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Abstract-Experiments were undertaken to measure heat transfer coefficients for melting about a heated 
vertical cylinder embedded in a solid phase-change medium whose temperature was either at the melting 
point or was subcooled below the melting value. In the experiments, the upper surface of the phase-change 
medium was either closed by a cover which imposes a no-slip velocity boundary condition on the liquid melt 
or was bounded by an insulated air space which permits unrestrained motion of the liquid. The shape of the 
melt region was also measured. All the experiments were performed using 99% pure n-eicosane paraffin 
(melting temperature = 36.4”C) and encompassed both transient and steady-state periods. The cylinder 
height-to-diameter ratio was ten. It was found that the heat transfer coefficients are identical for the closed- 
top and open-top configurations. Subcooling tends to delay the onset of natural-convection dominance of 
the heat transfer process. The natural convection heat transfer coefficients in the presence of subcooling are 
about lo-15% lower than those for the non-subcooled case. In general, the steady-state natural convection 
heat transfer coefficients were well correlated in terms of the Nusselt and Rayleigh numbers and, in the 
absence of subcooling, the functional dependence was shown to be similar to that for natural convection in 

vertical, parallel walled enclosures without melting. 

NOMENCLATURE 

A, cylinder surface area; 

AR, aspect ratio, L/L*; 

cP* 
specific heat ; 

6 energy input to phase-change medium be- 
tweent = Oandt = t; 

99 acceleration of gravity; 
h, spatial-average heat transfer coefficient, 

Q/A@, - T*); 
k thermal conductivity; 

L, cylinder length ; 
L characteristic length ; 
L*, thickness of effective cross-section ; 
Nu, Nusselt number, equation (4); 

NUL, Nusselt number based on L; 

NuL*, Nusselt number based on L* ; 

2 
rate of electric power input; 
instantaneous rate of heat transfer to phase- 
change medium ; 

Ra, Rayleigh number, equation (4); 
RaL, Rayleigh number based on L; 

he, Rayleigh number based on L* ; 

r0, radius of cylinder surface; 
r* 

St’ 
outer radius of effective cross section ; 
rate of energy storage in cylinder wall; 

x, axial coordinate measured downward from 
top of cylinder; 

F’,, spatial-average surface temperature of 
cylinder ; 

T*, melting temperature; 
t, time. 

Greek symbols 

B9 coefficient of thermal expansion ; 

latent heat of melting per unit mass; 
viscosity ; 
kinematic viscosity; 
density; 
dimensionless time, E/phr~ L. 

INTRODUCTION 

APPLICATIONS to the storage of thermal energy by 

liquid-solid phase change have evoked a renewed 
interest in the heat transfer processes which are 
involved in freezing and melting [l]. It has been 
demonstrated experimentally that natural convection 
in the liquid phase can play a dominant role in both 
freezing and melting. In particular, natural convection 
in the unfrozen liquid tends to diminish the rate of 
freezing compared with that which would occur if heat 
conduction were the sole mode of energy tranport. In 
the case of melting, the presence of natural convection 
in the liquid melt increases the rate at which melting 
takes place. 

With the establishment of the qualitative nature of 
the heat transfer processes that govern freezing and 
melting (see [l] for a survey of recent literature), the 
essential task of providing quantitative heat transfer 
data must be addressed. For melting, which is the focus 
of this paper, only for the case of the horizontal 
cylinder is there now available quantitative data 
suitable for design. For melting adjacent to vertical 
surfaces, which was studied experimentally in [2-61, 
heat transfer coefficients were not measured in [2-41, 
while a limited, exploratory set of results is presented 
in [S]. Reference [6], at first impression, appears to 
convey a potentially useful Nusselt number cor- 
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relation, but careful examination shows that one of the 

temperatures that appears in the definition of the heat 
transfer coefficient is, from the standpoint of a user, 
unknown. Furthermore, both [5] and [6] deal with 
geometrical configurations that are different from that 
studied here. 

Analytical predictions for melting about a vertical 
cylinder, with account being taken of natural con- 
vection, have been made in [7] and [8], with the latter, 
in effect, superceding the former. The predicted results 
cover a narrow parameter range, as will be elaborated 
later, during the presentation of results. 

In the present research, experiments were under- 
taken to provide quantitative heat transfer infor- 
mation for melting about a heated vertical cylinder 
embedded in a solid phase-change medium. The work 
encompassed a broad range of operating conditions. 

In one set of experiments, the solid was at its melting 
temperature prior to the onset of the melting process, 
while in a second set of experiments the solid was at a 
temperature below the melting point (i.e. subcooled 
initial condition). For each of these solid-phase ther- 
mal conditions, two different containment conditions 
were investigated. In one of these, the experiments 
were carried out in an open-topped containment 
vessel, which allows the liquid melt to flow without any 
constraint along its upper surface. This absence of a 

velocity constraint at the upper bounding surface of 
the containment vessel will be referred to as the slip 

boundary condition. Experiments were also per- 
formed in a closed-topped containment vessel which 
inhibits the motion of the liquid melt along its upper 
surface, i.e. a no-slip boundary condition. In the 
closed-top case, special provisions were required to 
accommodate the increase in the volume of the melting 
phase-change material. 

For each of the operating conditions, experiments 
were performed for a range of heat flux densities at the 
heated cylinder. The phase-change medium used in the 

experiments is 99% pure n-eicosane paraffin, with a 
measured melting temperature of 36.4”C. 

The main objective of the research was to measure 
and to correlate heat transfer coefficients for the 
various operating conditions described in the forego- 
ing paragraphs. Results are presented both for the 
timewise variation of the heat transfer coefficient that 
accompanies the growth of the melt layer and for the 
steady-state coefficients that are encountered at large 
times. The latter are correlated in terms of a 
Nusselt-Rayleigh relationship and are compared with 
literature information for natural convection heat 
transfer (without phase change) in enclosed vertical 
spaces. Definitive conclusions will be sought about the 
effects of the initial thermal state of the solid and of the 
slip vs no-slip velocity boundary condition at the 
upper surface of the liquid melt. Melt layer shapes were 
also measured, and these provide clear evidence as to 
the nature of the energy transport in the liquid melt. 

As a supplement to the laboratory work, numerical 
finite-difference solutions were undertaken to provide 

perspective for certain of the experimental results. 

THE EXPERIMENTS 

In the experiments, an electrically heated vertical 
cylinder was positioned along the axis of a cylindrical 
containment vessel which housed the phase-change 
medium. In turn, the vessel was situated in a constant- 
temperature water bath which served to provide a 
controlled thermal environment for the experiments. 
Aside from these basic components, a variety of 
auxiliary equipment was employed in the preparatory 
and terminating stages of a data run and for acqui- 

sition of both thermal and melt shape data. A general 
description of the apparatus will be presented in the 
subsequent subsections, with further details being 
available in [9]. 

Heated vertical cylinder 
The heated cylinder consisted of a thick-walled 

copper sleeve (0.635 cm thick, 2.54 cm in outer diam- 
eter and 25.4 cm long) and a brass core (0.32 cm thick 
and 24.9 cm long). Both the wall thickness of the sleeve 
and the use of copper were motivated by the desire to 
obtain a spatially uniform wall temperature at each 
instant of time during the melting process. As docu- 
mented and explained later, this objective was not 

wholly fulfilled in that modest axial temperature 
variations were encountered, the maximum magnitude 
of which was 10% of the difference between the mean 
wall temperature and the melting temperature. Cir- 

cumferential temperature uniformity was. however, 

achieved. 
The axial temperature differences are sufficiently 

small so that the results can be regarded as cor- 
responding to the case of spatially uniform wall 
temperature. The use of a thicker copper wall would 
have diminished the axial wall temperature variations 

but at the expense of a higher wall heat capacity, the 
effect of which would be to intercept and store heat 

that would otherwise flow into the phase-change 
medium. 

The brass core served to house Teflon-coated elec- 
trical resistance wire (30 gage alumel) which was laid in 
six equally spaced axial grooves which ran the entire 
length of the core tube. Once the wiring had been 
completed, the core was soldered to the sleeve, thereby 
ensuring good thermal contact. 

Tube wall temperatures were measured by twelve 
thermocouples, nine of which were axially distributed 
along a single vertical line while the other three were 
deployed along a second vertical line displaced by 180 
from the first. To facilitate the installation of the 
thermocouples, a radial hole was drilled through the 
tube wall at each thermocouple location. Then, copper 
plugs, fabricated to the proper dimensions for a press 
fit into the radial holes, were each equipped with a 

thermocouple. The plugs were pressed into the holes 
to a predetermined depth, subsequent to which the 
outer diameter of the tube was turned and then 
polished to the desired finished dimension (2.54cm). 
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As a result of these operations, the exposed surface of 
each plug blended perfectly into the remainder of the 
copper surface, so that the plug locations could not be 
detected with the naked eye. 

The thermocouple junctions were situated 0.076 cm 
from the exposed surface of the copper sleeve, and the 
lead wires were threaded through the hollow bore of 
the core tube and taken out through the bottom of the 
tube. 

To avoid thermal interactions between the heated 
vertical cylinder and the environment which sur- 
rounds the containment vessel, the cylinder was ele- 
vated above the floor of the containment vessel. The 
pedestal which was employed to elevate and support 
the cylinder was designed to minimize heat conduction 
between the cylinder and the containment vessel floor 
while having sufficient strength to bear the load 
imposed by the cylinder. The pedestal was fabricated 
from thin-walled stainless steel tubing (0.0254 cm wall 
thickness, 0.63 cm o.d.) and had a vertical height of 
2.86cm. Its attachment to the base of the heated 
vertical cylinder and to the floor of the containment 
vessel are described in [9]. 

The thermocouple and electric power leads from the 
heated cylinder were threaded through the bore of the 
pedestal, from which they were led out of the ap- 
paratus. The pedestal itself was equipped with two 
thermocouples to facilitate estimation of axial heat 
conduction. Furthermore, to reduce possible ex- 
traneous melting, the pedestal was enveloped with an 
annular section of Styrofoam insulation having an 
outer diameter of 2.54 cm. The outside surfaces of the 
Styrofoam were covered with epoxy to form a barrier 
to the absorption of molten paraffin. 

The minimization of extraneous heat losses was also 
the motivation for the closure employed at the upper 
end of the heated cylinder. First, the end face of the 
copper sleeve was bevelled with a radially inward 
downslope, so that the inner bevelled edge was axially 
aligned with the end face of the brass core tube. A thin 
brass wafer was then placed over the bore of the core 
tube. The wafer and the bevelled edge of the copper 
sleeve formed a shallow cavity which was filled with an 
epoxy (thermal conductivity = 1.49 W/m-C) after 
attempts to permanently affix a Styrofoam cap in the 
cavity had not been successful. The epoxy, although by 
no means a very good insulator, has a very much lower 
thermal conductivity than either brass or copper. 

Containment vessel 

The containment vessel can be regarded as consist- 
ing of two parts-an open-topped cylindrical con- 
tainer and a cover. The cylindrical container was made 
up of a Plexiglass cylinder 21.6cm in internal dia- 
meter, 0.635 cm thick, and 28.3 cm in height) which was 
permanently attached to a circular brass plate that 
served as the base of the container. A number of 
covers were fabricated to be used either during a data 
run, during the preparatory stage prior to a data run, 

or for support of the heater tube assembly when the 
apparatus was not in use. 

The cover used for the runs with a velocity slip 
boundary condition at the upper surface of the melt 
region consisted of a hollow, hat-like externally in- 
sulated Plexiglass structure. It was designed to 
provide an air space above the phase-change medium 
that was thermally isolated from the surroundings. 
The air space, in addition to allowing for velocity slip, 
also served to accommodate the additional volume 
created by the decrease in density which accompanies 
melting. 

For the data runs with a no-slip velocity boundary 
condition at the upper surface of the melt layer, an 
annulus of Styrofoam insulation, 5.08cm thick, was 
housed in the aforementioned hat-like Plexiglass struc- 
ture. The lower face of the Styrofoam, which was 
coated with a highly polished layer of epoxy, was 
pressed downward on the upper surface of the phase- 
change medium by a spring-like arrangement situated 
atop the Styrofoam, thereby imposing the no-slip 
boundary condition. Four thermocouples installed 
within the epoxy layer were used to sense the tempera- 
tures at the contacting surface of the phase-change 
medium. 

To accommodate the volume change which accom- 
panies phase change, an expansion space was created 
by positioning a plexiglass tube in the center hole of the 
Styrofoam annulus. The tube is positively positioned 
by the hat-like structure. The lower end of the tube, the 
epoxy-coated face of the Styrofoam annulus, and the 
upper end of the heated vertical cylinder all lie in a 
common horizontal plane. Furthermore, the plexiglass 
expansion tube and the heated cylinder are concentric, 
but the 3.18 cm I.D. of the former exceeds the 2.54 O.D. 
of the latter, thereby leaving 0.32cm annular gap. It 
is through this narrow gap that the excess volume of 
molten paraffin escapes. Three thermocouples were 
installed in the wall of the expansion tube to monitor 
the temperatures of the liquid contained therein. 

The containment-vessel covers described in the 
preceding paragraphs were employed during the data 
runs. In the preparatory stage of each data run, the 
previously molten paraffin was solidified, and the 
freezing was performed under vacuum in order to 
remove air bubbles. Furthermore, owing to the con- 
traction which occurs as the paraffin passes from the 
liquid to the solid state, it was necessary to add paraffin 
during the solidification process. A special cover was 
fabricated which provided an air-tight seal, a con- 
nection for attachment of a vacuum pump, and a rapid 
access port for paraffin addition [9]. 

The pedestal which supports the heated vertical 
cylinder from below was of lightweight construction to 
minimize extraneous heat conduction and, as a con- 
sequence, it is fragile. To provide additional support 
for the heated cylinder, thereby unburdening the 
pedestal, a containment-vessel cover which provides 
both positive vertical and radial positioning was 
fabricated [9]. It was utilized at all times other than 
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during the actual data runs, the preceding preparatory 
periods, and the post-run melt shape determinations. 

Other apparatus components: instrumentation 

To obtain a controlled thermal environment for the 
containment vessel during both the preparatory stage 

of each data run and the run itself, the vessel was 
positioned in a constant-temperature water bath. The 
bath has a 50 litre capacity, measures 38 x 51 x 39 cm 
(length x width x height), and is made of stainless 
steel. It is enveloped on all four sides and at the bottom 
by 1Ocm of fiberglass insulation and enclosed in a 
wooden housing. Flexible plastic sheeting was used to 
cover the top of the bath to minimize evaporation of 
water. Temperature control and circulation of the 
water in the bath was accomplished with a Lauda 
model B-l immersion heater/circulator. Spatial and 
timewise temperature uniformity within the bath cor- 
responding to a given set point was within O.l”C. 

Auxiliary equipment was employed during the 
freezing of the paraffin-the freezing being one of the 
key preparatory steps that preceded a data run. The 
objective of the freezing operation was to obtain a 
homogeneous void-free solid. As was mentioned ear- 

lier, air bubbles were effectively eliminated by freezing 
under vacuum (the vacuum was about 640 mm Hg). 

Of even greater concern is the possible occurrence of 
voids associated with the contraction which accom- 
panies freezing. Void formation was prevented by a 
freezing pattern which proceeds from the bottom 
upward. To ensure the attainment of this freezing 
pattern, chilled water from a temperature controlled 
refrigeration unit was passed through coiled copper 

tubing soldered to the underside of the brass-base plate 
of the containment vessel, In addition, an intensity- 
controlled radiant lamp suspended above the contain- 

ment vessel prevented the formation ofa frozen skin at 
the top of the vessel during the freezing process. 

Another auxiliary device associated with the freez- 
ing operation was a 25.4 cm length of straight copper 
tubing heated by circulating hot water. This tube was 

employed immediately after the completion of freezing 
to finish olI the exposed upper surface of the solidified 
paraffin. The objective of the finishing procedure was 
to obtain a flat upper surface whose level is coincident 
with the exposed tip of the vertical test cylinder. 

For those cases in which the solid phase-change 
material was at a temperature below the fusion 
temperature at the beginning of the data run, it was 
deemed desirable to deploy thermocouples in the solid 
in order to chart the temperature field which is created 
by the heating of the test cylinder. The thermocouples 
were installed in the phase-change medium when it 
was in the liquid state, prior to the initiation of the 
freezing operation. Positive positioning of the ther- 
mocouple junctions was accomplished by threading 
the lead wires through a template situated at the top of 
the containment vessel and by small lead weights 
suspended from the respective junctions by 25pm 

nylon thread. All told, nine such thermocouples were 
installed, one set of which was radially distributed at a 
depth of 2.54cm below the top of the vessel while a 
second set was placed at a depth of 12.7cm. 

At the termination of each data run, it was found 
advantageous to immediately remove the liquid melt 
from the containment vessel. This was accomplished 
by a vacuum system which deposited the liquid in a 
stainless-steel canister. 

Attention will now be turned to the instrumentation 

and to the electrical equipment. 
All thermocouples were made of specially calib- 

rated, Teflon-coated chrome1 and alumel wire. The 
thermocouples situated in the subcooled solid were of 
36 gage wire, while all other thermocouples were of 30 

gage wire. The transient nature of the experiments 
required that the thermocouples be read and recorded 
rapidly, especially at the beginning of the data run. A 
Doric Digitrend 210 datalogger with a 1 PV resolution 
was employed for reading and recording the ther- 
mocouple data. 

Electric power was supplied to the resistance wire in 
the vertical heated cylinder by a regulated d.c. supply. 

Both the voltage drop across the heater wire and the 
current flow were read with five-digit d.c. voltmeters 

(the current flow was measured across a calibrated 
shunt). 

The measurement of the shape of the melt cavity was 

accomplished by highly precise feeler gages. As will be 
seen later, the outer bounding surface of the cavity (i.e. 
the surface of the unmelted solid) has a shape similar to 
an inverted bell-that is, the wide portion is at the top. 
For the lower portion of the cavity, where the outer 
bounding wall departs only moderately from the 
vertical, a feeler gage was employed which measures 
the radial gap between the walls of the cavity. On the 
other hand, adjacent to the top of the cavity, the outer 

bounding surface tends toward the horizontal and a 
depth gage was employed. These gages and their use 
are described more fully in [9]. 

Experimental procedure 

Many of the key details of the experimental pro- 
cedure have been described in the preceding sub- 
sections of the paper. Here, an overview will be 
presented in order to tie together the various steps in 
the execution of a data run. 

At the conclusion of a data run, most of the 
containment vessel was occupied by solid paraffin (at 
most, the melt cavity occupied about 10% of the 
volume of the vessel). With a view to obtaining, for the 
next melting experiment, a solid phase which is 

homogeneous throughout the entire containment ves- 
sel, the aforementioned residual solid was liquefied 
and then solidified, with additional liquid paraffin 
being added as needed to completely fill the vessel. 

Subsequent to the solidification of the paraffin, 
which required about 36 h for completion, an equilib- 
ration period was initiated during which the contents 
of the containment vessel approached and ultimately 



Heat transfer coefficients for melting about a vertical cylinder 1703 

attained a uniform temperature equal to that of the 
water bath in which the vessel was situated. The bath 
temperature was set so that either of two equilibrium 
temperatures would be attained by the solid 
paraffin+ither the melting point value (36.4”C) or a 
lower than melting value of 22°C representing a 
subcooling of 14.4”C. In actuality, for the first of these 
cases, it was found desirable to subcool by a few tenths 
of a degree below the melting temperature to avoid 
melting of the impurities (the paraffin used in the 
experiments was 99% pure n-eicosane). The attain- 
ment of thermal equilibrium in the solid required 
about 12h. 

A data run was initiated by the application of 
electric power to the core of the vertical heated tube. 
During the rapid initial transient that followed the 
onset of heating, temperature data were recorded 
continuously at the rate of two channels per second. 
Subsequently, data were collected every minute, and as 
the variations became more and more gradual, 
measurement intervals of 5, 10, 20, and 30min were 
used, depending on the duration of the run. Run times 
ranged from 75 min to 17: h, and the run times were 
correlated with the corresponding power inputs so 
that the product of run time and power (i.e. energy 
input) was the same at the termination of each run. The 
containment vessel was situated in the water bath 
during the entire duration of the run, and the bath 
temperature was maintained at a value equal to the 
temperature of the solid at the onset of heating. 

At the termination of a data run, the heater power 
was turned off and the molten paraffin drawn from the 
melt cavity using the vacuum system that was de- 
scribed earlier. Once this had been accomplished, the 
containment vessel was removed from the water bath 
and placed on a bench, where the melt shape contours 
were measured. 

DATA REDUCTION 

The procedures used to deduce transient and 
steady-state heat transfer coefficients from the mea- 
sured heated-tube temperatures and power inputs will 
now be described. In addition, the dimensionless 
parameters employed in the correlation of the steady- 
state heat transfer coefficients will be set forth and 
rationalized. 

The heat transfer coefficients to be determined here 
are instantaneous spatial-average values defined by 

h(r) = Q(W4Tw(t) - T*l (1) 

where the time-dependence has been indicated ex- 
plicitly. In equation (I), Q denotes the instantaneous 
rate of heat transfer from the heated cylinder to the 
phase-change medium, A is the area of the cylindrical 
surface, I-r; is the spatially averaged surface tempera- 
ture of the cylinder, and T* is the melting temperature. 

Attention will first be given to the determination of 
F,,,(t). In this regard, note should be taken of the fact 
that the twelve thermocouples embedded in the cylin- 

der wall were read successively over a time span of 
about 0.1 min. Therefore, the various measured tem- 
peratures did not correspond to precisely the same 
time t. With regard to the averaging of the individual 
wall temperatures to get T’,(t), the existence of the 
0.1 min span is of practical importance only during the 
rapid initial transient, not only in its effect on [?fw(t) - 
T*] but also in its error-causing potential in the 
evaluation of dF,,,/dt, whose significance will be ex- 
plained shortly. 

To deal with this situation, an interpolation algo- 
rithm was employed to evaluate the temperatures at 
certain preselected times for all the thermocouple 
stations on the cylinder wall. The preselected times 
corresponded to 1 min intervals, and the temperature 
data used in the interpolation were those for times 
immediately adjacent to the preselected values. The 
interpolation formula was self checking and used that 
number of terms to obtain an accuracy of 0.03”C. 

In view of the observed circumferential uniformity, 
only the nine thermocouples lying along the main 
vertical line of installed thermocouples were employed 
in the averaging process to obtain FJt). Both un- 
weighted averaging and surface-area-weighted averag- 
ing were investigated, but the differences were within 
the accuracy of the measurements. As noted earlier, the 
overall spatial variation of T, at any instant of time 
did not exceed 10% of (T’, - T*). 

With regard to the heat transfer rate Q(t), the electric 
power input to the embedded heater was measured at 
1 min intervals during the period of rapid transients 
and at larger intervals thereafter. Owing to the heat 
capacity of the copper and brass which constituted the 
heated cylinder, a portion of the electric power input 
was intercepted and stored in these metallic elements, 
especially during the early stages of a data run when 
the rate of change of the tube wall temperature with 
time was rapid. 

If account is taken of this storage, to be denoted by 
S(t), and of the fact that extraneous losses from the 
heated tube are negligible (Appendix C of [9]), then 

Q(t) = P(t) - S(t). (2) 

The electric power P is very nearly constant (slight 
changes occurred owing to the change of heater 
resistance with temperature), while the storage term 
was evaluated from 

S(t) = C(dT’,/dt) (3) 

where C is the heat capacity of the wall of the heated 
cylinder. The derivative in equation (3) was evaluated 
by central differences. 

Appreciable deviations of Q(t) from P(t) occurred 
only during the initial period of any given data run. 
For the high-power, short-duration runs (power den- 
sities from 1530 to 3060 W/m’, run times from 150 to 
75 min), deviations were in evidence for about the first 
15 y0 of the duration time of the run when there was no 
subcooling and for about the first 20% for the 
subcooling runs. With decreasing power and longer 
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duration runs, the period when S(t) played an impor- 
tant role diminished markedly to a lesser percentage of 
the run time. 

The heat transfer coefficients were found to attain a 
steady value after a sufficient period of time, and a 
dimensionless correlation of these steady-state results 
was sought using the Nusselt and Rayleigh numbers, 
defined as 

in which L, is a characteristic length, and (t,,, - T*) is 
the steady-state temperature difference. The ther- 
mophysical properties of the molten paraffin were 
taken from [lo] and were evaluated at the mean of T, 
and T*. 

Two characteristic lengths were used in the cor- 
relation effort. One of these was the length L of the 
cylinder. The other characteristic length was moti- 
vated by the standard practice used in correlations of 
natural convection heat transfer coefticients in en- 
closed layers, where the horizontal thickness of the 
layer is employed as the length dimension. In the 
present instance, the thickness of the natural con- 
vection layer (i.e. the melt layer) is a variable and is also 
an unknown with respect to a potential user of a 
correlation. In view of this, a global, user-oriented 
approach to evaluating a layer thickness L* was 
formulated as follows. 

First, let E(t) denote the energy input to the phase- 
change medium between times t = 0 and t = t. if 
sensibfe heat effects in the molten material are neglec- 
ted, then the melt cavity volume is E/pi (p = liquid 
density, 3, = latent heat per unit mass), and an effective 
cross-sectional area can be written as (E/pl)/L, where 
L is the length of the cylinder. If the outer radius of the 
effective cross section is r* and its thickness is L*, then 

n(r*2 - ri) = E/&L, L* = r* - rO. (5) 

It is also convenient to define a dimensionless time 

t = E(t)/pi,nri L (6) 

so that, from equations (5) and (6) 

L* = ro[(x + f)li2 - 11. 17) 

As is easily verified, L* can be evaluated from equation 
(7) by introducing readily available information into 
the right-hand side. 

The actual dimensionless correlations will be de- 
veloped in the next section of the paper. 

RESULTS AND DISCUSSION 

The presentation of results will begin with the 
temperature history of the heated tube and then goes 
on to the quantitative heat transfer results for both the 
transient and steady-state regimes. These results 
encompass both the open-top and closed-top con- 
~gurations and the subcooled and Ron-subc~led 

states of the solid. Representative melt region shapes 
are presented to round out the results. 

Temperature history of heated cylinder 
The history of the cylinder wall temperature pro- 

vides information and insights about the physical 
processes which occur during melting and, in the case 
of initial subcooling, during the pre-melting stage. 
Representative wall temperatures are presented in 
Figs. 1 and 2 without initial subcooling and with initial 
subcooiing, respectively. In each figure, results are 
given for two heater input power densities (based on 
the surface area of the cylinder) equal to 510 and 3060 
W/m2. These power densities typify the upper and 
lower ends of the range employed in the present 
experiments. The figures correspond to the closed-top 
case (no-slip boundary condition for the velocity), but, 
as will be demonstrated shortly, neither the qualitative 
nor the quantitative heat transfer results are affected 
by the velocity condition at the upper bounding 
surface. 

For each case dealt with in the figures, the tempera- 
ture at each of three selected axial stations, character- 
ized by the coordinate x measured downward from 
the top of the heated cylinder, is plotted as a function of 
time. As noted earlier, temperatures were measured at 
nine axial stations, but the presentation of results at 
more than three stations would have led to a highly 
cluttered graph. 

Attention is first directed to Fig. 1 (without subcool- 
ing). As seen there, the initial rapid rise of the wall 
temperature soon gives way to a more gradual rise 
which, in turn, leads to the attainment of a m~imum 
and a subsequent slow decrease to a steady value. 
During the initial rise, spatial uniformity prevails. 
Axial variations become evident as the temperature 
increase sfows and attain prominence as the maximum 
is approached. These variations are such that the 
temperature is lowest at the bottom of the cylinder and 
increases along the height of the cylinder. 

The absence of axial variations during the initial 
stage of the transient reinforces the notion that radial 
conduction across the melt layer is the sole mode of 
heat transfer in the period immediately following the 
onset of heating. During this period, the thickness of 
the melt layer at any given time is uniform along the 
height of the cylinder. As the melt layer grows thicker, 
buoyancy forces created by the radial temperature 
variation across the layer are able to overcome the 
frictional resistance and, thereby, to initiate a re- 
circulating motion-upward adjacent to the cylinder 
and downward adjacent to the melting interface, 

This motion is weak at first, so that conduction 
continues to play a role. However, as the natural 
convection grows stronger and dominates conduction, 
it works to reduce the thermal resistance for heat 
transfer between the cylinder and the melting interface. 
This reduction in thermal resistance is responsible for 
the observed maximum in the tem~rature-time 
curves of Fig. 1 and for the subsequent dropoff. 
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The occurrence of steady values of the wall tempera- 
ture at larger times is worthy of note, especially since 
the melt cavity continues to grow. This behavior is 
consistent with a model whereby the thermal re- 
sistance between the cylinder and the melting interface 
is dominated by that at the cylinder surface, with the 
resistance at the interface being very small because of 
the relatively large surface area of the interface. Thus, 
the overall resistance is independent of what is happen- 
ing at the interface and thereby becomes independent 
of time. Since the cylinder heat flux is also independent 
of time after the initial portion of the heating period, 
the temporal constancy of the wall temperature 
follows directly. 

The axial temperature variation in evidence in Fig. 1 
is a direct consequence of the decrease of the natural 
convection heat transfer coefficient along the height of 
the tube. During the design of the apparatus, it was 
expected that the use of a thick-walled copper cylinder 
would neutralize the effects of the expected axial 
variation of the transfer coefficient. When this was 
found not to be the case, tinite-difference heat con- 
duction calculations for the cylinder wall were under- 
taken [9]. Input values of the natural convection heat 
transfer coefficient were obtained by assuming a linear 
decrease of the coefficient along the height of the 
cylinder, with the spatial mean coefficient being equal 
to the experimentally determined value. 

These calculations showed that a factor of two 
decrease in the coefficient from the bottom to the top of 
the cylinder is sufficient to account for the observed 
axial temperature variations, A thicker cylinder wall 
would have reduced the temperature variations, but 
this would have been accomplished at the cost of an 
increased wall heat capacity. 

The wall 
subcooling 

temperature results for the case of initial 
will now be considered (Fig. 2). These 
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FIG. 1. Temperature history of the wall of the heated cylinder 
for input power densities of 510 and 3060 W/m’; closed-top 

case, no initial subcooling. 
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FIG. 2. Temperature history of the wall of the heated cylinder 
for input power densities of 510 and 3060 W/m’; closed-top 

case, initial subcooling = 14.4”C. 

results are similar to those already discussed for the 
no-subcooling case, except for the period which fol- 
lows the onset of heating. During this period, heat 
flows radially outward from the cylinder to the 
subcooled solid, and there is no melting until the wall 
temperature reaches 36.4”C. At that point, the onset of 
melting is marked by a sharp change in the slope of the 
temperature-time curves. 

Instantaneous heat transfer coeflcients 

Timewise variations of the spatial-average cylinder 
heat transfer coefficient are presented in Figs. 3 and 4 
for the no-subcooling case. These figures correspond 
respectively to the no-slip and slip velocity boundary 
conditions at the upper surface of the paraffin, i.e. the 
closed and open tops. Instead of using the actual time 
as the abscissa, a more general presentation has been 
achieved in terms of the dimensionless time r of 
equation (6), in which E(t) represents the energy input 
to the phase-change medium between t = 0 and t = t. 

Inspection of Figs. 3 and 4 reveals a pattern that is 

260 
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FIG. 3. Timewise variations of the cylinder heat transfer 
coefficient for the closed-top case and no subcooling. 
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common to all the curves. Starting with very high 
values at early times, the heat transfer coefficient 
decreases, sharply at first and then gradually, attains a 
minimum and increases gradually to a steady-state 
value. The h vs T distributions of Figs. 3 and 4 are 
reciprocal to the tetn~rature-time distributions of 
Figs. 1 and 2, which is consistent with the fact that the 
rate of heat transfer from the cylinder to the phase- 
change medium is constant over most of the heating 
period. On the basis of the discussion presented 
in connection with Figs. 1 and 2, various 
regimes-conduction, onset of convection, dominance 
ofconvection, steady state-can be identified in Figs. 3 
and 4. 

In the convection regime, higher heat transfer 
coefficients are in evidence at higher values of the input 
power. This finding is readily rationalized by noting 
that higher input powers give rise to larger tempera- 
ture differences between the cylinder wall and the 
interface, thereby producing a greater buoyancy force 
and a more vigorous natural convection. The variation 
of the steady-state heat transfer coefficient with input 
power will shortly be correlated in terms of the Nusselt 
and Rayleigh numbers. 

It is of practical interest to provide a means of 
estimating the time at which the steady-state regime 
sets in. Since the approach to steady state is gradual, it 
is reasonable to define 2, as the z value at which h has 
attained 95% of its steady-state value. Whereas t,, 
varies slightly with the power level and with the top- 
surface velocity condition, a value z,,-5 provides an 
adequate estimate for all cases. 

As a final observation with respect to Figs. 3 and 4, it 
may be noted that the minima of the respective curves 
are displaced to higher T values at lower power inputs. 
The minimum can be regarded as the point at which 
natural convection begins to overpower the radial heat 
conduction in the melt layer. At lower power inputs, 
the cylinder-to-interface temperature difference is 
smaller, and a thicker melt layer is needed to enable the 
natural convection to attain the same degree of vigor 
as at higher input powers. Since r [via E(t)] is a 
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FIG. 4. Timewise variations of the cylinder heat transfer FIG. 5. Comparison of heat transfer results for the closed-top 
coefficient for the open-top case and no subcooling. and open-top cases; no subcooling. 

measure of the thickness of the melt layer, the larger I: 
values which mark the minimum point at lower 
powers appear reasonable. 

One of the major objectives of the present research is 
to assess how the cylinder heat transfer coefficients are 
affected by the velocity boundary condition at the 
upper surface of the phase-change medium. This issue 
is addressed in Fig. 5, where the results for the closed- 
top and open-top cases (no slip and slip) are compared 
at the highest and lowest power inputs investigated. 
The figure shows that the heat transfer coefficients for 
the two types of boundary conditions are in complete 
agreement, within the resolving power of the experi- 
ments. Thus, at least for the no-subcooling case, the 
cylinder heat transfer coefficients are unaffected by the 
upper-surface velocity boundary condition. From the 
standpoint of practice, this is a convenient result since 
it eliminates the necessity of using different heat 
transfer coefficients for the two types of velocity 
boundary conditions. 

A presentation of instantaneous heat transfer coef- 
ficients for the subcooling case (14.4”C below the 
melting temperature) is made in Figs. 6-8 using a 
format that is identical to that used in Figs. 3-5 for the 
no-subcooting case. Figures 6 and 7 convey results for 
the closed top and the open top, respectively, while Fig. 
8 presents a comparison of results for the two types of 
top configurations. 

From an overview, it is seen that all of the main 
trends that were identified in Figs. 3 and 4 for no- 
su~oling are in evidence in Figs. 5 and 6 for 
subcooling, and the previously discussed ramifications 
and rationalizations continue to apply. However, Figs. 
5 and 6 contain a unique feature, namely, a strong 
input-power-related rightward shift of the curves in the 
range of small times. This shift can be traced to the fact 
that, beginning at a given subcooled state, larger 
energy inputs E are required to bring the cylinder 
temperature up to the melting temperature (i.e. 36.4”C) 
at lower power levels than at higher power levels. The 
need for the larger energy input is correlated with the 
slower rates of temperature rise at lower power levels, 

0 0 8 a 8 
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D 

Irn’ I _ 
8 9 IO II 



Heat transfer coefficients for melting about a vertical cylinder 1707 

FIG. 6. Timewise variations of the cylinder heat transfer 
coefficient for the closed-top case; initial subcooling = 

14.4”c. 

OPEN TOP 

201 ’ ’ ’ ’ 1 l 1 l 
0 2 3 4 5 6 

FIG. 7. Timewise variations of the cylinder heat transfer 
coefficient for the open-top case; initial subcooling = 

14.4”C. 

so that there is more time for heat to diffuse from the 
cylinder surface to more remote parts of the subcooled 
solid. 

The 7 values (= 7,) at the onset of melting are, 
therefore, larger at lower powers. Furthermore, for 7 

< 7,, h is negative since T, < T*, and at 7 = 7,,,, h 

= cc. Thus, there is a range of r values where the curves 
for higher powers indicate positive values of h and are 
descending, while those for smaller powers are still 
reflecting negative h values (not shown in Figs. 6 and 
7), i.e. the crossover from negative h to large positive h 
occurs at larger 5 for small power levels. These 
characteristics make plausible the early-time right- 
ward shift in evidence in Figs. 6 and 7. 

Figures 6 and 7 also enable the identification of a 
dimensionless time 7ss at which the steady state is, in 
effect, attained (i.e. h values within 5% of the steady 
values). A value oft,, N 6.5 appears to be suitable for 
all the cases dealt with in the figures. This t,, value is 
larger than that previously identified for no subcool- 
ing, which is not surprising since E(t) appearing in 7 

now includes the energy required to overcome the 
initial subcooling. 

A comparison of results for the closed- and open-top 

configurations in the presence of subcooling is made in 

Fig. 8 for two input powers which typify the high and 
low ends of the range. The virtual coincidence of the 

open and blackened data symbols leads to the con- 
clusion that the heat transfer coefficients at the heated 
cylinder are unaffected by the upper-surface velocity 
condition, both for no subcooling and for subcooling. 

An issue which was of some concern in the longer 

subcooled-solid data runs relates to whether the 
temperature wave which moves radially outward 

through the solid interacts strongly with the wall of the 
containment vessel. Such a strong interaction might 
have affected the measured heat transfer coefficients 
(i.e. those of Figs. 6-8). Finite-difference computations 
undertaken to examine this issue (Appendix B of [9]) 
indicated that the interaction had a negligible effect on 
the coefficients. 

To conclude the presentation of the instantaneous 

heat transfer coefficients, a comparison will be made 
between the results with and without subcooling. The 
comparison, which is presented in Fig. 9, is based on 

data for the closed-top case, but an identical com- 
parison holds for the open-top case. 

Examination of Fig. 9 reveals two major differences 
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FIG. 8. Comparison of heat transfer results for the closed-top 
and open-top cases; initial subcooling = 14.4”C. 
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FIG. 9. Comparison of heat transfer results with and without 
subcooling; closed-top case. 
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between the results with and without subcooling. The 

first is the rightward shifting of the subcooling curves 

at small values of time. This shifting has already been 
rationalized and need not be discussed further. The 

other, more novel difference is that in the convection- 
dominated regime, the heat transfer coefficients in the 

presence of subcooling are always lower than those 
without subcooling, the deviations being in the 
lo-15% range. This finding is especially interesting 

because the opposite ordering would occur if con- 
duction were the sole mode of heat transfer. The 
primacy of the no-subcooling coefficients in the pre- 

sence of convection can be understood by noting that 
the size of the melt cavity is smaller when there is 

subcooling than when subcooling is absent. The 
smaller melt cavity diminishes the vigor of the natural 
convection motions which, in turn, reduces the heat 

transfer coefficients. 

Steady-state Nusselt numbers 

The steady-state heat transfer coefficients exhibited 
in the various preceding figures, supplemented by 

others from data runs not yet reported, have been cast 
in dimensionless form according to the definitions of 
equation (4). For the first of the correlations of the 
data, the cylinder length L will be used as the 
characteristic dimension, and the corresponding Nus- 

selt and Rayleigh numbers are designated as Nu, and 
RQ,. The steady-state data are plotted in terms of these 
parameters in Fig. 10. 

As seen in the figure, the results for the no- 
subcooling and subcooling cases fall along the sep- 

arate least-squares lines, which are respectively repre- 

sented by 

NuL = 0.393ReF.26’ , NuL = 0.096Ret.323 (8) 

with no effect in evidence of the velocity condition at 

the upper surface of the phase-change medium. Also 
shown is an extrapolation of analytical predictions by 

Hossfeld [8] for no subcooling and for a closed top. 
In [8], NuL was plotted as a function of time for RaL 

values of 2.9 x lo6 and 7 x 108. We have inferred a 

FIG. 10. Nusselt-Rayleigh representation for the steady-state heat transfer 

2OOr 

steady-state value for each of these cases, and a power- 
law relation NuL = 0.182R~r~.~~* was passed through 
the two steady-state points. This relation is repre- 
sented by the dashed line in Fig. 10. The agreement 

between the dashed line and the present no-subcooling 
data is within 10% or better. This level of agreement 
has to be regarded as highly satisfactory, especially 

considering the aforementioned extrapolations. 
For natural convection in parallel-walled vertical 

enclosures (without phase change), it is common to use 
the gap width between the walls as the characteristic 
length. To explore how the present steady-state results 
relate to literature information for natural convection 

in parallel-walled enclosures, the NuL, RaL corre- 
lations of equation (8) will be recast into NuL*, RaL* 

correlations, where L* is the effective gap width defined 
by equation (7). This gives 

NuL* = 0.393Ra~?7(AR)-0~‘99 

NuL* = 0.096Ra~?23(AR)-0~030 

(9) 

(10) 

respectively for no subcooling and subcooling, where 

AR represents the aspect ratio 

AR = L/L*. (11) 

From an examination of the literature encompass- 
ing both analysis and experiments on natural con- 

vection in vertical parallel-walled enclosures [9], a 
range of exponents for both Ra and AR was en- 
countered. The exponent of Ra varied from 0.263 to 
0.315, while the exponent of AR ranged from -0.131 

to -0.300. The present exponents for no subcooling, 
0.267 and -0.199 respectively, fall squarely in the 
literature ranges. This is a highly affirmative finding 

since the present melt cavities do not have parallel 
walls. The subcooling results, equation (lo), do not 
agree well with those of the natural convection htera- 
ture. These deviations may be attributed to the 
inhibitions imposed on the natural convection due to 

the narrowness of the gap in the lower part of the melt 
cavity when subcooling is present. 

180- 
. . CLOSED TOP 
0 0 OPEN TOP 
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Melt cavity shapes 
Representative shapes of the melt cavity are pre- 

sented in Fig. 11, with a fuller presentation available in 
[9]. Figure 11 conveys results for a power level of 
3060 W/m’, with (a) and (b) parts for no subcooling 
and subcooling, respectively. The energy input to the 
phase-change medium is identical for all the cases 
exhibited in the figure. In general, the melt cavities 
have a similar shape for all cases, being widest at the 
top and tapering down to a relatively narrow thickness 
near the bottom. This shape is consistent with a 
natural convection recirculation that is upward along 
the heated cylinder and downward along the 
liquid-solid interface. 

Referring to the (a) part of the figure, it is seen that 
the open-top boundary condition enables the develop- 
ment of a much flatter profile in the upper portion of 
the cavity than does the closed-top boundary con- 
dition. Then, upon comparing the (a) and (b) parts of 
the figure, the diminution of the melt cavity size due to 
subcooling is clearly in evidence. 

CONCLUDING REMARKS 

These experiments have provided quantitative heat 
transfer data for melting about a heated vertical 
cylinder embedded in a phase-change medium. In 
addition, the initial, short-lived dominance of heat 
conduction in the melt layer and the subsequent 
primacy of natural convection was identified via 
instantaneous cylinder wall temperature distributions 
and heat transfer coefficients and by melt cavity 
profiles. 

It was found that the heat transfer coefficients are 
not affected by whether the upper surface of the phase- 
change medium is closed by a cover which imposes a 
no-slip velocity boundary condition or is bounded by 
an insulated air space which permits motion of the 
liquid melt. This finding is applicable to both the 
melting of a non-subcooled solid or a subcooled solid. 
Subcooling tends to delay the onset of natural 
convection dominance. The natural convection heat 
transfer coefficients in the presence of subcooling are 
lo-15% lower than those for the non-subcooled case. 

A steady state characterized by time-independent 
heat transfer coefficients was encountered at suf- 
ficiently large times after the onset of heating, and a 
quantitative criterion was established for the onset of 
the steady regime. The steady-state coefficients were 
well correlated in terms of the Nusselt and Rayleigh 
numbers. The functional dependence of the steady- 
state Nusselt numbers for no subcooling agreed well 
with the literature for natural convection in vertical, 
parallel-walled enclosures without melting. 

The melt cavities have an inverted bell shape-wide 
at the top and narrow at the bottom. Subcooling ( 
markedly reduces the size of the melt cavity. 
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COEFFICIENTS DE TRANSFERT THERMIQUE POUR LA FUSION AUTOUR D’UN 
CYLINDRE VERTICAL AVEC OU SANS SOUS-REFROIDISSEMENT ET UN ESPACE 

OUVERT OU CLOS 

R&sum&Des experiences sont conduites pour mesurer les coefficients de transfert thermique lors de la 

fusion autour d'un cylindre vertical chauffe et noyt dans un milieu solide quichange de phase et dont la 
temperature est soit celle de fusion, soit inferieure. La surface superieure est une couverture solide qui impose 
une condition aux limites de non-glissement sur le liquide fondu, ou bien un espace d’air qui permet le 
mouvement sans contrainte du liquide. On mesure aussi la forme de la region fondue. Toutes les experiences 
sont effect&es avec une paraffine n-eicosane pure a 99 pour cent (temperature de fusion = 364°C) et 
concernent a la fois les p&odes transitoires et de regime permanent. Le rapport hauteur/diamttre du 
cylindre est igal a dix. On trouve que les coefficients de transfert thermique sont identiques pour les 
configurations a sommet clos ou ouvert. Le sous-refroidissement tend a retarder la prtdominence de la 
convection naturelle. Les coefficients de convection naturelle en presence du sous-refroidis~ment sont 
environ 10 a 15 pour cent inferieurs a ceux du cas sans sous-refroidissement. En general, les coefficients de 
transfert par convection naturelle en regime permanent sont bien unifies en utilisant les nombres de Nusselt 
et de Rayleigh et, en I’absence du sous-refroidissement, la dependance fonctionnelle est semblable a cell de la 

convection naturelle dans des cavites verticales et paralleles sans fusion. 

WARMEUBERGANGSKOEFFIZIENTEN FUR DEN SCHMELZVORGANG UM EINEN 
VERTIKALEN ZYLINDER MIT UND OHNE UNTERKUHLUNG FUR EINEN OFFENEN 

UND GESCHLOSSENEN BEHALTER 

Zmammenfawmg-Es wurden Versuche durchgefiihrt, urn die W~rme~~rgangsk~~ienten fur den 
Schmelzvorgang urn einen beheizten vertikalen Zylinder in einem festen Pha~nw~h~imedium zu messen, 
dessen Temperatur entweder am ~hmelzpunkt oder etwas darunter lag. Bei den Versuchen war die 
OberfIache des Pha~nwechselm~~ums entweder mit einer Abdeckung versehen, an der fur die 
Geschwindigkeit der fliissigen Schmelze die Haftbedingung gilt, oder sie war durch einen isolierten Luftraum 
begrenzt, der eine unbehinderte Fliissigkeitsbewegung zulieD. Die Form des Schmelzgebietes wurde 
bestimmt. Bei allen station&en und instationlren Versuchen wurde Eicosan-Paraffin (Schmelzpunkt = 36, 
4°C) mit einer Reinheit von 99% verwendet. Das Verhaltnis von Hohe zu Durchmesser des Zylinders war 10. 
Es stellte sich heraus, da8 die Warmetibergangskoeffizienten fur die oben geschlossene und offene 
Anordnung identisch sind. Die Unterktihlung ftihrt zur Verzogerung des dominierenden Einflusses der freien 
Konvektion auf den WLmeiibergangsvorgang. Die W%rmetibergangskoeffizienten der freien Konvektion 
bei Unterklhlung sind urn l&157/, niedriger als diejenigen im nichtunterktihlten Fall. Im allgemeinen heRen 
sich die station&en Warmetibergangskoeffizienten bei freier Konvektion gut durch Nusselt- und 
RayleighZahlen beschreiben, und fur den Fall ohne Unterkiihhmg ergab sich die funktionale Abhlngigkeit 
Phnlich wie bei freier Konvektion in senkrechten Hohlraumen mit parallelen W&den ohne Schmelzen. 

K03@@MUHEHTbI TEIIJIOIIEPEHOCA IIPH IIJIAB.JIEHMM BEIIIECTBA C HEAOl-PEBOM 
BJIH 6E3 HEI-O BOKPYI- BEPIHKAJIbHOrO IJMJIHHJIPA, IIOMEIIIEHHOFO 

B OTKPbITYIO M.JlA 3AKPbITYIO EMKOCTb 

AHHoTauHn- npOBe@HO 3KcnepnbrenTanbnoc s3MepeHne Ko3@@iuuenTo6 TennonepeHoca npu nna- 

Bneunn olcpymaunttero HarpeeaeMbtir BepTaKanbnbtii uensnup Taepnoro BeutecTBa, Tebmeparypa 

KOTO~O~O nOBOnriinaCb IlO Tinll HWKC TOW&i nJtaBneHAR. EC~H eMKOCTb, B KOTOpytO nOMemanOCb 

aemecTB0, 6bma ceepxy 3aKpbtra Kpbtmxoii, Ha XRBKOM pacnnase cosnaeanocb rpamfwoe ycnomie 

C HyIteBOR CKOpOCTbM, B TO BpCMs KaK B OTKpbtTOi? eMKOCTR n3OnupytOmas npOCJtOiiKa BO3nyXa 

nasana ~03~on~mcTb pacnnaBy nepebfentaTbcn ueorpamireHH0. &i3Meprncrr npo&inb o6inacTn 

pacnnasa. Bee onbrfbt "~~o~u~ucb c ~-3~Ko3anoBblM napaZpmtoM WCTOTO~~ 99”,, (TeMnepaTypa 
nnaaneHn~ = 36.4 C) a nepexonnoM li cTaunonapnoM peXaMax. ~HomeHue abrcorbt nrinuu~pa 
K nnabteTpy panurnocb 10. Haiinem, 9~0 K03@@ninetiTbi TennonepeHoca B 06eux eb4KocTIiX aneu- 

TnYHbt. npu HenOrnCBe eCTeCTBeHHaa KOHBeKunii He Cpa3y nrpaeT ~OMuHnpy~my~ pOJrb B npOueCce 

rennoo&eua. B XOM cnysae K03@&iuuenTbI TennonepeHoca npnMepH0 Ha 10-15:~ Hiime 3HaYeHnti, 

nonyqeuHbrx 6e3 wenorpesa. B 06meM cnygae xo3+#uiunenrbt rennonepeuoca a cTauaosapsbrx ycno- 
BUXX eCTeCTaeHHO~KOHaeKnnM XOpOmOOnACbIBaK)TCI(3aBHCHMOCTbK) HyCCcnbTa OT Penen. nOKa3aHO. 

YTO npu uarpcsawaa aemecraa nony~euuan ~ymonioiianbuar 3amicuMocrb ananormma coorHOme- 
HAH),OnuCb,BammeMy nnOueCc eCTeCTBeHHOti KOHBeKuuu B BepTUKaJIbHbIX KaHanaX C napaJbTcnbHbIMu 

crenxaMn 6ea nnaeneean. 


