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Abstract-Experiments were performed to investigate the melting of a phase-change medium contained in 
a circular tube when the heating at the tube wall is nonuniform around the circumference. Melting 
experiments for uniform heating conditions were also carried out to provide baseline information. For a 
vertically oriented tube with heating confined to half the circumference, the amount of melting, relative to 
that for uniform heating, was reduced by 45% in the early stages of melting and by 35% in the later 
stages. When the containment tube was inclined to the vertical, the decreased melting associated with the 
nonuniform heating was recouped at inclinations large enough to cause the solid to be pressed by gravity 
against the heated portion of the tube wall. This direct contact mode of melting was achieved consistently 
at an inclination of 30” and intermittently at an inclination of 15”. The use of a low-friction base surface 
for supporting the melting solid was shown to favor the direct contact mode. Timewise measurements of 
the shape of the melting solid enabled identi~cation of the pattern of melting for the different types of 
heating and the various inclinations. Results are also presented for the timewise variation of the stored 

energy. 

INTRODUCTION 

THE EXPERIMENTAL work to be described here is 
concerned with melting in vertical and inclined tubes 
which are nonuniformly heated around the tube cir- 
cumference. Such a heating pattern may occur, for 
example, in a thermal energy storage system in which 
cylindrical containers filled with a phase-change 
medium are exposed to direct solar radiation. In such 
an arrangement, the rear portion of each container is 
in shadow and is, therefore, virtually adiabatic, while 
the front portion is strongly heated. It is reasonable 
to expect that nonuniform heating patterns of the 
aforementioned type will decrease the rate of melting 
of an encapsulated phase change material, but the 
extent of the decrease has not heretofore been quan- 
tified. 

The present investigation has two complementary 
foci. The first is to quantify the reduction in melting 
due to nonunifo~ heating, and the second is to inves- 
tigate means of recouping these reductions. 

In the first part of the work, melting of a phase- 
change medium encapsulated in a vertical tube was 
investigated, this configuration being a likely can- 
didate for applications such as the aforementioned 
direct storage of solar energy. Two types of melting 
experiments were conducted for the vertical tube. In 
one, baseline information was obtained for the case 
in which the heating was circumferentially uniform. 
In the other, the tube was subjected to nonuniform 
heating such that half the circumference was adiabatic 
while the other half was exposed to uniform tem- 
perature higher than the phase-change temperature. 

The use of the direct-contact mode of melting to 
recoup the degradation caused by the nonuniform 
heating was investigated in the second part of the 
work. In this mode, the melting solid is pressed against 
the heating surface by the force of gravity. Although 
there is, necessarily, a film of liquid between the heat- 
ing surface and the solid, the film is very thin, and 
relatively high heat fluxes are carried across it by 
conduction, thereby enhancing melting [I]. The direct 
contact mode was activated here by inclining the con- 
tainment tube away from the vertical so that the melt- 
ing solid was brought into contact with the heated 
half of the tube circumference. Inclinations of 7q”, 
15” and 30” relative to the vertical were employed. In 
connection with the sliding of the melting solid into 
the wall, some consideration was given to the friction 
characteristics of the base of the tube on which the 
solid rested. 

For each operating condition, measurements were 
made of the variation of the melted mass with time. 
At selected times during the melting period, the bulk 
tem~rature of the liquid melt and the shape of the 
unmelted solid were determined. Measurements were 
also made of the circumferential and axial variations 
of the tube wall temperature. The experiments were 
performed using 99% pure n-eicosane paraffin, with 
a melting temperature of 36.4”C. 

EXPERIMENTS 

Apparatus 

The containment tube used to encapsulate the 
phase-change medium was chosen to be nonmetallic in 

1629 



specific heat of liquid melt: 
energy stored during complete melting 
with melt at T, 
energy stared as sensible heat during 
t=Otot 
sum of E, and &. 
energy stored as lat& heat during f = 0 
to t 
eneqg stored as latent heat during 
complete meIting 
Fourier number, af/f(’ 
thermal ~o~duct~vit~ of fiquid melt 
mekd mass 

total mass available far melting 
inner radius of containment tube 
Stefan number, c(T, - T*)JI 
bulk t~nlpe~ature of liquid 
temperature ofmelting enViKlnMent bath 
melting t~~erat11~ 
rn~~t~~~ period. 

Greek symbols 
Cz thermal d~~us~v~ty of liquid m& 
R latent heat of melting 
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order LO reflect the probable realities of phase change 
thermal storage systems. The tube was of NEMA 
grade G-IO phenok, chosen for its high strength, 
excellent surface finish, low water absorption and 
roundness. fn the initial set of meiting ex~r~ments~ 
where the heating was c~r~umfere~tial~~ uniform, the 
tube was provided with end caps but was otherwise 
unrn~d~~~_ Subs~uentl~, to facilitate the non- 
uniform heating experiments, the tube was fitted with 
a thermal en~~o~e~t chamber which suppressed 
heat transfer over half its ~rcurnf~~~ce. 

A schematic diagram of the containment tube with 
the isolation chamber in place is displayed in Fig. 1, 
The tube had an overall length of 39.4 cm, an internal 
diameter of 5.10 cm and a wall thickness of 0. I6 cm. 
Ft was dosed at each end by an ~ns~~at~~g cap. The 
thermal ~so~atjon chamber was an ~~en-to~~, pk.+ 

grass-wadded re~t~~lar encfosure, 9.5 x 20.5 cm in 
cross section and 3I.5 cm deep (all internal dimen- 
sions). The chamber was @Ied with silica aerogef pow- 
der ~~su~at~on whose thetas ~a~du~ti*~ty is E 5% fess 
than that of air. To prevent its levitation, the powder 
was shearbed in pfastie. ~o~du~ti~l~ contact between 
the chamber walk and the tube was minimized by 
chamfering the walls adjacent to the zone of contact, 

The portion of the tube occupied by the soiid phase 
prior to the onset of melting is indicated in the figure 
~l~ngth~~ameter ratio of the solid = 4.3). The phase- 
change material rested on the top of the iower end 
cap, which consisted of a 3.81~cm-long, pIa&- 
covered cylinder of S~~ofoam insu~a~~n~ backed from 
betow by a 4.45 cm bngth of D&in rod. An U-ring 
em~dded in the D&in seated against outteakage of 
the phase change material and inleakage oE water 
when the apparatus was situated in a water bath. The 
diameter of the exposed portion nf the lower cap was 
somewhat enlarged to serve as a handle and, as seen 
in the figure, the adjacent portion of the ~~~tainrnent 
tube was fitted with a plexiglass collar to provide 
stiffness and strength. 

The upper end cap, also of ~lastj~~~~~ Styru- 

foam, protmded ~~~~ard into the ~o~ta~~rn~~t 
tube by about 3.4 cm. A plexigfass collar was faxed 
to the tube just below the exposed portion of the cap 
in order to suppart a pair of trunnions from which 
the tube was suspended when it was in place in a water 
bath (the colk~ and t~~lnnions were omitted from Fig. 
1 to simplify the drawing). 

The 7.6 cm clcarancs between the upper surfa+~ 
of the solid phase and the base of the upper end 
cap served to accommodate the expansion which 
a~rnpa~i~s both doled-io-liquid phase change and 
the heating of the liquid me&. By design, the clearance 
readily accommodated the meit even when the tube 
was in&ned ;at 30” to the vertical. The rerna~~~~~ air 
space provided additional ~nsu~a~~ng capacity. 

The temperature of the wail of the containment 
tube was measured by 20 the~ocou~~~s cemented 
into gtaoves in the outside surface of the tube wall. 
E?even of the thermocouples were located on the 
exposed side d the tube while the remaining nine wer@ 
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on the thermally isolated side. The thermocouples 
were made from 30-gage, Teflon-coated chromel-con- 
stantan wire that had been calibrated specifically for 
these experiments. 

Two temperature-controlled water baths were used 
during the course of the experiments. One of the baths 
served to bring the containment tube and its charge 
of solid paraffin to a preselected uniform temperature 
prior to the initiation of a melting run. Temperature 
control was achieved to better than O.l”C. The bath 
was equipped with fixturing to hoid the tube erect 
and at the desired depth in the face of the naturally 
occurring buoyancy forces. 

The other bath served as the thermal environment 
in which the containment tube was situated during 
the melting run. The water in the bath was highly 
agitated to ensure high values of the heat transfer 
coefficient at the outside surface of the tube. An 
adjustable support fixture was provided which 
enabled the tube to be oriented either vertically or at 
various angles of inclination with respect to the verti- 
cal. The water level at which the tube was positioned 
is illustrated in Fig. 1. Again, temperature control was 
better than 0.1 “C. 

In addition to the aforementioned main pieces of 
apparatus, supplementary equipment was used in con- 
nection with the experimental procedure, which will 
now be described. 

Experimental procedure 
Each melting experiment consisted of five steps: 

(I) preparation of the solid-phase test specimen; (2) 
thermal equilibration of the solid and the containment 
tube ; (3) the melting period; (4) post-melting data 
collection ; and (5) cleaning of apparatus components 
to remove all residual parafin. The procedure used 
to execute certain of these steps differed somewhat 
depending on the heating mode (i.e. uniform or non- 
uniform). 

As noted earlier, the uniform heating experiments 
were performed prior to the attachment of the thermal 
isolation chamber to the containment tube. In that 
case, the solid test specimen was prepared by utilizing 
the containment tube itself. However, with the 
chamber attached to the containment tube for the 
nonuniform heating runs, it was found more con- 
venient to prepare the specimen in another tube (a 
phenolic tube identical to the contai~ent tube) and 
then to introduce it into the containment tube. 

To begin the preparation of the test specimen util- 
izing the containment tube, a new film of plastic wrap 
(Saran Wrap) was applied to the Styrofoam portion 
of the lower end cap, and the cap was put in place in 
the tube. With the upper end cap removed to provide 
access, a very small weight attached to a fine nylon 
thread was lowered into the tube and positioned at 
the center of the bottom. The thread, which was con- 
strained to coincide with the axis of the tube, was used 
to extract the unmelted solid at the end of the melting 
period. 

The tube was then weighed, after which the paraffin 
was introduced in liquid form and the tube placed in 
an ice bath. Void formation during the freezing of the 
paraffin was prevented by irradiating its upper surface 
with a heat lamp set at low intensity. The upper sur- 
face of the solidified specimen was made flat by con- 
tact with a heated disk whose controlled depth of 
penetration into the containment tube fixed the axial 
length of the specimen. The tube and its contents were 
then weighed. 

The preparation of the test specimen utilizing the 
auxiliary phenolic tube was basically similar to that 
just described, but with differences in detail. First, the 
small weight and the nylon thread were positioned 
off-center in recognition of the fact that the melting 
would be unsymmetric in the presence of nonuniform 
heating. In addition, the freezing of the liquid paraffin 
in the auxiliary tube was performed at a higher tem- 
perature (i.e. in a 25°C water bath) than before. After 
the freezing, the tube and the solid paraffin were 
cooled to the ice point in order to contract the paraffin 
and facilitate its removal from the tube. While still 
highly chilled, the solid specimen was introdu~d into 
the containment tube, and as its tem~rature rose, it 
expanded to form an intimate contact with the tube 
wall. 

After the preparation of the solid-phase test speci- 
men, the containment tube was capped and intro- 
duced into the equilibration bath. When the tube was 
without the thermal isolation chamber, a period of 12 
h was needed for the tube and its contents to attain a 
uniform temperature equal to that of the equilibration 
bath. However, with the isolation chamber attached 
to the tube, an equilibration period of 16 h was 
needed. During the equilibration period, the bath tem- 
perature was maintained just below the 36.4% melt- 
ing temperature of n-eicosane. 

At the end of the equilibration period, the con- 
tainment tube was transferred to the melting bath, an 
operation which was completed in either 10 or 15 s, 
depending on the absence or the presence of the 
isolation chamber. The fixture for establishing the 
inclination of the tube had been set prior to the trans- 
fer, and the bath temperature had already been main- 
tained at the desired value for several hours. During 
the melting period, the tube wall and water bath tem- 
peratures were read at regular intervals. 

At the conclusion of the melting period, the tube 
was uncapped and the remaining unmelted solid 
extracted with the aid of the nylon thread. Immedi- 
ately upon removal of the solid, the bulk tempera- 
ture of the liquid melt was measured. This was 
accomplished by stirring the liquid with a plexiglass 
rod to which a thermocouple was attached. Sub- 
sequently, the liquid was poured out of the tube into 
a storage reservoir. 

The extracted solid was weighed and its shape deter- 
mined. For the uniform heating case, the solid was 
axisymmetric, and its shape was specified by meas- 
uring the diameter as a function of axial position and 



the owaif length. For ~o~un~fo~ heating, the solid 
was unsymmetric+ Tt was cut into a succession ofcross- 
sectionaf slices in a miter box, and the perimeters of 
eaeb sfice Were trace& on paper. 

Fo = c#‘R”, 5zr?; = c(T, - r*‘tjn. (0 

In equation (l), T, is the temperature of the water 
bath in which the ~~~ta~~rn~~t tube was situate& dur- 
ing the me&ing period, and T‘F is the melting tern- 
perature. The the~opbysical ~ropertje~ k, p and c 
are those of the liquid phase. For ~j-e~c~sa~~ paraffin, 
they were taken from ref. [Zl and evaluated at the 
temperature T*. This t~rn~~~at~r~ was &usen for the 
evaluation of the properties because it occurs at 
the soi~d-liquid interface, which is believed to be 
the Iocation of Iargesi thermal resistance since its sur- 
face area is akvays smafler than that of the waII of 
the containment tube. The latent heat i; was also 
taken From ref. [Z]. 

The experiments were performed for values of 
(I&., - T*) = 5 and WC, for which the corresponding 
St&an turners are 

SE = 0.0445 and 0,222. QI 

The energy E;. stored as the mass rtf, Es ~ra~sfo~~~ 
from the solid phase to the liquid phase b 

0) 

~~~~~.~~~ = ~~‘~~~*~. PI 

Energy is aissa stored in the liquid melt as its tern- 
perature increases during the melting period. The 
initial t~peratu~ of Ihe fiquid melt is 27, while its 
temperature at the end of the melting period is FL, 
where TL is the bulk tem~mt.ure measured sub- 
sequent to mixing. Then, the stored sensibb energy E, 
follows as 

The ~~rn~wise ~a~~~~~~~ of the m&d mass fcx the 
verticai orientation of the containment tube is pre- 
sentcd in Fig. 2, whore .~~_~~~~~ is plotted as a func- 
tion of F&&e. The data fur the un~fo~ and rton- 
unifomr heating cases are respectiveiy re~re~nt~d by 
square and circle symbols, while the respective S&fan 
numbers are delineated by open symbols (Ste - 
QB44Sf and closed symbols (Ste = 0.222). 

The data natu~~~~ separate themselves inta two 
bands according to the mode of heating, with non- 
uniform heating giving rise to substant~~~~y Iess melt- 
ing. At small times, the mass m&ted in fhc presence 
of the nonuniform healing is about 55% ofthat melted 
when the heating is uniform. At larger times, the cor- 
responding ratio is about W?io. ~nrthcrmore~ these 
~rcen~ges are s~~t~a~~~ ~nde~nde~t of the St&n 
number. fn view of these findings, it is ~na~~ro~r~ate 
to design a c~rcun~f~rent~a~~~ nonu~fo~l~ heated 
phase-change thermal storage system using Jnfor- 
mation for uniform heating. An approach to reversing 
the degradation of performance associated with the 
~onun~f~~l heating wilt be considered shortly. 

For each mode of h~ating~ the data separate mtrri- 
eratdy with the Stefan number. with those for the 
higher Stefan number lying higher. This orderirtg is 
just opposite to that which would exist if conduction 
across the liquid melt were the sole mode of heat 
transfer. The reversal is due to the presence of natural 
co~v~ion. The higher Stefan number corresponds to 
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FIG. 3. Pattern of melting in the uniformly heatec 
containment tube. 
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FIG. 4. Pattern of melting in the nonuniformly heated, ver- 
tical containment tube. 

a larger temperature difference across the liquid and, 
thereby, to a stronger buoyancy which gives rise to 
more vigorous natural convection and more rapid 
melting. 

To complement the comparison of melted mass 
results of Fig. 2, representative melting patterns for 
uniform heating and nonuniform heating are pre- 
sented in Figs. 3 and 4, respectively. Both figures 
correspond to Ste = 0.0445. In each figure, longi- 
tudinal cross sections of the unmelted solid are shown 
at eight instants of time. The unmelted solid, the liquid 
melt, the solid-liquid interface, and the tube wall are 
designated at the right in Fig. 3, and these designations 
apply to all the diagrams in Figs. 3 and 4. 

For the uniform heating case, the melting pattern 
is axisymmetric. When the heating is nonuniform, 
axisymmetry does not prevail, so that the melting 
pattern must be more carefully specified. To this end, 
the longitudinal sections of Fig. 4 are supplemented 
by top view diagrams. The pair of horizontal dot- 
dashed lines which cut through the longitudinal sec- 
tions identify the transverse cross sections which are 
depicted in the top views. In the leftmost top view 
(time = 0), note has been made of the adiabatic half 
of the tube and, by implication, the other half is 
heated. Also shown in that view is the plane of sym- 
metry which prevails for the imposed heating condi- 
tion. The longitudinal sections shown in Fig. 4 lie in 
the plane of symmetry. 

Attention may first be turned to Fig. 3 (uniform 

heating). At short times, the melting front is very close 
to the tube wall and is virtually parallel to it. This is 
a period when the rate of melting is governed by heat 
conduction across the melt layer. The density decrease 
due to melting requires that the liquid melt occupy 
a greater volume than did the solid from which it 
originated. This causes the liquid to overhow atop the 
solid, giving rise to the rounding of the corners in 
evidence at time = 30 min. 

As time passes, the melting front moves inward, but 
with more rapid melting in the upper region and with 
a significant decrease in the height of the solid. This 
pattern is due to natural convection in the liquid melt, 
with an upflow adjacent to the tube wall and a down- 
flow adjacent to the melting front. The recirculating 
flow continuously delivers relatively warm liquid to 
the upper portion of the tube, thereby accelerating the 
rate of melting there. 

Turning next to Fig. 4, it is seen that the events just 
described for the uniformly heated tube continue to 
occur for the nonuniformly heated tube, but the melt- 
ing is strongly skewed toward the half of the cir- 
cumference that is heated. As a layer of hot liquid 
begins to overlay the top of the solid, it causes some 
melting of the isolated half. Also, as time progresses, 
hot liquid situated adjacent to the heated wall which 
borders the insulated wall tends to eat into the solid 
bounded by the insulated wall. Thus, at larger times, 
the melting zone has penetrated well into wall-adja- 
cent regions of the insulated portion of the tube. It also 
appears that despite the low thermal conductivity and 
small thickness of the tube wall, a small amount of 
melting may have occurred due to heat conducted 
through the wall into the insulated region. 

Inclined tube results 
Consideration will now be given to the use of the 

direct contact mode of melting as a means for re- 
couping the degradation of performance caused by the 
nonuniform heating. In this mode, the melting solid 
is pressed against the heating surface by the force of 
gravity. Heat is transferred by conduction from the 
surface to the solid across a thin, intervening film of 
liquid that is necessarily present due to the continuous 
melting of the solid. 

In the present situation, the direct contact mode 
was activated by inclining the containment tube so as 
to create a component of the gravity force which 
would tend to press the solid against the heated 
portion of the tube circumference. Tube inclinations 
of 7:“, 15” and 30” to the vertical were investigated. 
The inclined tube experiments were performed only 
for the nonuniformly heated case. 

The melted mass results corresponding to the 74 
inclination are presented in Fig. 5. The figure consists 
of two graphs, designated (a) and (b), respectively for 
Ste = 0.0445 and 0.222. Each graph contains a pair 
of reference lines which represent the melting results 
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Fro. 5. Melted mass far 74” inclination of the ~onu~i~orrnly 
heated containment tube. 

far the v&k& tube. 33x upper tine of the pair 0x- 
responds to the ~~nifo~ heating condition, v&k tfie. 
lowr?r line is kx nonuniform heating. These lines are 
best fits of the data of Fig. 2. 

Consider first the diamond-shaped data symbols 
{the asterisk symbols wiu be described shortly). From 
these, it is seen that the mehing results for the 7$ 
~u~li~a~on are very httte different From those for the 
vertical tube, This suggests that in the face of the 
restraining forces, the gravity force component associ- 
ated with this inclination is too small to press the solid 
against the heated wall. 

To examine the effect of frictional restraining forces 
at the lower surFace of the solid, special data runs were 
performed in which a O&m-thick Teflon disk was 
overlaid atop the pWic wrap which enveloped the 
Styrofoam portion of the lower end cap. Thus, in 
these funs, the bottom of the solid was in contact with 
the Teflon disk rather than with the plastic wrap. 
Teflon was chosen for the disk material because of its 
few friction ~hara~terist~es. 

The rest&s of the special runs are depicted by the 
asterisk symbols in Fig. 5. As seen there, the lower 
restraining forces associated with the Teflon surface 
enable direct contact to occur, as witnessed by the 
increased melting compared with that when the Teflon 
disk is absent. In general, however, the direct contact 
does not occur at the very beginning of the melting 
period, but rather is delayed until some later time 
when the solid slides iato the heated wall. The extent 
of the delay has a marked effect on the M, value 
corresponding to a given melting time (i.e. a given 
FoSt& Indeed, owing to the somewhat random 

FIG. 6. Melted mass for 15” inclination of the n~u~~~orrnly 
heated containment tube, 

n&we of the delay, the ML data may appear to be 
scatter& or Irregular. 

The foregoing discussion is reinforced by the data 
for the 15” inclinat,ion as presented ia Fig. 6. The 
structure of this figure is identical to that of Fig. S- 
including (a) and (b) pdrtS and vertical tube reference 
lines. The IS” data are for the regular setup at the 
lower end of the solid specimen (i.e. no Teflon disk). 

The figure shotvs that at this ~~~~~at~on, there is 
considerable direct-contact-related enhancement of 
the melting. However, no enhancement occurs at the 
smaller times, indicating that the solid has not yet slid 
into the heated wall. At later times, where there is 
enhancement, the data appear to be arranged in a 
column-like manner, especi&y in part (a) of the 
f&ue. The spread of the data at a given melting time 
(i.e. a given FoSte) reflects the different history of each 
solid specimen with regard to when it slid into the 
heated wall, with the highest data point corresponding 
to the earhest &ding. 

The most enhanced of the data in Fig. 6 fall very 
close to the reference line for the vertically oriented, 
uniformly heated tube, Thus, for these cases, the 
degradation in performance due to the nonuniform 
heating has been recouped. 

Figure 7 presents the meliting data for the 30” incli- 
nation (regular lower end setup). Here, direct contact 
is seen to be highly effective in increasing the amount 
of melting. Not only is the amount of melting greater 
than for the 15” in&nation, but, also, the spread of 
the data has diminished, indicating a more consistent 
pattern of sliding. Of particular note are those cases 
where the 30” data actually W1 above the reference 
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FoSte x Id2 FoSte x 16* 

FIG. 7. Melted mass for 30” inclination of the nonuniformly 
heated containment tube. 

&._ 

MELTING TIME (MN) 

FIG. 8. Pattern of melting in the nonunifo~Iy heated, 1.5” 
inclined containment tube. 

line for the vertical, uniformly heated tube. Overall, 
Fig. 7 demonstrates that degraded performance due 
to the nonuniform heating can be recouped by inclin- 
ing the tube and activating the direct contact mode of 
melting. 

To illustrate the pattern of melting in an inclined, 
nonuniformly heated tube in which direct contact 
plays a significant role, Fig. 8 has been prepared. The 
figure corresponds to a 15” inclination and to Ste = 
0.0445. Aside from the inclination, the format of the 
figure is similar to that of Fig. 4. 

For times up to and including 90 min, the restrain- 
ing forces prevent the solid from sliding, so that the 
melting pattern does not differ significantly from that 
of the vertical solid of Fig. 4. At some time between 
90 and 120 min, the solid has slid into the heated wall. 
From then on, very rapid melting occurs, resulting 

Ste = 0.0445 
0.6 

0.6 

EX/E,,, 0 -- 

NONUNIFORM 

FIG. 9. Stored energy results for the vertical and 15” inclined 
containment tubes. 

in a pattern that is altogether different from that of 
Fig. 4. 

Stored energy 
The energy stored both as latent heat and sensible 

heat between the onset of melting and any time t is 
represented by E,,,, while EL represents the latent heat 
component. Representative results for these quantities 
are presented in Fig. 9 in terms of the ratios En/Emax 
and E,,,/E,,,. The vertical tube data, both for uniform 
and nonuniform heating, are depicted by the dashed 
and solid lines, while the data symbols correspond to 
the IS” inclination and nonuniform heating. The (a) 
and (b) parts of the figure respectively convey results 
for Ste = 0.0445 and 0.222. 

The difference between the results for Et,jEm, and 

W&ax is the sensible heat component Es/E,,,,,. As 
expected, the sensible heat component is very small 
for a small Stefan number such as 0.0445. For 
Ste = 0.222, the latent heat component continues to 
be the major eont~butor to the stored energy, but the 
sensible heat component is by no means insignificant. 

Owing to the dominance of the latent heat com- 
ponent, the curves and data displayed in Fig. 9 convey 
trends and relationships that are identical to those for 

the .WK,,, results of Fig. 6. Therefore, the identi- 
fication and discussion of those trends and relation- 
ships set forth in connection with Fig. 6 also apply to 
Fig. 9. 

CONCLUDING REMARKS 

The experiments performed here have documented 
the substantially reduced melting which occurs when 
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a vertical, solid-iilled ~onta~~rn~nt tube is heated uniy 
over a parC of its c~r~umfer~nc~. With the heating 
confined to half the &ireumF~ren~~~ the amonnt of 
melting, relative to that for ~~r~urnfer~ntia~~y uniform 
heating, was reduced by 45% in the early stages of the 
melting period and by about 35% in the later stages 
of melting. The extent of the reductions was insensitive 
to the Stefaa number. Therefore, it appears to be 
inappropriate to use information for circumferentially 
uniform melting to design a circumferentially non- 
uniformly heated phase-change thermal storage 
system. 

The second part of the work deait with the re- 
couping of the degraded performance associated with 
the nonuniform heating. To this end, the containment 
tube was inclined relative to the vertical so that gravity 
would tend to press the melting solid against tbc 
heated portion of the tube surface. In this mode of 
melting, termed the direct contaet mode, heat is trans- 
ferred by conduction from the surface to the sotid 
across a thin, intervening film of fiquid that is neces- 
sarily present due to the continuous melting of the 
se&d. The inchned tube experiments were performed 
only for the nonuniformly heated case. 

With the tube inclined at 7t” to the vertical, the 
wall-d~r~~t~d gravity force component was too small 
to overcome the forces which restrained the sotid from 
sliding into the wall, and direct contact melting was 
not attained. However, when the bottom of the solid 
was supported by a Teflon baseplate (i.e. a low friction 

surface), direct contact was achieved, but only fol- 
fowing a considerable time lapse after the beg~n~~tlg 
of the melting period. 

For 15” and 30” i~~~inatj~n~ of the conta~nnient 
tube, direct contact gave rise to substantial enhance- 
ment of the melting. The 15” data displayed some 
scatter because of the somewhat random nature of 
the aforementioned time lapse. However, at the 30” 
inclination, the scatter diminished and melting was 
achieved that exceeded that for the vertical, uniformly 
heated tube. 

Direct measurements of the shape of the melting 
solid at various times during the melting period were 
made to track the timewise movement of the soiid- 
liquid interface. The assemblage of this information 
illustrated the pattern of melting for the vertical, uni- 
formty heated tube, for the vertical, nonun~fo~1~ 
heated tube, and for the inclined, n~nu~jform~y 
heated tube. Results were also presented for the time- 
wise variation of the energy stored both as Iatent beat 
and as sensible heat. 
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R&mr&--& t&die cx~irne~~~~ent Ia fusion d’tm milieu B cbangement de phase dam un tube circulaire 
quand It! charade de Ia paroi du tube n’est pas uniforme stir fa ~~ph~r~e. Des experiences avec chauffage 
uniforma sont faites pour fournir une information de reference. Pour un tube vertical avec char&age sur 
la moiti& de la circonf&ence, la quanut& fondue, relativement au cas du chartgage uniforme, est r&duite de 
45% dans fes premiers stades. Lorsque le tube est indine sur la verticale, la d&roissance de la fusion 
associ&e au chauffage non uniforme et recoup& pour les in&&sons ~~~~rnrn~n~ Iargcs pour que le solide 
soit apphqut par gravite contre la portion chaude de fa paroi. Ce mode de contact direct de fusion est 
complet pour une inclinaison de 30” et intermittent pour 15”. L’usage d’une surface B faible frottement 
pour supporter le solide en fusion favor& le mode de contact direct. Des mesures dans le temps, de la 
forme du solide permet I’identification de la consecration pour dit%rents types de chauffage et plusieurs 

inchnaisons. On p&se& au& des &sultats sur la variation dans ie temps de l’energie stock&e. 

SCHMELZEN TM ROHR BEI UN~LEI~H~~SS~~ER BEHEJZUNG ijBER DEN UMFANG 

Zu~mmenfassung-Exper~~tc wurden durch~ef~hrt, urn das Schmelzen eines St&es in einem iiber den 
Umfann ~n~leichrn~~i~ beheizten Kreisrahr zu u~t~~suchen. Es wnrden such Versuche bei gleich~Riger 
Beheiz&g ~u~h~ef~~t~ urn ~asis~nfo~at~on zu erhahen. 3eim vertikalen Rohr reduzierte sich der 
Sc~mclz~rad bei Beheizung des ha&en Robramfa~~s im Vcrgleich zur ~~e~cbrn~~~~u Beheizung urn 45% 
im A~~ang~~dium des SchmeIzcns und urn 35% in spiiteren Stadien. Bcim geneigten Rokr wur& dcr 
Riickgaag des ~brne~~grad~ aufgrund der ~~gle~cbf~rrn~ge~ Beheizung bei geni.igend starken Neigungen 
dadurcb aufrrehoben, da@ der Feststoff durch die Schwerkraft an die beheizte Wand gedriickt wurde. Dieses 
~~rn~I~ar~alten bei direktem Kontakt wurde regelmlhig bci einer Neigung von 30” und vcrschiedent~icb 
bei 15’ erreicht. Die Ve~endnng einer Oberfliiche mit geringer Reibung begiinstigt das Direkt-Kontakt- 
Schmelzen. Messungen der Form des schmelzenden Feststoffes zu verschiedenen Zeiten ermoglichten die 
Beschrcibung des Schmelzverlaufs fur verschiedene Beheizungsarten mit verschiedenen Neigungcn. Es 

werden such Ergebnisse fiir den zeitlichen Verlauf der gespeicherten Energie vorgeiegt. 
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~~AB~EH~E BHYTPM TPYGbI l-tPH HEO~HOPO~HOM HO OKPYXHOCTM HAl-PEBE 

ArmoTazwz-npoaeneabx 3rcnepuMeaTb3 no mCneAoBaHuz0 naaBneHunc~~,noMeureHHog B Kpyrnym 

Tpy6y,~cny9ae KeonHoponHoro Harpeea CTeHKHnoo~pymmcr~. C ueJIbmnony¶eHan6a3osoiia~~op- 
MaIWki IlpOBeneHbI TalGKe 3KCItepUMeHTbI lT0 IInaBneHUIO B yCnOBHKX OAHOpOAHOrO iiarpeea. &Ul 

cnyrar Harpeea no nonyoccpyncHocTe sepTuKanbH0 pacnonoxennok TpyB~,nocpaeHe~nm cocnyqae~ 

O~HOPO~HO~O Harpesa,KomfuecTeo pacnnaea Ha paHHsx cTaAmx nnameHtiK yMeHburanocb Ha 45%,a 
Ha 6onee ~OJLIHUX cTaperx---na 35%. llpa 0TwoHeHm Tpy6bl 0T eepTmana yMetibruewie pacnnana, 

CBK3aHHOe C HeOilHOpOAHbIM HZWPWSOM, KOMlleHCHpyeTC5l 38 CYeT TOTO, ‘IT0 TBqUW @3a ,,pHKWMaeTCK 

wnoir micecm K HarpeToii YacTn Tpy6bI. 3~0~ pemeM nnaeneHm npw npnbiobi xoHTaKTe AocTwancs 

nomeneHHo npH yrne HaKnoHa 30” u cxawoo6pazmo npe 15”. IloxasaHo, YTo npeMeHewe noeepxHocTH 
c MINIM TpeHHeM AJInR noiznep~awen nnamwerocx Tsepnoro BemeCTBa COneiiCTByeT pewihfy npnrdoro 
KOHTaKTa. M3MepeHEiK 80 FlpeMeHH (j)OpMbI IlJlaBKulerOCK TBepAOrO TCJla ~03BOnWnH OllpeAenHTb 

peXCKlfMbI EIJE%BiieHHII AJIR pa3nKWmX TSEIOB HarpeBa W yrnOB HaKJIOHa. &WACTaBAeHbt pe3ynbTaTbI 

B3MeHeHWK 80 BpeMeHA HaKO~neHHO~ sHepi-HH. 


