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ABSTRACT 

Following early work on the development ·of a differential thermal 

calorimeter, an attempt has been made to eliminate the sources of error 

inherent in these designs. 

Previous designs are discussed and criticized in deta~l, and a set 

of conditions postulated necessary for accurate work. Following these 

conditions, a series of modifications of apparatus design are reported. 

Heat' transfer conditions in each system were investigated and are dis-

cussed. From these results, an ideal design is proposed which is based 

primarily on heat flow through packed powders. 
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I. INTRODUCTION 

In the rapidly advancing field of ceramics, the need for fundamental 

knowledge of the basic properties of newly developed materials and of 

old long-established ones is imperative. The most important thermal 

properties to be considered in this connection are (a) heat contents 

and heat capacities, (b) heats of crystallographic transformation, and 

(c) heats of reaction. 

·Heat contents are usually measured by dropping a specimen of known 

weight and temperature into a mixture of ice and water, The decrease 

in the volume of the ice/water mixture due to melting can be related to 

the heat content of the dropped specimen. This technique is known as 

the! 'method of mixtures" or the dropping method. The reaction heat of 

solid/gas reactions is usually estimated using the bomb calorimeter. 

A mixture of the gas- and the finely divided solid is exploded under 

pressure, and the heat involved obtained from the rise in temperature 

observed inside the bomb. The solution calorimeter is employed for 

estimating the heat involved in solid/liquid reactions. The isothermal 

and adiabatic calorimeters can be used for this purpose also. 

The heat·content 6f a substance is defined as 

= (1) 

where Qp is the heat absorbed at constant pressure in a change from 

state A to state B, V is the volume of the species, and E the .internal 

energy. 
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Rearranging Eq. (1) 

= (2) 

Defining a quantity H, the heat content, such that H ~ E + PV and t· 

rewriting 

= (3) 

Hence, the increase of heat content of a system is equal to the heat 

absorbed at constant pressure. 

The definition of heat capacity (C) is 

C = q/dT , (4) 

where q may be regarded as an infinitesimally small amount of heat 

-
absorbed by th.e system when the temperature is raised by dT degrees. 

vfuen constant pressure conditions are employed, Eq. (4) may be restated 

(5) 

Since q , . p the heat absorbed, is equal to dH at constant pressure, it 

follows that 

cP = ( ~~1 
or 

T 
H.., = Ho + f C dT 

' J. 
' 0 

p 

where H.r is the heat content at r'K and Ho is the internal energy at 

0°K. For practical purposes this equation is usually written as 



• 
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= (6) 

As ceramic articles are almost invariably fabricated from powders, this 

condition dictates the kinetics of all the reactions involved in their 

production. Hence, ceramic raw materials are difficult to analyze for 

thermodynamic properties because powders place severe limitations on 

the use of orthodox calorimeters. 

Estimations of heat content by difference methods inherently involve 

large errors. Difference methods require high accuracies of measurement 

to obtain moderate accuracies in the resulting values. 

This statement is particularly true for small differences-between 

high measured values. A prime example is the heat of transformation of 

a-~ quartz. In this case (H898 - H298) for a-quartz is 8170 cal/mole 

and that for ~-quartz is 8460 cal/mole. Thus, the transformation heat 

is 290 cal/mole; 
9 

A 1% inaccuracy in the measurement of Ha or H~ will 

produce a 28% error in the value of heat of transformation. Hence, such 

methods are highly unsatisfactory and more precise methods much preferred. 

Another minor, yet sometimes important, drawback in the calorimeter 

methods is the time-consuming compilation of data. 

From all these considerations it may therefore be considered that 

the ideal calorimeter for the accumulation of thermodynamic data for 

ceramics should (a) be operational up to high temperatures, (b) be 

capable of following continuously the slow evolution or adsorption of 

heat involved in both physical and chemical ceramic reactions, and 

(c) be able to compile data of high accuracy in a short time. The 

following sections discuss the development and design of such a calorimeter. 
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II. DEVELOPHENT OF THE DIFFERENTIAL THERMAL CALORIMETER 

A. Differential Thermal Analysis and Refinements 

It is well known that ceramic reactions are never instantaneous. 

Hence, the design of any calorimeter suitable for obtaining heat data 

of these reactions must necessariiy be able to continuously follow the 

reaction in question and give an integral,result. With the advent of 
highly sensitive electrical recorders, the technique of differential 

thermal analysis was developed for following such changes. The under7 

lying principle of differential thermal analysis is to exploit the 

change in the thermal diffusivity of a substance while undergoing a 

physical or chemical reaction. When a species reacts, the rate of heat 

flow through it invariably changes. This change will be associated with 

a detectable temperature fluctuation. By comparing the temperature at 

the center of the reacting species with that of the center of an iden-

tical but inert species, the temperature change associated with the 

reaction itself can be recorded. On a differential temperature-vs-time 

plot, therefore, the reaction will appear as a differential-temperature 

peak. The size and direction of the peak and also the temperature at 

' which it occurs are characteristic of the species under examination. 

This technique of comparing a temperature at a point in a reaction 

species with that of an identical point in an inert species is the 

principle of differential thermal analysis. 

Basically, an apparatus for performing differential thermal analysis 

consists of three major parts: (a) a source of heat and its control, 

(b) a test block; and (c) method of recording heat effects. The usual 

I ,. 
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source of heat is a tubular furnace with a current input capable of 

maintaining the desired heating rate. The test block most often consists 

of a rectangular parallelepiped of metal with two holes opening at the 

top, one for the sample and one for the reference material. This block 

is so constructed as to facilitate correct positioning of the differen-

tial thermocouple and the thermocouple registering the test block tern-
. 1 

perature. Ihe environmental furnace is raised in temperature at a 

constant rate. The differential temperature and block temperature are 

monitored. Endothermic and exothermic reactions evidence themselves as 

peaks on the differential temperature plot. The exact temperature at 

which these reactions take place can be inferred directly from·the 

metal-block temperature reading. 

·: The height and width of the peaks obtained indicate the kinetics 

of the reactions taking place. vfuile being an excellent tool for 

qualitative identification of mineral constituents and other qualitative 

work, the quantitative application of the technique is questionable. 

Some investigators have considered the area under the endothermic and 

exothermic peaks to be a measure of the heat involved in these reactions. 

Attempts have been made to calibrate the apparatus using reactions of 

known h~at characteristics, 2' 3 but errors inherent in the technique 

must render these results unsound. 
. . 4 
Boersma made a mathematical analysis of the heat flow involved in 

I 

differential thermal analysis and derived equations for the calculation· 

of peak areas for a sample in the form of a cylinder, sphere, or flat 

plate. However, he realized that his assumption that the thermal 
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conductivity of the sample and the inert material are the same and 
l.' 

remain at the same level during a transition was in error. This assump-

tion is not valid if the transition involves a gas. 

In differential thermal analysis the temperature-sensing device 

rests in the middle of the powder sample. It consequently indicates 

heat changes in its immediate surroundings and also heat conducted to 

it through the sample from non-neighboring regions. It will be"demon-

strated later that the thermal conductivity through a packed powder is 

primarily due to the gaseous phase within it. As pores are very small, 

'·the only mode of heat transfer in the gas must be conduction. 

The thermal conductivities of dilute monatomic gases are well 

understood and can be predicted by the kinetic theory. For polyatomic 

gase:s, the theory is not fully developed but some useful approximations 

can be made. 

It can be shown5 that the thermal conductivity of a monatomic gas 

k is 

k (7) 

where K is the Boltzmann constant, d is the diameter of molecule, and 

m is the mass of molecule. 

For a polyatomic gas, Euchin6 showed that 

k == (C + ..?_ B: ) f.l. 
P 4 M ' 

(8) 

where f.1. is the coefficient of viscosity of the gas, M is the molecular 

weight,. and R the gas constant. 
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Both relati6ns show that 

k ex 1/H • (9) 

Hence, the thermal conductivity of gases of high molecular weight is 

lower than those of low molecular weight. In Table I are listed values 

of thermal conductivity for some common gases. The theoretical relation-

ship is seen ,to hold in practice. Hany of the reactions investigated 

in the field of ceramics by differential thermal analysis involve the 

evolution of a gas. It is observed .that reactions involving co2 give 

more marked peaks than those involving H2o. This is not entirely due to 

the quantity of heat involved in the reaction but must also depend on 

the 1thermal conductivities of the t\vo gases. This fact, therefore, 

constitutes a grave error in any quantitative results obtained by 

differential thermal analysis even if a carerulcalibration is carried 

out. (It should be noted that a calibration involving the same gaseous 

product as expected in the differential thermal analysis of given sample 

could well be used to give quantitative results for that sample.) For 

this reason, a method of measuring heat independent of temperature 

effects but based on heat flow will ensure more accuracy. One possible 

method is to measure the actual differential heat supplied to an unknown 

material vs an inert standard under dynamic conditions. This is the 

basis of differential calorimetry. A small heater is incorporated in 

the inert and sample cells. Constant power is maintained to the sample 

and a variable power to the inert reference. This will provide a means 

of eliminating any differential temperature generated due to physical 

or chemical reactions in the sample. 
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Table I. Thermal conductivity of some gases. 

Gas Molecular weight 

Helium 4 

Methane 16 

Nitrogen 28 

Carbon monoxide 30 

Argon 40 

Carbon dioxide 46 

' 

Thermal conductivity 
(cal/°C/mo1e/sec) 

339 X 10-6 

64 X 10-6 

52 X 10-6 

49 X 10- 6 

38 X 10-6 

30 X 10-6 

·.I 

,. 
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In differential thermal analysis, the size and shape of a 

differential temperature peak are dictated by the reaction heat involved 

and the thermal diffusivity of the sample. However, in differential 

thermal calorimetry the rate of heat flow away from the two cells con-

taining the sample and the inert standard to tl:leir environment is inde-

pendent of the sample diffusivity. Consequently, the applied power is 

a direct meal:)ure of the reaction heat alone. This technique, therefore, 

' eliminates the main source of error which renders differential thermal 

analysis unsuitable for quantitative work. ' 

B. The Ideal Differential Thermal Calorimeter 

The basic principle of the differential thermal calorimeter is to 

supply or abstract heat to or from a reacting system so as to maintain 

the1 temperature at some point in the system, the same as that of a 

similar point in a physically identical inert system. This is done by 

using two identical cylindrical metal cells, each with a small cylindri-· 

cal heater down its center. The sample and the inert substance are 

packed one into each cell between the heater wall and the outer cell 

wall. End-caps are used to complete the containers. The two beads of 

a differential thermocouple are located at identical positions on the 

outer wall of each cell, and the differential temperature of these two 

positions maintained at zero by supplying power to the cell heaters as 
I 

required. The necessary power to maintain this status quo is plotted _;."•.,_, 

on a time base, and a direct measure of any heat effects in the sample 

thus obtained. 
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Considering therefore the mechanism by which the differential 

thermal calorimeter system gives results, a number of points can be 

dra,vn up essential for its functioning correctly: 

(a) Each cell must be identical and be subject to identical 

environmental conditions. 

(b) All the heat supplied to the sample must come from the 

cel,l heater, i.e., heat must abvays flow out of the cell. 

(c) The response of the inert cell must be as quick as 

possible so as to maintain adequate control of the 

system.. 

(d) The gradient across the sample must be as small and · 

as constant as possible. 

(e) All heat must flow radially from the cell, i.e., 

through the powder. 

(f) The cells must be completely thermally isolated from 

each other. 

·Taking each point in turn, the symmetry of the system, consistent with 

constructional considerations, can be assured as far ~s possible. With 

regard to point (o), it might be assumed that if the cell center is 

hotter than the cell wall, heat must be flowing from the cell at all 

times. However, there are circumstances '"hen this is not true. The 

specimen pov7der is subject to t~m sources of heat, the cell heater and 

the main furnace. It is essential for the differential operation that 

all heat from the cell heater should flow outward through the c.ell con

tents to the differential thermocouple: Consider five hypothetical 

.... 

• 

•' 
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temperatures, T
1 

to T
5

, across a section of the furnace corresponding 

to the center of the filled cell (Fig. 1). For all the heat from the 

cell heater to flow outward through the sample, 

It might be assumed that for these conditions it is enough that T1 > T3• 

This is a fallacy. If T3 < T4 then even though T1 > T3, a gradient can 

develop such that T2 < T3 (see b in Fig. 1). Hence, the temperature 

minimum will be within the sample instead of being at the cell wall or 

beyond. This means that any heat pertaining to the powder sample condi-

tions (the prime effect being measured) will not travel to the cell 

1 outer wall but to the new minimum point. Such a situation would lead 
J 

to erroneous results. 

The response of the inert or active.cell to any change in a sample 

cell must be immediate. The sensitivity of the response, therefore, 

depends entirely on the thermal conductivity of the inert species in 

the cell. This conductivity should be as high as possible and thus an 

empty cell might be used. 

The fourth point is concerned with an error due to the sample width. 

The actu.al temperature of the sample is measured at the outside cell 

wall and this temperature, therefore, will be a little belov7 the average 

sample temperature. However, as long as the gradient across the cell 

is small, this error is not too large. The larger this gradient, the 

larger the error and to minimize thi~ the powder thermal conductivity 

should be as large as possible. 



-12-

-~ 

~ 
1 
j), ... : . . ~··· · .. ·I 

i : I'-~: . '18f'J . . ... , 

J 

. · ..... ~:/'::V:;l ..... . · .. : . . . /1 · .... . .. ' . :::...--:: .... . . .. . / .. ~ 

:· .• ·. · ~~ • • T2 · lT3 • . . ·rJ· . · o . o 

1Cell outer -:~·:·<:-.m·. :·.a.'.'·l 
1 . wall -Lil·:.: .m·.· · · ·. 

'•:t,', .. •••• ... '·'; •• b:·: 
/il • • • • • • ••••• • 

~ ' . ; ·. ·, ·:.- .... :· ::.: 

1 . . . Heater '71 
·~ 
1 
1 
II 
A 
I 

/l I _._ 
. ' 
A _Plat inurn wire 

support-~ 

.·-· 

v 
-v . 
,V 

t 
V. r 

.T1 = temperature of 
cell heater wall 

T2 =temperature at 
some point inside 
sample 

T3 = outside wail of 
eel! tern perature 

T4 = environmental . 
i'emperoture 

T 5 = f u r _n a c e w a II 
temperature 

~--. . 

I; ·.. . .. 
~-Furnace r wall 

FIG.! D!AGRAMMAT!CAL REPRESENTATION OF A 

D! FFERENTlAL CALOR! METER CELL AND ITS ENVIRONMENT. 

'.' 

., . 

.,; 



-13-

Considering point (e) 7 the power applied to the cell heater must 

all be transferred to the sample or erroneous values will result. For 

this reason, the heat flowing axially from the cells must be kept to a 

minimu~ In the same way, any thermal link between the sample cell and 

the inert reference cell must be assiduously avoided since exchange of 

energy between the two will introduce errors. 
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III. REVIEii OF PREVIOUS HOFX IN DIFFERENTIAL THERMAL CALORIMETRY 

The first apparatus to utilize the differential power concept was 

that of Clareborough and coworkers. 7 They measured the increase in 

internal energy produced in a metal during plastic deformation. Cylin

drical specimens, one deformed and one annealed, were placed side by 

side but not in contact inside an isothermal enclosure under vacuum. 

Each specimen was heated inside by a small heating element, During 

heating the temperatures of the tvlO specimens and the enclosure were 

maintained the same. The stored energy was measured as the difference 

in the amounts of electrical energy required to heat the specimens 

through the temperature range in which the energy stored during·deforma

tio~ was released. A differential wattmeter was used to measure the 

difference in the pO\ver supplied to the specimens. The stored energy 

was obtained by integration of the power difference~vs-time curve. 

The design of the apparatus was such that the two specimens of metal 

were supported by a tubular metal boss and linked by this same boss. 

The heat effect being measured v7as by nature very small. The offering 

of alternative paths for heat dissipation in the form of supports and 

interlinks must necessarily make the measured value even smaller. It is 

essential that the differential couple should receive a true sample of 

the temperature produced by all of the heat effect, i.e., all alternative 

flow paths from the specimen should be eliminated. 

One striking advantage of metal specimens over ceramic ones is the 

marked difference in thermal conductivity. Sensitive control of the 

system requires good specimen conductivity. To maintain the differential 
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temperature at zero all the time, it is essential that any heat change 

should be instantly transmitted to the temperature-recording power 

control device. This will allow the applied compensating power to keep 

directly in step with the heat change. In the design of a differential 

thermal calorimeter applicable to ceramic materials in the form of 

powders; this constitutes one of the major problems. · 

8 
The first attempt in this field was made by J. 0. Barner. As the 

main work described in this present dissertation is concerned with the 

improvement of Barner 1 s des ign1 his vJOrk will be reviewed in detail. 

As previously mentioned, most ceramic raw materials are powders; hence, 

retaining vessels or cells must first be designed to contain a ~owdered 

sample and the ·inert reference material. The low thermal diffusivity 

of the ceramic powder makes it essential, for reasons of control, to 

limit the sample dimensions bet\veen the heat source and the temperature-

sensing device. The heat flowing to the thermocouple bead must also be 

· representative of the heat effects involved in the powder. Hence, the 

differential thermocouple should lie in the direction of primary heat 

flov7. Barner 1 s apparatus is shmm in Fig. 2. The cells consisted of 

metallic concentric tubes, la and lb, and the powder sample filled the 

annulus between the tubes of the top cell (la). The inner tube contained 

the heater and the outer tube was the cell wall, The tubes and the cell 

lids were fabricated from platinum. On the outside wall of each cell 

platinum buckets were affixed to contain the differential (6a) and 

monitoring (6b) thermocouples. To minimize radiation heat transfer 

between the cells, they were mounted vertically on a central tube (3). 
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The circuits used by Barner to link up the various operations in the 

control sequence are shown in detail in .his thesis. 

To increase the sensitivity of the power-active cell, it \vas found 

necessary to leave it empty of the inert material. In this r..vay the 

heat lag due to the thermal diffusivity of the .inert powder v1as elimi-

nated. Having filled the top cell -.;,1ith the sample of known weight, 

both cells were introduced into the furnace. This was then flushed 

thoroughly with helium and all the monitoring circuits allowed to equi-

librate. The environmental furnace temperature was then raised at a 

controlled rate to a new temperature and allowed to soak. During the 

temperature rise the po-.;ver to the empty cell ~vas seen to lag behind that 

of the full cell owing to the heat capacity of the powder. sample. The 
. ..\ 

different\al power curve, therefore, reached a dynamic equilibrium at a 
. \ 

level below that of the static soak conditions. Any physical or chemi-

cal reaction during the period of temperature rise was superimposed on 

the heat capacity curve. The whole picture can best be seen by refer-

ring to Fig. 3. 

At time T
1 

the furnace temperature started to rise. Owing to the 

heat capacity of the sample, the empty cell gained in temperature. To 

keep the· cell differential temperature at zero, the po~ver to the empty 

cell was cut back. This shows in the differential power curve, DP. 

't.Jhen dynamic equilibrium' had been established, the full cell lagged by 

a constant amount and the power curve reached a constant level. At time 

T2 an en?othermic reaction took place in the sample necessitating a 

further step back of the power to the. empty reference cell. The reaction 
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complete, the power returned to the original dynamic equilibrium level. 

The curve dropped to level C0 \vith the advent of the new soak period. 
t... 

Integration by polar planimeter of the crosshatched area yielded 

the heat absorb-ed in the unknown material between the two temperatures 

involved. The heat involved :Ln the endothermic reaction can be estimated 

in the same way. Using this technique, Barner measured the heats of 

crystallographic transformation of quartz, potassium sulfate, and iron 

sulfide. He also measured the heat contents of silica and a mixture of 

potassium sulfate and alumina. His results are tabulated in Table II 

0 
together with the accepted values 7 and the accompanying errors. 
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Table II; Results obtained by Barner. 

H e a t s of 

Material 

FeS 

Material 

sw2 

K2S04 + Al203 

Measured HT 
cal/ mole 

198 

2309 

154 

H e a t 

Measured 
Heat content 

3140 

2070 

t r a n s f o ~ m a t i o n 

c 0 

Published HT 
cal/mo1e 

290 

2140 

120 

n t e n t s 

Published 
Heat content 

2255 

1722 

.% Difference 

-31. 9 

+ 7. 9 

+29. 2 

% Difference 

+39. 2 

+20.2 
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IV. SOURCES OF ERROR IN PREVIOUS APPARATUS 

For any heat measurement by this technique to be meaningful, it is 

essential that both cells be physically identical. This identity per

tains to the cell components and to their physical environment. The 

apparatus used by Barner did not satisfy the second of these conditions. 

The heat flow inside the environmental furnace cannot have been uniform 

as the furnace design "Y7as unsymmetrical. The top of the furnace casing 

was "Y7ater-cooled_, \vhereas the base •·7as not. The bottom of the casing 

was in direct thermal contact with a heavy iron stand. All the wires 

used to transmit the various thermocouple signals from inside the furnace 

were brought out of the bottom of the apparatus further upsetting the 

symmetry. 

Consequently, it is quite possible that a temperature gradient 

existed do"Ym the length of the furnace core. This gradient alone would 

be enough to produce non-identical conditions around each cell, but in 

a gaseous atmosphere the situation will be further compounded. The 

convection currents produced in the gas by such gradients will further 

reduce conditions of identity between the cells. 

The second cardinal necessity for the acquisition of rel.iable 

results is that the cells should be thermally isolated from each other. 

The two-cell heaters in Barner's equipment were wound on the ~arne 

alumina tube (see 3 in Fig. 2). The two cells were further intercon

nected by an alumina tube of larger bore that fitted around the heater 

tube (see 2a, 2b, and 2c in Fig. 2). These alumina tubes constituted 

a direct thermal link bet"YJeen the t\·70 cells; hence, any difference in 

temperature bet,.;reen the two due to the sample reaction would induce 

intercell heat flow and therefore lead to errors. 
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Consider no~ the design of the cells themselves. It has already 
., lo' 

been noted that the primary path of heat floH must be from the cell 

heater) through the sample) to the thermocouple on the outer \vall. 

Ho-v1ever, the us·e of platinum end-caps for the cells offers an alterna-

tive and much easier thermal path between the heater and the cell wall. 

Any heat transfer taking place by this route v7ill evade the pm·Jder 

sample and give rise to further errors. The platinum cell ends also· 

constitute an electrical conduction path between the heater and the 

differential thermocouple. At high temperatures, stray electrical 

signals filtering from the now-conducting alumina tubes to the thermo-

couple will cause differential temperature signal errors. 

1 This accumulation of discrepancies will give rise to large errors. 

At the beginning of the present work_, an attempt was made to eliminate 

them. A further source of error involving temperature gradients v7as, 

hov7ever, brought to light but, although relevant to Barner's system, 

it will be discussed at a later stage. 

{. 

" 
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V. ESTIMATION OF THE HEAT CONTENT Ai\!D SPECIFIC HEAT OF SILICA (Si0
2

) 

A. Modification of Barner's Apparatus 

Considering the sources of error inherent in Barner's design, the 

'"hole furnace and cell complex \vas redesigned. The main structure was 

made completely symn1etrical. An equal number of exit ports \vere located 

in the top and lower portions of the main furnace case. These facili-

tated the passing, via glass-metal vacuum seals, of the heater and 

thermocouple leads associated with the cells and the environmental 

furnace. The form of the furnace coil v;as changed. However, this 

modification was not permanent and was further varied in subsequent 

designs. The core >·Jas Hound of A-1 IZ.::n'thal wire on an alumina ·core. 

To eliminate environmental temperature gradients in the furnace, a heavy 

nickel tube was placed in~ide it and this constituted the radiating 

surface area seen by the cells. This tube \vas grounded outs ide the 

furnace so eliminating any induction effects due to the heating coil. 

To preclude axial heat losses from the furnace, the nickel tube was not 

carried to the ends of the furnace proper. It was maintained in the 

center by an alumina collar at either end. The 'tvhole assembly "t·Jas 

supported on a steel plate restinz on lugs welded to the inside of the 

outer case. The void between the furnace core and the water-cooled 

outer case was filled with bubbled alumina insulation. 

The configuration of the cells was unchanged; however, the al~mina 

tubing support 't·7as replaced by a platinum wire and the platinum cell 

end-caps were replaced by boron nitride ones. The cells Here spaced by 

porcelain insulation beads. T\.;ro nickel sheet baffles were placed half 
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way down the bead row, lying e~actly Letween the cells and in the center 

of the furnace. These served to climinQte any convection currents 

bet\veen the cells and also between their immediate environ.'uents. 

The cell heaters vJere Hound on boron nitride formers and platinum 

foil replaced the platinum buckets for the attachment of the thermo

couples. Boron nitride has a high electrical resistivity and facile 

machinability. It also has a lower thermal conductivity than platinum 

and, therefore, decreases the heat flow around the powder through the 

cell material when used for the cell caps. The modified design of the 

cells is shown in Fig. 4-. The use of platinum foil ensured thermal 

contact between the differential bead and the cell \vall. The thermo-

couple bead Has simply pinched into the foil. The cell temperature was 

monitored on the outside Hall by a standard Pt/Pt 10% Rh thermocouple 

Hith the bead recessed into the porcelain shielding. This precaution 

't·Jas necessary, for electrical contact bet·ween the monitor and differen

tial thermocouples must be assiduously avoided or cross-talk bet\·Jeen 

thei~ respective recorders will lead to errors. The error in the tem-

perature reading due to the recession of the bead is very small, for 

the bead is completely surrounded by the connecting foil. 

B. Experimental and Results 

A sample of -200 ground quartz \vas carc::fully packed into the top 

cell and its weight ascertained by difference. Both cells were then 

assembled on the supporting \·Jire and all the electrical and thermocouple 

circuits tested for continuity. Electrical contc.ct betv7een the differen-'. 

tial couple and the cell •·mlls Has checked, The \vhole assembly \·Jas 
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maintained in the center of the fu~n~ce by passing the support wire up 

through a hole in the top insulating plug and fixing it with a collar. 

The thermocouples and electrico.l leads emerged from other holes in the 
' 

same plug. The bottom plug was affixed Hhen the cells Here in position 

in the furnace. Similar holes in it also served to transport electrical 

leads. The center support vJire was used as a common leg for both cells, 

one end of each heater being wrapped around it. The other two heater 

ends were brought directly out the top and bottom plugs, respectively, 

and the cell-heater circuits completed. The control circuits were the 

same as those used by Barner. However, the power signals from each 

cell were fed directly into a two-point recorder and not differentially 

int9. a single-pen instrument. Hence_, a base power trace '\Vas obtained. 

This enabled the estimation of the power-plot drift due to the increase 

of the cell-heater resistance ~;.;rith increasing temperature and therefore 

ensured measurement of the correct area under the po'~>Jer-vs- time plot. 

Having assembled the cell complex inside the furnace and inserted the 

bottom end-plug, the top and bottom of the water-cooled furnace were 

placed in position and the -;.;rhole assembly pumped do\m to a vacuum of 

approximately 10-3 torr. After pumping for half an hour, the \.Jhole 

tank \vas flushed \.Jith helium for 5 min and then the flow damped dm.;n 

to 2 to 3 cc/sec. An equal power of 5 1\T Has fed to each cell heater 

and an equilibrium heat flm·J allo1ved to establish. 1'he environmental 

furnace \vas then raised in temperature at a rate of 140° C/hr for half 

an hour and then allm·Jed to soak at the temperature attained for a 

further half hour. This cycle was then repeated until a temperature 

of 660°C had been reached. During this time the differential temperature 
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bet~-1een the cells vJas controlled to ±0. 002 mV (±0. 5° C) and the sar.:ple 

cell temperature and both cell-heater powers carefully monitored. 

The difference in po\·7er consumption. ben1een the cells for given 

temperature intervals was then estimated by measuring the area under 

the variable po,.Jer curve \.J:i th a polar-planimeter. The base line slope 

was obtained from the constant power cell plot. 

The results of severc:.l estim:li:ior:.s of this sort Here averaged 

and are shm·m plotted in Fig. 5. Also plotted are the accepted values 

9 for silica in the same temperature range. The average error ranges 

from -11% to -27%. 
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VI. CELL DESIGN Al~D HEAT TRANSFER PROBLEVJ.S 

A. ItL!..:roc1uctiol1 

Although the average error in the estimation of the heat content 

·of silica reported in the L'lst secU.on is much less than that reported 

by Barner (39. 2%), it is evident that the system is far from perfect, 

In the introductory ., • • • ': ., '!' 4-

UlSCUSSlOn, lGC~l nea~ transfer conditions 

necessary for ac~urate results were postulated. The maintenance of 

these conditions depends on the thermal characteristics of the cell 

system. For this reason an invescigation of the system heat transfer 

conditions 'C·.7as undc::rtakcn -;:.;i.t:b c;. v::_e~-: ·to designing a thermally ideai 

cell. During the first part of the furnace cycle, the temperature of 

the1 vlhole system is increasing. H\::at transfer conditions during this 

period v;ould be extremely hard to analyze, so those of the steady-state 

or soak period 'Nere investigated. By making a continuous plot of the 

relevant temperature gradients, h0'1·7ever, .the correct temperature 

sequence could be maintained throughout the whole cycle. A study of 

this nature Hill produce values of the neffectiven thermal conductivities 

of the various parts of the system. This kno•vledge v7ill facilitate 

proper cell design. 

E. Theory 

The cell system can be divided into two parts, i.e., the cell 

itself and its environment. As a po"ivder is present. in the cell, the 

·• gaseous phase in the full cell exists in continuous pores of very small 

dimensions.· Heat transfer by convection can, therefore, be neglected. 

Assuming radial heat flow only and neglecting end-effects, the cell can 
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be regarded as a cylindrical tube of infinite length with the tube wall 

made of a gas-povJder composite. This assumption is not strictly correct; 

but the boron nitride ends of the ~ell render it a good approxi~ation. 

The standard heat transfer equation for steady-state conditions is 

dT -kA 
dr 

(10) 

'\·7here a. is the rate of heat flmv by conduction. k is the thermal con-
~ 1.:: ... 

ductivity7 A is the conducting are2: T is tereperature, and r lS the 

thickness of conductor. 

For a cylinder A = 2~r£, where 2 is length of cylinder; hence, 

a ( ~ = -k JdT . ·k J 2nr .£ 

For a circular pipe of inner radius ri and outer radius r
0

, Eq. (11) 

gives 

or 

k 
ln 

= 
r /r. 

0 ~ 

(ll) 

(12) 

(13) 

The environment around the cell is gaseous so all three modes of heat 

transfer are now relevant. Lumping the conduction and convection coef-

ficients together as he and using hr for the radiation coefficient, the 

1 total heat transfer coefficient may be written (h + hr). 10 
·. c 

Taking a characteristic dimension of the heat transfer surface, 

i.e .• the area A. the rate of heat transfer is given bv , S' . J 
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(lL:.) 

"":;vhere t is the temperature of the body sur.tacc1 
,_ is the gas ter:1pera-L,., s 0. 

ture, te is the terc.perature of cnclos ir1g \~Jalls J and q is the rate of 

heat floH, Assuming that the gas is at,e.pproximately the temperature 

of the furnace wall in contact Hith it, ta = te and consequently · 

or 

'h 
' c 

= 

= 

q 

q 

2rcr£(t 
s 

C. P~ocedure 

- t_) 
a. 

(15) 

A small hole '\vas drille:d in the cap of the top cell and a therno-

couple introduced to measure the heater wall temperature. T-wo other 

therrr:ocouples ,,Tere set up, one on the outer 'dall of the cell and one 

1/4 in. m·my in the environment. ·All three signals '"ere printed out on 

a multipoint recorder. Hence, four temperatures were monitored as sho\vn 

~n Fig. 6. 

The sample cell ":;vas filled v7ith A-14 alunina poHder and the initial 

procedure follo,·7ed as before. Helium T"Jas used as the inert gaseous 

phase. The temperature was increased at the rate of 180°C/hr for half 

an hour and then the system was allowed to equilibrate for the sAme 

period of time. At the end of tb.!.::: p;:riocl the four temperatures (Tp 
I 

The t(~;~·,p21:ature '>Jas then increased to 800° C 

following this one-hour cycle. Throughout the entire experiment, the 

power to the cells was adjusted when the gradient cbnditions required it. ~ 
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In this vmy the temperature ;;equcnce T1 > i 2 > T3 > T4 was carefully 

maintained. Identical runs 0ere performed in argon and vacuum. 

D Discussion of Results 

If all the heat required by the sample is to be supplied by the 

cell heater, it is essential that T3 > T4• It is also desirable to 

mc:..intain a steady gradient across tl1e sarnple t-Jith temperature so that 

dynamicequilibrium conditions may apply. The sample gradient should 

also be as small as can be acquired consistent with T3 > T4• Hence, an 

ideal·LX-vs-T plot would be three horizontal parallel straight lines in 

the positive quadrant .. Considering the three plots made1 a helium 

atmosphere gives the lowest temperature'gradient across the sample and 

the least change of this gradient '\·lith temperature; ho\·7ever, argon best 

maintains ~L.•,1e ~.~.· 3 > ~ conc'itl"on .!.L;. J. - '• 
The gradient across the sample under 

vacuum conditions is so high as to make accurate assessment of the mean 

se.mple temperature impossible and, therefore, no further vacuum \vork 

\•:as undertaken. 

The system response was best in helium and this atrr:.osphere facili-

tated sensitive control. The argon system v?as less sensitive and 

virtually no control was possible in vacuum. These observations are 

consistent \·lith the sample 11effective 11 conductivity values obtained in 

.each case J i. e. , 

(Kl) in h •. •. e.Llum, 18 X 10-4 cal/ sec/° C/ em 

to 40 X 10- 4 cal/ sec;o C/ em (750° C) 

J 
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in argon; 6 X l0-i1• cal/ sec;o C/ em (iJ-0° C) 

to 20·x 1 o-L; cal/ sec;o C/ em (750° C) 

in vacuum, 5 X 
; r;- L;. 
.;.V c2.l/ scc/° C/ em (350° C) 

to 15 }: 10-i;. cc.l/ se.c/° C/ :::m (750° C) . 

'The. "ef£ecti\re.n con.ductivity of t1·H:~ i;:n:nediate cell er1vironment (K
3

) 

inc:-eased rapidly 1·Jit:h te.1npe:ratu.rc in helitJi11 (20 

In argon this increase 

·.,;ras much less marked (20 x 10-L;. at 100° C to 150 x 10-4 cal/ sec;o C/ em 

at 700°C). The effective thermal co~ductivity of this region is the 

controlling factor in the temperature gradient value .6.1' 2. 

Surrmarizing, h2lil1m gi't·/eS th·2. systen:. \·:ith the best response and 

the lmv-est and most consistent gradient .across the sample. It is, ho·h'-

ever~ less effective than argon ln maintaining the T3 > T4 condition. 



Tl-l~PJ:::Lt~L CA?: .. GP..Il·fl~TER CELLS 

A. Int:rodection 

The key condition for maintainin~ the desired heat flow is that 

I11. tl1e lact inves tigatior1 it \~7.::15 scert that an argon atn1osp1~terc 

was better than the other two in this respect. The superiority of argon 

\:Jas pr:i.marily due to its lo\·r heat tra.11Sfe'r coeffici~ht. ~~t ::...s possible 

to make the heat conductivity of this section even lo-v7er by incor-porat-

ing a solid insulator around the cell. Such an insulator would eliminate 

convective and radiative heat tr2lis£er· ln tb.e cell e11viro1:ment and this 

\·7ould stabilize the value The problems of the s~all gradient 

across the cell and the sensit~vity of the empty cell uould also be 

solved: for a helium atmosphe:ce c.ould be used vJith no detri:ment to the 

. \- . d . u:.su1a·cor mo us operandi. Irt consequence of this, the cell complex was 

again modified. 

Sections of 2500° F insulating brick \-?e.·re carefully cut and drilled 

to the size required to accom.rnodate. the cells in the furnace. The outer 

diarneter of these sections ·was rn.e.dc to be a snug fit ins ide tb.e furno.ce 

tube. ~oles Here drilled through the insulating components to carry 

the thermocouple and powder leads from the cells to the outside circuits. 

held iil the furnace by sup~;~J::;_:irJ.g th\;. .C.\ottorn of th.e insulating colun1n. 

ft ... series of runs were pcrf:orr~1ed urtde:::- th2 same conditions as in 

part VI; however, the vacuum runs were abandoned as the cell gradient 

was too large to ever give accurate results. Also, vacuum made the 

response of the eiT:.pty cell so slm.;: as to make control impossible. 
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Fig. 10. Cells and insulating brick complex. 
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Plots of ter.1perature gradients 'i.·lere made as before and these are 

s ho\·!il in Figs. 11 and 12. 

C. Discussion of Results 

The introduction of the insulation around the cells had a marked 

effect on all the effective conductivity values (see Table III). Tl1c. 

c.or;.ducti·vity across tl1e C8ll; 1("7 7 sho\·Yed Very little variation \·7ith. 

temperatu're e"tJ'e'l:-1 at higl1 te~l~peratures :Ln Dot11 l1eli~m ai'ld argon atn1os-

pheres. The effective conductivity between the cell wall and its 

i:n.tllediate environn1ent \.·Jas also considerably improved_, although in tl"1e 

case. of heliun1 it still incrE:ased substa1.:tial.ly 'tVith increasing ·tcn1-

percture. 

: The temperature gradient-vs-temperature plc:::C3 are observed to more 

clodely approach the ideal parallel h6rizontal lines discussed in the 

lest section. The gradient across the cells, however, in both cases 

is n:.uch too high for attaining accurate results. 

From the magnitude of the gradient across the cell necessary to 

preserve the T~ > T1 ~ondition. it can be inferred that the cell insula-
..) ~- ! , 

tion needs to be further this a value of close to 

t~ft~ of~ ·1.'c req:•ired. ""''- J'-.1 ! ~ ~--
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anJ argon ntmosphercs. 

==================:::::::.:-.=:-_·----:-_--::::.:-.::=:: .. 

"Effe.cti.ve" cor:ductiv:U::y (ca.J.;o C/ cm2 I sec) x ::_o- 1
"" 

TeElpcrature 
oc 

25 

lOO 

200 

300 

L:-00 

500 

600 

700 

Helium atmosphe~e 
"f,T "tT 

.0.'..,1 l"~2 

20 L:-0 

20 70 

20 1 .. , r 
.:..)) 

20 n::: l :;_.: 

2.0 235 

20 300 

20 GOG 

.......... 0d0 ~·-U 

---·-·-- ··-

F ... roo·n atrnosphere 
i(l K2 

8 1 -_,_) 

8 20 

" 30 0 

8 40 

8 L:-5 

8 50 

8 60 

s llO 



In.~~ :cor1uc t ion 

The only way to achieve the conductivity level for K2 discussed 

previously is to have a o~ckcd powder around the cell. 

A thin-welled nickel tube
1 

l2rger in diameter than the cells, was 

cut into lengtlrs sucl1 tl-"-:at th~:. diffcr(~f!.S2 in length bet\·7een it c~nd C.: 

cell was twice the differe~ce of their raalL. Boron nitride pieces 

. ' L.uoe. In essence a ccll-within-a-~ell 

Thei double cell is sho·wn dic.grarr~.ma~:ic2lJ.y in. Fig" 

combination Has made. 

i ':' 
J.-'. The boron nitride 

pieCes ~\·Jere careft1ll~l clril:Leci to f.:::.cilitate the passage of ther!.l.tocouplcs 

and electrical leads to the inner cell. The tvJo corrtplc:..: cells \·Jere 

Tte outer parts of the bottom 

cell were filled with alu~inu 6lsc. 

into the furnace with no extra insulation added. The design of the 

main furnace was also changed for this series of runs. Tb.e heav··1 

• nickel tube now itself carried an inSu~a.tecl \·Jinding of IZanthal i\-1. 

'I'l1is tube also trc:\rersecl the ~·.Jhole furilace le11gth \·lith r:.o collars or 

st:pports. The axial heat losses from the coie were minimized by turn-

ir1g doi:·m the ends of the t.ub2 an.c:! I~y double--.:·7indi11g the coil at l>oth 

ends of its travel. In a test run the heat loss from the ends was very 

s::rrall .. · 

'~ 
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Fo llo\ving :Ln:i.t:L.:.-:1 

of 5 W w~~ passed through Do~n c2~ls. ~he ceils were heated in helium 

gradients observed were plotted vs temperature and are shown in Figs. 14 

a~d 1.5. 

In both gases the gJ:-aclif:lJ.t 2c.~~oss the cell c.nd 2Ci:-oss th.e i::~raediatc 

ce]_l e1~vironr::.ent ren.:.a in. eel very co-r~s t2nf: ~ .. Ji th i·ncreas ing te:r:.pera turc~ .. 

The size of the sample gradient necessary to maintain correct heat flow 

conditions was significantly lcwered in both cases also. 1\fitll ·this 

c-2.:.1 design; control of th2 temperature sequence, 

es~:cially T~ > T .• should be possible with no difficulty. - ..) . !.;.' 

The 1;effecti\rer 1 corJ.ducti,li~y across th.e SS..IL!.l_)le (IZ1) ";"i!&S co11St.s.nt 

w~th increase in temperature (K1 increased at the rate of 0.00007 

- lo .., • 2 1- o · cal 'v/ cr:.1 I sec 100 C ~n h8J. iurn). x
1 

in argon was also constant but 

1·! i. ti1 th.e 

e l i:nina t ior:. of the difficulty or Cijrltrolling helium atmospheres 

can be used sans souci. This will increase the accu~acy of any calori-

metric iesults also as sample gradient is srnc.ll a·nd the sys terr~ 

sensitivity maximized. 

D. Conclusio::ts 

It was observed earlier that for accurate results heat must always 

floH out of the " . CS.!..l. into the environment. flo\·! of heat 

entirely~ on the th.errl1al CC".i:"tG.i..icti\rity of tl12 8Il\riror1n1ent .. This cotlt!:'ols 
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Table IV. Effective thermal eonductivities in helium 

and argon atmospheres. tis ing powder insulation. 

------=-----=--·-:::.:=::- -·-- ::=:::::::-==:::::::::::::=:::=========== 
Furr:ace 

TC:!llpcr c tu re 
"'C 

">C: 
1-..J 

100 

200 

300 

~f00 

500 

600 

700 

800 

900 

"Effective 11 conducti.vfty 
Helium atmosphere 

K1 . K2. 

27 'l.., 
-' I 

27 37 

"1•1 
LO· 36 

28 35 

29 35 

30 37 

31 ~~o 

'j? 
.} .. L13 

')") 
...)..) 43 

'J.''j 
~-· !1-4 

·-·· , .... ___ , .. ··~.,., --~ ·········-~--
··-·····-·--···--~ .,_ .. 

..... ·· 

(cal/°C/cm2/seb) x 10- 4 

Argon atmosphere 
Kl K2 

16 16 

16 '17 

16 17 

16 18 

17 '18 

17 19 

18 21 

19 24 

21 27 

23' 24 

·; f ,. 
'· 

. ,'•. ' 
· .. ~ ~.. . . 

'·,! ':: 

. ,··. 



the heat flow irito the cell. The value of this thermal conductivity 

~~hou:Ld 7 therefore; be low and cons t.::.nt. ~vith temperature. These condi-

tions have been fulfilled and; therefore, accurate result~ should be 

obtainable with cells of i~ ~ ... .;' , .• 
1,...lt..1-.') 

. ·-: 

• 
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IX. NOTE ON THE POWER REQUIREMENTS OF THE CELLS 

Throughout the discussion of the thruc cell modifications :Lnvest:L-

gated, little has been said concerning the actual power input to the 

cells. The power was adjusted to ensure heat flow out of the cell at 

o.l.l t :Lrne.s .. The v.;;.lue of K
2

, the ·:i.mmedi.'lte cell environment thermal 

conductivity, dictated the level of power required, i.e., 

creased then core power was needed. Inci:easing the po"lver in this 

fashion only serves to decrcas0 the accuracy of any results; ..... . aence, 

iceell1y the pO'>''"l- J.evcl sl·rould rcwa:Ln constant. In actual fact, the 

povn.::r ':\'i.ll never remain constant l)ccause the heater resistance increases 

·\·.;ith ternperaturc .. Using the heat £10\v from the cell as the norm) the 

power required is plotted in Fig. 16 as a function of temperature. From 

thi.s it can be seen th2.t the poi·Jer level maintained in the "double" 

cell case ivas the most consistent, and 'this result further verifies 

use of this design for accurate work 
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MODIFICATION ATMOSPHERE INSULATION 
NUMBER 

I 
! 

11 

TI 
ill 
ITI 

Helium. 
Argon 
Helium· 
Argon 
He!ium 
Argon 

None 
None 
Bri ct{ 

Briel\ 
PovJder 
Pov;d er 

?!-, ....... 
' . I I' .. ......._ . I .. , .. , .......... ,~ 

6- ....... .......... 
< lit 8 -! 

--~ ~ ·- ----------··----- 1. t.j 
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~r ' i .. 

~ o~~~~--~------~~----~~--~~----~'----~----~------~· 
0 lOO 200 3CO 400 500 $00 700 800 :.SOO 

T, °C {FURNACE) 

FIG. 16 POWER REQUIRED vs. FURNACE TEMPERATURE. 
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X. ·AXIAL HEAT FL0\\1 BETHEEN THE DIFFERENTIAL 
THERMAL CALORIMETER CELLS 

A. Introduction 

In the section dealing with the theory of steady-state heat transfer, 

it was assumed that the axial heat flow in the ~ell system was negligible. 

Hith the double-cell design this spproximation is even more valid, for 

the layers of powder above and below the cell are twice the thickness of 

the interwall layer. HowevGr, cxicl heat flow can still take place down 

the platinum support wire. The following investigations were undertaken 

to estimate. the actual errors incurred by this link between the cells. 

B. Procedure 

The double cells were assembled in. exactly the same way as in the 

previous experiment. They were placed in the furnace and heated to 300°C 

in helium and then allowed to soak at this temperature. During this 

time no po't<Jer 'tvas supplied to the cells themselves. On reaching equilib-

rium, the gradienti acres~ the top cell were noted. A power of 5 W was 

then supplied to both cells and the gradients again notedwhen equlibrium 

was once more established. The bottom cell power was then turned off and 

the effect of this move on the top cell gradients observed. Finally, the 

top cell"was cut off and the bottom cell po~er turned back on and the 

gradients in the top cell again noted. This procedure was repe~ted at 

600° C and 900° C and then all the runs v7ere duplicated in argon and in 

vacuum. 

The results are shown diagrammatically in Figs. 17A and B. The heat 

flov7 between the cells due to the connec~ing wire '"as estimated from the 

top cell gradients observed in the vacuum run. The~e results arc shown 

in Table· v. 
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Table V. Gradients observed in top cell during vacuum·run. 

Furnace 
Temperature 

oc 

300 

600 

900 

Gradient 
:Both cells off 

oc 

0 

0 

-3 

Arrows indicate direction of heat 

ql

cal/sec 

0 

0 

o. 26 J. * 

flow. 

Gradient 
Bottom cell on 

oc 

+1 

0 

-2 

q2 

cal/ sec 

o. 03 i 

0 

•k 

0. 17 J. 
~·: 

:·I 
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C. Discussion of Results 

In Fig. 17, each little diagram represents a section of the filled 

cell under different conditions. Line A is the inner cell wall, B the 

cell outer wall, and C the outer wall of the enclosing cell. The 

monitor thermocouple is located on c.and its reading is given in each 

case. The gradient is shown plotted vertically about the center line 

of each diagram. ·The scale is the same for each case and so. is not 

repeated, Using the inner wall of the cell as a reference, the gradients 

observed are plotted for each of the conditions stated at the head of 

columns, Underneath each figure the center line of the bottom cell is 

shown. The arrow B" indicates a point corresponding to the point B' in 

the top cell. Underneath the arrow the differential temperature observed 

between B" and B' is shown, A positive value of this gradient indicates 

that B' > B". 

Thermal linkage between the cell is best demonstrated in vacuum. 

Considering the case when the bottom cell alone is on (in vacuo), the 

effects of this cell on the top one can easily be seen. When the bottom 

cell is 43° C hotter (Fig, 17B, row 1, column 3), ·it induces a slight 

+ ve gradient in the top cell. As the temperature difference between 

the cells goes down, this p6sitive gradient gives way to a negative one. 

The gradient across the top cell \-7hen the bottom is hotter by 5° C 

(row 3, column 3) denotes a supply of heat to the bottom cell by· the 

top one, Utilizing the standard :steady-state thermal conduction equation, 

q = k2d ~T 
ln ro/ri . ) 
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where k is the thermal conductivity of packed powder in vacuo, £ is the 

cell length, and r
0 

and ri are the cell outer and inner radii. Then 

q1, the heat flow in cal/sec, can be obtained. Let q1 be the heat flow 

across the top ·cell when both cells are off and q2 the same flow when 

the bottom cell is on. On reaching the center of the cell, the heat 

will divide (as the platinum wire passes through the cell center). 

Hence, the quantity q1 may be ~-1ritten 

= (16) 

where p1 and p2 are the amounts of heat flowing up and down the wire, 

respectively. Likewise_, with q
2 

= (17) 

Assuming that conditions above the top cell are unchanged by the heating 

of the bottom cell, then 

and hence 

= (18) 

Solving simultaneously Eqs. (16) and (18), 

= (19) 

. . 

Y7here P1 and P3 are both heats flowing. down the Wire from the top cell 

to the bottom cell. 
i 

Now p1 a: ..0. T1 and p3 Ct 6 T 2 ; th~rdfore, 
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k 2 ret (L:a' 1 - L:a' 2) 

ln r
0
/ri 

(20) 

where 61'1 and .6.T2 are the gradients between the two cells for the t'tvo 

conditions. 

Consider the vacuum investigation at 900°C (Fig .. l7B, row 3, column 1). 

When both cells are off .6.T = +l8°C = (.6.T1). When the bottom alone 
' cells 

is on, then .6.Tcells =·-5° C = (6.1'2). Using Eq. (13) the values of q1 and 

q2 can be obtained and then applying Eq. (20): [ (q1 - q2) a: (13° C dif- . · 

ferential between the cells)]. It was found that a differenticS:l tern-

perature between the cells of +l3°C at 875°C induced a heat flow of 
I 

0.0895 cal/sec from the top cell to the bottom cell. The total power 

input to each cell was 1.2 cal/sec. Hence; if one cell gets l3°C cooler 

than the other, 7.5% of the power fed to the hotter cell will go to the 

cold one. 

It has been assumed throughout all the experiments reported that 

the actual gradient down the furnace 'to7as uniform. However, the results 

in column 1 of.Fig •. 17B show this not to be so. At 900°C, a natural 

gradient of l8°C was noted. 'Hith such gradients,an error of +7.5% must 

be involved in any thermal change measured. To eliminate this source 

of error, the cells should be in an isothermal environment. 

r 
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XI. DESIGN OF A DIFFERENTIAL THEPu~ CALORL~TER 
CAPABLE OF PRODUCING ACCURATE RESULTS 

Following ,the basic pr.ecep::s required for accurate \o/or1<, a double-

cell design ha~ been arrived at. ~ugmenting this, it has also been 

found that accuracy requires an isothermal cell environment and isola-

tion of the cells one from the other. 

The best approach that can be made to isothermal conditions is to 

surround the cells with a material' of high thermal conductivity. Such 

a material would have to be a metal. One design that would fulfill all 

these stipulations is a block of metal with two large circular wells 

drilled side by side in it to accommodate the cells. The cavities would 

be much deeper and wider than the cells so that powder could be packed 

around the cells. The cells could be held in position by spiders of a 

low :conductivity material. In this way the double cells would be com-

pletely isolated from each other in an isothermal environment. 

A. Design Principles 

In such a system, heat will flow .from a cell both axially and 

radially. For accurate work, it is essential that. the axial heat flow 

should be very small. Fixing the depth of insulating powder above and 

beneath the cell at 2 in., it is possible to work out the powder thick-

ness around the cell for a given radial/axial heat-flow ratio. 

Let the rate of heat flow, q1, through the powder radially be 20X 

that through the powder axially. 'Let the .6.T across each section be the 

same. Application of the standard steady-state heat flow equations 

gives, therefore, 

f. 

~ I 
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k 2 t ~T e rc 
(radially) . ql = ln rzirl 

' . and 
2 

ql kercr1 .6T 
J (axially) = . 2 [ A I . ' 20 

where ke is the effective conductivity, t is the length of cell, r 1 is 

t~e radius of cell, r 2 is the radius of outer cell, ·and t' is the powder 

thickness beneath the cell. Equating these two and letting t = t' =. 2 in. 

and r 1 = 1/2 in~ then 

which gives r
2 

= 1.1 in, 

= 
2 2 

t /20r1 

! Thus, assuming a 2 in. thickness of insulating powder above and 

' below the cell, the powder thickness around the cell must be 1.1 in. to 

ensure that only 1/20 of the total heat from the cell flows axially. 

The practical heat flow axially will be much less, for the cell has 

boron nitride ends and platinum walls. 

If the cells are to be in the same isothermal environment, the 

isotherms in the surrounding metal must be equal and circular about 

each cell. The closest practical approach to this is shown in Fig. 18. 

The cells are centered at the centers of the two end semicir~les. The 

section is of such a iength that each cell has an equal circle of metal 

around it. The radii of these circles are the same as that of the end 

' · semicircles. In this way the mass of metal is kept down to a minimu~ 

The isotherms in such a block will not be circular, but their shape 

v1ill be identical around each cell, The advantage of this design is 

that the heating coil can be wound directly on the block periphery 
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A.· ·Cell 

B. Ins u I a tin g powder 

C. Metal. 

FIG .. i8 
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so eliminating the problem of erratic heat transfer to the block ana 

hence to the cells. A detailed drawing of the cell assembly is sho~m 

in Fig. 19. 

The filled cell (A) is held in the center of the powder-filled 

cavity by the two boron nitride spiders (J). The lower spider is 

supported on a fine ring of metal. Thermocouples C, b, E, and G enter 

through the base of the metal block and c, D, and E are linked differen- · 

tially in such a way that E records the actual temperature and C and D 

the differential gradients from this temperature. G is the differential · 

thermocouple controlling the input of power to the empty cell. The 

center heaters of the cells have their leads (F) also emerging ·from the · 

. 'base of the block. Thermocouple H monitors the block temperature and 

controls the power input to the furnace winding.· The empty cell is 

supplied with dummy leads K to balance the outlets from the full cell. 

The thermocouples in the cells are situated in the actual walls of the 

cells so dispensing with the platinum foil. The lid L is centered by 

means of three pins and the base plate M attached by two countersunk 

screws. A Kanthal-A former, insulated with porcelain·beads, is woun& 

in grooves around the whole block. The whole assembly is grounded 

through rod 0 which is welded to the block. 

The relevant dimensions arrived at by the heat transfer analysis 

are also shown in Fig •. 19. ' Figure 18 is an elevation of this figure. 

One advantage of such a design is,the ease of loading and unloading 

of the sample cell, for none of the electrical leads need ever be 

touched. ---,·; 
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XII. SUJ::!HARY 

Following the work of Clareborough and Barner, an attempt has been 

made to discover the sources of error inherent' in these early designs. 

The first· step in this investigation \'las to outline the conditions 

which must be metif the apparatus is to function accurately. It -vms 

postulated that' 

(a) There must be complete syrn::notry \·7ithin the system. 

(b) The heater in the center of the cell must supply all the 

, the heat required by the sample. 

(c) For sensitive control, the response of the active or 

empty cell must be as quick as possible. 

(d) The gradient across the sample must be as low and as 

constant as possible. 

(e) All heat must flow radially from the heater and, 

therefore, axial heat flow must be minimized. 

(f) The cells must be thermally and electrically isolated 

from one another as far as possible. 

The whole assemly was redesigned so that complete symmetry was 

. achieved. The thermal gradients across the whole system were. then 

investigated and it was found that to. maintain the heat flow away from 

the cell, the temperatures across it! must·follow a definite sequence. 

The 'controlling factor in the heat flm·7 was found to be the differential 

temperature between the cell outer wall and its immediate environment. 

It was found that the effective thermal conductivity of this section of 

the system increased rapidly with temp~rature.. Modifications of cell 
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design were then undertaken in order to control this undesirable increase. 

It was found that the use of a double cell with insulating powder between 

the inner and outer walls procured the necessary control. It was demon

strated that, the thermal conductivity of a packed powder is very depend

ent on the gas phase within it. For this reason, the gradient across 

the sample cell and the sensitivity 'of the empty cell· are both linked 

~·7ith the effective conductivity of the gas in the system. The lovJest 

gradient and the best control were given by a helium atmosphere and so 

this was adopted. 

In the final section of the work, investigations of the axial heat 

flo't<J from the cells were made. It ~<Jas found that natural gradients 

within the cell environment could produce quite marked axial heat 

transfer. To eliminate this, isothermal conditions around the cells 

are desirable. A small direct thermal link between the cells was demon

strated, but under isothermal conditions the error incurred by 'this 

would be negligible. 

Consideration of all the findings led to a design of a calorimeter 

which would meet all the conditions postulated for accurate results. 

This design incorporates the cells into a block of metal. Each cell 

is accommodated in a circular cavity in.the block. The intervening 

space between the cell wall and the cavity sides is filled with a fine 

pov7der. The cavities are side by side so isolating the cells from 

each other. All the thermocouples and electrical leads emerge from the 

base of the block, facilitating easy emptying and filling the sample 

cell. By fixing on certain dim~nsions in the new system, the improved 

design ~vas worked out in detail. 
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