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Abstract-Heat transfer during melting from a horizontal cylindrical heat source with a uniform surface heat 
flux (heated el~tri~aIly) and a uniform surface temperature (heated by circulating a fluid through a multipass 
heat exchanger) embedded in n-paraffins (n-heptadecane and n-octadecane) have been studied experimen- 
tally. The instantaneous shape of the melt volume was recorded photographically and local heat transfer 
coefficients at the solid-liquid interface, determined from these data, are presented. For quasi-steady melting, 
the local and average heat transfer results are correlated in dimensionless form. Using the correlation thus 
determined, the solid-liquid interface position was calculated and found to be in good agreement with 

experimental data. 
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NOMENCLATURE 

specific heat ; 
diameter of the cylinder; 
Fourier number, air/R; ; 
Fourier number, a,t,/R$ ; 

Grashof number g&T - TJ)Rf/v: ; 

gravitational constant W 
local heat transfer coefficient based on cylin- 
der surface minus fusion temperature 
difference ; 
latent heat of fusion; 
thermal conductivity; 
length of the cylinder; 
Nusselt number, hD,/k,; 

Nusselt number, hRJk, ; 

Prandtl number, ~,/a,; 
heat flux at the cylinder surface; 
radial distance; 
radial distance, defined by equation (7); 
mean radius of solid-liquid interface po- 
sition, (l/24 ji” rd0; 
radius of the cylinder; 
characteristic radius for correlating heat 
transfer data, defined by equation (5); 
Rayleigh number, GrPr; 
subcooling parameter, c,(T, - Q/Ah,; 
Stefan number for constant cylinder surface 
temperature, c,(T, - T,)/Al\h,; 
Stefan number at the solid-liquid interface, 

ML - ?-,)/Ah,; 
Stefan number for constant cylinder surface 
heat flux, c,q, R,/kAh,; 

time ; 

to9 time at which natural convection begins to 
develop ; 

T, temperature. 

Greek symbob 

% thermal diffusivity, kJplc,; 

87 thermal expansion coefficient; 

8, angle, see Fig. 6 ; 

PI mass density ; 

%I dimensionIess time, Sre, Foe ; 

719 dimensionless time, Sre, Fo ; 

7Ht dimensionless time, Ste, Fo; 

V, kinematic viscosity. 

Subscripts 

.L fusion (melting) ; 
1, initial; 

I, liquid ; 
s, solid ; 
W, wall. 

Superscripts 
* 7 normalized with respect to the cylinder 

radius ; 
-, circumferentiahy averaged heat transfer 

coefficient. 

RECENT experimental studies have conclusively estab- 
lished that only during the early stages ofmelting from 
horizontal [l-6] and vertical [7, S] heat sources is heat 
transfer in the liquid by conduction. With continued 
melting and increase in size of the melt volume, natural 
convection flow develops in the liquid and at later 
times heat transfer by convection predominates over 

*Present address : Dornier-System GmbH, 7990 Friedricb- conduction. Both instantaneous local and circumfer- 
shafen, West Germany. entially averaged heat transfer coefficients at the heat 

1493 



1494 A. G. BATHELT and R. VISKANTA 

source surface during melting from single [l-3] and 
multiple [5, 63 horizontal cylinders embedded in a 
phase change material have been measured and re- 
ported. Heat transfer at the solid-liquid interface 
during melting has received little attention [8-lo]. 
Instantaneous local heat transfer coefficients during 
melting of n-octadecane from a vertical wall have been 
determined [8], and heat flux at the solid-liquid 
interface in naphthalene, as a function of time and 
angular position, was recently reported [9]. This latter 
study used experimental techniques nearly identical to 
those of the earlier works and was brought to the 
authors’ attention by one of the referees. However, no 
heat transfer coefficient data or correlations are in- 
cluded in the paper. The work reported here comple- 
ments and extends the published results. 

The purpose of this paper is to report on an 
experimental study to determine heat transfer at the 
solid-liquid interface during melting. The work was 
motivated by the need for basic information required 
to predict the position of the phase-change boundary 
in designing latent heat-of-fusion thermal energy sto- 
rage (TES) systems. The concept has the primary 
advantage of performing the storage function at nearly 
constant temperature and a large specific storage 
capacity [ll]. Good understanding of heat transfer 
processes involved is essential for predicting the sys- 
tem performance with accuracy under realistic de- 
mand conditions of charging and discharging and thus 
avoiding costly system overdesign. Commercial accep- 
tance and economics of solar energy, conservation, 
“waste” heat utilization and other alternate energy 
technologies are tied to the design and development of 
efficient and cost effective TES systems. 

Heat transfer at the solid-liquid interface during 
melting from a horizontal cylindrical heat source 
embedded in a phase change material is studied 
because a class of storage units given serious con- 
sideration is a standard shell and tube heat exchanger 
with the PCM on the shell side. Experiments during 
melting from a heat source with a uniform surface heat 
flux and uniform temperature boundary conditions 
have been performed. The solid-liquid interface po- 
sition has been recorded photographically and from 
these data local heat transfer coefficients have been 
determined at the interface for paraffins (n- 
heptadecane, C17H36, T, = 22.2”C and n-octadecane, 
C1sH3s, TJ = 28.2”C) as phase change materials. 

EXPERIMENTS 

Test apparatus 
Two similar rectangular test cells, in which melting 

occurred essentially in two directions, were designed 
and built. The test cell described here was used for the 
constant heat input experiments, and had inside 
dimensions of 16.2 x 13.2 x 4.0cm, while the larger 
second test cell (35.5 x 25.5 x 7.5 cm) was employed for 
the constant surface temperature experiments. 

The U-shaped aluminum frame, 4.0cm thick, con- 

sisting of two vertical and one horizontal parts, was 
attached to a rectangular base plate which could be 
adjusted in the vertical direction at its four corners for 
precise leveling. The front and back sides of the cell 
were made of 0.6cm thick plate glass, to allow for 
visualization, photographing and optical observation 
of the phenomena taking place during phase transfor- 
mation. A cut-away top view of the test cell is shown in 
Fig. 1. Except for the size, number and location of 
thermocouples, the two cells were identical. Detailed 
description of the test apparatus is available elsewhere 

l-101. 
The sealing was accomplished by placing a thin 

rubber gasket between the glass plate and the main 
frame. To attain uniform pressure along the two 
vertical and the lower horizontal edges of the glass 
plate, a collar was machined in the aluminum frame on 
each side to accommodate an aluminum stress-relief 
strip which was pressed against the edges of the glass 
plate by a number of screws along the U-shape. 

To reduce natural convection from the test cell a 
second glass plate was installed parallel to the first one. 
The air gap (1 cm) between the two vertical glass plates 
was so selected as to minimize heat transfer between 
the test cell and the ambient environment. The top of 
the test cell was closed with a Plexiglass cover. A 
frosted glass screen was hinged to this cover which 
could be turned by 180” and placed parallel to the 
window facing the camera when the solid-liquid 
interface was photographed. 

A 1.9cm O.D. brass tube with a snugly fitted 
electrical cartride heater (0.64cm O.D.) served as a 
constant heat input source. The cylinder was installed 
horizontally in the test cell with its axis perpendicular 
to the glass walls of the test cell. Small diameter holes, 
0.1 I.D. were drilled axially at 0 = O”, 90”, 180” and 
270”, and radially at l/4 L, 112 L and 3/4 L in the brass 
tube wall to accommodate the Chromel-Constantan 
(Type E) thermocouple wires. After the thermocouple 
junctions were brought to the surface and soldered, the 
cylinder surface was polished. A rectangular groove 
machined radially at one end of the brass tube 

FIG. 1. Cut-away top view ofa test cell: (1) main U-frame, (2) 
collar, (3) clamping plate, (4) stress relief strip, (5) rubber 

gasket, (6) glass plate. 



accommodated the thermocouple wires and power to establish a uniform temperature of the material with 
leads which were brought out at a right angle to the very little subcooling, (T, - Tf). For example, before 
cylinder axis. melting was initiated in the constant surface tempera- 

A second heat exchanger in connection with a ture experiment, ethylene glycol was circulated 

different test cell was designed for circulating a work- through the heat exchanger at a temperature of about 
ing fluid from a constant temperature bath through the 5°C below the fusion temperature of the material while 
cylinder. Tap holes, 0.5 cm in diameter, were drilled it was still liquid to assure a firm solid layer around the 
axially into a 2.5 cm O.D. brass cylinder every 45” with heat source and to reduce the possibility of cavities 
their axes located on a 1.5 cm diameter circle. The two above the heat exchanger. After all of the material was 
holes in the center provided the connection for the inlet solidified, the temperature of the circulating fluid was 
and outlet tubes. The holes were selectively connected raised to close to the fusion temperature of the material 
by grooves and closed by disks on each end of the for the purpose of eliminating subcooling as a para- 
cylinder. One disk was provided with three holes for meter on the melt shape and heat transfer. When the 
connecting the inlet and outlet tubes and for bringing thermocouples located throughout the test cell in- 
out the wires of the four thermocouples which were dicated a temperature within 0.2”C of the imposed 
located at 0 = o”, 90”, 180” and 270”, and installed as cylinder surface temperature, the preheating process 
described before. A hole was drilled through the inner was terminated. The initial condition, a uniform 
glass plate of the test cell for bringing out the fluid temperature of the solid close to the fusion tempera- 
supply tubes and the thermocouple wires. After in- ture, was assumed to be established to begin the 
stallation of the cylinder the holes were sealed with experiment. 
silicone-rubber cement to prevent the leakage of the For experiments in which the cylinder was heated 
liquid test material from the test cell. electrically, the power supply for the cartridge heater 

was connected to a variable transformer and a watt- 
Phase change material meter to control and maintain constant electrical 

Paraffins have been suggested as phase change power input to the heater. In determining the surface 
materials for thermal energy storage systems which heat flux, the power input to the cylinder was corrected 
take advantage of the latent heat-of-fusion [ll]. for the heat losses from the ends to the cell windows. 
In this investigation n-heptadecane and n-octadecane This was accomplished by modeling the cylinder 
were employed as the materials. N-heptadecane and n- (brass tube with the electric cartridge heater) as an 
octadecane, both with a purity of99 %, were purchased extended body, and using the measured surface tem- 
from Humphrey Chemical Company, North Haven, perature to estimate the end losses. 
CT. Phase transition of n-paraffins has been studied in In experiments in which the heat exchanger was 
detail [ 13-151 and their transport, physical and heated/cooled by circulating a fluid the inlet and outlet 
optical properties are reasonably well documented. tubes of the heat exchanger were connected to a 
The data used in this study are tabulated elsewhere constant temperature bath. The temperature of the 
[lo]. It should be noted that significant discrepancies circulating fluid was controlled by a mercury contact 
may exist between literature sources reporting ther- thermoregulator. 
mophysical property data for a particular paraffin. The thermocouples were connected to an automatic 
Differences may be due to purity, measurement tech- integrating digital microvoltmeter and a high speed 
niques, data interpretation and measurement errors. digital printer, which scanned the selected channels 
N-heptadecane and n-octadecane were chosen as test automatically, and printed the emf output at pre- 
materials because the liquid is transparent, thus allow- selected time intervals. Photographs were taken of the 
ing for optical and photographic observation of the screen with a 6 x 6cm still camera (Mamiya C300 
melt zone. Their physical and transport properties are Professional) having a 250mm f6.3 telelens. The 
well established and thus facilitate the proper non- camera recorded the solid-liquid interface position 
dimensionalization, necessary in generalizing the re- and displayed both time (LED digits) and length scales 
sults. In addition, their fusion temperatures were (cross hair and bullseye) on the negative. 
conducive for reducing heat losses from the test cell to 
the ambient laboratory environment. 

RESULTS AND DISCUSSION 

Test procedure Cylinder surface temperature 
Prior to each experiment the phase change material Due to the design and the material of the heat 

was heated to well above its fusion temperature until sources for either boundary condition, the cylinder 
no rising gas bubbles could be visually observed (for surface temperature was practically uniform in axial 
the purpose of degasification). It was then cooled to and polar directions. In the case of constant surface 
about 5°C above the fusion temperature and syphoned heat flux boundary condition, the wall temperature 
into the test cell. The ambient air temperature was so variation over the entire length of the cylinder was less 
controlled as to insure that only a small temperature than 0.4”C, while the variation with angular position 
difference existed between the air and the fusion never exceeded 0.2”C even for the largest surface heat 
temperature of the test material. Great care was taken flux. The maximum wall temperature typically occur- 

Heat transfer at a solid-liquid interface 1495 



1496 A. G. BATHELT and R. VISKANTA 

red at the top of the cylinder (6 = 180”). For the 
constant wall temperature boundary condition only 
60 to 120s were needed to reach a constant surface 
temperature [lo]. Variations of fO.l”C were due to 
the temperature control of the constant temperature 
bath. 

At SteH = 0.996 and Ste), = 0.755, during constant 
surface heat flux experiments with n-octadecane, dis- 
tinct “overshoots” in the wall temperature were noted 
at Fo = 1 .O and Fo = 1.5 [3]. The initial increase of the 
cylinder surface temperature, shortly after the power 
had been switched on, occurred during the period of 
time when natural convection effects were of secondary 
importance and conduction within the liquid layer 
surrounding the cylinder was the dominant mode of 
heat transfer; a regime which Grigull and Hauf [16] 
labeled as “pseudo-conductive”. The occurrence of the 
peak surface temperature is considered to be as- 
sociated with the change from the pseudo-conduction 
through transition to a fully developed natural con- 
vection regime. The gradual decrease of the surface 
temperature was caused by an intensification of na- 
tural convection circulation which continued until the 
flow became fully developed and the cylinder surface 
temperature reached a constant value. Similar types of 
temperature overshoots have been observed in tran- 
sient natural convection heat transfer from a vertical 
plate [17], a horizontal wire [18] and in horizontal 
cylindrical annuli [19]. They also are expected for 
transient heating of a cylinder immersed in a liquid 

POI. 

Solid-liquid interface motion 

During each experiment photographs of the ad- 
vancing solid-liquid interface were taken to study the 
shape and motion of the interface and to determine the 
melt volume during phase change heat transfer. Prints 
were made and liquid volume of the molten material 
was measured either with a planimeter or an automatic 
area meter. 

Heat losses from the test cell were very small, which 
resulted in a uniform melting front in the axial 
direction. A set of solid-liquid interface positions for 
the constant surface heat flux boundary condition (q,,, 

= const.) and with n-octadecane as phase change 
material is shown in Fig. 2. The melt shape is 
symmetric about the axis of the cylinder in the 
early stages of the process, rH = Ste, .Fo < 1.2. 
The concentric liquid region around the cylinder 
indicates that heat transfer from the cylinder is 
primarily by conduction. After some time natural 
convection develops and intensifies, influencing the 
melt shape in general and the melt region above the 
cylinder in particular. Grigull and Hauf [16] found 
that in air (Pr = 0.71) even for Grashof numbers(Gr 
= gj3(T, - T,)(R, - R1)3/v2) as low as 470, in the so- 
called “pseudo-conductive” regime, a clearly identifi- 
able convection pattern is evident. 

A “pear-shape” like liquid region around the cylin- 
der develops at tf, > 1.2 and elongates as heat addition 

(a) I (b) 

Fro. 2. Experimentally determined liquid region contours for 
n-octadecane [(l) Fo = 0.96, (2) Fo = 1.92, (3) Fo = 2.28, (4) 
Fo = 3.84, (5) Fo = 4.8, (6) Fo = 5.76, (7) Fo = 6.72, (8) Fo 

= 7.681: (a) Ste,, = 0.461 and (b) Ste, = 0.996. 

to the material continues. At higher imposed wall heat 
fluxes and longer times, the flow pattern in the melt is 
sufficiently intense to affect the lower half of the melt 
region too. A thermal plume above the cylinder was 
observed [3] which oscillated and appeared to be 
three-dimensional in nature. An undisturbed, verti- 
cally oriented thermal plume in the liquid produces a 
circulation pattern during the melting process which is 
symmetric about a vertical plane through the cylinder 
axis. The plume conveys hot liquid to the upper part of 
the melt region and continues to support the upward 
movement of the interface. The circulation pattern was 
observed visually by following the motion of very 
small (less than 0.1 mm size) paraffin particles, most 
likely of higher molecular weight which were present in 
the melt. Oscillation of the plume above the cylinder 
was frequently observed but no definite periodicity 
could be established. Subcooling of the solid material 
was a distinct parameter which influenced the shape 
and size of the melt region. The parameter 

(1) 

can be used as a measure of the importance of initial 
subcooling on the shape of the melt zone. This 
parameter never exceeded a value of 0.03 in the 
experiments and indicates that very little energy was 
required to bring n-octadecane to the fusion tempera- 
ture as compared with the latent heat-of-fusion. 

Effects of subcooling of the solid on the melt region 
around a heated horizontal cylinder were also re- 
ported by Abdel-Wahed et al. [4]. The melt region for 
the subcooled solid was substantially smaller than that 
without subcooling, because part of the energy input at 
the solid-liquid interface was absorbed as sensible 
heat by the solid. Also, the shape of the melt region was 
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observed to be narrower than that for no subcooling. 
Present findings support the results of their study. 

Imposing a constant wall temperature on a cylinder 
embedded in n-heptadecane by circulating a working 
fluid through the heat exchanger at a temperature 
higher than the fusion temperature of the surrounding 
solid material resulted in liquid region contours [lo] 
similar to those shown in Fig. 2. After an initial period, 
during which heat transfer in the melt is dominated by 
conduction, the circular solid-liquid interface changed 
to a “pear-shape” like form which indicated presence 
of natural convection in the liquid. An unsymmetrical 
shape of the melt region observed [lo] was most likely 
due to a change in direction of the thermal plume. The 
origin of the plume shifted arbitrarily from 8 = 180” to 
0 = 190” and impinged at the upper part of the 
solid-liquid boundary at about 0 = 200”. This caused 
a change in the natural convection circulation pattern 
and subsequently nonsymmetrical melting above the 
cylinder. The initial subcooling parameter S for this 
experiment was 0.0025. The results for the solid-liquid 
interface position support earlier statements that not 
only subcooling of the solid PCM but also the plume 
direction have a direct influence on the shape of the 
melt contour. 

Inspection of Fig. 2 shows that melting takes place 
primarily above the cylinder, with very little occurring 
below. The strong upward thrust of the melting zone is 
caused by natural convection. As the Stefan number 
increases, the solid above the cylinder melts faster and 
affects the overall shape of the melt region. Sparrow et 
al. [2] and Abdel-Wahed et al. [4] have reported 
experiments on the role of natural convection during 
phase change. The experiments were performed with 
an eutectic mixture of sodium hydroxide and sodium 
nitrate. The heating cylinder was instrumented to 
provide information about the surface heat transfer 
coefficient, and a grid of 92 thermocouples was de- 
ployed throughout the phase change medium to detect 
the passage of the solid-liquid interface. Recently, 
Goldstein and Ramsey [9] have reported a set of data 
for solid-liquid naphthalene interface which was re- 
corded photographically. Although the melt shapes 
are qualitatively similar, a direct comparison of the 
melt shapes is not possible because of different ma- 
terials and thermal conditions used. 

Heat transfer at the solid-liquid interface 
To understand better the heat transfer processes in 

the melt a small Mach-Zehnder interferometer was 
used to visualize the temperature distributions and to 
infer the natural convection circulation in the liquid. 
The interferometer was of typical rectangular design 
and had 7.3 cm diameter optics. The test cell and the 
heat exchanger used are described elsewhere [21]. The 
sensitivity of the index of refraction of n-heptadecane 
to temperature made it very difficult to use the 
interferometer for quantitative measurements with 

reasonable surface to fusion temperature differences. A 
few degrees Celsius temperature difference resulted in 
too many fringes for accurate interpretation of the 
interferograms particularly when the melt layer was 
thin and/or natural convection in the melt was intense. 
For this reason the interferograms recorded are used 
here only for qualitative purposes. 

Photographs of the interference fringes clearly show 
that at early times the fringes are concentric about the 
axis of the cylindrical heat exchanger. The fringe 
pattern indicates that conduction is the only mode of 
heat transfer, as was concluded by Beckman [22]. A 
selected photograph (Fig. 3) shows a melt region and a 
fringe pattern* which has already departed from a 
symmetric, annular one; particularly above the upper 
stagnation point between 0 = 150” and /3 = 210”. 
Grigull and Hauf [ 161 have shown, using smoke tests, 
that even for Rayleigh numbers as low as 315 there is 
already natural convection present in the annulus. The 
interferogram supports their findings. In spite of the 
rather even spacings between the fringes, by this time 
the melt shape has departed from a circularly sym- 
metric one. The small plume originating from the top 
of the cylinder has contributed to unsymmetrical melt 
front motion. This type of plume behavior was 
frequently observed during the experiments. 

Figure 4 shows a fully developed natural convection 
circulation during phase change. The interference 
fringe pattern depends on shape and size of the melt 
region, and the cylinder surface temperature. The more 
intense the natural convection circulation in the melt 
the more pronounced is the recirculation which sup- 
ports the melting above the heat source. The fringe 
density and, therefore, the temperature gradient at the 
upper stagnation point (0 = 1800) is larger at the 
solid-liquid interface than on the cylinder surface. 
This clearly indicates a higher heat transfer rate at the 
interface than on the cylinder surface. 

Based on a series of experiments with both constant 
heat flux and constant temperature boundary con- 
ditions at the cylinder surface, heat transfer coefficients 
at the solid-liquid interface were determined during 
melting. This was accomplished by analyzing interface 
motion during the phase change process. An in- 
stantaneous energy balance at the interface can be 
expressed as 

(2) 

The heat transfer coefficient at the melt boundary h can 
be deduced from the knowledge of the interface 
velocity (dr/dt) and the knowledge of the cylinder 
surface temperature T, if heat conduction into the 
solid is small and can be neglected. This would occur 
when the temperature of the solid is close to its fusion 

*The fluid inlet and outlet lines located at the lower 
stagnation point (0 = 0”) prevented formation of the in- 
terference fringes on the lower part of the heat exchanger. 
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FIG. 3. Photograph of the interference fringe pattern in the liquid during melting of n-heptadecane 
surrounding a heated horizontal cylinder (D,, = 1.59 cm), T, = 28.3 “C. 

temperature, i.e. negligible subcooling. 
In each experiment the interface position was photo- 

graphed as the melting progressed and the data was 
analyzed to determine dr/dt as a function of angular 
position 13 and a time (Fig. 5). Since the remaining 
parameters in equation (2) are known or measured 
quantities, the local heat transfer coefficient was 
determined from the equation 

pAh, dr 

Nt) = (T, & 0 B,f’ (3) 

For early times, when the melt layer was thin, it was 
difficult to determine dr/dt with sufficient accuracy, 
and therefore results were not obtained. The local heat 
transfer coefficients, determined from equation (3), 

showed little variation with time, possibly because by 
this time quasi-steady melting conditions were reached 
[2,3,5]. The heat transfer coefficients presented in Fig. 
6 are effectively average values over the Fourier 
number range from about 0.5 to 8.0. 

The dependence of the local heat transfer coefficient 
with the angular position and the boundary condition 
at the cylinder surface can be approximated by the 
empirical equation 

h(0) = $ + b exp[ -c(n - 0)2 (Ste,)-“2] (4) 
I 

where a = 0.3 W m-* “C-’ and c = 0.258 are empiri- 
cal constants and the constant b depends on the 
boundary condition at the cylinder surface, i.e. b = 
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FIG. 4. Photograph of the interference fringe pattern in the liquid during melting of n-heptadecane 
surrounding a heated horizontal cylinder (D, = 1.59cm), T, = 28.8 “C. 

75Wm-2”C-’ for q,= const. and b = 80 W me2 = const. The quasi-steady local heat transfer coef- 
“C-r for T, = const. The Stefan number Ste, in ficients given in Fig. 6 are consistent in trends with the 
equation (4) is independent of the boundary condition results for the local heat flux through the liquid-solid 
at the cylinder surface. The local heat transfer coef- naphthalene interface at different angular positions 
ficients at the solid-liquid interface determined for the [91. 
constant heat flux and for the constant surface tem- 
perature (see Fig. 6) boundary conditions show re- 
latively little dependence on Ste, and are almost 
independent of angular position 0 in the range of - 60” 
<0<60” for qw = const. and -25”<0<25” for T, 

q 0061 
0 0.081 

FIG. 6. Local heat transfer coefficient at the solid-liquid 
interface for constant surface heat flux (n-octadecane) and 

FIG. 5. Solid-liquid interface position as a function ofangular constant surface temperature (n-heptadecane) boundary 
position and time for n-octadecane, Ste, = 0.996. conditions. 
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Correlation of natural convection heat transfer at the 
solid-liquid interface 

Natural convection heat transfer from a horizontal 
cylinder and in horizontal cylindrical annuli have been 
studied and correlations have been proposed. Almost 
all of the correlations use the gap width 6 as character- 
istic length in the Grashof and Nusselt numbers [23]. 
Itoh et al. [24] have proposed J(rir2)ln(r,/r,) as a 
characteristic length for the Grashof number, where 
the subscripts 1 and 2 refer to inner and outer radii of 
the annulus, respectively. 

Analysis of the data obtained showed that the 
experimental results could be best correlated by basing 
the Nusselt and Grashof numbers on the characteristic 
radius R, defined as 

R, = (r,R,,)“’ ln(r,/R,) = R, B = Ro(r~)1’2 In rz 

(5) 

In this equation r,,, is the mean interface radius based 
on perimeter P (= 2nr,) (see Fig. 7) of the solid-liquid 
interface which defines the outer boundary of the 
liquid region. The parameter B is a correction factor 
for the “pear-shaped” melt region. 

By choosing an abscissa which takes the Stefan 
number at the solid-liquid interface into account, the 
experimentally determined local Nusselt numbers at 
the interface for the prescribed boundary conditions at 
the cylinder surface are correlated by straight lines as 
shown in Fig. 8. The symbols indicate experimental 
data while the solid lines represent empirical equations 
of the form 

Nu,‘ = C(Ra/Ste,)1/3, (6) 

where the constant C depends on the boundary 
condition. Comparison of the correlating equations 
with experimental results for mean Nusselt numbers at 
the solid-liquid interface is given in Fig. 9. For both 
the constant surface heat flux and constant surface 
temperature boundary conditions the experimental 
results can be approximated by the empirical equation 

FIG. 7. Physical model and coordinate system of the melt 
region. 

(4 

o.ll 
IO4 IO5 IO6 IO' lOa 

Ra/!+ 
(bl 

FIG. 8. Local Nusselt number at the solid-liquid interface: (a) 
constant surface heat flux (n-octadecane) and (b) constant 
surface temperature (n-heptadecane) boundary conditions. 

Nu,~ = A(Ra/Ste,)1’3 (7) 

where A = 0.0178 for T, = const. and A = 0.0135 for 
q, = const. boundary conditions. 

Prediction of solid-liquid interface motion 
In the analysis of systems or in fundamental studies 

of heat transfer with phase change it is desirable to 

FIG. 9. Correlation of average Nusselt number at the 
solid-liquid interface. 
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predict the solid-liquid interface motion during melt- 
ing of a material around a horizontal cylinder. Models 
which take into account natural convection heat 
transfer in the melt could not be found in the literature. 
The complexity of the equations, the nonlinearity 
introduced by the motion of the interface (which is not 
known a priori), and the departure of the melt region 
from a circular shape due to natural convection 
precludes closed form analytical solutions. Finite 
difference solutions appear possible but would be quite 
complicated. White et al. [l] used a perturbation 
method to approximate the problem for small Ray- 
leigh numbers. Although a “pear-shape” like melted 
region around the cylinder was predicted after natural 
convection in the melt became dominant, the model 
did not yield realistic predictions when the melt front 
departed significantly from the circular shape. 

To simplify the analysis in calculating the 
solid-liquid interface position, the following model is 
postulated. It is assumed that the subcooling of the 
solid is negligible and that during early phases of 
melting heat transfer is by conduction. During this 
phase of the melting process the melt region is 
symmetrical about the axis of the cylinder, and the 
position of the interface can be determined from 
analyses which consider conduction to be the only 
mode of heat transfer in the liquid [25-271. The 
maximum gap width 6 = r0 - R0 (of the concentric 
melt region) is reached at time to when natural 
convection begins to develop. For t > t, natural 
convection in the melt is sufficiently developed and the 
position of the interface is predicted from the equation 

pAh,dd: = h(T, - Tr), t > t,, (8) 

with the initial condition 

r = r0 at t = to. (9) 

Introduction of dimensionless variables and in- 
tegration yields the result 

r* = rz + *Nu(T, - 2J (10) 

where Nu is the local Nusselt number at the 
solid-liquid interface based on the cylinder diameter 
and the dimensionless time, t,, = Ste, Fo,, corresponds 
to r$. Assuming that the melt shape is symmetrical 
about a vertical plane through the cylinder axis yields 
the mean radius of the solid-liquid interface, 

- 
r: = ro* + +Nu(r, - TJ, (9) 

where the average Nusselt number at the solid-liquid 
interface is given by 

+ 0.555 b y(Ste,) (11) 

if equation (4) is used for the local heat transfer 
coefficient. 

It was determined from experimental data that 
the dimensio;lless time at which the interface was 

first observed to depart from a circular shape, z,, = 
SterFoO, depended on SteI and on the particular 
cylinder surface boundary condition. The value of this 
dimensionless time was to = 0.132 for q,,, = const. and 
f. = 0.0255 for T, = const. 

The gap width 6 at Fo = Fo, was determined by 
employing the criteria that for the “pseudo- 
conductive” regime Ra, I 1700 [16]. This was jus- 
tified on the basis that for 0 < Fo I Fo, the melt 
region was concentric about the heat source. 

Figures 10 and 11 give comparisons between calcu- 
lated and measured solid-liquid interface positions for 
qw = const. and T, = const., respectively. Results are 
shown only for an angular position 0” I 0 I 180”, 
because it was assumed that the liquid region around 
the cylinder was symmetric about a vertical plane 
through the axis of the cylinder. As expected, for either 
cylinder surface boundary condition, the calculated 
and experimentally measured interface positions show 
good agreement. The greatest discrepancy between the 
two results occurred around the upper stagnation 
point (0 = 180”). In general, at late times the interface 
position in the vicinity of 8 = 180” is more difficult to 
calculate accurately because of arbitrary swaying of 
the thermal plume which may produce an unsym- 
metrical melt shape. 

SUMMARY AND CONCLUSIONS 

Melting from a horizontal embedded in n-paraffins 
produces an unsymmetrical melt zone around the heat 
source. This is due to the development of natural 
convection flow in the liquid. The local heat transfer 

0.140 0 --- 
-.- 

r’ 0.267 0.427 A 0 - 
0.567 + -..- 

FIG. 10. Comparison between calculated and measured 
solid-liquid interface positions for melting of n-octadecane, 
4, = const.: (a) Ste,, = 0.461, Ste, = 0.061 and (b) Ste, 

= 0.996, Ste, = 0.108. 
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0.050 0 ---- 
0.200 0 -.- 
0.300 A - 
0.500 + -“- 

4r TI Exp. Anal. (b) 
-I 

FIG. 11. Comparison between calculated and measured 
solid-liquid interface positions for melting of n-heptadecane, 
T, = const.: (a) Ste, = Ste, = 0.158 and (b) Ster = Ste, 

= 0.275. 

coefficients at the solid-liquid interface were de- 
termined from the photographically recorded interface 
positions. For quasi-steady melting the local Nusselt 
numbers were correlated by an empirical equation of 
the form, Nu = C(f?)(Ra/ste,)‘!3, and the average 
Nusselt numbers were correlated by the equation 

Nu,c = ,4(Ra/Ste,)1’3. In these equations C(0) and A 

are coefficients which depend on the boundary con- 
ditions imposed at the heat source surface. 

The experimental results show that natural con- 
vection effects during melting are of first order impor- 
tance and should be considered in any analysis of 
systems involving phase change. The knowledge of the 
heat transfer coefficient at the solid-liquid interface 
allows prediction of the interface motion. 

The results reported have been obtained with a low 
thermal conductivity material. The empirical cor- 
relations obtained should be applied with caution to 
systems having different imposed thermal conditions 
and/or thermophysical properties. There is still a need 
for experimental data covering a much wider range of 
imposed thermal conditions and with materials have- 
ing thermophysical properties much different than 
those studied. This information would be helpful in 
developing analyses and in their verification. 
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25. A. Horsthemke and E. Marschall, S~i~herung von 

TRANSFERT THERMIQUE A L’INTERFACE SOLIDE-LIQUIDE PENDANT LA 
FUSION A PARTIR DUN CYLINDRE HORIZONTAL 

R&sum&--On itudie exp~rimentalement le transfert thermique pendant la fusion A partir dune source de 
chaleurhorizontaleetcyiindriqueavecunifuxsurfaciqueuniforme(chau~agetlectrique)etunetem~rature 

de surface uniforme (chauffage par circulation dun fluide a travers un khangeur de chaleur a plusieurs 
passes), noyee dans des n-paraffines (n-Heptadecane et n-Octadecane). La forme instantanee du volume 
fondu est enregistree photographiquement et des coefficients locaux de transfert thermique a l’interface 
solide-liquide sont determines a partir de ces mesures. Pour la fusion quasi-stationnaire, les resultats sur le 
transfert de chaleur local et moyen sont present&s sous une forme adimensionnelle. En utilisant la formule 
ainsi dbtermin&+ la position de l’interface solide-liquide est calculee et elle est trouvQ en bon accord avec les 

don&es ex~rimentales. 

WARMEUBERGANG AN DER PHASENGRENZE FEST/FLUSSIG BEJM 
SCHMELZEN AN EINEM WAAGERECHTEN ZYLINDER 

Z~mmenfa~ung-or W~rme~~rgang beim Schmelzen an einer waagerechten zylindrischen W&me- 
quelle mit konstanter Oberflachenw5rmestromdichte (elektrisch beheizt) und konstanter Oberfflchentem- 
peratur (beheizt durch stromende Fliissigkeit in einem mehrglngigen Wlrmetauscher) wurde experimenteJ1 
mit n-Paraffinen (n-Heptadekan und n-Oktadekan), in welche die Warmequelle eingebette war, 
untersucht. Die momentane Form des geschmolzenen Volumens wurde fotografisch festgehalten und daraus 
die iirtlichen Wirmeiibergangskoeffizienten an der Phasengrenze bestimmt. Fur quasistationlres Schmelzen 
werden die ortlichen und mittleren W~~e~~rgangskoe~ienten in dimensionslo~r Form dargestellt. Mit 
der auf diese Weise bestimmten Beziehung wurde die Position der Phasengrenze berechnet. Der Vergleich 

zeigte gute Ubereinstimmung mit den experimentell ermittelten Werten. 

TEI’UlOJlEPEHOC HA rPAHMUE PA3fiEJIA TBEPJJOE TEnO-XMAKOCTb 
lIPI% n~AB~EH~~ HA rOP~3OHTA~bHOM U~~~H~PE 

AriwraUisss- l'lpoeeAeH0 3KcnepwMeHTanhHoe UccneAoBaUUe nepeUoca Tenna npu UnaeneHmi Ha 
rOpII30HTaJIbHOM UUJIHHAlWIeCKOM ACTOYHHKe TeIIna IIpU OAHOpOAHOti IIJIOTHOCTA TeIInOBOrO IIOTOKa 

(HarpeB 3JIeKTpHYeCKUM TOKOM) II OAHOpOAHOti TeMIIepaTyl'E IIOBepXHOCTU (HarpeB xoIAKOCTbb3, 

UUpKyJIIIpyloIUefi B MHOrOXOAOBOM TeIInOO6MeHHUKe). fh3OU3BOAMnOCb @OTOrpa&I~BaHIie 06be~oe 

pacnnaea w onpenenwmcb nokanbubte x03@@nieHrbi TennooBhneUa Ha rpamiue pasnena TsepAoe 
Ten0 nomKocTb.&m K6a3ucTauwoHapHoronnaene~li~~3y~-?bTaTbln0noKanbHo~yU cpeAHeMy Tenno- 
o6MeHy npeACTaB,~eHbI B 6e3pa3MepHOM BiIAe. c UOMOmb~ UOnyYeHH~X TaKUM 06pasoM COOTHO- 

~eHU~~CC~~TbI5anOCb IIOJIOXCeHUe rPaHNUbIpa3Aena TBepAOeTenO-~~AKO~Tb.Pe3ynbTaTbI PaCYeTOB 

IIOATBep~AahOTCIt COOTBeTCTByINUIiMU 3KCIIeoUMeHTaJIbHbIMH AaHHbIMU. 


