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Abstract--A precisely fabricated, spherical thermal conductivity cell is used to achieve steady, one-dimen- 
sional, loss-free radial heat conduction across an annular test specimen. The investigated test specimens 
are solid, 99% pure n-eicosane paraffin, which are cast in place by using the conductivity cell as a mold. 
The conductivity is determined as a function of the mean temperature of the specimen, and its sensitivity 
to a number of parameters is investigated. These include the presence or absence of vacuum during casting. 
the rate of solidification during casting, the thermal contact between the conductivity cell walls and the 
test specimen, the temperature difference across the specimen, the experimental site, and the aging of the 
apparatus and the paraffin. In supplementary experiments, the density of the solid paraffin and its n',eltizg 
temperature are determined. For specimens cast without vacuum, the thermal conductivity is virtuall~ 
independent of the specimen temperature and of the solidification rate. However, for specimens cast under 
vacuum, the conductivity is found to be sensitive to the solidification rate, as is the density, and this 
dependence is attributed to the presence of entrapped gas bubbles. Comparison with the literature sho~ s 
prior conductivity values for solid n-eicosane to be low, thereby explaining reported deviations between 

experimental and numerical results for solidification phase change. 

INTRODUCTION 

THE RESEARCH described in this paper was motivated 
by the design of  heat storage devices which incor- 
porate a phase change material (PCM). A primary 
design consideration is the rate at which energy can 
be extracted from or absorbed by the storage device. 
The energy flow rate is dependent on the system 
geometry, the initial and boundary conditions, and 
the thermophysical properties of  the PCM and the 
storage device. Considerable work has been per- 
formed in the past to examine the effect of  different 
geometries and boundary conditions on the energy 
flow from/to a PCM, as summarized in the survey 
articles [1, 2] and exemplified by specific research 
studies [3-5]. 

Attempts to correlate experimental and numerical 
results indicate that the accuracy of  the values used 
for the thermophysical properties of  the PCM can 
have a very important  effect on the degree of  cor- 
relation. A case in point is the experimental and num- 
erical studies of  phase change at the University of  
Minnesota involving the paraffin n-eicosane as the 
PCM. These studies will now be reviewed to set the 
stage for the present work. 

In ref. [3], heat transfer experiments were per- 
formed which investigated the solidification of an 
initially superheated or non-superheated liquid in a 
cooled, thin-walled vertical tube. The solidification 

process was initiated by a step change in temperature 
at the outer surface of  the tube. For  the no-super- 
heating case, the solidification is one-dimensional and 
radially inward, and for that case, numerical solutions 
were also performed. A comparison of  the exper- 
imental and numerical results for the timexvise vari- 
ation of  the position of  the solidification front did not 
yield very good agreement (the data were abom 25% 
above the numerical predictions). This outcome was 
attributed primarily to uncertainties in the values 
of  the property group k/p2 for the solid-phase n- 
eicosane, which was used in implementing the com- 
parison. The thermal conductivity k was particularly 
suspect because of  a 30% uncertainty in the published 
values [6]. Indeed. when the published k values were 
increased by 30%, better agreement between the sol- 
idification front data and predictions was achieved, 
but the data continued to fall above the predictions. 

The experimental apparatus for the solidification 
studies performed in ref. [4] was altogether different 
from that of  ref. [3], and a different batch of the n- 
eicosane PCM was used. However, as a special case, 
one-dimensional, radially inward solidification was 
achieved, and the solidification front data ~ere in 
virtually exact agreement with those measured in ref. 
[3]. Furthermore,  a one-dimensional numerical simu- 
lation based on immobilization of  the freezing front, 
a scheme which differed fundamentally from that of  
ref. [3], totally validated the numerical predictions of  
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N O M E N C L A T U R E  

k thermal conductivity 
Q rate of  heat transfer 
r= inner radius of conductivity specimen 
r_, outer radius of  conductivity specimen 
Tm mean temperature of conductivity 

specimen, (TI + T2)/2 
T, inner temperature of  conductivity specimen 

7"2 outer temperature of conductivity 
specimen. 

Greek symbols 
2 latent heat of fusion 
p density of solid. 

ref. [3]. In still another apparatus and with another 
batch of the PCM [7], data for one-dimensional, radi- 
ally inward solidification agreed very well with that of 
ref. [4]. 

A sophisticated, all-numerical study of transient 
two-dimensional solidification of a PCM in a vertical, 
cylindrical capsule was performed in ref. [5]. One- 
dimensional, radially inward solidification was run as 
a special case, and the resulting numerical predictions 
were in excellent agreement with those of refs. [3, 4]. 
Not unexpectedly, the data of refs. [3, 4, 7] continued 
to disagree with the numerical predictions of ref. [5]. 
The authors ofref. [5] attributed the lack of agreement 
to the inaccuracy of the available information for 
the thermophysical property group k/p2 for the solid 
phase of n-eicosane. To redress the inaccuracy, they 
forced agreement between the numerical predictions 
and the experimental data for the timewise variation 
of the position of  the solidification front. The forced 
fit was achieved by multiplying the literature value of 
k/p2 by a factor of 1.52, where the k value was that 
obtained by extrapolation of the k vs T values of ref. 
[6] to the melting temperature. Furthermore, it was 
felt that the main contribution to the correction factor 
was the uncertainty of the solid-phase conductivity 
value. 

The two-dimensional capability of the model em- 
ployed in ref. [5] was also used to generate numerical 
predictions for the solidification front when natural 
convection was present in the superheated liquid 
phase. These predictions were compared with the cor- 
responding experimental data from ref. [3], and excel- 
lent agreement prevailed provided that the afore- 
mentioned property shift was made. This agreement 
furnishes independent confirmation of the hypothesis 
that the solid-phase property values of n-eicosane are 
in need of more accurate determination. 

The total body of evidence from the afore- 
mentioned studies indicates that the uncertainty in the 
literature values of  the thermophysical properties of 
solid n-eicosane [6, 8] was the main reason that the 
numerical and experimental results for solidification 
did not agree. This evidence and the published uncer- 
tainty (~30%)  in the conductivity [6] strongly sug- 
gests that the thermal conductivity is the thermo- 
physical property most in need of investigation. The 
present research was undertaken to determine defini- 

tive results for the thermal conductivity of the solid 
phase of n-eicosane as a function of temperature. 

To fulfill this objective, a thermal conductivity cell 
was designed and fabricated which was virtually free 
of extraneous heat losses. It was used to measure 
the conductivity of solid n-eicosane as a function of 
temperature in the expected operating range of ther- 
mal storage devices, that is, from 10-'C to the melting 
temperature of n-eicosane (approximately 35°C). To 
establish the generality of the results, measurements 
were made to examine the sensitivity of the con- 
ductivity to possible differences in the micro- and 
macrostructure of the material. Such structural 
differences may result from different solidification 
conditions including the rate of solidification and the 
presence or absence of a vacuum. Correspondingly, 
experiments were conducted in which the solidifica- 
tion rate was varied parametrically for solidifica- 
tion either under a partial vacuum or at ambient 
pressure (i.e. no vacuum). The n-eicosane used in 
the experiments was designated as 99% pure by the 
manufacturer. 

The conductivity experiments were complemented 
by additional experiments which included an explo- 
ration of the possible role of thermal contact resist- 
ance between the solid paraffin and the bounding sur- 
faces of the conductivity cell, the measurement of the 
melting temperature of  n-eicosane, the determination 
of the solid-phase density for vacuum and no-vacuum 
solidification, and the assessment of a~ng effects and 
the site of the experiments. 

EXPERIMENTAL APPARATUS 

In the design and fabrication of  the thermal con- 
ductivity cell, steps were taken to eliminate the causes 
of error which commonly occur in conductivity deter- 
minations. These include unaccounted for (or 
improperly estimated) heat losses, transient effects 
due to variations in the experimental environment, 
and uncertainties in the physical dimensions of the 
apparatus. The heat loss problem was made insig- 
nificant by using a spherical annulus as the con- 
ductivity cell as shown in Fig. 1. In this cell, the inner 
surface of the annulus was heated to a controlled 
uniform temperature, while the outer surface was 
cooled to a lower uniform temperature. Aside from 



Application of a spherical thermal conductivity cell to solid n-eicosane paraffin 1783 

~D ANNUELS 

FIG. 1. Spherical conductivity cell. 

extremely fine wires (thermocouple and power leads) 
the heat-carrying effects of which were shown by cal- 
culation to be negligible, heat which leaves the inner 
boundary of the annulus reaches the outer boundary 
via conduction through the n-eicosane paraffin. 

Possible transient variations due to environmental 
conditions were minimized in two specific ways. First, 
the chosen environment was a large-volume water 
bath which, with appropriate controls, could be kept 
at a constant temperature independent of the vari- 
ations in the laboratory temperature. Second, tem- 
perature and power data were collected over a period 
of several hours by a computer-controlled data acqui- 
sition system. This system enabled both the raw and 
reduced data to be plotted while a particular data run 
was in progress. An examination of the plots indicated 
when the transients in the conductivity apparatus due 
to imposed changes at the beginning of a data run had 
died away. 

The physical dimensions of the apparatus were con- 
trolled to high accuracy by the use of a numerically 
controlled lathe to precisely machine the inner and 
outer spheres which bounded the paraffin-filled annu- 
lus. The concentricity of the inner and outer bounding 
surfaces was assured by use of a precision-machined 
positioning plate. Furthermore, the relatively large 
thickness of the annular gap (1.500 in., 3.810 cm) 
minimized the possible significance of dimensional 
uncertainties. 

As will be elaborated later, the inner and outer 
spheres not only served to bound the solid paraffin 
specimen during the conductivity determination, but 
they also served as the walls of a mold into which 
liquid paraffin had been introduced and then solidified 
to form the specimen. 

With measured temperatures Tj and T2 at the inner 
and outer bounding surfaces and heat transfer rate 
Q from the electric heating at the inner surface, the 
thermal conductivity k was evaluated from 

k = Q(r 2 - r , ) / 4 n ( T  I -  T2)rlr 2. (1) 

Here. k represents the mean conductivity for the tern- 

perature range between T~ and T:. For the present 
experiments, rL = 1.500 in. (3.810 cm) and r, -- 3.000 
in. (7.620 cm). All the quantities appearing on the 
right-hand side of equation (1) were known to high 
accuracy. 

The following is a general description of the key 
features of the experimental apparatus. A complete 
description is available in the thesis [9] on which this 
paper is based. 

Diner and outer spheres 
The inner sphere was made up of two hemispheres 

which were precisely mated at their horizontal equa- 
tors. Both hemispheres were fabricated to precise 
dimensions from a solid cylinder of aircraft-grade 
aluminum using a numerically controlled lathe. The 
assembled sphere had an outer radius of 1.500 in. 
(3.810 cm) and a 0.500 in. (1.270 cm) thick wall. The 
relatively thick wall of the sphere was chosen to 
enhance outer-surface temperature uniformity. After 
the machining, the outer surface of the sphere was 
polished using a succession of polishing compounds- 
finishing with a grit of 1200. 

The inner surface of tile sphere x~.as heated by pass- 
ing a current through a high-resistance wil-c embcddcd 
in a spiral groove that had been milled into the surface. 
Four chromel-constantan thermocouples, made from 
pre-calibrated 0.003 in. (0.0076 cm) diameter wire, 
were installed in latitudinal grooves milled in the outer 
surface of the sphere. The thermocouple junctions 
were positioned so that they lay on a great circle which 
passed through the poles. The wires were laid in the 
grooves and held in place by' copper-oxide cement. 
Once the cement had cured, the surface ot" the cement 
was sanded flush with the surface of the sphere. 

The outer sphere was also an assembly of two hemi- 
spheres intimately mated at their horizontal equators, 
also machined on a numerically controlled lathe: from 
aircraft-grade aluminum. The sphere had an inner 
radius of 3.000 in. (7.620 cm) and a wall thickness of 
0.500 in. (1.270 cm). The wall thickness was chosen 
both to enhance inner-surface temperature uniformity 
and to provide sufficient thermal mass to damp out 
possible small variations in the temperature ,af the 
water bath in which the outer sphere was immersed 
during the experiments. The inner surface of the 
sphere was polished after the machining, while the 
outer surface was painted with a waterproof epoxy to 
prevent corrosion from exposure to the water bath. 

Seven thermocouples were installed flush with the 
inner surface of the outer sphere. These thermo- 
couples were made from the same calibrated rolls of 
wire used for the inner-sphere thermocouples. 

To support the outer sphere in the water bath, a 
stand was fabricated which provided positive pos- 
itioning while enabling free circulation of the water 
between the stand and the sphere. 

Setups./br casting the paraffin test specimen 
As noted earlier, the solid paraffin lest specimen 

was formed by a casting process in which the con- 
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FIG. 2. Apparatus setup for first stage of casting. 

ductivity-cell walls served as the mold. To guarantee 
precise positioning and concentricity of the inner and 
outer spheres, a two-stage casting procedure was 
devised. In the first stage, the casting of the lower half 
of the paraffin annulus was accomplished. During this 
stage, the upper half of the outer sphere was removed, 
and a specially fabricated positioning plate was put in 
place to mechanically fix the position of the inner 
sphere with respect to the lower half of the outer 
sphere. When the lower half of the paraffin annulus 
had solidified, it locked in the position of the inner 
sphere. The positioning plate was then removed, and 
the upper half of the outer sphere was put in place, 
after which the casting of the upper half of the paraffin 
annulus was accomplished. 

The setup of the apparatus for the first stage of the 
casting procedure is shown diagrammatically in Fig. 
2. The key components in this setup are the inner 
sphere, the lower half of the outer sphere, and the 
positioning plate which serves to fix the positions of 
the inner and outer spheres. 

The positioning plate was a contoured disk, 1.75 in. 
(4.45 cm) thick and 3.75 in. (9.53 cm) in outer radius, 
which had been fabricated from plexiglass using a 
numerically controlled lathe. Plexiglass was chosen 
because of its transparency to light in the visible spec- 
trum. This transparency served two purposes. First, 
it enabled a conventional heat lamp to be used to keep 
the free surface of the poured n-eicosane in the liquid 
phase while the rest of the n-eicosane solidified, there- 
by avoiding formation of sub-surface voids. Second, 
it allowed visual inspection of the progress of the 
solidification process and, in particular, the deter- 
mination of  when solidification was complete. The 
thickness of  the plate was chosen to ensure dimen- 
sional stability and to provide sufficient depth to 
accommodate a series of contoured surfaces which 
were machined into its lower face. 

The innermost of these contoured surfaces was a 

spherical cradle designed to house and position the 
inner sphere. The diameter of the cradle was equal to 
that of the sphere. Further out, near the rim, fiats 
and shoulders were machined in the plate to force 
concentricity of the spheres in the setup shown in Fig. 
2. The inner sphere was held firmly in the cradle by a 
subassembly mounted atop the positioning plate as 
illustrated in the figure. The main components of the 
subassembly were a guitar-string tightener and a sus- 
pension cable attached to the top of  the inner sphere. 
Turning the tightener forced the inner sphere into the 
cradle. 

The positioning plate was also fitted with two access 
tubes. One was for filling the space between the inner 
sphere and the lower half of the outer sphere with 
liquid n-eicosane from the supply reservoir. The other 
provided a means to connect the suction line of a 
vacuum system to the positioning plate. 

As noted earlier, the positioning plate was removed 
when the n-eicosane had fully solidified in the lower 
half of the inter-sphere space, and the upper half of 
the outer sphere was put in place. The setup for casting 
the upper half of the paraffin annulus is shown in 
Fig. 3. As seen there, a reservoir containing liquid n- 
eicosane was threaded through a temporary aperture 
at the top of the outer sphere. Liquid n-eicosane was 
introduced into the reservoir by a plexiglass tube 
attached to its side. The reservoir maintained a con- 
tinuous supply throughout the solidification process 
to ensure the absence of voids which otherwise would 
have formed due to the shrinkage of the paraffin. 

The reservoir was fitted with a cap which included 
a proportionally controlled electric immersion heater 
and a vacuum fitting. The immersion heater extended 
downward through the reservoir and into the mold 
cavity to within 0.5 in. (1.27 cm) of the inner sphere. 
By setting the proportional controller to a tem- 
perature just above the solidification temperature, a 
liquid surface was maintained in the mold cavity and 
a path was provided for liquid flow from the reservoir 
to the cavity. 

TO VACL'L%1 PL~IP  

FIG. 3. Apparatus setup for second stage of casting. 
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FIG. 4 Conductivity cell in the water bath during a 
conductivity measurement. 

Water-bath test ent'ironment 
To maintain the outer sphere of  the conductivity 

cell as an isothermal heat sink, the entire cell was 
immersed in an agitated, constant-temperature water 
bath as shown in Fig. 4. The bath was contained in a 
rectangular stainless steel tank the length, width, and 
depth ofwhich were 21 x 16 x 15 in. (53 x 40 x 38 cm). 
The tank was insulated on the sides and bot tom with 
4 in. (10 cm) of fiberglass, and during a data run, the 
top of  the tank was capped with a plastic-covered 
sheet of  insulation. 

As seen in the figure, two temperature con- 
troller/water circulator units were suspended in the 
water bath. One of  these units was positioned so that 
its heater and water discharge port were situated 
inside a vertical plexiglass cylinder which rested on 
the bottom of  the tank. A supply of chilled water from 
a water chiller was also ducted into the cylinder. The 
cylinder functioned as a mixing chamber for the 
heated and chilled water. Holes were provided in the 
cylinder wall to enable the mixed fluid to escape into 
the water bath proper. The temperature control func- 
tion of  the second controller/circulator was deac- 
tivated so that it acted only as a circulator to provide 
highly agitated water at the surface of  the outer 
sphere. 

The conductivity cell, temperature controller/ 
circulator units, and water chiller were protected 
from temperature excesses by a system which sensed 
and compared the water-bath temperature with set- 
point values. 

Vacuurn system 
In preliminary solidification experiments per- 

formed here at atmospheric pressure as well as in 
similar experiments in ref. [10], visual inspection of  
the resulting solid n-eicosane revealed the presence of  
small bubble-like voids distributed throughout  the 
solid. It was hypothesized that these voids resulted 
when air that had been dissolved in the liquid was 
trapped in the solid during solidification. To draw off 
the air, a vacuum system was designed so that storage, 
transport, and solidification of  the liquid were per- 
formed under a continuous vacuum. The extent of  the 
vacuum was limited by the vapor pressure of  the liquid 

n-eicosane at the storage temperature (vacuum of 
approximately 20 in. Hg at 50:C). 

The apparatus used to generate and control the 
vacuum included a vacuum pump, gauge, valves, and 
the piping necessary to interconnect the supply reser- 
voir, the vacuum pump, and the solidification setup. 

Power supply and data acquisition systems 
The function of  the power supply system was to 

provide a very well controlled, highly stable voltage 
to the electrical resistance heater inside the inner 
sphere. To this end, two regulated power supplies 
were used in series, with the building a.c. voltage being 
first passed to an a.c. supply which, in turn, led a 
d.c. supply. With this arrangement, it was possible 
to convert  a conventional fluctuating a.c. building 
voltage supply to a d,c. output that was steady to 
0.0001 V for a nominal I 0 V output (0.001% stability). 

The d.c. supply was wired in series with a calibrated 
resistor (current shunt) and the heater in the inner 
sphere. The power supplied to the heater was deter- 
mined from the voltage drops across the resistor and 
across the voltage taps soldered to the hc~ter lead 
wires. Both of these voltages werc read b~ thc dat:~ 
acquisition system. 

The data acquisition system not only read the afore- 
mentioned heater power voltages but also the thermo- 
couple voltages associated with the temperatures of  
the inner and outer spheres. The data were acquired 
by an analog-to-digital converter (HP 342tA) con- 
trolled by a program executed by a personal computer 
(HP 86B). 

The control program stored the voltages on a disk, 
converted the thermocouple voltages to temperatures, 
performed the data reduction, stored the reduced data 
on a disk, and plotted thermal conductivity vs time 
on the computer  monitor.  The program executed the 
foregoing steps every 5 min during a conductivity run, 
yielding information which enabled the experimenter 
to determine when a specific conducti~it~ deter- 
mination was complete or when an adjustment of  the 
water bath or of the heater power was necessary. 

EXPERIMENTAL PROCEDURE 

The experimental procedures used for the con- 
ductivity measurements are distinguished by the 
different casting and solidification scenarios used to 
form the spherical annulus of  solid n-eicosane 
paraffin. For  all cases, the two-stage casting procedure 
discussed earlier in the paper was used, supplemented 
by specific protocols to define each scenario. Special 
care was taken to ensure that the end result of  each 
casting/solidification scenario was a test specimen 
which full}' filled the inter-sphere space at the casting 
temperature (i.e. the temperature imposed at the outer 
surface of  the cell during casting). The scenarios will 
be outlined in the following paragraphs, with full 
details available in ref. [9]. 

Four  different scenarios were employed. In the first, 
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the casting was accomplished with the conductivity 
cell in the water bath and with all procedures carried 
out at atmospheric pressure (no vacuum). Care was 
taken to vent any air that may have been entrapped 
during the filling of the mold. The second scenario 
differed from the first by the imposition of a 20 in. Hg 
vacuum on the n-eicosane while it was in the supply 
reservoir, while it was transported to the mold cavity, 
and during its solidification in the cavity. For both of 
these scenarios, the rate of solidification was con- 
trolled and varied by setting the temperature of the 
water bath (thereby defining the casting temperature). 

The third scenario was employed to further explore 
the effect of solidification rate for a given casting 
temperature. To obtain an extremely slow rate of sol- 
idification, the convective heat transfer coefficient at 
the outer surface of the cell was changed from that 
for forced convection in water (i.e. the agitated water 
bath) to natural convection in air. The air-environ- 
ment casting was pei'formed without vacuum at two 
different ambient temperatures, namely, 10 and 20°C, 
respectively in a refrigerator and on a laboratory 
bench. 

As already noted, the different solidification rates 
and the vacuum vs no-vacuum solidification were 
intended to provide information on the sensitivity of 
the thermal conductivity to the micro- and macro- 
structure of the material. Furthermore, as will be elab- 
orated later, the use of different casting temperatures 
enables inferences to be drawn about the thermal con- 
tact between the paraffin specimen and the bounding 
spherical surfaces. The concern about thermal contact 
motivated the fourth scenario. This scenario included 
an additional operation prior to the regular no-vac- 
uum casting procedure. It involved precoating the 
inner surface of the upper half of the outer sphere 
with a thin layer of n-eicosane that was allowed to 
cool slowly. The concern was that in the usual pro- 
cedure, the surface in question was below the sol- 
idification temperature when the liquid was intro- 
duced into the mold cavity, and the possible rapid 
freezing adjacent to the surface might have caused 
imperfect surface contact. 

A decision to determine the density of  the solid 
phase of n-eicosane as a function of  solidification 
temperature and of the presence or absence of vacuum 
was made following examination of the thermal con- 
ductivity results. The density determinations were per- 
formed for temperatures which ranged from 15 to 
33°C. To accomplish this, equipment was assembled 
to solidify the paraffin in such a manner that Arch- 
imedes' principle could be used to determine the den- 
sity [9]. Samples of paraffin under vacuum and not 
under vacuum were solidified at the same time in 
glass test tubes immersed in a temperature controlled, 
agitated water bath. The mass of the solid was deter- 
mined while it was suspended in air and while it was 
submerged in water using a balance with a resolution 
of 0.001 g. 

The melting temperature of n-eicosane was deter- 

mined from visual observations of specimens con- 
tained in specially fabricated cylindrical capsules 
made of  plexiglass. To investigate the onset of melting, 
the capsules were positioned in a temperature-con- 
trolled, agitated water bath. The bath temperature 
was systematically increased in 0.1~C intervals and 
held at each temperature level for 24 h. 

The thermal conductivity experiments were per- 
formed at two separate sites. The research was begun 
at the University of Minnesota (UM) and later con- 
tinued and concluded at Bucknell University (BU), 
with the same conductivity cell used for all of the 
experiments. The major differences between the sites 
included the degree of thermal stability of the respec- 
tive laboratories, the data acquisition systems, and the 
sources of chilled water. Replicate data runs were 
made at the two sites to verify the site independence 
of the results. 

RESULTS AND DISCUSSION 

The thermal conductivity k of solid n-eicosane 
was determined as a function of the arithmetic mean 
Tm of the inner and outer surface temperatures of 
the annular specimen. For each of the casting/ 
solidification scenarios described in the preceding 
section of the paper, Tm was varied from the casting 
temperature to a value near the melting temperature. 
In what follows, the conductivity results will be pre- 
sented graphically with k along the ordinate and Tm 
along the abscissa. The data will be parameterized 
by the casting temperature and by the casting/ 
solidification scenario. In particular, for a specified 
scenario, the data corresponding to a specimen formed 
at a given casting temperature will be represented 
by a common data symbol. In the characterization of 
the data, the designations UM and BU respectively 
refer to conductivity experiments performed at the 
University of Minnesota and at Bucknell University. 
For all cases, the temperature difference (T~-T: )  
across the specimen was in the range of 2:C. 

Casting/sordification without vacuum 
The thermal conductivity results for specimens 

formed by casting/solidification at atmospheric pressure 
(i.e. without vacuum) are presented in Fig. 5. Initial 
attention will be given to Fig. 5(a), which conveys 
results corresponding to casting/solidification with 
the mold (i.e. the conductivity cell) immersed in the 
agitated water bath. 

The three data sets appearing in Fig. 5(a) cor- 
respond to casting temperatures of  approximately 10, 
20, and 30:C. The conductivity values for the speci- 
men cast at 10:C are virtually constant as Tm increases 
from approximately I0 to 32.5~C. The average value 
for these points is 0.4224 W m -  x °C- ~, with individual 
deviations from the average being less than 1%. At 
temperatures above 32.5:C, the single data point at 
33.8°C indicates a decrease of k as the temperature 
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increases; the decrease is approximately 1.7% of the 
aforementioned average value. For  the specimen cast 
at 20 C ,  the conductivity values again remain constant 
from the casting temperature to a temperature near 
32.5 C .  The average of  these conductivity values is 
0.4248 W m -  t ' C -  ~, which is about 0.5% above the 
average for the k values associated with the 10:C 
casting. The two measured conductivity values above 
Tm= 32.5~C decrease with increasing temperature. At 
34.3 C, k has decreased by 2.5% relative to the afore- 
mentioned average for this casting temperature. In the 
temperature range 30-32.5°C, the conductivity values 
for the specimen cast at 30°C are very similar to those 
previously discussed (average value of  0.4231 W m- ' 
C ~) and, as before, the conductivity drops off at 

T~ > 32.5:C. 
An overall average of all the k values in Fig. 5(a) 

below 32.YC yielded 0.4234 W m - '  ~C-~, with an 
extreme deviation from the average of about  0.9%. 
Therefore, in this range, the conductivity is inde- 
pendent of  the temperature Tm of  the specimen and 
also of the casting temperature at which the specimen 
was formed. 

This finding suggests two inferences. The first is 
related to the fact that different casting temperatures 
give rise to different solidification rates during the 
casting process. Yet, despite the different solidification 
rates and possible differences in the resulting micro- 
structure of  the material, k was unaffected. Thus, 
tentatively, k does not appear to be sensitive to 
the solidification rate (this issue will be elaborated 
shortly). 

The second inference relates to contact resistance. 
At a given T~, it may be conjectured that specimens 
formed at different casting temperatures might experi- 

ence different degrees of  contact with the bounding 
spherical surfaces. This is because o f  the different 
coefficients of thermal expansion for the paraffin and 
for the aluminum bounding walls (respective nominal 
values of 0.0003 C - '  [11] and 0.000024 C ' [12]). 
However, the fact that k was the same regardless 
of  the casting temperature suggests that the thermal 
contact was so good as not to be affected by the 
different expansion rates. 

For  Tm> 32.5 C ,  where the conductivity values in 
Fig. 5(a) decrease with increasing temperature, there 
is also a tendency of the data to spread (2.3% at 
33.5°C). Two possible reasons may be offered for 
the decrease: (1) the existence of a "solid-solid phase 
modification transition (the triclinic crystal structure 
of  the paraffin is converted to a hexagonal structure)" 
as described in reE [13] and (2) impurities in the 
n-eicosane. With regard to the latter, the presence 
of another  substance that changes phase at a lower 
temperature than the n-eicosane could cause a change 
in the measured conductivity. The experimental deter- 
mination of  the melting temperature indicated that 
melting occurred over a finite temperature range 
rather than at a specific temperature, and visual obser- 
vations suggested softening at 35.3:C which, in turn, 
suggested the possible presence of  a liquid phase, 

Attention will now be turned to Fig. 5(b), where 
the effects of  solidification rate are further explored. 
For  reference purposes, the data of  Fig. 5(a) are repro- 
duced in Fig. 5(b), i.e. the open symbols, while the 
new data are represented by black symbols. The new 
data correspond to specimens cast in air environments 
with respective ambient temperatures of approxi- 
mately 10 and 20:C. The air-environment solidifi- 
cation times (16 and 20 h, respectively) were about 
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FIG. 6. (a) Conductivity results for solid n-eicosane cast under vacuum with the mold in the u ater bath : 
(b) comparison of conductivities for specimens cast with and without vacuum. 

twice the solidification times in the water-bath casting 
procedure. 

The data corresponding to the slower solidification 
rates follow the same pattern as the reference data. 
The average of the conductivity values for the slower 
solidification case differs from the average for the 
reference data by less than 0.5% in the Tm range 
extending from 9.8 to 32.7°C, and insensitivity to the 
casting temperature is also observed. Therefore, the 
insensitivity of the conductivity to the solidification 
rate, set forth tentatively in connection with Fig. 5(a), 
can now be regarded as a firmer conclusion. For 
Tm> 32.5°C, Fig. 5(b) confirms the slight decrease in 
k that was noted in Fig. 5(a). 

Figure 5(c) conveys results of a further exploration 
of thermal contact. In the figure, the black data sym- 
bols correspond to the casting scenario which 
involved the precoating of the inner surface of the 
upper half of the outer sphere with a layer of n-eico- 
sane (i.e. the fourth casting scenario). Also shown in 
the figure for reference purposes are the data from 
Fig. 5(a)--the open symbols. It is seen that very good 
agreement prevails between the black and open data 
symbols. This finding supports the earlier inference, 
drawn from Fig. 5(a), that there was very good con- 
tact between the paraffin annulus and its bounding 
walls. 

Casting~solidification under vacuum 
Conductivity results are presented in Fig. 6 for 

specimens formed by casting/solidification under vac- 

uum and with the mold immersed in the water bath. 
The conductivity determinations were made for speci- 
mens formed at casting temperatures of approxi- 
mately 10, 20, 24, and 30°C. The data are plotted as 
black symbols in both Figs. 6(a) and (b). For reference 
purposes, Fig. 6(b) also includes as open symbols the 
data from Fig. 5(a) ; those data correspond to casting 
without vacuum and with the mold in the water bath. 
Thus, the distinguishing feature between the black and 
open symbols in Fig. 6(b) is the presence or absence of 
vacuum during the casting process. 

An overview of Fig. 6(a) indicates a dependence of 
the conductivity on the casting temperature of the 
specimen. In particular, at a fixed Tin, there is a tend- 
ency for the conductivity to increase with the casting 
temperature. The extent of the increase relative to the 
k value for the 10°C casting (at a given Tin) is about 
2% for the 20°C casting and about 5% for the 25:C 
casting. These percentages decrease as Tm increases. 
The conductivity values corresponding to casting at 
25 and 30°C are very similar, with differences of less 
than 1% for the entire range of Tm over which data 
were collected. 

The conductivity values which correspond to a 
given casting temperature remain fairly constant 
(within + 1%) from the casting temperature to 
approximately 32°C. Indeed, for the 10°C casting 
case, the near constancy persists to 34:C, after which 
there is about a 2% decrease. For the other cases, the 
conductivity declines with increasing Tm beyond 32~C. 
The decline is largest for the data corresponding to 
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the 3 0 C  cas t ing--about  5%. The decline in con- 
ductivity as Tm approaches the melting temperature 
can be attributed to the same factors as were discussed 
in connection with the no-vacuum results. 

Attention is next turned to the comparison of  
results corresponding to with-vacuum and no-vacuum 
casting conveyed in Fig. 6(b). At any T~ in the inves- 
tigated range, k for no-vacuum casting is consistently 
above k for with-vacuum casting. Also, as already 
noted, the sensitivity of  the with-vacuum k to casting 
temperature is much greater than that for the no- 
vacuum k. The difference between the conductivity 
values corresponding to the two casting methods can 
be quantified by comparing the respective average 
values for the range of  T,,, from 10 to 32:C. For  casting 
at 10.20, and 25/30~C, the with-vacuum k values are 
7, 5, and 2% less than the no-vacuum k value. 

A possible explanation for the different con- 
ductivity values corresponding to the with-vacuum 
and no-vacuum casting as well as for the sensitivity 
of the with-vacuum results to the casting temperature 
is a variation in the composition of  the solid. One 
possible cause of  a variation in composit ion would 
be the presence of  trapped gases in the solid. If the 
conductivity of  the gases were lower than that of the 
solid, then the measured conductivity of  the mixture 
would also be lower. Since the presence of  trapped 
gases would also affect the density of  the mixture, a 
measured variation of  density can be used to indicate a 
variation in composition. It was this reasoning which 
motivated the density determinations, the results of  
which will now be reported. 

Densi O' results and their conductivity-re&ted impli- 
cations 

The measured density of  solid n-eicosane is plotted 
in Fig. 7 as a function of  the solidification temperature 
(i.e. of  the rate of solidification). At each solidifica- 
tion temperature, there are two data points, one rep- 
resenting the density of  a sample solidified under 

vacuum and the other representing the density of  a 
sample solidified at atmospheric pressure (without 
vacuum). 

From the figure, it is seen that the density of  n- 
eicosane solidified without vacuum is virtually inde- 
pendent of the solidification temperature (as was the 
thermal conductivity). The greatest variation is about 
1.1% about a mean value of  840 kg m-  ~. On the other 
hand, the density of the n-eicosane solidified under 
vacuum varies irregularly with increasing temperature 
from 7 2 9 k g m  ' a t l 5  C t o 7 3 8 k g m  ' a t 2 6  C. From 
26 to 34 C, there is a clearly increasing tendency, with 
the density at 33 C (830 kg m - t )  being nearly the 
value of  the corresponding no-vacuum sample. In the 
temperature range of  20-2TC,  there is a smatl rise 
and fall of  the density (3.5% of the immediately pre- 
ceding and following values). A possible explanation 
of  this anomaly was found in the article b3 Kolesnikov 
and Syunyaev [l 3]. They reported a solid-solid phase 
change on cooling (solidification) in this temperature 
range. This was the same solid-solid phase change 
(hexagonal to triclinic) discussed earlier in connection 
with the decrease in thermal conductivity ~e:tr the 
melting temperature, except that it occur> at a ]o~cr 
temperature in solidification duc to a ~upercooling 
effect [13]. 

The no-vacuum density results measured here arc 
in the same range as those reported in the literature, 
which includes 8 5 6 k g m  ~ a t 3 4  C [ l l ] . 9 1 0 k g m  3 
at 10 C to 856 kg m -3 at 34:C [14], and 848.95 kg 
m ~ at 36.39~C [15]. 

The data of  Fig. 7 can be put into physical per- 
spective by noting that during solidification, it was 
observed that there were many bubbles adhering to 
the l iquid-solid interface under vacuum conditions, 
while without vacuum, there were few. if any. bubbles. 
The number of bubbles visible at the interface in the 
presence of vacuum increased as the solidification 
temperature decreased and with increased vacuum. 

The density experiments established that the n-eico- 
sane solidified under vacuum had a lower density 
(more voids in the solid) than that solidified without 
vacuum. The density data were used to calculate the 
volume fractions of  the gas in the samples solidified 
under vacuum. The volume fractions were then em- 
ployed in a simple model of a composite material 
to calculate an estimate of  the conductivities of  the 
composite. This model assumes that at any cross 
section, the area fraction occupied by the gas is the 
same as the volume fraction of the gas. With this. 
assumption, the conductivity of  the composite is 
found by summing the product of the conductivity 
and the volume fraction for each of  the components.  
The average k value for the no-vacuum results (0.4234 
W m ~ :C ') was used for the n-eicosane, and the k 
value for the gas was that of air at the solidificatic, n 
temperature. The results obtained from this cal- 
culation are plotted as the star data symbols in Fig. 8 
at the solidification temperature corresponding to the 
density data. Also shown in Fig. 8 is the with-,,acuum 
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FXG. 8. Comparison of experimentally determined conductivity results for solid n-eicosane with predictions 
from a model for a solid-gas composite. 

conductivity data and a line representing the average 
of the no-vacuum conductivity values. 

Inspection of the figure shows that the conductivity 
results from the composite model display a tem- 
perature dependence which is similar to that for the 
with-vacuum density data of Fig. 7. For  the most 
part, the composite-model conductivity is less than 
the with-vacuum conductivity values. The exception 
occurs at higher temperatures, where impurity effects 
may play a role. Of particular significance is the fact 
that both the composite-model and with-vacuum 
conductivities increase with increasing casting/ 
solidification temperature and that both are below 
the conductivity value for the no-vacuum case. 

Although the composite conductivity model is a 
simple one, it explains the lower conductivity values 
obtained for the n-eicosane specimens with the vac- 
uum-casting scenario. However, a strict quantitative 
comparison is not possible because the casting/ 
solidification procedures used for the thermal con- 
ductivity experiments and for the density experiments 
were different. 

Accuracy verifications 
Figure 9 is presented to further verify the accuracy 

of the thermal conductivity results. One issue is 
whether the data were sensitive to the value of the 
temperature difference (T~-  T2) between the inner 
and outer surfaces of the n-eicosane. The temperature 
difference could affect the results in two ways: (1) by 
shifting the temperature with which the conductivity 
value is associated and (2) by altering the precision of 
the data. This issue is explored in Fig. 9(a), where 
results for two temperature differences are presented, 
nominally 1.8 and 2.5°C, respectively represented by 

the black and the open data symbols. For  each data 
set characterized by a given casting temperature, at 
each T,,, there is no difference (to three significant 
figures) in the conductivity values for the two tem- 
perature differences. For all the conductivity deter- 
minations performed throughout the present inves- 
tigation, the data were collected at temperature 
differences between these two values. 

The effect of site and aging on the conductivity 
results is explored in Fig. 9(b), which shows two sets 
of conductivity values, one determined from data col- 
lected at the University of Minnesota and the other 
from data collected at Bucknell University. The rel- 
evant differences between these sites were noted earlier 
in the paper. The data correspond to with-vacuum 
casting at 10°C. As the figure indicates, there is vir- 
tually no difference between the two data sets over the 
entire range of T,,. This indicates no sensitivity of  the 
data to the experimental site or to the differences 
in experimental equipment. Furthermore, since there 
was a time lapse of about a year between the two data 
sets, it can be concluded that there was no effect of 
aging of either the apparatus or the paraffin. 

Comparison with literature values 
The only reported values for the thermal con- 

ductivity of the solid phase of n-eicosane are those of 
ref. [6] for four temperatures ranging from 293 to 307 
K. The four conductivity values of ref. [6] are plotted 
in Fig. 10 along with the present results from Fig. 5(a) 
(casting without vacuum, in the water bath). As seen 
in Fig. I0, the present k values are consistently well 
above the literature values from ref. [6]. Furthermore, 
the latter decrease steadily with increasing 7',,, in con- 
trast to the near constancy of the k values found here. 
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A concentr ic  cylindrical conductivi ty cell was used 
in ref. [6] to measure the thermal  conduct ivi ty  of  the 
solid phase of  n-eicosane. Al though  a br iefdescr ip t ion 
of  the appa ra tus  is given in ref. [6], there is no descrip- 
tion of  the methodology  used for p repara t ion  and 
solidification of  the specimen (in part icular ,  no men- 
tion was made  of  the use of  vacuum).  Fur thermore ,  
the au thors  of  ref. [6] est imated tha t  errors  in their  
tempera ture  measurements  could be as high as 20%. 
When  this tempera ture  error  was combined  with other  
unspecified errors,  the est imated error  b o u n d  for their 
results was stated to be + 3 0 % .  Because of  these 
uncertainties,  it is not  possible to provide a definitive 

explanat ion of  the differences between the present 
results and those of  ref. [6]. 

CONCLUDING REMARKS 

It is now appropr ia te  to revisit the issue which 
mot ivated  the present research. As noted in the Intro-  
duction,  in the l i terature,  when available thermo-  
physical proper ty  da ta  for solid n-eicosane were used 
to implement  a compar i son  of experimental  and 
numerical  results for solidification phase  change,  
good agreement  was not  achieved. The compar i son  
involved the proper ty  group k/p2, where the value of  
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FIG. 10. Comparison of present conductivity results (specimens cast without vacuum, in the water bath) 
with those of Griggs and Yarbrough [6]. 
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k had been obtained by extrapolating the data of  ref. 
[6] to the melting temperature. To force agreement 
between the experimental and numerical results, the 
value of  k /p2  based on the then-available property 
data was multiplied in ref. [5] by a correction factor 
of  1.52. 

The group k /p2  will now be re-examined using the 
best property information available at present. The 
first step is to compare the present k value at the 
melting temperature with that of  ref. [6]. The com- 
parison is facilitated by Fig. I1. This figure presents 
the ratio formed by dividing the k values for the 
present no-vacuum case by those of  ref. [6] at the four 
temperatures for which the latter are available. A 
least-squares quadratic equation, shown as the solid 
line in the figure, was fitted to the four points in 
order to extrapolate to the melting temperature. The 
equation was evaluated at T = 36.4:C = 309.55 K, 
which was the melting temperature employed in the 
data reduction in the solidification experiments of  ref. 
[3]. The k ratio obtained from the extrapolation is 
1.382, i.e. the present k value exceeds that of  ref. [6] 
by 38.2%. 

By using the k ratio of  1.382 and by making use of  
more accurate values of  p and ). (p = 840 kg m - j ,  
measured here for the no-vacuum solidification, and 
2 = 239.94 kJ kg-  t from ref. [13]), a resulting value 
o f  k /p2  is obtained which is !.44 times that of  ref. [3]. 
This value is close to the factor of  1.52 that was applied 
in ref. [5] to force fit experimental and numerical 
results. Thus, the present conductivity data support 
the magnitude of  the force fit correction. 

In addition to enabling definitive thermal con- 
ductivity information to be obtained for a specific 
substance (i.e. 99% pure n-eicosane paraffin), the pre- 
sent conductivity cell and its operational procedures 
hold high promise for application to other  substances. 

In this regard, attention is called to the detailed de- 
sign drawings of  the apparatus and the painstaking 
account of  the experimental procedure that are avail- 
able in ref. [9]. 
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APPLICATION D ' U N E  C E L L U L E  SPHERIQUE DE CONDUCT1VITE T H E R M I Q U E  AU 
n-EICOSANE SOLIDE 

R ~ s u m ~ - U n e  cellule sph+rique construite avec prrcision pour la mesure de la conductivit+ thermique est 
utilisre pour rraliser une conduction permanente monodimensionnelle zi travers un ~chantillon en coquille 
Les 6chantillons sont des solides en n-eicosane pur ~i 99% mis en place par moulage dans le cellule. La 
conductivite est drtermin+e en fonction de la temprrature moyenne de l'~chantillon et sa sensibilit6 :i 
plusieurs paramrtres est &udire. On considrre la presence ou l 'absence du vide pendant le moulage, ia 
vitesse de solidification pendant le moulage, le contact thermique entre les patois et l'~chantil!on, l'ecart 
de temprrature fi travers l 'rchantillon, le site experimental et le vieillissement de la paraffine. Dans des 
experiences supplrmentaires,  on d&ermine la masse volumique de la paraffine solide et sa temp;zrature de 
fusion. Pour des sprcimens moul+s sans vide, la conductivit6 thermique est virtuellement independante de 
la temprrature du sprcimen et de la vitesse de solidification. Nranmoins  pour des sprcimens moulbs sous 
• ,ide, la conductivit~ est sensible ~. la vitesse de solidification comme l'est la masse volumique et cettc 
drpendance est attribure ~. la prrsence de bulles de gax pirgres. Une comparaison avec la littrrature montre 
des valeurs de conductivit6 faibles du n-eicosane solide, expliquant de ce fait des 6carts entre des rrsultats 

num,Srique et exprrimentaux pour le changemcnt de phase ~'t la solidification. 

M E S S U N G E N  IN EINER K U ( ] E L I G E N  W A R M E L E I T F , ~ H I G K E I T S Z E L L E  AN FESTEM 
n - E I C O S A N - P A R A F F I N  

Zusammenfassung--Es  wurde eine pr/izis gearbeitete, kugelige Wtirmeleitf~ihigkeitszelle verwendet, um 
eine gleichbleibende eindimensionale verlustfreie radiale Wfirmeleitung in einem kugeligen Ringspah zu 
erhalten. Die WSrmeleitF, ihigkeitszelle diente als Gul3form ffir die untersuchten festen Materialien aus 
99% reinem n-Eicosan-Paraffin. Die W~irrneleitff, ihigkeit wird als Funktion der mittleren Temperatur  des 
Versuchsstoffes bestimmt. AuBerdem wird der EinfiuB einiger Parameter untersucht: Anwesenheit oder 
Abwesenheit yon Vakuum w~hrend des GieBens, die Verfestigungsgeschwindigkeit w~ihrend des Gief3ens. 
der thermische Kontakt  zwischen der Wand der Wfirmeleitf~ihigkeitszelle und dem Versuchsstoff. die 
Temperaturdifferenz im Versuchsstoff, der Versuchsort und schlieBlich die Alterung yon Versuchsanlage 
und Paraffin. In ergfinzenden Versuchen werden die Dichte des festen Paraffins und seine Schmelztemperatur 
bestimmt. Fi.ir Materialiem die ohne Vakuum gegossen worden sind, ist die W~rmeleitfiihigkeit praktisch 
unabh~ingig yon der Temperatur  und der Erstarrungsgeschwindigkeit.  Jedoch hfingt bei Vakuum w~ihrend 
des Giel3vorgangs die W~rmeleitf~higkeit wie auch die Dichte spfirbar vonder  Erstarrungsgeschwindigkeit 
ab, was auf  eingeschlossene Gasblasen zur/Jckgefiihrt wird. Literaturvergleiche ergeben, dab frfiher ermit- 
telte Werte ffir die W~rmeleitff, ihigkeit von n-Eicosan niedriger sind als die hier bestimmten ; damit k6nnen 
die festgestellten Abweichungen zwischen gemessenem und berechnetem Ergebnis ffir den Verfestigungs- 

vorgang erkl~irt werden. 

H P H M E H E H H E  C~EPHqECKOITI  51qEIYIKH ,/~JlSt H3MEPEHH$I  TEH.JIOFIPOBO~HOCTH B 
C.rlYqAE TBEP,/IOFO FIAPAOHHA H-DITIKO3AH 

AmtOTaUII~----I'IpeUH3HOHHag C~E)epHRccKa~I KOHIIyKTOMeTpHRCCKa.q gRefiKa FIpHMeHgCTC.q R;Ig ~o~1y'-let-IH~l 
CTai~4oHapHofi ORHOMepHofi paRHa.abHO~ TerLnonpoBoRHOCTH 6e3 rxoTepb ,~epc3 KOnbHeBOfi Om~a'THH~ 
o6pa3ett. Hccne~yeMble o6pa3tl~ TBep~loro 99%-HOFO qHCTOrO napaqbHHa H-3fiKO3aH OT.rlHBalOTCg C 
HCIIO.rlb3OBaHHeM XOrUlyX'fOMeTpHqec~ofi ~efixH e xaqecTae rlpecc~opMbl. Onpelle21~eTc~ KO3~HUHeHT 
TennonpoeoglHoc-rrl zaK dpyaKtms cpem~efi TeMrtepaTypbi o6pa3na, H Hccne~ye'rcs ero 3aeHCrIMOCTb OT 
p~na napaMerpoe H yCJIOBH~, TaKHX XaK HajIHLIHC H OTCyTCTBHe eaKyyMa, cKopOCTb 3aTBep/IeBaHH~ rtpH 
JIHTbe, TelLrlOBOfi XoHyalCT Me~g/ly CTeHKaMH ~[qe~XH H onI~ITHblM 06pa3uoM, pa3HOCTb TeMrlepaTyp B 
orpa3ae,  M~C"rO npoae/leHHg 3KcnepHMeHTa H c'rapeHae arinapaTa n riapa~HHa. B ~orloJIHHTe~bHIaLX 3KC- 
nepHMeHTaX onpene.a~mTC~t II..ROTHOeTb Teep/loro rtapadpHHa H ero TeMnepaTypa rtnaB.aeHrtS. B cny~ae 
OTJIHBKH o6pa3uoe npn OTCyTCTBHH saxyyMa KO3K~(~HIIHeHT TenJIOHpOBO~HOCTH HpaXTH~ICCKH He 
3aBHCHT OT TCMIIepaTypl~ o6pa3Ua H cKopOCTH 3aTBep~eBaHH$1. OrIHaKO npn OTflHBKe o6pa3tIOB B 
Ba~yyMe TertnoHpoBoKHOCTb H ILrIOTHOCTb 06pa31~a 3aBHC2T OT CKOpOCTH 3aTBep~eBaHHR, RTO 
O6"hRCH~ITC$[ HaJIHtIHeM 3axBaqeHH/~[X l'a3OBbIX IIy3blpbKOB. CpaBHCHHe C paHee oHy6JIHKOBaHHNIMH pa~o-  
TaMH noKa3a.rlo, tlTO rIo~lytleHHble B HHX 3HatleHH$1 KO3~(~HIJ~eHTa TCIUIOIIpOBOI~HOCTH TBepr~oro H- 
3fixo3aHa ~/B2IfllOTCfl 6onee HH3KHMH, ~tTO ~IB.qfleTCfl llpHHHHO~ pacxoac~eaaa Me~g.ay. 
3KCllepHMeHTaJlbHb[MH H qHC.rleHHbIMH pe'3yJIbTaTaMH 21-~fl dpa3oBoro nepexona B npouecce 3aTBep21eBa- 

HHR. 


