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The paper describes the prospective thermal

energy storage materials and the techniques to
be used for the measurements of their thermo
physical properties, such as melting pointsﬂ,

heats of fusion, and thermal transient trans-
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by making the estimations of their Heats of Fusion.
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INTRODUCTION s §5

In space exploration, some means of energy storage
is necessary for solar powered generators. This can be achieved by
storing the solar energy either in an electrical form by using batteries
or in a thermal form by using latent heat of fusion of some suitable
material. The electrical energy storage has the disadvantage of high
system weight and does not prevent heat losses from the generator
when the vehicle is in the shade. The thermal losses result in thermal
cycling. The accompanying thermal stresses would tend to materially
shorten the life of the generator.

Consequently, it is desirable to look for alternative
means of storing the energy in thermal form. Initial effort has been
directed towards: .

(1) the synthesis of likely materials

(2) determination of their physico-chemical properties

(3) the determination of their transient heat transfer

properties.

The essential requirements of a thermal energy storage
material is that it should have a large heat of fusion per unit mass
(minimum considered here is 200 cal/gm.), and a melting point not
above 2100°K, which is set here as the upper limit of the temperature
cycle. In addition, these materials should be compatible with suitable
containers. Because of the weight limitation, only the light metals and
their compounds can be taken into consideration and on the basis of
the data available in the literature the following tables of likely thermal

energy storage material have been prepared.
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TABLE I - THERMOPHYSICAL PROPERTIES OF METALS

METALS OR

COMPOUNDS M. P.% M
B 2440" 5300 490
Be 1556 + 223 2800 + 500 310
S1 1685 + 2° 12110% + 100 431
Co-8i, 1579° 34000 + 2500° 238
Mg, -51 1375° 2 20500 £ 25002 270

*Heat of fusion has been calculated on the assumption of entropy of
fusionis 2.1 t0 2.3 e.u.

TABLE II - THERMOPHYSICAL PROPERTIES OF COMPOQUNDS

COMPOUNDS M. P.% W
L1,0 1700° 14.0° 470
BeO 28206 17.006 680
15.17£0.4 605
Ca0 2860%°° 19.00%° 340
MgO 3075268 18.502+68- 460
ALO, 23182 26.0° 260
LiF 112189 6.474°"° 250
BeF, 1088: 3 12.962 3 274
MgF 1536 13.90° 224




Table I indicates the suitability of the materials B,

Be, Si, Co, 00813 , and Mg _ Si for the thermal energy storage insofar as

2
the heat of fusion to weight ratio is concerned. The use of

Boron, because of its high melting point of 2440°K, is ruled out
while Be, Si, Co-Si

problems .

3 and -Mgz Si may present difficult container

Table II points out the suitability of the compounds

LiZO, BeO, MgO, CaO, A1203, LiP,BeFZ, and Mng with heats of

fusion per gm of 470, 605, 460, 340, 260, 250, 274, 224, respec-

tively. Pure BeO, MgO, CaO and 175‘1203 can not be used, as their

melting points are above the temperature considered. The compounds

LiZO, LiF, and Mng,

storage materials, although the decomposition pressure of LIZO is

appear to be some of the likely thermal energy

high at the melting point (170001(). They also do not offer a wide
range of temperature selection. This may be achieved by utilizing

the eutectics of the refractory oxides or fluorides.

Unfortunately, even approximate heat of fusion data

are not available for most of these mixtures.

Heats dffusion for 60 BeO - 40 MgO 500 cal/gm and
for 60 BeO - 40 CaO 221 cal/gm reported by Batutis11 and 200 cal/gm
for the latter system by Glasscock, Jr. 12may be open to question
for the reason that CaO and MgO are chemically similar and the heats
of fusion of 60 BeO - 40 MgO and 60 BeO - 40 CaO, inspite of their
different melting points, should not differ more than 100 cals. The

present difference is more than double of the expected one.

On the assumption that the entropy of fusion of the

oxide or fluoride under consideration does not change between the



melting point and the eutectic temperature, and that there is no
interaction between the components, the heats of fusion of the
eutectic compositions have been calculated for the systems whose
phase diagrams and necessary thermal data are available. These

are presented in the Table III.

TABLE III - BINARY SYSTEMS OF OXIDES OR FLUOQORIDES

Ref. System Eutectic Eutectig Temp. Estimated Heat of Fusion
Composition X Teo K cals/gm. mole cals/gm.
10,13 Ca0-BeO 0.67 BeO 1738 10000 283
10,6 MgO-BeO 0.67 BeO 2143 12000 400
10,6 Ca0O-MgO 0.5 MgO 2573 16300 340
3,10 LiF-NaF 0.39 NaF 925 5510 171
3,6 Lil"-MgF2 0.33 Mng 1015 6940 185
6,10 LiF-Ber 0.50 Ber 633 5580 153
3,6,10 Mg‘r"z-BeF2 0.90 Bef2 948 10900 224

This table should also have contained some eutectic

mixtures containing Li, O, but this has not been possible on account

2
of the unavailability of phase diagrams. As may be seen from the

table, the eutectic of CaO-BeO, MgO-BeO, CaO-MgO and Ber-Mng

apperar to be suitable. Though the paucity of data does not allow any
calculations for prediction, however, some ternary systems such as

CaO-MgO-—LiZO, BeO-MgO—LiZO, BeO-CaO-LiZO, and CaO-MgO-BeO
may cover a wider range, between 15000—21000 C, while the eutectics
of LiF, Ber, and Mng

IOOOOK. The lowering of the fusion temperature may also overcome

may be appropriate for temperatures of about

12N



the dissociation problem of Lizo. It might also be possible to use

the eutectics, such as BeF, + BeO, MgO + MgF,_ etc., as the strong

2 2
deviations from ideal behavior typical of such systems may be advan-
tageous. The most disappointing thing about the systems considered
above is that neither established phase diagrams nor accurate data

on heats of fusion are available. Faced with this situation, the ex-
perimental effort has been directed initially at establishing the phase
diagrams of the prospective systems by a differential thermal analysis
technique. After establishing the phase diagrams, and selecting the
suitable mixtures, the next step will be to measure the heat capacities
and heats of fusion of these materials by an isothermal dropping type

calorimeter. It is also intended to measure the volume change on

fusion of these mixtures.

Further studies will be conducted to determine the

thermal transient transport properties of some selected materials.

The Differential Thermal Analysis Apparatus (Schematic Diagrams in
Fig. I & II)

This apparatus consists of a platinum - 40% rhodium
wire wound furnace which gives temperatures up to 175000, a pro-
grammed controller with silicon controlled rectifier to raise the
temperature of the furnace, and adjustable zero and adjustable
range recorder for recording the temperature, and a recorder with
a + 5 mv range for recording the differential E.M.F. The differential
E.M.F. is amplified by a D. C. amplifier before being fed to the

recorder.

The desired uniform heating rate of the furnace is

obtained by means of a motor driven cam which drives the control



point of the proportional controller and so varies D, C. voltage.
This D. C. voltage is applied to a silicon controlled rectifier which

regulates the power to the furnace windings.

By this arrangement, it is possible to raise the tem-
perature of the furnace at a uniform rate from 3 to 20 centigrade degrees
per minute. Lower heating and cooling rates have been achieved by
lowering the rotation speed of the cam by including an adjustable
interrupter in the power supply to the motor. The adjustable zero
and adjustable range recorder can record the temperature accurately

within + 1°C and is capable of internal standarization.

An alumina reaction tube 1.5" in diameter and 42"
long is supported in the furnace winding tube. To one end of the
reaction tube is attached a standard glass cone,the socket of which
contains a positioned thermocouple sheath. A Pt-40% Rh wire
spiral, to hold the sample, is suspended from the thermocouple sheath.
By having this type of arrangement it is possible to keep the position
of the sample constant inside the furnace. Use of a wire spiral to
hold the sample also helps to present loss of sample by creeping,

a phenomenon found with these molten materials. The thermocouple
sheath has six holes, out of which two are used for a thermocouple
for the programmed controller and three for the differential thermo-
couple. Stray voltages have been a persistent problem but they
have now been eliminated by fitting grounded conductive sheaths
over all external leads and by winding a grounded platinum wire

down the thermocouple sheath to the sample holding spiral.

Preliminary experiments have been conducted to test
the experimental arrangement. The melting point of Ca SiOS was

found to be 1544 + ZOC, which is in excellent agreement with

o



1 54010 + 4 reported in the literature. A typical differential heating
curve is shown in Fig. 7. One interesting thing observed in these
experiments was that the heat effect in the differential curve was
observed only on heating but not on cooling. This may have been

due to glass formation.

The melting point of pure CaP2 was determined and

found to be 1368o + 2C. The values quoted in the literature are
o 14 ° 15 ° 3 o 16 o 17
1386 C , 1361°C , 1418° C , 1414 C , 1390 C , and
18
1385° C . The melting point of Mng was also measured and was

found to be 1238~ +2 C, while 1263 C , 1396 C , 1270 C
21
and 1240° C  have been reported in literature. In these experi-

ments it has been also observed that the melting points of CaF‘2

and MgF, are independent of the rate of heating from 1 to 3 degrees

2
per minute. The m. p. obtained with the 1 to 3 degrees per minute

heating or cooling rate is the same within 1 to 3 degrees centigrade.

The apparatus is now intended to be used for the

establishment of phase diagrams.

Further studies are planned for the measurements of
heats of fusion of the selected materials. This is generally done by
a calorimetric method, where usually the measurements are made
of the difference in heat contents between room temperature and several
temperatures in a range extending above and below the melting point.
The values obtained for gm. atomic heat contents at these temperatures
are plotted. Two smooth lines, separated by a discontinuity, are
drawn through the experimental points. The height of this discon-

tinuity at the m.p. is equivalent to the heat of fusion.



The commonly used apparatus consists of a furnace
to heat the samples to some desired temperature and a calorimeter
(various types z-ma2 described in the literature) to measure the amount
of heat evolved in cooling from this temperature to some lower tem-

perature.

For the present study, the apparatus consists of a
tantalum heating element furnace and an isothermal dropping type
calorimeter. The main points considered in designing the apparatus
are that the temperature of the sample should be uniform and accur-
ately known. For this, special attention has been given to the de-
sign and fabrication of the furnace and the temperature is to be
measured by an optical pyrometer checked frequently against a
standard tungsten strip lamp and calibrated by a W/W - Re or
Pt/Pt-Rh thermocouple.

The jacket of the furnace is water cooled to prevent
warming of the air which may transfer heat to the calorimeter. A
water cooled gate is provided between the furnace and calorimeter
to prevent transferred energy by radiation between the two. The
whole furnace and calorimeter space is gas tight and can be evacu-
ated to the pressures of 10_3 to 10"4 mm Hg. or maintained with

a rigorously controlled atmosphere.

The operation of the water cooled gate and sample
dropping mechanism is performed electrically, with a view to re-
duce the time taken for dropping a sample, thus reducing the trans-
fer of heat from the furnace to the calorimeter. The description of

the set up Fig. 3 is as follows.

FURNACE This has a tantalum heating element in the form of
a cylinder of 2" diameter, made of a sheet 20" long and 0.005"

thick. Three concentric molybdenum radiation shields surround



the heating element to prevent heat losses. The shields and
heating element are held in water cooled copper rings which are
connected to water cooled electrical leads. The whole unit is
encased in a water cooled brass jacket. The furnace is to be
operated with a voltage of 0-15v A, C. and a current of up to

500 amps. The temperature of the furnace is regulated by means
of a variac and a constant voltage transformer. The furnace is
intended to give temperatures up to 2200o C. There is an arrange-
ment to move the furnace up vertically through a distance of 14"

on steel columns, for access to the calorimeter.

An isothermal calorimeter has been chosen for the
measurements because of its simplicity in construction, instru-
mentation and operation. It has been designed on the principle
of the ice calorimeter invented by Blackzz, developed by Bunsen23
and recently improved to a greater degree of precision by Ginnings
and Coz‘ruccini24 . In this method, a sample at some desired
temperature is dropped into a chamber surrounded by a pure
substance in solid-liquid equilibrium (e.g. ice and water). The
heat evolved is absorbed by the chamber, melts some of the solid,
and is subsequently determined by measuring the accompaning
proportioned change in volume. In the present calorimeter, diphenyl
ether, instead of water, has been chosen. The thermodynamic
properties of diphenyl ether are accurately knownzs, and the melting
point is 300 .030 K. It is easy to maintain a thermostatically con-
trolled bath at this temperature and only a small correction is needed

in the data to standard room temperature (298, 15°K) .

CALORIMETER The main body of the calorimeter consists of a copper

tube well of 2" diameter extending up to the furnace. The whole



space is gas tight and can be evacuated simultaneously with the
furnace. Radiation from the furnace is prevented by introducing
the electrically operated water cooled gate. The conduction losses
from the calorimeter are reduced by incorporating a tubular inconel
section about 8" from the bottom of the well. The sample will fall
into a 6" copper tube inside the well. This tube fits clos ely in the
calorimeter well and contains baffles and copper turnings; baffles
will prevent upward radiation and convection heat losses from
the calorimeter, while the turnings will prevent spot heating in

the well. This separate tube facilitates the removal of the sample.
There are also baffles outside the well which help to conduct heat

quickly to the solid diphenyl ether.

The well is surrounded by a closed Dewar flask
which will contain mercury and diphenyl ether. A thin tube is led
from the bottom of the flask in order that the volume change of the

diphenyl ether may be measured by the displacement of mercury.

The calorimeter is surrounded by a thermostatically
controlled bath 24" long x 24" wide and 24" deep and kept at a
temperature near the melting point of diphenyl ether (300.0301()
by means of a thermistor temperature controller and two diagonally
placed stirrers. Before starting the run, a mantle of solid diphenyl
ether will be formed by cooling the well with dry ice. The sample
will be brought to the required temperature in the furnace and then
dropped into the well by a drop mechanism after opening the water
cooled gate. The amount of heat released will melt the diphenyl
ether and resulting volume expansion will displace the mercury.
By noting the volume change indicated by the mercury displacement,
the heat released will be found. The set-up is still in the develop-

ment stage.
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In addition to the above measurements, it is also
necessary to know the volume change on fusion of the material for
the design and fabrication of the container. Not even scanty data
are available, except for LiF where @ 12 1% increase in volume
on fusion is reported 26 . The next set of experiments are designed

for measurements of this kind.

Besides the earlier measurements, it is of paramount
importance to know the transient thermal transport properties of the
thermal energy storage materials in order to effect the optimum
design of a heat receiver for the energy storage device. The problem
to be considered here may be better understood by referring to Fig. 427 .
As is shown in this figure, Solar energy is concentrated by the use
of a parabolic mirror, and is focused on the opening of the heat
receiver. An annular space within the heat receiver is filled with
the desired material. Mounted on the outer surface of the heat
receiver are the energy converters which produce electric power.

The solar ene.rgy entering the receiver is distributed in three ways.

1. Part of this energy will be re-radiated through

the opening of heat receiver.

2. Part of this energy will be transported through

the storage material to the converters.

3. Part of this energy will be used in melting

storage material.

At the end of the heating cycle, i.e. at sunset, the
opening of the heat receiver would be closed to prevent further
re-radiation, and the heat energy liberated by the solidifying storage
material would be used to power the converters. Although the design

of the heat receiver here appears simple, the transient heat transfer

11



problem involved is quite complicated, primarily because the material
of interest becomes partially translucent at the temperatures under
consideration and therefore the mode of heat transfer consists primarily
of simultaneous conduction (phonon conduction) and radiation (photon
conduction). The problem is further complicated by the fact that heat
is transferred through the material where both liquid and solid phases
are present. In addition to the problem of different phases, effects
appear at the interfaces between the solid or liquid material and the
container wall. It is quite clear from the above considerations that
the mode of heat transfer in the system under consideration is neither
a simple conduction nor a radiation but consists of both taking place
through a material made of solid and liquid phases. Further, the

data are required in the transient state. In the literature, even the
data for the simple conductivity of these materials at the desired
temperatures are not available, except that the thermal conductivities
of BeO, Ca0O, MgO and Ale 3 in their solid states are reported at
1670°K as 0.0362, 0.0174, 0.0144 and 0.0131 cal sec. * cm™

DC.-1 respectively. H Also, the thermal conductivity of "salt A"
(11.5 mol -% NaF, 42.5 mol -%KF and 46.0 Mol.-%LiF) in the liquid
phase for temperatures of 490°C to 850°C is given as 0.0057 to

- - -1 28
0.0129 cal sec. 1cm 10C 1.

In view of this situation, it has been decided to design
the initial experiments to measure the thermal conductivity of the
selected thermal energy storage material in the solid phase, under
the conditions of steady state heat transfer. In the process to be
adopted, heat is passed from an external heater through the cylindrical
specimen to a heat sink along its axis. Conductivities can be deter-
mined from the radial temperature drop across the specimen and the

heat flow into the heat sink by the relation

12



qln rZ/r

2m L(AT)

where r1 and r2 are the respective distances of the inner and
outer sight holes from the axis and L is the length of the specimen

over which the heat flow is measured.

(29)

Apparatus, slightly similar to Rasor's and placed

in a chamber with vacuum or controlled atmosphere,is as follows:

The heater Fig. § is a hollow graphite cylinder 8"long,
2.5" inside diameter, and 1/8" thick. The cylinder has a series
of parallel grooves engraved on its outer surface, to a depth of
half the wall thickness. The grooves are parallel to the base of
the cylinder. There are two sets of grooves, each alternating
from the other by 900. This arrangement prevents mechanical
weaking of the heater. The heater is screwed into two carbon
blocks of 5" diameter and 2.5" deep. The blocks have cylindrical
holes equal to the diameter of the heater. The carbon blocks are
connected through water cooled copper tubes to a step down trans -
former with a secondary rating of fifteen volts at 600 amps. The
primary of the transformer is connected through a variac to the
power source. The heater is expected to give the desired temper-

ature.

The heat sink, which also serves as a heat meter,
consists of a 3/8 inch diameter stainless steel or molybdenum
tube with walls 0.010 inch thick, along the axis of which is a
6 mm o.d. glass tube of 1 mm wall thickness. The sink tube ex-
tends along the axis of the heater from its bottom to the top up
to the sight tube. Water or hellum flows through the annulus

between the inner and outer tubes. The external surface of the

13



steel tube is blackened with carbon to increase radiant heat
transfer and to eliminate adverse effects of non uniformity which
may occur during operation of furnace. The inner glass tube is

coated with coarse sand to obtain turbulence for better heat transfer.

Four sets of Platinel 1520/platinel 1786 (or other
suitable materials depending on temperature) differential thermo-
couples are equally spaced around the inner tube in the annular
space. The junctions of each are projected into the water stream
and are separated by 1" in the region of the heat sink length

opposite the center of the specimen.

The differential E.M.F. is therefore proportional to
the temperature rise of the water as it passes through this region.
Since negligible heat is expected to pass through the wall of the
inner glass tube, the temperature rise of the water is proportional
to the heat flow into that region of the heat sink. This heat meter
is calibrated by passing an electric current through the outer tube
and observing the thermocouple E.M.F. for a given electrical

power dissipation in the corresponding length of the outer tube.

The cylindrical test specimen Fig.6 is made of five circular
disks stacked up one on top of the other. All the disks are /2"
thick except the one in the center which is 1" thick. The disks are
in the form of annular rings having an inside diameter of 1/2" and
an outside diameter of 2". Tapered holes to the center plane of
the center disk are made along the inside and outside periphery of
the specimen as shown in Fig. 6. These holes are provided for

measuring the temperatures with an optical pyrometer.

As may be seen from the figure in this method, heat

is radiated from a graphite heater to the outer surface of the specimen.

14



This heat is then conducted radially to the surface of the 1/2"
diameter hole at the specimen axis, where it is radiated to a water
cooled heat sink placed in the hole. The radial heat flow, q,
through the central disk of 1" thickness is determined by measuring
the flow rate and temperature rise of the cooling water in the cor-
responding section of the heat sink. The radial temperature drop
AT is determined with an optical pyrometer by measuring the temp-
eratures at two different radii through the sight holes penetrating

to the central plane of the central disk.

From the quantity of heat passing through the sample and
the radial temperature drop, the conductivity is determined by equation 1.
The first set of experiments is designed for the conductivity measurements
of the material in the solid state. Ultimately, the apparatus is to
modified to measure the conductivities in the liquid state too, After
gaining knowledge of the conductivities of liquid and solid material,
attempts will be made to determine some relation by which conductivities

can be predicted for & material in solid and liquid phase at equlibrium,

15



CONCLUSION

As a result of preliminary survey of literature,some metals,
compounds and eutectic mixtures have been shown as likely suitable thermal
energy storage materials. Necessary techniques and the experimental &
apparatus needed to measure their thermo~physical and transport properties
have been described. Further areas of research towards the development of

those materials have been pointed out.
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THERMOPHYSICAL AND TRANSPORT PROPERTIﬁS OF
HIGH TEMPERATURE ENERGY STORAGE MATERIALS*

R. A. Sharma and H. Chang
Institute for Direct Energy Conversion, University of Pennsylvania, Philadelphia, Pa.

In space exploration, some means of energy storage is necessary for solar-
powered generators. This can be achieved by storing the solar energy either in an
electrical form by using batteries or in a thermal form by using latent heat of fusion
of some suitable material. The electrical energy storage has the disadvantage of high
system weight and does not prevent heat losses from the generator when the vehicle
is in the shade. The thermal losses result in thermal cycling. The accompanying
thermal stresses would tend to materially shorten the life of the generator.

Consequently, it is desirable to look for alternative means of storing the energy
in thermal form. Initial effort has been directed towards:

(1) the synthesis of likely materials
(2) determination of their physico-chemical properties
(3) the determination of their transient heat transfer properties.

The essential requirement of a thermal energy storage material is that it should
have a large heat of fusion per unit mass (minimum considered here is 200 cal/gm.)
and a melting point not above 2100 K, which is set here as the upper limit of the
temperature cycle. In addition, these materials should be compatible with suitable
containers. Because of the weight limitation, only the light metals and their compounds
can be taken into consideration and on the basis of the data available in the literature
the following tables of likely thermal energy storage material have been prepared.

Table I indicates the suitability of the materials B, Be, Si, Co, CoSi,, and
Mg, Si for the thermal energy storage insofar as the heat of fusion to weight ratio is
conterned. The use of boron, because of its high melting point of 2440°K, is ruled
out while Be, Si, CoSi3 and MgZSi may present difficult container problems.

Table II points out the suitability of the compounds LiZO, BeO, MgO, CaO,
Al O , LiF, Ber and MgF, with heats of fusion of 470, 605, 460, 340, 260, 250, 274,
2224 cals. per gm., respeétively. Pure BeO, MgO, CaO and AIZO cannot be used as
their melting points are above the temperature considered. The“compounds LiZO, LiF,
and Mg,F,, appear to be some of the likely thermal energy storage materlals,
althoug% the decomposition pressure of Li,O is high at the melting point (1700 K).
They also do not offer a wide range of tembperature selection. This may be achieved
by utilizing the eutectics of the refractory oxides or fluorides.

Unfortunately, even approximate heat of fusion data are not available for most
of these mixtures.

*This work was supported by the National Aeronautics and Space Administration under
Contract NsG-316 to the Institute for Direct Energy Conversion of the Towne School
of Civil and Mechanical Engineering of the University of Pennsylvania.

Issued as a supplement to TID-7687, A Symposium on High Temperature Conversion, Tucson, Arizona, February 19-21, 1964.
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TABLE IIT - BINARY SYSTEMS OF OXIDES OR FLUORIDES

Reference  System e o R O e
(10,13) CaO-BeO 0.67 BeO 1738 10000 283
(10, 6) MgO-BeO 0.67 BeO 2143 12000 400
(10, 6) Ca0O-MgO 0.5 MgO 2573 16300 340
(3,10) LiF-NaF 0.39 NaF 925 5510 171
(3,6) LiF-MgF, 0.33 MgF, 1015 6940 185
(6,10) LiF-BeF, 0.50 BeF, 633 5580 153
(3,6,10) MgF,-BeF, 0.90 BeF, 948 10900 224

Table IIl should also have contained some eutectic mixtures containing Li,O,
but this has not been possible on account of the unavailability of phase diagrams. As
may be seen from the table, the eutectic of Ca0O-BeO, MgO-BeO, CaO-MgO and
Ber-—MgP appear to be suitable. Though the paucity of data does not allow any
calculatio%s for prediction, however, some ternary systems such as CaO—MgO—LiZO,
BeO—MgO—LiZO, BeO-Ca0O-Li,0O, and CaO-MgO-BeO may cover a wider range,
between 1500-2100° C, whilethe eutectics of LiF, BeF,, and MgF, may be appropriate
for temperatures of about 10007K. The lowering of the tzusion tempezrature may also
overcome the dissociation problem of Li,O. It might also be possible to use the
eutectics, such as BeF, + BeO, MgO + %\/IgF , etc., as the strong deviations from
ideal behavior typical %f such systems may bé advantageous. The most disappointing
thing about the systems considered above is that neither established phase diagrams
nor accurate data on heats of fusion are available. Faced with this situation, the
experimental effort has been directed initially at establishing the phase diagrams of
the prospective systems by a differential thermal analysis technique. After establish-
ing the phase diagrams and selecting the suitable mixtures, the next step will be to
measure the heat capacities and heats of fusion of these materials by an isothermal
dropping-type calorimeter. It is also intended to measure the volume change on
fusion of these mixtures.

Further studies will be conducted to determine the thermal transient transport
properties of some selected materials.

The Differential Thermal Analysis Apparatus (Schematic Diagrams in Figs. I & II)

This apparatus consists of a platinum-40% rhodium wire-wound furnace which
gives temperatures up to 175000, a programmed controller with silicon-controlled
rectifier toraise the temperature ofthe furnace, and adjustable zero and adjustable
range recorder for recording the temperature, and a recorder with a + 5 mv range for
recording the differential E.M.F. The differential E.M.F. is amplified by a D.C.
amplifier before being fed to the recorder.

The desired uniform heating rate of the furnace is obtained by means of a motor-
driven cam which drives the control point of the proportional controller and so varies
D.C. voltage. This D.C. voltage is applied to a silicon-controlled rectifier which
regulates the power to the furnace windings.
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For the present study, the apparatus consists of a tantalum heating element
furnace and an isothermal dropping-type calorimeter. The main points considered
in designing the apparatus are that the temperature of the sample should be uniform
and accurately known. For this, special attention has been given to the design
and fabrication of the furnace and the temperature is to be measured by an optical
pyrometer checked frequently against a standard tungsten strip lamp and calibrated
by a W/W-Re or Pt/Pt-Rh thermocouple.

The jacket of the furnace is water-cooled to prevent warming of the air which
may transfer heat to the calorimeter. A water-cooled gate is provided between the
furnace and calorimeter to prevent transferred energy by radiation between the two.
The whole furna_c~3e and cglorimeter space is gas-tight and can be evacuated to the

pressures of 10 to 10 " mm Hg. or maintained with a rigorously controlled
atmosphere.

The operation of the water-cooled gate and sample-dropping mechanism is
performed electrically, with a view to reduce the time taken for dropping a sample,
thus reducing the transfer of heat from the furnace to the calorimeter. The description
of the setup , Fig. 3, is as follows.

FURNACE

This has a tantalum heating element in the form of a cylinder of 2" diameter,
made of a'sheet 20" long and 0.005" thick. Three concentric molybdenum radiation
shields surround the heating element to prevent heat losses. The shields and heating
element are held in water-cooled copper rings which are connected to water-cooled
electrical leads. The whole unit is encased in a water-cooled brass jacket. The
furnace is to be operated with a voltage of 0-15v A.C. and a current of up to 500 amps.
The temperature of the furnace is regulated by means of a Variac and a constant voltage
transformer. The furnace is intended to give temperatures up to 2200 C. There is an
arrangement to move the furnace up vertically through a distance of 14" on steel
columns, for access to the calorimeter.

An isothermal calorimeter has been chosen for the measurements because of its
simplicity in construction, instrumentation and operation. It has been designed on
the principle of the ice calorimeter invented by Black (22), developed by Bunsen (23),
and recently improved to a greater degree of precision by Ginnings and Corruccini(24).
In this method, a sample of some desired temperature is dropped into a chamber
surrounded by a pure substance in solid-liquid equilibrium (e.g. ice and water). The
heat evolved is absorbed by the chamber, melts some of the solid, and is subsequent-
ly determined by measuring the accompanying proportioned change in volume. In the
present calorimeter, diphenyl ether, instead of water, has been chosen. The
thermodynamic properties of diphenyl ether are accurately known (25), and the
melting point is 300.03~ K. It is easy to maintain a thermostatically-controlled bath
at this temperature and only a small correction is needed in the data to standard
room temperature (298.15" K).

CALORIMETER

The main body of the calorimeter consists of a copper tube well of 2" diameter
extending up to the furnace. The whole space is gas-tight and can be evacuated
simultaneously with the furnace. Radiation from the furnace is prevented by intro-
ducing the electrically operated water-cooled gate. The conduction losses from
the calorimeter are reduced by incorporating a tubular Iconel section about 8" from
the bottom of the well. The sample will fall into a 6" copper tube inside the well.
This tube fits closely in the calorimeter well and contains baffles and copper turn-
ings; baffles will prevent upward radiation and convection heat losses from the




from the above considerations that the mode of heat transfer in the system under
consideration is neither a simple conduction nor a radiation but consists of both taking
place through a material made of solid and liquid phases. Further, the data are
required in the transient state. In the literature, even the data for the simple con-
ductivity of these materials at the desired temperatures are not available, except

that the thermal conductivities of BeO, CaO, MgO and Al1,0, in their S?lld s,ltates

are reported at 1670°K as 0. 0362, 0.0174, 0.0144 and 0. (?1 ?cal sec. °c
respectively (11). Also, the thermal conductivity of "salt A" (I1.5 mol —% NaF

42.5 m(g)l -% KF and 46.0 mol - % LiF) in the 11qu11d phla for temperatures of 49OOC
to 850°C is given as 0.0057 to 0.0129 cal sec. (28).

In view of this situation, it has been decided to design the initial experiments
to measure the thermal conductivity of the selected thermal energy storage material
in the solid phase, under the conditions of steady state heat transfer. In the process
to be adopted, heat is passed from an external heater through the cylindrical specimen
to a heat sink along its axis. Conductivities can be determined from the radial
temperature drop across the specimen and the heat flow into the heat sink by the
relation

qlnf2/
N

2m. L (AT)

where r, and r2 are the respective distances of the inner and outer sight holes from
the axis and L is the length of the specimen over which the heat flow is measured.

Apparatus, slightly similar to Rasor's (29) and placed in a chamber with vacuum
or controlled atmosphere, is as follows:

The heater, Fig. 5, is a hollow graphite cylinder 8" long, 2.5" inside diameter,
and 1/8" thick. The cylinder has a series of parallel grooves engraved on its outer
surface, to a depth of half the wall thickness. The grooves are parallel to the base
of the cylinder. There are two sets of grooves, each alternating from the other by
907. This arrangement prevents mechanical weakening of the heater. The heater is
screwed into two carbon blocks of 5" diameter and 2.5" deep. The blocks have
cylindrical holes equal to the diameter of the heater. The carbon blocks are connected
through water-cooled copper tubes to a step-down transformer with a secondary rating
of fifteen volts at 600 amps. The primary of the transformer is connected through a
Variac to the power source. The heater is expected to give the desired temperature.

The heat sink, which also serves as a heat meter, consists of a 3/8" diameter
stainless steel or molybdenum tube with walls 0.010 inch thick, along the axis of
which is a 6 mm o.d. glass tube of 1 mm wall thickness. The sink tube extends along
the axis of the heater from its bottom to the top up to the sight tube. Water or helium
flows through the annulus between the inner and outer tubes. The external surface of
the steel tube is blackened with carbon to increase the radiant heat transfer and to
eliminate adverse effects of non-uniformity which may occur during operation of the
furnace. The inner glass tube is coated with coarse sand to obtain turbulence for
better heat transfer.
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Isothermal Calorimeter
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