube
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Introduction

HE high-power requirements of future spacecraft mis-

sions present many technological challenges to the design-
ers of spacecraft thermal management systems (SCTMS). The
need to buffer thermal loads, such as during burst power
conditions, is currently a major problem. One possible solu-
tion is the application of latent heat storage with its use of
phase change materials (PCM) to buffer the large heat input
conditions. The present investigation was motivated by the
need for predictive tools necessary for the design of SCTMS
using latent thermal energy storage. In this research, a latent
heat storage unit is configured as shown in Fig. 1. The PCM
is contained in a long horizontal tube assembled within a
cylindrical shell. The temperature-controlled heat-transfer
fluid (HTF) is pumped through the shell-and-tube heat ex-
changer to release or absorb thermal energy to or from the
PCM.

Basically, the analysis of heat transfer in this latent heat
storage unit is divided into two problems: the melting/freezing
problem of the PCM in a horizontal tube and the convective
heat-transfer problem of the HTF in an annular passage.

For the present melting/freezing problem, the unknown
tube wall temperature is assumed to be time and location
dependent. This problem is rather difficult to solve because of
the moving boundary and the unknown wall temperature. By
introducing the enthalpy method, this problem becomes much
simpler. The governing equation of the enthalpy method is
similar to the single-phase conduction equation. Using the
enthalpy method to approach a phase change problem has the
following advantages: 1) there are no conditions to be sat-
isfied at the phase change boundary; 2) there is no need to
accurately track the phase change boundary; 3) there is no
need to consider the solid and liquid sides separately; and 4) it
allows a mushy zone between the solid and liquid phases. The
unknown tube wall temperature between the heat-transfer
fluid and the PCM is obtained from an energy balance.
However, an iterative procedure is required. The Newton-
Raphson method is used for this “root-finding” problem.

One of the objectives of this research is to develop a
numerical method to find the heat transfer between the HTF
and the PCM. The comprehensive understanding of the heat
transfer in the latent heat storage system can provide the
information for the design of microgravity spacecraft thermal
management systems. However, there are many other applica-
tions, such as metal casting, crystal growth, and thermal
energy storage for building space conditioning, where the
fundamental understanding of the phase change phenomena is
important.

Literature Review

Melting/Freezing Heat Transfer in Horizontal Cylinders

The heat-transfer processes that occur during melting/freez-
ing in horizontal cylinders have recently received considerable
attention because of a wide range of engineering applications.
Mathematically, the problem belongs to the ‘“moving
boundary” class of problem. Webb and co-workers! studied
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Fig.1 Latent heat storage unit and coordinate system.
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the melting phenomenology of water in a horizontal cylindri-
cal capsule by experiment. The solid/liquid interface and the
interaction of fluid flow, caused by natural convection and the
motion of the solid induced by the density inversion of the
water/ice system, were determined visually. Heat transfer at
the solid/liquid interface during melting from a horizontal
cylindrical heat source embedded in a PCM was studied by
Bathelt and Viskanta.? Two paraffins, n-heptadecane, T =
22.2°C and n-octadecane, 7;=28.2°C were used as the
PCM’s. The shape of the solid/liquid interface was determined
photographically and the local heat-transfer coefficients were
measured using a shadowgraph technique. Ho and Viskanta?®
and Pannu et al.* used the vorticity-stream function method
to deal with the problem of phase change in horizontal
cylinders. This method is based on the consideration that the
heat transfer in the liquid PCM is by natural convection. A
perturbation method was used by Yao and Chen® to solve the
melting problem in a horizontal cylinder. This method is
complex, tedious, and limited to small Stefan numbers. Rieger
et al.%” used a numerically generated coordinate system,
which conformed to the shape of the boundaries, to study the
melting process around a horizontal cylinder. Because of the
changing shape of the solid/liquid interface, this method
appears to be laborious.

All the aforementioned studies did not consider the temper-
ature variation of the PCM in the axial direction. Also, most
were limited to uniform tube wall temperature. Experimental
studies also focused on uniform tube wall temperature cases.
McCabe® obtained numerical solutions for time-dependent
temperature distributions. He used the enthalpy method with
an implicit scheme to solve the melting/freezing problem in
cylinders. However, only radial solutions were obtained. Like
the other researchers, he also did not take the axial depen-
dence into account. In terms of the conjugate heat-transfer
problems involving the HTF and the PCM with “natural”
boundary conditions at the interface, several papers® ! have
addressed the problem of freezing on the outside of a horizon-
tal cylinder.

Heat Transfer in Annular Passages

The annulus represents a common geometry employed in a
variety of heat-transfer systems ranging from simple heat
exchangers to the most complicated nuclear reactors. Theoret-
ical and numerical studies of heat transfer in an annulus can
be roughly divided into two types: heat transfer in a hydrody-
namically fully developed region and heat transfer in an entry
region.

Heat Transfer in Hydrodynamically Fully Developed Region

For the case of an axially symmetric hydrodynamically fully
developed fluid flow with constant properties in a concentric
annulus, Reynolds et al.'? concluded that there are four types
of fundamental boundary conditions of interest: 1) a step
temperature on one wall and the other wall maintained at the
inlet temperature, 2) uniform heat flux at one wall and the
other wall being kept adiabatic, 3) uniform wall temperature
at one wall and the other wall remaining insulated, and
4) uniform heat flux from one wall with the opposite wall
maintained at the inlet temperature. A very thorough treat-
ment of the annulus problem has been published by Lundberg
et al.!> based on these four types of fundamental solutions.
They used an eigenvalue method to yield an exact solution for
the entire thermal entrance region, but near the point of a step
change in either the wall temperature or the heat flux at the
wall, a large number of terms in the eigenfunction expansion
are required. Worsoe-Schmidt'* obtained these four types of
fundamental solutions by using a similarity transformation
method. The similarity variable used was obtained from
Leveque solution. Hatton and Quarmby'> also used the eigen-
value method to find solutions of heat transfer in annuli.
However, only the cases with either uniform wall temperature
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or uniform heat flux on the inside wall and with the outside
wall insulated were analyzed. The case of an arbitrarily pre-
scribed heat flux around the periphery of either wall, or both
walls, was studied by Sutherland and Kays.!® The technique
used was an expansion of the known peripheral heat flux
distribution in a Fourier series. Because the resulting tempera-
ture distribution can also be expressed as a Fourier series,
the energy equation becomes a set of ordinary differential
equations in terms of the eigenfunction. These eigenfunctions
were used with the Fourier coefficients of any peripheral heat
flux distribution to obtain the resulting wall temperature
distribution.

Heat Transfer in Entry Region

The solution of the heat-transfer problem with simulta-
neous development of velocity and temperature fields has
been the subject of a great deal of attention during the past
three decades. Because the temperature profile cannot be
obtained without knowing the velocity profile, the solution is
usually obtained by first solving the hydrodynamic entry
length problem and then solving the thermal entry length
problem.

Murakawa!” has obtained an approximate entrance length
solution for the annulus via a series solution. The final result
only partially satisfies the boundary conditions. Liron and
Gillis'® also obtained solutions for flow in an annular region
by representing the momentum equation by the stream func-
tion and then by using an eigenvalue method. However, the
solution is restricted to vanishingly small Reynolds numbers.
Heaton et al.’® obtained a velocity profile defined over the
entire region by linearizing the momentum equation and
solving the resulting equations analytically.

For the thermal entry length problem, Murakawa!’ has
obtained a solution for an arbitrary wall temperature at the
inner wall of the annulus by an integral method. The develop-
ing velocity and temperature profiles used were simplified and
were applicable only near the inner wall. The resulting solu-
tion did not show all the geometric effects nor did it approach
the fully developed solution. Heaton et al.!® linearized the
energy equation to find the temperature profile. Their solution
was obtained by an integral method. However, the only
solution obtained was the case of uniform heat flux at one
wall and the other wall insulated.

Analysis

Enthalpy Model for Phase Change

For an arbitrary control volume ¥ that is fixed in space and
if conduction is the only heat-transfer mechanism to be
considered, the time rate of change of internal energy has to
be equal to the net rate at which heat is conducted through V
if there is no energy source inside ¥ and no external work
toward V. Mathematically, this can be expressed by

d
—JpUdV:JkVTﬁdA )]
dr !, 4

It is noted that in the absence of motion, the pressure P is
independent of time. Thus,

d
— | PdV = 2
dtf,, d 0 2

Since
pU=pi—P (3

Equation (1) can be written in the form

d
—jpidV:jkVT-ﬁdA (4)
dt Jp A
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Equation (4) is the general form of enthalpy equation. The i
vs T relationship for the phase change material is used in
conjunction with Eq. (4). Frequently, the dimensionless en-
thalpy 6 is defined as

v
_ 1 [e=in,

=l T2 4 (5

For the case of melting/freezing process in a horizontal
tube, 8 for the control volume as shown in Fig. 2 is

2 Y oa—ip
V
72 /Z)AX/J;) P /1 d (6)

i+1 T

ot

if the bouyancy effect in the liquid PCM is neglected and the
density is assumed to be constant.
Introducing 8, Fo, and ¢, such that

Fo =atr}? (7N
and
¢ =C(T"=T*)/A (8)
into Eq. (4), one has
00 0 o 1 2
Fol =\F . T Ay T e
aFOi,j aXu+1 aXi,j Ay rigi—ri
0¢ o¢
X(ar y ri+1_5u ri> 9

Forward difference in time and backward difference in space,
the explicit finite-difference representation of Eq. (9) is

07! — 07 _$na o0 —200 2
AFo AXZ Fiva +r;
[(#7% 1,ji — ¢f’j)"i+ 1~ (¢Z’j — &1, (10)
Ar?
The relationships between 6 and ¢ are

¢=0 when 020 (11a)
=0 when —-1<6<0 (11b)
0=0+1 when 0<—1 (11¢)

Equation (10) should be used in conjunction with the
energy equation and the momentum equation for the HTF,
since the conditions between the HTF and PCM are functions
of time and location. Because of the unknown boundary
condition between the PCM and HTF, the implicit scheme of
the finite-difference equation for the enthalpy model seems
impossible. The explicit scheme is therefore used since it is the
more straightforward method.
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Fig.2 Control volume in cylindrical coordinates.
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Heat Transfer in an Annular Passage

The current problem of interest is heat transfer in an an-
nular passage with a transient temperature distribution. The
dimensionless differential equations associated with this prob-
lem are the continuity, momentum, and energy equations

ou 10(rv)
2 = 12
6x+r or 0 (12)
ou  Ou 1dp %u 10u
“w T e T Tl z(ﬁ :5) (13)
oT Pr( 0T oT 0*T 10T
S PPl PO e 14
ot 2(u8x+vﬁr> or? ror (14)

These equations assume steady, laminar, incompressible flow
with constant fluid properties and negligible axial conduction,
buoyancy effect, internal energy generation, viscous energy
dissipation, and axial rate of change of the radial shear stress.
However, for the current problem, the flowing fluid tempera-
ture is time dependent. Therefore, the energy equation is
transient. The boundary conditions for these equations are
given by

(x,ry) = v(x.r5) =0 (15)
u(x,1) = v(x,1) =0 (16)
u(0,r) = u(r) amn

T(t.x.r,) = To(t,%) (18)
% =0 (19)
T(z,0,r) =T1) (20)

Equation (19) indicates that the shell is insulated at r = 1. In
addition to these geometric boundary conditions, an initial
boundary condition is required for Eq. (14).

Hydrodynamically Fully Developed Flow
If the flow is hydrodynamically fully developed, then the
velocity is independent of x and Eq. (13) becomes
0*u 10u 1dp
—S+t-———=-——= t 21
6r2+r6r ady o (21
The integration of Eq. (21) with the boundary conditions
defined by Eqs. (15) and (16) leads to Lamb’s® fully devel-
oped velocity profile for the annulus,

u=Q2/M)Y(1—r*+B/lnr) (22)
where
B=(3—1/tnr, and M=1+r}—B

Flow in the Entrance Region

The problem of laminar flow heat transfer in the entrance
region was extensively studied during the past three decades.
However, many of these studies were limited to some simple
cases such as uniform heat flux, uniform wall temperature,
and steady-state temperature distribution. For the current
problem of a transient temperature distribution, none of the
previous studies can be applied directly and therefore a re-
examination is necessary.

In order to find the velocity distribution, an additional
equation is required since there are three unknowns, u, v, and
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p, appearing in Eqs. (12) and (13). The integral continuity
equation is used,

1 1 — 2
Jrudr: 2” (23)

2

Because momentum equation [Eq. (13)], is nonlinear in u, it is
difficult to solve by analytical methods. Instead, a direct
numerical method is used to solve this problem.

To find the temperature distributions in the flowing fluid
and the heat fluxes between the flowing fluid and the PCM,
the energy equation must be solved. If the velocities and the
boundary conditions for the energy equation are known, it is
not difficult to solve the problem; however, if the boundary
condition between the flowing fluid and the PCM is unknown,
a technique of finding the boundary condition is needed.

Numerical Procedure

Velocity Profiles in the Entrance Region

Although some methods!”® were used previously to find
the laminar velocity distribution of an annular passage in the
entrance region, the previous methods are complicated and
therefore are not very practical for this study. A much simpler
method will be used.

By choosing an arbitrary value for p;, there are then only
two unknowns, u and v. The procedure of finding u and v is:
1) give an arbitrary value for v; 2) solve u by the Gaussian
elimination method; 3) solve v by the Gaussian elimination
method; 4) compare the new u with that in the previous
iteration. If the difference is sufficiently small, the » and v
obtained can be considered satisfied for the value of p;_;
otherwise, using the new value of u and v and return to step
2. Since u and v are obtained by choosing an arbitrary value
for p, u may or may not satisfy the integral continuity
equation. An iterative solution for p; is required and the value
of p; is considered to be converged if and only if

1 1— 2
ru dr — 2
ra 2

where ¢ is the convergence criteria. The strategy to find p; is
that if the chosen value of p; is smaller than the exact value,

then
1 1 — 2
rudr < i
s 2

and a larger value of p; is used in next iteration. The Newton-
Raphson method is used to find p;.

<e (24)

Iterative Solution of the Inner-Wall Tube Temperature

Since the enthalpy equation nor the energy equation can be
used without giving the temperature distribution between the
heat-transfer fluid and the PCM, the iterative solution of the
inner tube wall temperature 7'; becomes a starting procedure
for the calculation of the heat transfer in the latent thermal
storage system. Since this temperature is between the inlet
fluid temperature and the initial PCM temperature, the itera-
tive solution converges.

Solving the Melting/Freezing Problem
The boundary conditions of Eq. (9) are given by

C(T—T;
o), =2ST=TD (29)

%%

=0 26
arl_, (26)
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o 09 —0 27 er’s law, the local heat flow per unit length between the heat
N im0 oy oL - 27 transfer fluid and the PCM can be given by

Equation (27) is based on the assumption that the two end
plates for the PCM tube have very low thermal conductivities
so that they are considered to be adiabatic.

The enthalpy distribution in the PCM at a fixed axial
location can be easily obtained by using Eq. (10) and the
appropriate boundary conditions. The temperature distribu-
tion is obtained from Eq. (11). The new 0 from the last time
step is a result of radial and axial conductions during the time
step. The 6 obtained from Eq. (10) is not appropriate to be
used for the calculation of the heat flux between the heat-
transfer fluid and the PCM. The equation that resembles Eq.
(10) but lacks the axial conduction term is given below and is
used for the purpose of calculating the heat flow,

9‘;3}1 _071,;'= 2 (o7 l,j_d);:jl‘)ri—kl—(¢Z1"_¢;n—l,j)ri]
At Fipr+ 7 Ar?

(28)

where

_ 2 vo(i—i¥)
0 = dv
p(rzil—r?)Ax’Lp p

The transient local heat flow rate for a length of Ax’ at
r=r, is given by

X Vp AET =07
N At’

q(t.x") (29

where

Vi=n(r? ,—rPHriAx’ and Ar' =Aufe,

Therefore, the transient local heat flow per unit length is given
by

Qu(tx) = (q(t,x") /Ax") (30)

Transient Temperature Distribution of the Heat Transfer Fluid

From the integration of the one-dimensional heat conduc-
tion equation for cylindrical coordinates with the boundary
conditions such that

T'=T, at r' =r|
=T, at r'=rj
and using Fourier’s law, one has

0= 2nk (T3 —T1)
£n(rafry)

where Q is the heat flow rate through the PCM tube per unit
length.

Equation (31) is obtained based on the assumptions that
the tube wall is very thin so that the axial conduction and the
sensible heat absorbed by the tube are neglected. Since the
heat flow through the PCM tube is equal to the heat flow
from the PCM tube to the PCM, from Eqs. (30) and (31) one
has

€2))

Qui(t.x") - Lalryfr)
2nk,

Ty(t.x") = + T(t,x") (32)

Upon finding the temperature distribution of the HTF, the
Nusselt numbers can then be calculated. According to Fouri-

’

oT
QxZ(tax /) = 27[r/2k;, A7

or (33

r=rh

The bulk temperature of the heat-transfer fluid is

1 1
Tb:f ulr dr/j ur dr (34)

By definition, the Nusselt number is

hD, _2h(ry—r%)

Nu =
“T 3

(35)

The heat flux by conduction at the outer PCM tube surface is
equal to the heat flux by convection to the HTF. Thus,

, , o1’
Ty = T5) =kn (36)
r r'=r5
The combination of Egs. (35) and (36) yields
2(1—ry)oT
Nu = T,—T o)., 37

It is remembered that all the values concerning the heat
transfer between the heat-transfer fluid and the PCM and the
values concerning the melting/freezing in the PCM are based
on the iterative 77 and it may not be converged. T is
considered to be converged if and only if

|00 — Qul < (38)

where ¢ is the convergence criteria. If 7'} is not converged,
then one has to correct it and return to the solution procedure
of solving the melting/freezing problem. This is a root finding
problem and 77 is found by the Newton-Raphson method.

Experiment

This experimental study focused on the melting process of
a contained PCM. The results are compared with the numeri-
cal results. P116, a Sun wax with a melting point temperature
of 43°C was chosen as the PCM since it is transparent in the
liquid state but opaque in the solid state, thus providing visual
identification of the melting interface.

The experimental apparatus employed in this study is
shown schematically in Fig. 3. The experimental setup consists
of three major systems: instrumented heat exchanger, fluid
flow control, and data acquisition. Details of the experimental
apparatus are given in Ref. 21.

An experimental investigation of the melting process was
conducted. Thermal equilibrium was established in the heat
storage unit at a temperature of 39°C. Fluid flow was shut off
to the heat exchanger. Once the bath temperature reached
49°C, fluid flow was initiated into the heat exchanger and the
data acquisition process was begun. When the experiment was
in progress, the flow rate was constant at 0.65 gal/min
(2.46 liter/min) and the inlet temperature of the HTF was also
constant at 49°C. The melting process of the PCM was
recorded by the VCR for later study.

Verification of Accuracy

Since in recent studies many of the methods used are either
new or improved from other methods, a comparison of the
recent numerical results with experimental results or the re-
sults obtained by others is very important. This not only
avoids mistakes made in recent studies, but also provides an
examination of the accuracy of recent methods.
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Table 1 Velocity distributions in fully developed region for r, =0.5

Numerical method

r—r, . .

=, 11 grids 41 grids Eq. (22)
0.1 0.60266 0.60278 0.60279
0.2 1.03899 1.03912 1.03913
0.3 1.32605 1.32616 1.32616
0.4 1.47716 1.47721 1.47721
0.5 1.50284 1.50283 1.50283
0.6 1.41159 1.41154 1.41153
0.7 1.21036 1.21029 1.21028
0.8 0.90493 0.90485 0.90485
0.9 0.50011 0.50006 0.50006

Table 2 Solutions of flow in fully developed region for r, =0.5

Nu

X Present Lundberg Worsoe-Schmidt

Constant heat flux at inner wall

0.0001 34.985 - 346 34.233
0.0010 16.39 16.4 16.356
0.0025 12.378 12.37 12.367
0.005 10.132 10.13 10.127
0.010 8.435 .8.433 —
0.025 6.932 6.931 —
0.05 6.353 6.353 —
0.1 6.191 6.192 o
Constant temperature at inner wall
0.0001 29.802 28.4 28.456
0.0010 13.760 13.68 13.701
0.0025 10.445 10.42 10.427
0.005 8.610 8.602 8.603
0.010 7.249 7.246 7.247
0.025 6.118 6.117 —
0.05 5.784 5.785 —
0.1 5.738 5.738 —

It is found that many of the previous studies were restricted
to limited boundary conditions or simpler cases; therefore, the
comparisons with previous works are quite limited.

Melting/Freezing of PCM in a Horizontal Tube

A comparison of the experimental data of Viskanta and
Gau?? and the predictions by the enthalpy method with
n-heptadecane as the PCM, given in Fig. 4, shows quite good
agreement. In Fig. 4 the Stefan number Ste and the initial
dimensionless temperature ¢;,; are defined as

T,—T]
Ste = EAL_I) (39
A
T - T
b= (40)
r— 14

Entrance Region Velocity Distribution

The method used in this investigation to find the laminar
velocity distribution in the entrance region of an annulus is
very simple when compared with the eigenvalue method.
When computing on an IBM 4381 system for 41 x 501 grids,
the CPU time is only 86s. The comparison of maximum
velocity distribution by Heaton et al.'® and this work is given
in Fig. 5. When the flow is fully developed, the velocity profile
obtained by this method has a maximum difference of only
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Table 3 Solutions of uniform heat flux at inner wall for flow i in entry
region with Pr =10

Nu
X Present Neglect v Heaton
0.0010 16.081 16.468 16.68
0.0025 12.255 12.535 12.60
0.005 10.079 10.187 10.20
0.01 8.414 8.453 8.43

0.02% compared with Eq. (22) for the case of r, =0.5 and 11
grid points in the radial direction. A comparison of the fully
developed velocity profiles obtained from Eq. (22) and from
the numerical method for r, = 0.5 are shown in Table 1.

Heat Transfer in Annular Passages

Comparisons of the results for heat transfer in annular
passages for flow in the fully developed region with Lundberg
et al.'’*> and Worsoe-Schmidt’s!# are given in Table 2. For flow
in the entrance region, the results compared with Heaton’s 19
for the case of uniform heat flux at the inner wall are shown
in Table 3. In Heaton’s analysis, the effects of v on the flow
field are underestimated because of linearization; therefore,
the Nu numbers obtained by Heaton do not agree very well
with the present results. A better agreement is obtained by
neglecting v of Eq. (14).

Results and Discussion

Figure 6 shows the Nusselt numbers in the thermal entrance
region by considering that the flow field is fully developed and
that it is developing. It is obvious that, near the inlet, Nusselt
numbers of the developing flow field are larger than those of
the fully developed flow field. This is because in the velocity
developing region, the boundary layer is thinner; therefore,
the drag force is larger, which makes the Nusselt numbers
larger. As the HTF flows down from the inlet, the Nusselt
numbers of the two different flow fields become closer.

From Egs. (13) and (14), one can conclude that the
Reynolds number will not affect the local heat flow rates. This
is effective only when X is defined by X = x’/RePrD,. The
effects of changing the initial temperature of the HTF and the
PCM and changing the inlet temperature of the HTF of the
thermal storage unit on the Nusselt number are shown to be
insignificant.

Figure 7 shows the transient temperature distribution of the
PCM for flow in the entrance region. The initial temperature
of the PCM and HTF is 38°C. The inlet temperature of the
HTF is 53°C. Since the temperature of the PCM is initially
lower than the melting point temperature, the solid PCM
temperature increases to the melting point and melting occurs.
However, as time elapses, the solid PCM will approach the
melting temperature, a constant temperature. The tempera-
ture gradient of the PCM at the inner tube wall will decrease
with time. This means that the heat flow rate between the
HTF and PCM will decrease with time.

The transient temperature distributions of the HTF are
shown in Figs. 8 and 9. Near the inlet, the temperature of the
HTF is uniform except at the region near the outer wall of the
PCM tube. For the downstream region, the temperature of
the HTF at the center portion between r, and r, is higher than
that near the tube wall. This phenomenon is caused by the
parabolic velocity distribution. However, as time elapses, the
temperature gradient appears to be nonzero only at the region
which is near to r,. From Figs. 8 and 9, one would discover
that as X decreases, the temperature gradient at r, increases.
This characterizes that, near the inlet region, the heat flow
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rate is larger than that of the downstream region. It is also
noted that when time elapses, the local heat flow rates
decrease. . :

For melting of the P116 wax in the latent heat storage unit,
both experimental data and predicted results showed fair
agreement. However, after the experiment progressed
100 min, ‘air bubbles were generated, which had significant
influence on the experimental results, and therefore compari-
son between the experimental data and predicted results be-
comes difficult. During the initial melting period, a minimal
amount of slumping of the solid PCM was observed. The end
plugs of the PCM capsules offered sufficient therrmal resistance
to allow the solid PCM to remain attached to these plugs for
a substantial period of the melting process. '

The initial time evolution of the predicted solid/liquid
interface positions is plotted on Fig. 10 for constant Reynolds
and Prandtl numbers of 683 and 3.93, respectively. It appears
clearly on the figure that in the upstream region of the HTF,
the melting of the PCM is faster than in the downstream
region. This is because in the upstream region the temperature
of the HTF is higher and both the temperature and velocity
profiles are developing. Figure 10 also indicates that the
melting is slower as time increases, which characterizes that
the heat flow rates between the HTF and PCM decrease.

Conclusions

Analysis and experiments have been performed for a heat-
transfer study of a'latent heat storage unit. Melting/freezing
problems were solved by a finite-difference method based on
the enthalpy formulation. Convection problems of the HTF
were solved by first obtaining the velocity distribution and
then by solving the energy equation. In addition to the
continuity equation and the momentum equation, the integral
continuity equation was also used for calculating the velocity
distributions.

From the obtained results one can conclude that:

1) The developing temperature profiles increase the Nusselt
number significantly. The developing velocity profiles can also
increase the Nusselt number. However, the increase is not so
significant when compared with the increase caused by the
developing temperature profiles.

2) Near the inlet region, the effect of r, on the Nusselt
number cannot be neglected. The Nusselt number increases
with the increase of r,. In the far downstream region, the
effect of r, on the Nusselt number is small and can be
neglected. '
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