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SUMMARY 

The original intention of this investigation was to 
determine the heat capacities of several fluorocarbon vapours 
up to temperatures of about 500°C. 

A review of the available methods for doing this showed 
that a method due to Senftleben (1) was by far the most simple 
and would probably be easiest to extend over the necessary 
temperature range. However, i t was comparatively untried, and 
the only investigation to be found i n the literature using this 
method was that of Senftleben himself. A further point was 
that i t was necessary to determine the thermal conductivities 
of the materials under investigation, using the same apparatus, 
before their heat capacities could be determined. I t was 
therefore decided to determine whether this method could give 
reliable heat capacities and thermal conductivities over a 
range of temperatures. 

Early measurements showed that, while reasonable thermal 
conductivity values could be obtained using this method, this 
was not the case for heat capacities. Further measurements 
confimed that the heat capacity results which were obtained 
were neither accurate nor consistent. Therefore the emphasis 
of the investigation turned to the determination of thermal 
conductivity, and this property was determined for several 
substances over a temperature range from about 30°C to 100°C. 
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I n the derivation of his expression for heat capacity, 
Senftleben makes several assuniptions. These are reviewed i n 
Section IV. I t was concluded that some of these assumptions 
may not have been val i d , and that the method was probably i n 
need of reinvestigation. 
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SECTION I . 

REVIEW OP THB EXPERIMENTAL METHODS POR DETERMINING THE HEAT 
CAPACITIES AND THERMAL CONDUCTIVITIES OF GASES. 

I . l HEAT CAPACITIES. 
A preliminary survey of the literature revealed four 

possible methods. 
1.1.1. HOT WIRE OR SENPTLEBEN̂ S METHOD. 

The hot wire method, which was eventually used i n this 
investigation, i s one quite recently devised by Senftleben(l). 

I n this methed, the gas or vapour under investigation i s 
contained i n a horizontally placed glass cylinder with a fine 
platinum wire stretched along i t s axis. This wire i s heated 
el e c t r i c a l l y , and the electrical energy Q, needed to maintain 
the axial wire at a temperature 6 above that of the surrounding 
thermostat bath i s measured at various pressures. 

This procedure.is repedted for a reference gas of known 
heat capacity and thermal conductivity, and graphs of Q against 
pressure are drawn. Prom the low pressure regions of these 
graphs values of thermal conductivity are found. These are 
then used i n conjunction with Q values from the high pressure 
regions of the graphs to calculate Cp values for the material 
under investigation. In the only experimental investigation 
using t h i s method, the results obtained by Senftleben were 
generally within about 1% of the commonly accepted values 
for the substances investigated at 3o°c. 

- 3 -



The only drawback to the method appears to be the fact 
that i t i s relatively untried and has only been used at 30°C. 
i n the derivation of his f i n a l equation for Cp, Senftleben makes 
several assumptions which may turn out to be unjustified (see 
Section IV). Also, i t i s necessary to determine thermal 
conductivities before heat capacities can be found, which adds 
a further possible source of inaccuracy. However, Senftleben's 
results were quite reasonable, and there are several advantages 
to using the method. 

The greatest factor i n i t s favour i s i t s great simplicity. 
The apparatus i s extremely simple when compared with that used 
i n other methods, and only a small part of i t need be 
thermostated. The measurements themselves are quite easy to 
make and calculation of results from these measurements is very 
simple. These factors should f a c i l i t a t e the extension of the 
method to higher temperatures. Furthermore, Senftleben assumes 
that since this i s a comparison method, small errors cancel 
out to a large extent, rendering the application of corrections 
unnecessary. With refinement, i t i s possible that the method 
could give very accurate results. 
1.1.2 CONSTANT PLOW METHOD. 

The constant flow method i s at present the best known and 
most accurate method of finding the heat capacities of gases. 
I t was devised by Callendar and Barnes (S) for finding the heat 
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capacities of liquids, then modified by Swann ( 3 ) for application 
to gases. Since then the method has been developed by workers 
such as Pitzer ( 4 ) and De Vries and his co-workers ( 5 ) to give 
Very accurate results. 

I n principle, the method consists of passing the gas or 
vapour Tinder investigation over a heater at a constant known 
flow rate. The temperature of the material i s measured before 
and after passing, over the heater. Prom a knowledge of the 
rate of heat supply to the gas, i t s rise i n temperature and 
i t s flow rate, the heat capacity of the gas can be calculated. 

The essential part of the apparatus needed i n this method 
is a tube containing two thermocouples for measuring the 
temperature of the material flowing through the tube. A small 
heater i s situated between the two thermocouples. The tube, 
which i s immersed i n a thermostat bath, i s generally U shaped 
and so constructed that direct radiation from the heater to the 
thermocouples i s reduced to a minimum. The incoming gas or 
vapour i s brought f i r s t through a long copper or glass spiral 
so that the material can attain thermostat temperature. The 
gas i s then brought into the tube containing the thermocouples 
and heater, and i t s i n i t i a l temperature i s measured using the 
f i r s t thermocouple. I t i s then warmed slightly by passage 
over the heater and i t s f i n a l temperature measured using the 
second thermocouple. The flow rate i s adjusted so that the 

- 5 -



rise i n temperature i s constant and small, after which the flow 
rate i t s e l f must be kept constant. 

The practical d i f f i c u l t i e s of this method are enumerated 
below. 
l o 1.2.1. After passing over the heater, the temperature of 
the gas stream tends to f a l l before reaching the thermocouple 
where i t s f i n a l temperature i s measured. This must either be 
prevented or correction made for the effect. Two methods have 
been used. 

(a) Sinke and De Vries (5e) prevented this effect by placing 
the heater and thermocouple i n a very thin walled glass tube 
which thus had a very low thermal capacity. As further 
precautions, the walls of this tube were silvered and the whole 
tube surrounded by a vacuum jacket. However, at higher 
temperatures, use of a very thin walled glass tube under 
pressure would be impossible. This sets a l i m i t on the use 
of t h i s method. 

(b) Pitzer ( 4 ) used a silvered U tube of normal glass. 
This was surrounded by a vacuum jacket. However, he measured 
the f i n a l temperatures of the gas using two thermocouples at 
different distances from the heater. Apparent heat capacities 
were calculated from both measurements and an extrapolation 
procedure used to f i n d the true heat capacity. 
I . 1.2.g. Achievement of constant gas flow rate i s d i f f i c u l t 
and once more, several different method^have been used. 
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(a) Several workers (4. 5a.b.c. 6) have used a method where 
the l i q u i d tinder investigation was boiled at a constant rate, 
providing a constant stream of vapour. Electrical heating was 
used for the boiler i n a l l cases. Since mains voltages are 
not steady, Waddington, Todd and Hufftnann (6) used high capacity 
batteries to provide a constant voltage for the heaters. To 
ensure steady conditions, the boiler was surro\inded by an 
evacuated jacket which was further surrounded by a thermostat 
b a t h at the boiling :point temperature of the m a t e r i a l Tinder 

i n v e s t i g a t i o n . 

(b^. De vries and his co-workers (5d.e) placed the liquid. 
Tinder investigation i n a hypodermic syringe. The plunger was 
then depressed by a constant speed electric motor to which i t 
was connected by a screw arrangement. Drops of li q u i d from 
the syringe f e l l into a flash boiler where they were vapourised, 
the vapour then passing into the measuring system. A drawback 
to this method was that at low flow rates, surges of vapour 
wens obtained instead of a constant stream. 
I , 1.2.5. I n i t i a l l y , inefficient heat exchange between the 
gas stream and the heater and the thermocouples caused some 
trouble. This was overcome by more efficient heater and 
thermocouple design. (5). 
I . 1.2.4. A correction must be made for radiation from the 
heiater. To do t h i s . Sinks and De vries (5) made measurements 
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at different flow rates but with the same heater temperature, 
prom the measurements, apparent heat capacities were calculated 
and an extrapolation procedure used to obtain the true heat 
capacity. 

The constant flow method has been used up to about 170°C 
by De Vries and his co-workers (5e.). Weltner and Pitzer (7) 
have used the method up to 250°C and they claim an accuracy of 
about 0,3JS at room temperature changing to about 1% at 200°C. 
This accuracy i s quite good, but the practical d i f f i c u l t i e s 
are considerable and could prove to be insuperable at high 
temperatures. 
I . 1,3, METHOD DUE TO BLACKBTT. HEINRY AND RIDEAL, (S). 

Blackett, Henry and Rideal devised a constant flow 
comparison method, and used i t at around room temperature. 
I t has also been used by other workers (9) both i n the original 
and i n modified forms, with varying degrees of success. 

The method consists of heating a fine iron tube electrically 
i n such a way that symmetrical temperature gradients are set 
up from the middle of the tube to i t s ends. When the material?., 
irnder investigation i s passed through the tube, the symmetry 
of these temperature gradients i s destroyed. The situation 
i s i l l u s t r a t e d diagramraatically below where the f u l l line shows 
the symmetrical temperature gradients and the broken line 
represents the situation when a gas i s passing through the tube. 
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renpeRRTuRE. 

LSftBTH or rus£ 
DlRCCriON OF FLOW 

The change i n temperature, 6 , at any point can be 
measured by thermocouples welded to the tube. The heat 
capacity, Cp, of the gas under investigation i s proportional 
to 0 and inversely proportional to the flow rate P. 

i.e. Cp oc ©/P 
The procedure i s repeated for a reference gas of known 

heat capacity (subscript o) equation 
C£ =: (9/P) 
Cpo WP)o 

used to find Cp, which i s the only unknown. 
To achieve constant gas flow, Blackett, Henry and Rideal 

used a constant speed electric motor to drive a piston along 
a cylinder containing the gas under investigation. This 
system was improved by Henry (9a.). Eucken and Sarstedt (9b) 
and Potop (9c.) passed the material through fine capillaries 
or a membrane across which w as maintained a constant pressure 
gradient. 

An extension of this method has been suggested by 
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Chapman (10). His suggestion was that two fine i r o n tuhes as 
nearly i d e n t i c a l as possible t e used. The material under 
investigation i s passed through one of these tubes while a 
reference gas of known heat capacity i s passed through the 
other. Their flow rates are adjusted so that the temperature 
at the middle of each tube i s the same. When t h i s condition 
i s attained, the r a t i o of the two flow rates i s equal to the 
r a t i o of the heat capacities of the two gases. I n practice, 
i t would almost c e r t a i n l y be impossible to obtain two i d e n t i c a l 
tubes. This d i f f i c u l t y can be overcome either by interchajq^g 
the gases i n the two tubes or by passing the same gas through 
both tubes. I n t h i s way, the necessary correction factor can 
be evaluated. The method does not seem to have been used i n 
practice, 

Another adaptation of t h i s method was devised by Bennewitz 
and Schulze (9e). A uniform temperature gradient was established 
along the length of a glass tube. The disturbance of t h i s 
temperature gradient when a gas i s passed through the tube i s 
compensated by e l e c t r i c a l heating. However, i t was only 
a f t e r a long and d i f f i c u l t investigation that Bennewitz and 
Schulze obtained any reasonable re s u l t s . On the other hand, 
Dailey and Pelsing ( 9 f . ) , using the same adaption, claim that 
r e s u l t s can be obtained f a i r l y easily and accurately up to 100°C. 

The o r i g i n a l method was used successfully by i t s authors 
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at around room temperature. I t has also been used f a i r l y 
successfully up to about 200°C. by Bucken and Sarstedt (9b.) 
and up to 370°C by Henry (9g.). However, after a very 
extensive investigation up to 600°C, Potop (9c.) concluded 
that the method could not be r e l i e d upon t o give accurate 
re s u l t s . The reasons which he put forward were that i t l a 
impossible to obtain steady conditions, especially at higher 
temperatures, where i t i s d i f f i c u l t to measure temperature 
accurately. Also, the welding of thermocouples to the delicate 
i r o n tube upset the conditions necessary f o r obtaining accurate 
heat capacities. ^ 

There i s a certain amount of disagreement between the 
various authors as to the value of t h i s method. Building and. 
developing the necessary apparatus would almost certainly prove 
to be a long and d i f f i c u l t process and even then, accurate 
re s u l t s may not be obtained. The Chapman method has not been 
investigated experimentally^ but the d i f f i c u l t i e s would 
probably be much the same as those i n the o r i g i n a l method. 
Such an investigation would therefore probably prove to be 
u n f r u i t f u l . 
I . 1.4. BEGNAULTS METHOD. 

This method was not actually devised by Regriault, but he 
was the f i r s t worker to use t h i s method to obtain results of 
any accuracy (11). The method consists simply of passing the 
preheated gas or vapour i n t o a calorimeter containing a l i q u i d 
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of known heat capacity. Prom the ri s e i n temperature of the 
calorimeter l i q u i d , the heat capacity of the gas or vapour can 
be calculated. 

There are, however, several d i f f i c u l t i e s f o r which 
accurate corrections cannot be made. 

(a) Only the mean heat capacity of a gas over a range of 
temperature can be found. This i s highly undesirable f o r 
compounds whose heat capacities are strongly temperature 
dependent. 

(b) There can be considerable heat loss from the tube along 
which the gas passes i n t o the calorimeter. This can be pa r t l y 
overcome by heating t h i s tube to the same temperature as that 
of the furnace which i s heating the gas. 

Unfort\inately, t h i s causes the supply of a considerable 
amount of heat d i r e c t l y to the calorimeter besides the heat 
supplied to i t by the gas i n cooling. 

(c) Some of the compounds i n which we are interested are 
l i q u i d at room temperature. Unless the calorimeter i s 
i n i t i a l l y at a temperature above t h e i r b o i l i n g point (which 

would involve f u r t h e r heat loss errors) the f i n a l calculation 
of the heat capacity w i l l be complicated by latent heat effects. 
Unfortunately, the latent heats are very large compared with 
the other quantities measured, and accurate correction i s 
almost impossible. 

Despite these d i f f i c u l t i e s , the method was used by Holbom 

- 12 -



and Austin (12) to measure mean heat capacities np to 800°C. 
An accuracy of IjS i s claimed f o r these results. Holbom and 
Haiming (13) extended the method to 1400°C, but the results 
were not so accurate as the previous ones. 

CONCLUSION. 
Prom t h i s review, i t can be seen t h a t , while the 

d i f f i c u l t i e s i n the other methods are not insuperable, SenftlebenE 
method i s experimentally by f a r the simplest and i t appeared 
that there would be no d i f f i c u l t y i n employing t h i s method f o r 
determining heat capacities at elevated temperatures. 

I . 2. THEBMAL CONDUCTIVITY. 
There appear to be two general methods of determining 

gaseous thermal conductivities. 
I . 2ol. PARALLEL PLATE METHOD. 
I . 2.2. HOT WISE METHOD. 

The two methods are very similar i n p r i n c i p l e , the 
difference between them being that i n the f i r s t method the 
rate of heat transfer between two p a r a l l e l plates i s measured, 
while i n the second methoji measurement i s made of the r a d i a l 
heat transfer from a hot wire surrounded by the gas imder 
investigation., 
I . 2.1. PARALLEL PLATE METHOD. 

The p a r a l l e l plate method was devised by Stefan (14) then 
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developed an^improved by several workers although i t i s not 
now i n common use. 

One of the e a r l i e s t developments of t h i s method was due to 
Winkelman (15) who used concentric cylinders instead of p a r a l l e l 
plates. The annulus between the cylinders was f i l l e d with the 
gas •under investigation at a known temperature. The outer 
cylinder was then cooled to 0°C by plunging the apparatus int o 
ice water. Prom the rate of cooling of the inner cylinder 
imder these conditions, the thermal conductivity of the gas 
could be calculated. The method can be used as a comparison 
method or to make absolute determinations i n which case 
corrections f o r ra d i a t i o n and conduction along the gas i n l e t 
lead are necessary. 

Hercus and Laby (16) used two horizontal p a r a l l e l plates 
of silvered, copper w i t h a guard r i n g . The top plate was 
heated e l e c t r i c a l l y while the bottom plate was cooled with 
running water. With t h i s arrangement, heat transfer i s i n a 
downward d i r e c t i o n and convection effects are eliminated. 
Above the top plate and guard r i n g was placed another plate at 
the same temperature as the top plate. This ensured that a l l 
the heat loss from the top plate was i n a downward direction. 
Prom the rate of heat supply to the top plate and the dimensions 
of the. apparatus i t was possible to calculate the thermal 
conductivity of the gas between the plates. Again, a 
rad i a t i o n correction was applied. 
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However, i t proved d i f f i c u l t t o obtain consistent results 
using t h i s method mainly because of the d i f f i c u l t y i n keeping 
the conditions steady over a long enough period of time to 
complete the necessary measurements. 
I . 2.2. HOT WIRE METHOD. 

This i s generally known as the Schleiermacher method 
although the p r i n c i p l e was used before Schleiermacher himself 
used i t to measure thermal conductivity (17). I t i s now the 
most commonly used method of determining gaseous thermal 
conductivities. 

The apparatus consists essentialls/of a narrow tube with a 
fi n e platinum wire stretched along i t s axis. The gas or 
vapour \inder Investigation i s passed into t h i s c e l l at f a i r l y 
low pressures as t h i s reduces convection effects. The axi a l 
wire i n the c e l l i s heated e l e c t r i c a l l y and a known teiT5)erature 
gradient established between i t and the walls of the c e l l . 
Prom a knowledge of the energy dissipated i n the wire, the 
temperature gradient between the wire and the walls of the c e l l 
and the dimensions of the c e l l , the thermal conductivity of the 
gas or vapour can be calculated. 

This method reg-ulres very careful attention to d e t a i l when 
making absolute determinations of thermal conductivity, and the 
o r i g i n a l method has been very much improved by t he work of 
various investigators (18). Some of the improvements i n design 
of the apparatus and application of corrections are enumerated 
below. 
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I . 2,8,1. A correction f o r the radiation of heat from the axial 
wire must be made, although t h i s can be reduced by using a 
very f i n e platinum wire with a small radiating surface, 
I , 2,2,2. A small correction must be made for the temperature 
drop across the walls of the vessel, the inner surface of the 
wa l l being at a s l i g h t l y higher temperature than the outer 
surface, 
I , 2,2, a, A fur t h e r correction must be made f o r the effects 
which arise at the ends of the c e l l due to non-uniformity of 
the c e l l i t s e l f , and t o the conduction of heat from the axial 
wire through the metal e l e c t r i c a l leads which are much better 
conductors than the gases i n the c e l l . Three d i f f e r e n t types 
of c e l l have been used to eliminate or to allow f o r correction 
of these eff e c t s , 

(a) Compensating c e l l s as used by Dickins ( l 8 d ) . This 
method involves the use of two c e l l s which d i f f e r only i n 
length, so that by a process of subtraction, measurements are 
obtained which r e f e r e f f e c t i v e l y only to the uniform central 
p o r t i o n of the longer tube, 

(b) The t h i c k wire c e l l which was developed by Kannuluik 
and Martin (18c.), I n t h i s method, no attempt i s made to 
minimise conduction of heat along the leads, but the c e l l i s 
so constructed that end effects can easily be corrected f o r by 
a mathematical treatment, 
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(c) The p o t e n t i a l lead c e l l which was used i n gradually 
improving forms by Schleiermacher (17), Weber (l8a) and by 
Johnston and his co-workers (ISb.c). I n t h i s tjrpe of c e l l , 
very f i n e p o t e n t i a l leads to the a x i a l wire are used. They 
are attached t o t h i s wire i n such positions that measurements 
are e f f e c t i v e l y ©ade only on the central portion of the wire 
which i s i n the uniform part of the tube. I n t h i s way, 
conduction along the e l e c t r i c a l leads i s cut down because of 
t h e i r extreme fineness, and the end correction i s very sfliall. 
I . 2.2.4. The l a s t important correction i s f o r the effect of 
accommodation and the temperature discontinuity which accompanies 
i t . According to Knudson (19), when a molecule of a gas at 
temperature G s t r i k e s a hot surface at temperature 0", the 
f i n a l temperature of the gas molecule 6', l i e s between d and0". 
This gives r i s e t o the relationship 

e* - 0 = fl((0".-0) 
where oc i s called the accomodation c o e f f i c i e n t . 

Prom t h i s i t can be seen that there w i l l be a small 
teinperature discontinuity at any solid-gas interface where the 
s o l i d and the gas are at d i f f e r e n t temperatures. Por the 
purpose of the hot wire method, Dickins (l8d) has shown that 
the e f f e c t i s more important at the hot wire than at the wall 
of the vessel, where the effect i s negligibleb The effect i s 
also more important at low pressures than at high pressures. 
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I n the hot wire method, the measurements f o r the determina­
t i o n of thermal conductivity are made at low pressures t o 
eliminate convection ef f e c t s . The resulti n g thermal 
conductivity values show a dependence on pressure due to the 
eff e c t of temperature discontinuity. High pressure measurements 
which would eliminate temperature discontinuity effects are 
impossible because of convection effects. These d i f f i c u l t i e s 
are overcome by an extrapolation procedure. Conductivity 
measurements are made at several d i f f e r e n t low pressures where 
convection effects are negli g i b l e . These results are then 
extrapolated to give an ef f e c t i v e conductivity at i n f i n i t e 
pressure where the temperature discontinuity i s zero. I n t h i s 
way, both convection and temperature discontinuity errors are 
eliminated. 

Despite the fact that the hot wire method i s the most 
commonly used method f o r the determination of thermal 
conductivity and has been used i n many very careful investiga­
t i o n s , values of thermal conductivity found by diff e r e n t authors 
f o r the same substance may varjf quite widely, t h i s being 
especially so at high temperatures. Even for such common 
substances as AIR? ARGON and CO2, no consistent figures are 
available as can be seen by reference to Figures 4, 5 and 6, 
and references (20), (21) and (22), Por CO2 at about lOO^C, 
values quoted by various authors cover a range of about 7^ of 
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the values themselves, although t h i s v a r i a t i o n i s much less 
near, room temperature. f o r AIR, the values found i n the 
l i t e r a t u r e cover a range of 2 to 3?$ over the whole temperature 
range from 0°C t o 100°C. The values available f o r ARGON are 
s l i g h t l y more consistent than for AIR or C02» but even so, 
the v a r i a t i o n i s s t i l l appreciable. 

I t i s obvious from these remarks then that a l l of the 
d i f f i c u l t i e s i n t h i s method have not been removed, but despite 
t h i s , i t remains the best method of obtaining absolute values 
of the thermal conductivities of gases. 
I . 2.3. SENFTLSBEN*S METHOD. 

Senftleben*s method, which i s described i n the previous 
section on methods of determining heat capacity, i s only a 
simple v a r i a t i o n on the above hot wire method. 

Measurements are made on two substances under absolutely 
i d e n t i c a l conditions, and from these measurements, the r a t i o of 
the conductivities of the two gases can be found. To f i n d an 
\mknown thermal conductivity from t h i s r a t i o , the thermal 
conductivity of one of the gases must be known. As pointed out 
e a r l i e r , i t i s v i r t u a l l y impossible to f i n d a substance whose 
thermal conductivity can be said to be accurately known. 
However, thermal conductivity r a t i o s found by Senftleben agree 
very w e l l with the ra t i o s of values found i n the l i t e r a t u r e for 
the common gases. 

Thus the method would appear to be quite v a l i d , and once 
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more, i t i s much simpler experimentally than the other 
methods described above. 
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SECTION I I 

SENPTLEBBN*S METHOD POR DETERMINING THE THERMAL CONDUCTIVITy 
AND HEAT CAPACITY OF GASES. 

The gas or vapour under investigation i s contained i n a 
horizontally placed glass cylinder w i t h a fine platinum wire 
stretched along i t s axis. This wire i s heated e l e c t r i c a l l y . 
Prom the e l e c t r i c a l energy Q, needed to maintain the a x i a l 
wire at a temperature ©° above that of the surrounding 
thermostat bath at various pressures, f i r s t the thermal 
conductivity A , then the heat capacity Cp of the material 
under investigation can be found. 
I I . 1,1, DETERMINATION OP THERMAL CONDUCTIVITY. 

I n t h i s method, thermal conductivities are determined by 
comparison of the low pressure regions of two Q against P 
graphs, one f o r the material under investigation and the other 
for a,gas of knoTO thermal conductivity. A diagrammatic Q 
against P curve of the tjrpe which might be obtained f o r any gas 
or vapour i s shown i n Figure 1. 

At low pressures, there i s no convection, and ignoring the 
small corrections f o r radiation and conduction of heat along the 
e l e c t r i c a l leads, energy i s transferred from the hot wire t o 
the walls of the vessel by conduction only. I f fehis state of 
a f f a i r s p e rsists, Q eventually becomes independent of pressure 
(curve ABC, Figure 1 ) , and i t s value Q» i s then d i r e c t l y 
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proportional to the thermal conductivity of the gas i n the tube. 
I n practice, however, convection effects always appear before 
the horizontal portion of the curve i s realised. These effects 
are shown i n Figure 1 by the curve EP which has i t s zero at 
Q =s Q*. Since the conduction and convection effects are 
additive, experimentally the composite curve ADE i n Pigure 1 
i s obtained. However, t h i s curve always shows a point of 
i n f l e x i o n at Q = Q* so that there i s no d i f f i c u l t y i n obtaining 
values of Q' from the experimental curves. 

To determine an unknown thermal conductivity, Q' values 
are obtained from the Q against P curves f o r the gas under 
investigation and f o r a comparison gas of known thermal 
conductivity. Since these Q* values are proportional to the 
thermal conductivities of the respective gases (see section 
I I . l b ) , one arrives at the expression 

al = A- or X = ^o-Q 
QTO QO. 

where, the subscript o refers t o the comparison gas of known 
thermal conductivity, A o . 

Since Ao , Q and Qo are a l l known, the unknown thermal 
conductivity A» i s easily evaluated. 

' I I . 1.2. THEORY OF THE DETERMINATION OF THERI-̂ AL CONDUCTIVITY. 
Let L be the length of the axial wire, r^^ i t s radius and 

T j i t s temperature. T2 i s the temperature of the wall of the 
glass tube, and Tg i t s radius. The temperature gradient at 
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griy point between the a x i a l wire and the walls of the tube i s 

dr. . 
dr 

Assuming that a l l the energy i s transferred from the axial 
wire by conduction, the amoiant of energy passing per second 
through the surface of a cylinder of radius r i s given by the 
expression 

Q! = - X .2TTrL. dT ( l ) , 
dr 

For t h i s p a r t i c u l a r case, the t o t a l heat loss per second, 
Q*, can be found by integrating equation (1) between,the l i m i t s 
of r ^ and r g , and T^ and Tg. 

= -2TrLA. 
f 2 

.̂ 1 

Q!(ln Tg- i n r;|,) = - 2nLX(T2 - T;^). 
= 2TTLX(T^ - Tg), 

Therefore, w r i t i n g T^ - Tg = 0, 
A = ( I n rp. - m r i } ' (2). 

( 2 n L e ) 
I n experiments to f i n d thermal conductivities, r ^ , Tg 

and 27TL remain constant and measurements on d i f f e r e n t gases 
are a l l done under i d e n t i c a l conditions, so that T̂^ and Tg 
also remain constant. I n equation (2) then, the expression 
inside the brackets remains constant, and the equation can be 
w r i t t e n 

A = . QIB. 
where B = ( i n rg - I n r-, ) 

(2TTL(T;^ - Tg) ) constant. 
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The value of A therefore i s d i r e c t l y proportional to the 
value of Q! 

I t i s obvious that by combining the expressions f o r the 
two substances, one of which i s designated by the subscript o, 
one arrives at the ffl;pression 

A = a j l i or X = a. Ao Qb.B Ao Qo 
Prom t h i s , A = Ao. g _(3)» 

QO 

This equation i s used as described e a r l i e r to f i n d an 
unknowh thermal conductivity. 
I I . 2.1. DETERMINATION OP HEAT CAPACITY Cp. 

The heat capacity of the gas under investigstlon can be 
obtained from the expression 

Op = Cpo. A P° / Am. 
Ao p / 

where the subscript o again refers t o a reference substance of 
known heat capacity and thermal conductivity, Cp i s the molar 
heat capacity,^ p i s the gas pressure and Am can be evaluated 
from the experimnntal data from the high pressure regions of the 
Q against P curves (see Section I I . 2 b ) . The te r n A/Ao 
i s obtained as shown i n the previous section. Cp can therefore 
be evaluated i f Op© and Ao are knov/n. 
I I . 2.2. THEORY OP THE DETERMINATION-OP HEAT CAPACITY Cp. 

I t i s convenient at t h i s point to set out the meanings of 
the symbols used i n the following (fecussion:-
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q. Energy l o s t per lanit area per un i t time from the platiraum 
wire. 

Q. Total energy l o s t per \ i n i t time from the platiraum wire. 
P. Surface area of the platimum wire. 
9 Temperature difference "between the wire and the walls of 

the c e l l . 
1. Diameter of the platiraum wire, = 2v-^o 

f Density of the gas. 
i Coefficient of thermal expansion of the gas ( l / T f o r gases), 
g Gravitational constant. 
X Themal conductivity of the gas. 

Viscosity of the gas. 
Cp Molar heat capacity of the gas at constant pressure, 
cp Heat capacity per gram of gas at constant pressure. 

I n an e a r l i e r paper (23), Senftleben has discussed the 
problem of heat transfer under the conditions prevailing i n 
t h i s investigation, i . e . between horizontal coaxial cyliitbrs 
where ^2.(^\ ^2' higher pressures where heat transfer takes 
place iDotii by conduction and convection, Senftleben assumes 
that i n the convective movement of the gas, only streamline 
flow of the gas i s operative and there i s no turbulent flow. 

For a discussion of heat transfer under these conditions, 
i t i s convenient t o define three dimensionless quantities. 
They are: -
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The Nusselt number, Nu = Q.l (4a). 

The Grashof number, or = 

The prandtl number, Pr = cp.n (4c). 
These three quantities are related "by the expression 

Nu = f (Gr.Pr). 
The precise nature of the function involved i n t h i s 

expression cannot he found on a the o r e t i c a l hasis. Prom an 
analysis of many experimental ohservations however, Senftlehen 
showed that the relationship hetween Nu and the product Gr.Pr. 
was "best expressed by the equation 

Nu = f(Gr.Pr) = 2 f l - .055 ( / l + In^(Gr.Pr)^ -301 
m s I n ^ G r . P r ; i .033 

S/ -(5). 

where s = 1 + 4.5 ; 
F . (Gr.Pr)' 

For a wire of surface area P, length L and diameter 1, 
equation (4a) can "be w r i t t e n 

Nu = Q (4a) 
TTLXe 

Q values are obtained from the high pressure regions 
(50 - 80 cms) of the Q against P curves f o r the gases involved . 
TT» L, and 9 are knowh, and X has been previously determined. 
Thus, using equation (4a), Nu values can be found. Por each 
value of Nu, a corresponding value of Gr.Pr can be found using, 
equation ( 5 ) . Por p r a c t i c a l use, equation (5) i s expressed 
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graphically (see figure 2 ) , and the graphs drawn i n large 

scale sections. 
I n t h i s way, experimental Qr.Pr values f o r the gas under 

investigation and the reference gas are obtained. Senftleben 
uses these t o define a quantity Am. 

Am = (Gr.Pr) (Experimental) ( 6 ) . 
(Gro.Pro; 

where once more the subscript o refers to the comparison gas 
of Iniown thermal properties. 

For any a r b i t r a r y set of conditions which are i d e n t i c a l 
f o r both gases, theoretical values of Gr.Pr and Gro.PrQo can 
be found by i n s e r t i n g the appropriate values of A , C3p, T\ etc. 
i n the d e f i n i t i o n s of these quantities (equations (4b) and (4c)), 
These are used to define a quantity A. 

A = ^ ^ ^ ] - ( T h e o r e t l c a l ) (V), 

According t o Senftleben, the experimental conditions i n 
the determination of the experimental values of Gr.Pr and 
Gro.PTo are not i d e n t i c a l . This i s attri b u t e d to differences 
i n the thermal properties of the two gases, these differences 
causing differences i n the flow conditions of the two gases 
when convection takes place. As a r e s u l t , experimental Gr.Pr 
and GrQ.Pro values are not exactly equal to the theoretical 
values as defined using equations (4b) and (4c). Therefore 
Am i s not equal to A which was defined for absolutely i d e n t i c a l 
conditions of measurement on the two gases. 
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Senftleben proposes that Am and A are related by the 
expression 

Am = A.a. (8) 
where a = Pr/Pr^,. (9) 
The value of a w i l l generally be close to \ j n i t y , since 

f o r most gases, the values of Pr only vary between about o7 
and o9. The value of Pr involves the three thermal properties, 
Cp, H and A . Since the difference between Am and A i s said 
to be caused by differences i n these thermal properties for the 
two gases, i t seems l i k e l y that the r a t i o of these properties, 
i.e . the r a t i o of the Pr values, w i l l be some meas\ire of the 
difference between Am and A. I n any case, Cp values obtained 
i n t h i s manner by Senftleben were very reasonable, so i t seems 
that the assumption i s quite v a l i d . 

. Combination of equations (7) and (9) gives 
Q£o A = a (10) 
Qr 

and use of equation (8) to substitute f o r A i n equation (10) 
gives 

Q̂ o'-̂ ' = a or ffl^a = _a£ ( l l ) 
Gr a Gr Am 

Substitution f o r Gr and Gro using equation (4b) gives 

a! (12) 
>o 

Prom Boyles Law, 
P = ? RT 
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where f i s the gas density a n d ^ i t s molecular weight. 
This expression i s used to substitute f o r f i n equation (12), 
and taking square roots. 

a fb./*o. .y*. TJO 
I n t h i s equation, we now substitute f o r a from 

equations (7) and (4c), and obtain 

n (13) 

CP = A. Po. / Am 
cpo AO p 

Since^.cp = Cp, the equation f i n a l l y becomes 
Qp = CPn. A . Po. / Am (14) o 

AO P ^ 
Using equation (14), an imknov/n heat capacity Cp, can be 

determined i n the manner outlined at the beginning of t h i s 
section on heat capacities. I f , at the beginning of the 
calculation of JTm, Q values are chosen fo r the two gases at 
the same pressure, equation (14) i s further si m p l i f i e d by the 
removal of the term Po/P. 
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SECTION I I I 

RESULTS. 

I n t h i s section, the f i n a l thermal conductivity and heat 
capacity values obtained from t h i s investigation are set down, 
together with the experimental conditions under which the 
measurements were made. 

Three c e l l s were used to make the measurements. These 
c e l l s are numbered I , I I and I I I i n the tables i n t h i s section 
and they are shown diagramatically i n figures 7, 8 and 9. 
The actual experimental results obtained from these c e l l s are 
shown l a t e r i n appendix I . 
I I I . 1. THERMAL OOMDUCTIVITY RESULTS. 

Due t o the inconsistency of thermal conductivity results 
found i n the l i t e r a t u r e , the results quoted here are obtained 
from comparisons w i t h three of the more common gases, AIR, 
ARGON and C02» The thermal conductivity values f o r these three 
gases were taken from the tables i n the National Bureau of 
Standards Circular Number 564. (24). 

These values are shown i n Table I , together with the 
conductivity values obtained i n t h i s investigation f o r AIR, 
ARGON and CO2. 

The thermal conductivity values shown i n these tables 
apply at a temperature intermediate between the thermostat 
temperature and the temperature of the hot wire. Thus, i n the 
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f i r s t column f o r example, the thermostat temperature i s 25°C 
and 0 i s 10.67°C, so that the thermal conductivities apply at 
a temperature of 30°C. 

Besides AIR, ARGON and C02» the other substances 
investigated were CHsBr, CClPg.CClPg, GP4, CClg.CPg and 
CPClg, CCIP2. The thermal conductivity values found f o r these 
compounds are set out i n Table I I , together with values found 
i n the l i t e r a t u r e f o r some of the substanceso 
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TABLE I I THECAL COHDUCTIVITIES OF GHjBr. CF^. CCIF^. CCl^. CF_̂  and CFCl^. CCIF^, 

FOUND BY COWARISON WITH ARGON. AIR AND CÔ . THERMAL CONDUCTIVITIES 

IN CALS/SEC/CM/OG. 

Cell Number I I l l I l l I I I I I I I I I I I I 

Thermostat Temperature °Go 25 35 35 50 65 80 95 

e°G, 10.57 9.3 12,1 12.1 12,1 12.1 12,2 

(By comp, .with ARGON) - - - - - - -
(^jr corap. vdth AIR) 20.79 - - mm - -

10^xA(CH3Br) (^y corap. with GOg) 20.49 - - - - mm -
(Literature) 18.6^ - - - - - -

{By corap.. with ARGON) •a 28.10 - - - - -
(By comp, with AIR) 27.83 - - - - - -

10^xA(CClF2)2 (By corap. with-GOg) 27.45 28.40 - a n - - -
(Literature) 25.10* 26.40* - - - - -

(By corap. with ARGON) - 40.40 40,66 . 43.06 45,62 48..28 50.90 

lO^xX(CF^) (By comp, with AIR) - - a.i9 43.87 46.85 49.70 52,22 

(^y corap, vdth GOp) - 40.80 40.53 43.27 46.09 48.84 51.61 

(By cdmp. vdth ARGON) - - 23.95 25.36 26.84 28.38 30.02 

10^xX(CCl3GF3) (By corap. with AIR) - - 24.27 25.83 27.56 29.22 30.81 

(By comp. with GO2) - mm 23.88 25.-48 27.U 28.71 30.44 

: {By corap, with ARGON) • - - 25.54 26.05 27.76 29.65 31.41 

]L0^x)^GCl2F,- (By comp. with AIR) 
GF2CI). 

(By corap; with CO2) - -
24.86 

24.47 

26.55 

26.18 

28.50 

28.04 

30.52 

29.90 

32.22 

31.84 

X Ref. (25) + Ref. (26) 

The thermal conductivity values from TABLE I I for GF,, GGlT^and GG1F„GFC1~ are also shown 
graphically in Fig. 3. ^ 



I I I . 2. HEAT CAPACITY BB3ULT3. 
i n contrast to t h e i r thermal conductivities, the heat 

capacities of the common gases are accurately known. The 
res u l t s quoted here are calculated by comparison with ARGON 
only, and from Q values f o r each substance at 76 cms pressure. 

The compounds investigated were AIR, COg, Ng, CHgBr, 
CP^ and CClPgoCClPg and the heat capacity values found f o r 
these compounds are shown i n Table I I I , together with other 
heat capacity values found i n the l i t e r a t u r e . 

The heat capacity values i n t h i s table once more apply 
at a temperature intermediate between the thermostat temperature 
and the temperature of the hot wire. Due to the large errors 
i n most of the values quoted i n Table I I I , and to the amall 
temperature c o e f f i c i e n t of Cp of most of the gases, a single 
value of Cp from the l i t e r a t u r e i s s u f f i c i e n t f o r comparison 
purposeso 
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TABLE I I I 

HEAT CAPACITIES OP AIR, CO2, Ng, CHgPr, CP4 AND CCIP2 CCIP2 
IN CALS/MOLB/OC CALCULATED BY COMPARISON YflTH ARGON. 

Cell Number I i : : I I I I I 

Thermostat 
temperature °C 
Ĝ C 

25.05 
29.10 

25.05 
10.67 

35.00 
17.00 

35o00 
20.00 

Literature 
values 

Cp (AIR) 6.48^ - 6.36 - 6.97 (27) 

Cp (OOg) 9.95 11.56 9.66 - 9,30 (27) 

Cp (Ng) 6.17^ 6.93 - - 6.96 (28) 
Cp (CHsBr) 10.80 14.99 - - 10.53 (29) 

Cp (CC1P2)2 
QP (OP4) 

24.83 31.87 mm 

15.09* 15,27 (30) 

^ These results f o r AIR and Ng are calculated f o r 59,64 and 
62.81 cms respectively. Due to the l i m i t a t i o n s of the 
potentiometer, voltage readings could not be made 'at any 
higher pressures. 

^ Calculated by comparisSn with COg, NOT ARGON. 

The figures i n parentheses are the numbers of the 
references from which these heat capacity values were obtained. 
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SECTION IV 

DISCUSSION OP RESULTS 

IV. 1. THERMAL CONDUCTIVITY RESULTS« 
Thermal conductivity results from t h i s investigation are 

ol3tained "by comparison w i t h values f o r reference gases of 
known thermal conductivity. The accuracy and r e l i a b i l i t y of 
these reference values mast he examined before discussing any 
res u l t s . 

The reference gases used i n t h i s investigation are ARGON, 
AIR and CO2 and the thermal conductivity values assumed f o r 
these gases are taken from the National Bureau of Standards 
Circular Number 564. (24). These values are the results of an 
analysis by the National Bureau of Standards of experimental 
values obtained by many d i f f e r e n t workers (20, 21, 22). The 
experimental results are f i t t e d t o an empirical equation (see 
Appendix V) which gives the best possible expression of the 
v a r i a t i o n of thermal conductivity w i t h temperature. The 
reference values are set out graphically i n Figures 4, 5 and 6 
which also show several sets of experimental results obtained 
by previous workers. 

I t i s at once obvious that these experimental values 
frequently show considerable divergences from the National 
Bureau of Standards values. For AIR and COg the experimental 
values may vary by as much as 3 ^ from the National Bureau of 
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standards values. Values f o r ARGON argAore consistent, but 
the v a r i a t i o n i s s t i l l about 1^ at the higher temperatures. 
Comparison of an \mkno\vn substance with only one of these gases 
i s obviously i n s u f f i c i e n t to obtain results for which accuracy 
can be claimed. Unknown substances are therefore compared 
with a l l three gases, ARGON, AIR and COg, giving three values 
f o r each lonknown gas. The true thermal conductivities can be 
expected t o be inside the range of the values obtained i n t h i s 
way. 

I t i s of iiJ-terest however, f i r s t to look at an i n t e r -
coniparison of the three reference gases. The results of such 
an intercomparison from t h i s investigation are shown i n Table I , 
together w i t h thermal conductivity values from the National 
Bureau of Standards Circular. 

The results from c e l l I I do not f i t i n well with the 
general pattern and should be regarded with some suspicion. 
Unfortunately, these results were not confirmed because c e l l 
I I was accidentally broken while being inspected f o r f a u l t s . 
I t was suspected that one of the pyrex-Platin\im seals was 
fiaulty (see section V, description of c e l l I I ) but the c e l l 
was broken before t h i s could be ascertained or the readings 
confirmed. 

Generally however, when compared with values obtained by 
previous workers, the early results of t h i s investigation i n 
the f i r s t three colimins of Table I are quite good. 
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Measurements were therefore made on several substances using 
c e l l I I I over a range of temperature from about 40°C to lOOOC. 
The resu l t s f o r ARGON, AIR and COg are shown i n the l a s t f i v e 
columns of Table I . 

The values of AcOg calculated by comparison with ARGON 
agree quite w e l l with the National Bureau of Standards values 
f o r AcOg, being s l i g h t l y smaller. The difference between the 
two i s about 0.2^ at 40°C, increasing t o 3ust over 1% at about 
100°C. The ACOg values from t h i s investigation f a l l w ell 
w i t h i n the range of values obtained by previous workers. 

Values of A ARGON calculated by comparison with COg are 
conversely greater than the National Bureau of Standards values 
f o r ARGON by the same percentages as the COg values were low. 
These values of AARGON also compare very well w i t h the results 
obtained by previous workers (20). 

However, values of A ARGON and A COg calculated by 
comparison with AIR are found to be 2-3?S greater than the 
National Bureau of Standards values. Similarly, when ARGON 
and COg are used as reference gases t o determine A A I R , the 
res u l t s are 2-3^ lower than the National Bureau of Standards 
values f o r A AIR. I t i s si g n i f i c a n t that the more recent 
investigations of AIR by Kannuluik and Carman (31) and Taylor 
and Johnston (18b) give values of A AIR which are respectively 
about 2% and 3% lower than the National Bureau of Standards 
values. This confirms the trend i n the results of the present 
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investigation. The National Bureau of Standards values are 
computed mainly from e a r l i e r results which are probably less 
accurate than the more modern ones. Therefore, theasnal 
conductivities calculated by comparison with the National Bureau 
of Standards values f o r A A I R are probably too high. 

Recent measurements of AARGON by Kannuluik and Carman (32), 
Kannuluik and Donald (33) and Keyes (26) give values which are 
about 0.5% greater than the National Bureau of Standards values. 
Thermal conductivity values calculated by comparison with these 
values then are l i k e l y t o be s l i g h t l y small. 

Thermal conductivity values obtained by Johnston and 
G r i l l y ( l 8 c ) f o r COg are l-3?5 higher than the National Bureau 
of Standards values over the temperature range from 40°0 to 
100°C. However, t h i s trend i s not supported by any other 
recent re s u l t s . The National Bureau of Standards values are 
a good average of a l l the r e s u l t s , and thermal conductivities 
calculated by comparison w i t h these are probably f a i r l y accurate. 

From tnese remarks, i t seems that the most accurate 
thermal conductivity values are probably between those obtained 
by comparison with ARGON and those obtained by comparison with 
POg* However, an average of the three results obtained should 
not involve more than about 0.595 error at the lower temperatures, 
and. about 1% at the most at the higher temperatures where the 
spread i s greater. 

Besides AIR, ARGON and COg, the other substances 
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investigated were CHsBr, CClPg.CClPg, CF4, CClg.CPg and 
CClPg.CPClg. The resul t s obtained f o r these substances are 
shown i n Table I I . Measurements on CHgBr and CClPg.CClPg were 
made only at low temperatures, and, of the f i v e substances, 
these are the only two f o r which thermal conductivity values 
are available i n the l i t e r a t u r e . 

I n both cases, the thermal conductivity values from t h i s 
investigation are. much greater than the l i t e r a t u r e values. 
The values of ACHgBr from t h i s investigation are about 10% 
greater than the value obtained by extrapolation of the results 
of Vines and Bennett (25) to the same temperature. The results 
obtained i n t h i s investigation are perfectly reproducible, and 
there does not seem t o be any reason f o r such large errors, 
especially since the results were obtained by comparison with 
two reference gases. Unfortunately, no other values f o r 
could be found i n the l i t e r a t u r e , but further measurements woul.dt. 
probably c l a r i f y the s i t u a t i o n . 

The thermal conductivity values f o r CClPg.CClPg obtained 
i n t h i s investigation are abbut 7% higher than those found by 
P.G. Keyes (26) at the same temperatures Since Keyes results 
are the only ones to be found i n the l i t e r a t u r e f o r CClPg.CClPg, 
the same remarks apply here as were made about CHgBr. 

For the remaining substances, i . e . CP̂ , CP3.CCI3 and 
CClPg.CPClg, no results could be found i n the l i t e r a t u r e f a r 
comparison w i t h the resul t s from t h i s investigation. The values 



found f o r CF4 are of the same order of magnitude as those f o r 
COg and the r a t i o of t h e i r thermal conductivities remains 
f a i r l y constant over the temperature range of the measurements 
made here. The thermal conductivity of CP4 i s cofisistently 
3ust over 3% lower than that of COg. 

The thermal conductivity values obtained f o r CHsBr and CP̂  
can be compared wi t h those f o r other halogenated methanes. 
Some approximate thermal conductivity values f o r some of these 
compoiinds are set out i n Table IV to f a c i l i t a t e t h i s comparison. 

TABLE IV 
APPROXIMATE THERMAL CONDUCTIVITY VALUES IN CALS/CM/SEC/OC 

FOR SOME HALOGBNATED METHANES. 

COMPOUND CH4 OP4 CC^g CH3CI CHgBr 
lO^x A 75(18c) 38 28(26) 26(1) 20 

The figures i n parentheses are the numbers of the 
references from which the values were obtained. 

The thermal conductivity of methane i s greater than that 
of AIR, and the sub s t i t u t i o n of halogen atoms f o r Iihydrogen 
atoms lowers the thermal conductivity. The amount of the 
lowering seems to depend on the size of the substituents, and 
the lowering effect i s i n the order Br) C l ) P. However, 
su b s t i t u t i o n of a Br or a Cl atom f o r a hydrogen atom seems to 
completely swamp the effect of the remaining hydrogens, and 
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the thermal conductivities of CHgBr and CHgCl are only about 
1 and 1 respectively of that of pure methane. The effect of P 
4 3 
atoms i s much smaller, and the substitution of four P atoms for 
four hydrogen atoms only lowers the thermal conductivity of 
pure methane by about 1 

2. 
A fur t h e r i l l u s t r a t i o n of the effect of substitution i s 

given by Keyes results f o r CClgPg (26). I t can be seen from 
these that s u b s t i t u t i o n of two P atoms of CP^ by two CI atoms 
lowers the thermal conductivity considerably. However, t h i s 
conpoiind with two CI and two P atoms has a thermal conductivity 
of the same order of magnitude as that of methyl chloride with 
only one CI and three hydrogen atoms. 

I t seems then that the presence of P atoms i n the molecule 
gives r i s e t o anomalous thermal conductivity results when 
compared with other substituted methanes. I t i s d i f f i c u l t t o 
correlate these su b s t i t u t i o n effects, but they appear to depend 
on the r e l a t i v e changes i n the size and weight of the molecules 
and of the substituents. 

The same trends are shown i n the substituted ethanes as 
can be seen from Table V. 

TABLE V 
APPROXIMATE THERMAL GSNDUCTIVITY VALUES IN CALS/CM/SBC/OC 
^ POR SOME HALOGENATBD ETHANES. 

COMPOUND C2H6 CgHgCl CClPg.CClPg CClPg.CPClg CClg.CPg 
lO^x A 52(1) 28(1) 27 25 24 

- 42 -



The figures i n parentheses are the numbers of the 
references from which the values were obtained. 

As can loe seen from the table, the thermal conductivity 
of methane i s lowered by about ^ by the substitution of CH3 
f o r a hydrogen atom. The effect of substituting a hydrogen 
atom by a chlorine atom i n ethane i s much smaller than the 
corresponding e f f e c t i n methane, the thermal conductivity of 
ethane being lowered by j u s t less than 7. 

The two compounds of molecular formula CgClgPg have alrnost 
the same thermal conductivity. This i s of the same order of 
magnitude as, but s l i g h t l y smaller than that of CgHsCl. 
Between these two comes CClPg.CClPg, having a s l i g h t l y higher 
thermal conductivity than the two compounds of molecular 
formula CgClgPg. This i s i n accordance w i t h the fact that i t 
contains one less Cl and one more F atom. 

We have here once more the anomalous effect where compounds 
containing several F and Cl atoms have thermal conductivities 
of the same order of magnitude as that of CgHsCl with only one 
Cl atom. The r e l a t i v e differences i n thermal conductivity 
caused by sub s t i t u t i o n of hydrogen atoms by halogens are much 
smaller i n the ethanes than i n the l i g h t e r methanes. 

I n conclusion, i t might be said that the intercomparison 
of AIR, ARGON and COg gives quite reasonable thermal conductivity 
r e s u l t s , so that there does not seem t o be any reason why the 
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extension of the method to other compo\inds should not be 
successful. I n support of t h i s , the thermal conductivity 
values found f o r halogenated methanes and ethanes i n t h i s 
investigation f i t i n quite well with results obtained by other 
authors f o r similar compounds. 
IV. 2. HEAT CAPACITY RESULTS. 

Heat capacities can be determined very accurately and 
reproducibly so that there i s no d i f f i c u l t y i n f i n d i n g a 
suitable reference gas. The reference gas used i n t h i s 
investigation was ARGON whose heat capacity i s very well fcnown 
both from experimental and theoretical determinations. A 
fur t h e r advantage of using ARGON i s that i t s temperature 
c o e f f i c i e n t of heat capacity i s negligible. 

The heat capacity results from t h i s investigation are 
shown i n TABLE I I I , and i t can easily be seen that these results 
are extremely unpredictable. One or two of the individual 
values are quite reasonable but others vary by as much as 20-
50fo from r e l i a b l e values found i n the l i t e r a t u r e . What i s 
worse, the results are not reproducible from one c e l l to another 

Heat capacity values are calculated using equation (14) 
Op = Cpo- AjL Po /An. (Am). 

AO p 
The values i n Table I I I are calculated from Q values such 

that Po = p ss 76 cms. pressure. However, Q values were 
determined f o r the various gases over a pressure range from 
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50 t o 8 0 cms. pressure. Cp values were calculated using 
several Q values i n t h i s range, always keeping PQ equal to po 
(see Appendix I I ) . The values calculated i n t h i s way showed 
too great a dependence on pressure, besides which, t h i s 
v a r i a t i o n w ith pressure was not always i n the correct direction. 
For some gases, Cp seemed t o increase with increasing pressure 
while f o r others, Cp seemed to decrease with increasing pressure 
Also, Cp values f o r one substance might increase with increasing 
pressure using Q values from one c e l l , but decrease with 
increasing pressure using Q values from another c e l l . Neither 
the i n d i v i d u a l results nor the average of the results over the 
whole pressure range were found to be any improvement on the 
values i n Table I I I . 

Other Cp values w ere calculated from Q values which 
corresponded to keeping the term PQ i n equation ( 1 4 ) constant at 
7 6 cms. pressure and varying only p, but the values obtained 
suffered from the same defects as those above. 

Calculation of the term / M i n equation ( 1 4 ) involves the 
use of absolute values of A and Ao. The r a t i S A/Ao i s 
found experimentally w i t h reasonable accuracy, but a value f o r 
Ao TBsaist be assumed i n order to calculate a value f o r Ao 
I n t h i s case, values of AQ f o r ARGON were taken from the 
National Bureau of Standards Circular Number 564 ( 2 4 ) but these 
values are not necessarily correct. Small variations i n the 
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values of A and XQ cause variations i n the values of Cp 
calculated from them. By varying A however, while some Cp 
values are improved, others are made worsis so that t h i s cannot 
by i t s e l f be responable f o r the errors i n the Cp values. 

The Cp values i n Table I I I are a l l calculated using ARGON 
as the reference gas. However, values of Cp calculated by 
comparison w i t h other gases such as AIR and COg are subject to 
errors of the same order of magnitude as those i n Table I I I , 

I n the experimental section (Section V . l l ) describing the 
apparatus, i t i s mentioned that the ax i a l wires i n the c e l l s 
are not accurately centred. This might be expected t o cause 
some systematic error i n the results. However, the errors i n 
the results are absolutely unpredictable, so i t seems unl i k e l y 
that they are caused by some constant f a u l t i n the apparatus 
such as t h i s inaccurate centering of the axial wire. 

The l a s t possible source of experimental error seems to be 
the pressure and voltage meas\irements, but these are completely 
reproducible. Therefore, an examination of soape of the 
assumptions made by Senftleben i n deriving his expression f o r Cp 
may be p r o f i t a b l e . One of the weakest points i n Senftlebens 
derivation of an expression f o r Cp i s the assumption that 

Am = A,a (10). 

^ ° * =Tfei^ (Theoretical) 
and a = pr. 

P̂ o 

- 46 -



Senftleben does not give any adequate experimental or 
the o r e t i c a l j u s t i f i c a t i o n f o r assiaming that A i s not equal to 
Am, or that the relationship between them i s Am = A.a as he 
proposes. I t i s however, quite easy t o investigate the 
accuracy of t h i s relationship f o r two common gases such as 
ARGON and COg. 

F i r s t , using equations (4b) and (4c), which are expressions 
f o r Gr and Pr, an expression f o r A can be worked out. This i s 
the r a t i o of the th e o r e t i c a l Gr.Pr values f o r the two gases. 

Gr s I 2£!S|e. (4b). 
Pr = CP. (4c) 

A 
From these expressions, we have 

A = (Gr.Pr) (rpheor.) = f?rio.cp.Ao 

The gas density, f , i s given by the expression 

where jx i s the molecular weight and p the gas pressure. 
Working with both gases at the same jfcemperature and pressure, 
f i s proportional to y. , and can be replaced by i t i n the 
expression f o r A. Also, since ̂ «cp = Cp, we have f i n a l l y 

A = Cp.u.l^o.Ao. 
Cp^.^o.lJ. A. 
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Por a comparison of COg with ARGON (subscript o) at 30°C, 

values of Cp, ri and A are taken from the National Bureau of 
Standards Circular Number 5 6 4 ( 2 4 ) . Prom these values, 
Cp = l o 8 7 , u = 1 . 1 5 , JXo = 1 . 7 4 and = l o 0 6 

cpo n A 
therefore, A = 3 . 9 6 

Prom experimental measurements on ARGON and COg, values 
of Am are fotmd t o vary from about 4 . 5 to 6 . 0 . I t i s obvious 
then that Am and A are not i d e n t i c a l . 

To f i n d a value f o r a, Pr values f o r ARGON and COg are 
taken from the National Bureau of Standards Circular Number 5 6 4 . 

Pr(ARGON) = 0 . 6 7 7 Pr(COg) = 0 . 7 7 0 

Therefore, a = PiVj, = 1 . 1 4 
pro 

Prom the figures h i t h e r t o obtained, 
a.A = 4 o 5 

This corresponds very well with the experimental value 
of Am of about 4 . 5 . Unfortunately, values of Am varied from 
c e l l to c e l l , and i n some cases were as high as 6 . I t i s 
obvious then that f o r ARGON and COg, Senftlebens aBBumption 
that Am s= a. A i s not consistently aaccurate. 

A further source of inconsistency i n the results of t h i s 
investigation was v a r i a t i o n i n the experimental values of Am 
which should be reasonably constant f o r any two substances. 
When Am values f o r the same substance i n the same c e l l were 
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calculated f o r d i f f e r e n t pressures, the v a r i a t i o n i n these Am 
Values was t o t a l l y unpredictable and led to the^parent 
v a r i a t i o n of Cp w i t h pressure (see Appendix I I ) . Besides t h i s . 
Am values f o r the same two substances but from d i f f e r e n t c e l l s 
were usually quite d i f f e r e n t . 

Possible sources of t h i s inconsistency are Senftlebens 
i n i t i a l equations and the relationship connecting Nu and Gr.Pr, 
This relationship was apparently arrived at after an examination 
of many data, but reference to Senftlebens paper (23) shows that 
a l l the results f o r the various gases did not f i t t h i s r e l a t i o n ­
ship which was merely the best possible expression connecting 
a l l the re s u l t s . I t may be that i t i s impossible to f i n d a 
single expression connecting Nu and Gr.Pr f o r a l l gases. 

Another assumption made by Senftleben when working out his 
theory was that at higher pressures where heat i s removed from 
the hot wire by convection, only streamline flow .of the gas from 
the hot wire takes place. Again, t h i s i s possibly not quite 
accurate, and i t i s possible that some turbulent flow may occ\ir. 

I n i t s present state, Senftlebens method i s certainly not 
capable of giving accurate heat capacity results. I t seems 
probable that the errors i n the results arise, because the 
various assumptions made by Senftleben i n the derivation of his 
theory are not completely v a l i d . I f t h i s i s so, then the whole 
method needs a thorough theoretical and experimental re-invest­
i g a t i o n , a matter f a r beyond the scope of t h i s thesis. 
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SECTION V 
EXPERimTAL WORK 

This section i s most conveniently broken down in t o three 
sub-sections as follows:-

V . l . APPARATUS 
V,2., PROCEDURE BEFORE MAKING MEASUREMENTS ON GASES. 
V.3. MEASUREMENTS ON GASES. 

V. l . APPARATUS. 

V . l l . CELLS ON WHICH MEASUREMENTS WERE MADE. 
Three d i f f e r e n t c e l l s were used i n the course of t h i s 

investigation. They are shown diagrammatic a l l y i n Pigures 7, 
8 and 9 , 
CELL I . 

This c e l l (see Pigure 7) consisted of a glass tube of 
in t e r n a l diameter 2 cms. w i t h a gas i n l e t lead inserted i n the 
middle of i t s length. Two narrow tubes were attached to the 
ends of t h i s wide tube and e l e c t r i c a l leads made from 0.5 mm. 
tungsten rod sealed through tlae ends of these. A f i n e platinum 
wire of diameter 0,005 cms. and length 11.195 cms. was attached 
at one end direct to the thick tungsten lead then connected to 
the other t h i c k tiingsten lead v i a a f i n e tungsten s p i r a l spring 
to keep i t taut. Several loose strands of platinum wire were 
passed through the spring and attached t o the a x i a l platinum 
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wire and the t h i c k t\ingsten lead. These ensured that the 
current through the spring was never large enough to heat i t o 

A l l the platinurn-tungsten and timgsten-tungsten connections 
were s i l v e r soldered and the tungsten leads were passed through 
the walls of the c e l l lay means of tungsten-pyrex seals. 
E l e c t r i c a l leads of t h i c k copper wire were s i l v e r soldered to 
the outer ends of the t h i c k tungsten leads. 
CELL I I . 

This c e l l (see Figure 8) was of length 12.60 cms. and 
i n t e r n a l diameter 2.36 cms. The platinum wire (diarrEter 0.002 
inSi) was stretched along the f u l l length of t h i s c e l l and 
"brought out, "by means of platinura-pyrex seals, i n t o two narrow 
side arras which were attached to the ends of the c e l l . The 
platinum wire was connected t o the e l e c t r i c a l supply and 
measuring c i r c u i t s "by copper wires v i a mercury contacts i n the 
two side arms of the c e l l . 

I t must "be mentioned here that the platintim-pyrex seals 
are not pe r f e c t l y vacutmi t i g h t . I n t h i s case, the mercury i n 
the side arms completed the seals quite e f f e c t i v e l y , and there 
was no noticeable leak when the apparatus was evacuated. While 
i n use however, one of the platinum-pyrex seals seemed to come 
loose, r e s u l t i n g i n a s l i g h t movement of the platinum wire i n 
the seal (see Section I V ) . The measurements made using t h i s 
c e l l are therefore not very r e l i a b l e . 
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CELL I I I . 
• The wide glass tube from which t h i s c e l l (see Figure 9) 

was made was of length about 1 6 cms. and in t e r n a l diameter 2 o 3 6 

cms. The platinum wire (length 1 5 . 9 5 cms. and diameter 0 . 0 0 2 

cms.) was held between two leads made from 0 . 5 mm. tungsten rod 
to which the platinum wire was s i l v e r soldered. The tungsten 
leads were brought out of the ends of the c e l l v i a t\angsten-
pyrex seals and the connections to the e l e c t r i c a l supply and 
measuring c i r c u i t s were s i l v e r soldered to the outer ends c£ 
Ihese leads. 

I n none of the c e l l s was the wire accurately centred 
along the axis. Centieing was merely done v i s u a l l y when the 
v/ire was sealed through the ends of the c e l l , 
V. 1 . 2 . FILLING AND VACUUM SYSTEMS. 

The f i l l i n g and vacuum systems are shown diagrammatically 
I n Figure 1 0 . The f i l l i n g system consisted of a mercury 
manometer f o r measuring the gas pressure i n the c e l l , a tra p B 
fo r the introduction and removal of condensable vapours and a 
storage reservoir A, to which was connected a moveable bulb 
containing mercury. The pressure i n the system could be 
varied by rai s i n g and lowering t h i s bulb. 

Trap B was l a t e r replaced by a large glass bulb which was 
attached to the apparatus by means of a ground glass j o i n t . 
This bulb could be closed to the rest of the apparatus by the 
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use of a tap "between the "bullD and the ground glass j o i n t . 
This was more useful than the trap i n that i t could he f i l l e d 
w i t h pure gas from say a gas chromatography apparatus before 
"being attached to the apparatus used i n t h i s investigationo 

The whole of the glass apparatus was attached to a vacuixra 
system which was used f o r the complete removal of gases from 
the apparatus when measurements on them were completed. This 
system consisted of a two stage mercury d i f f u s i o n pump with a 
rotary o i l f i l l e d hacking pump (Metrovac). Using t h i s system, 
the pressure i n the apparatus could "be reduced to about lO'^Mn. 
of mercury. 

Such low pressures were at f i r s t measured using a Mccieod 
Gauge which could be used f o r pressure measurements down to 
10"̂ mm. of mercury. Later i t was realised that such accurate 
measurement of pressure was unnecessary, and the McGleod Gauge 
was replaced by an Edwards Vacustat which gave s u f f i c i e n t 
i n d i c a t i o n of the pressure i n the system f o r the purposes of 
t h i s investigation. 
Vo 1.3. ELECTRICAL SUPPLY AND MEASURING SYSTEMS. 

The e l e c t r i c a l supply and measuring systems are shown 
diagramraatically i n Figure 11. The e l e c t r i c a l supply to the 
c e l l was obtained from two 2 v o l t c e l l s connected i n p a r a l l e l . 
Connected i n series w i t h t h i s two v o l t source were a standard 
resistance R2, a series of variable resistances t o vary the 
current through the c e l l , and an ammeter to give an indication 
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of t h i s current. The standard resistance Rg was kept i n an 
o i l f i l l e d Dewar Flask to keep i t s temperature f a i r l y constant. 
However, i n a rough investigation i t was found that variations 
i n temperature of the same order of magnitude as variations i n 
room temperature had negligible effect on t h i s resistance, 

A Tinsley potentiometer (type 4025) was used to measure 
the voltage drops across the c e l l and standard resistance Rg* 
A Tinsley O i l f i l l e d reversing switch (type 4092) was used i n 
conjunction w i t h the potentiometer to eliminate the effect of 
stray voltages. At i t s maximum s e n s i t i v i t y the potentiometer 
can detect and measure a difference of one microvolt. On i t s 
least sensitive range, i t can be used to measure voltages of 
up t o one v o l t accurately to four decimal places, with a 
possible estimation of the f i f t h . A Tinsley Weston Cadmium 
c e l l was used to standardise the measured voltages. 

On the most sensitive potentiometer range, a Tinsley 
galvanometer w i t h a s e n s i t i v i t y of one large scale d i v i s i o n 
( 1 cm.) per microvolt was used, while on the less sensitive 
potentiometer ranges, a Cambridge Scalamp galvanometer was used. 
The s e n s i t i v i t y of t h i s galvanometer could be varied, but i t s 
maximum s e n s i t i v i t y was four large scale divisions (4 cms.) 
per lO""* v o l t s . 

Sheathed cable was used f o r a l l the e l e c t r i c a l connections, 
and the sheaths were earthed to prevent the picking up of 
stray voltages. 
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V. 1.4. THE THERMOSTAT AND THERMORBGULATOR. 
The l i q u i d used i n the thermostat bath was heavy white o i l . 

This proved to be quite satisfactory ug to about 100°C but 
above t h i s temperature the fumes became rather unpleasant and 
there was a small amount of charring. 

The therraoregulator used to control the bath temperature 
was one designed by Coates and Ricketts (34) and was an improved 
version of an e a r l i e r design by Coates (35). The thermoregulato: 
c i r c u i t i s shown i n Figure 12. The thermoregulator consists 
of a platinum resistance thermometer which i s placed i n one arm 
of an A.C. bridge c i r c u i t , the other arms consisting of a 200 
ohm h e l i c a l potentiometer and two 100 ohm wire wound 
resistances. A 5 v o l t A.C. supply i s connected across the 
bridge. 

When the A.C. bridge i s out of balance, a small voltage 
i s set up across i t . This voltage i s applied to the g r i d of 
a valve (6 flm 6) (see Figure 12). The working of the thermo­
regulator depends on the change of phase of t h i s voltage i n 
going from one side to the other of the balance point of bridge. 
The thermoregulator i s so designed that when the thermostat 
temperature i s low, t h i s smalHi applied voltage i s used to 
enhance the current through the Sunvic relay switch. Thus the 
heaters are switched on and the temperature rises. When the 
thermostat temperature i s too high, due to the phase change 
at the balance point of the bridge, the current through the 
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relay, i s reduced and the heaters switch o f f . Further d e t a i l 
can be obtained by reference to the o r i g i n a l paper (35). 

The temperature at which the bath i s kept can be varied 
by adjusting the h e l i c a l l)b.tentiometer. The platinum 
resistance thermometer has a resistance of about 75 ohms at room 
temperature. Thus, the 200 ohms of the he]4)ot are quite 
s u f f i c i e n t to cover the increase i n t h i s resistance over the 
temperature range from 25 to 100°C. The thermoregulator 
behaved i n a satisfactory fashion over t h i s range, regulating 
the temperature t o wit h i n the necessary l i m i t s i . e . * 0.005°C. 
Apart from some isolated disturbances, the v a r i a t i o n was 
generally much smaller than t h i s . 

V.2. . PROCEDURE BEFORE MAKING MEASUREMENTS ON THE GASES. 
This procedure can be dealt w i t h i n three sections. 

2.1. ANNEALING OP THE WIR̂ KtN THE CELL. 
V. 2.2. STANDARDISATION OP THE * STANDARD' HBSISTANCE, Rg. 
V. 2.3. DETERMINATION OP THE TEMPERATURE COEFFICIENT OF 

RESISTANCE OF THE WIRE IN THE CELL. 

V. 2.1. ANNEALING OF THE WIRE IN THE CELL. 
This annealing i s carried out t o remove from the c e l l wire 

any stresses or strains which might affect i t s resistance. At 
f i r s t , the annealing was carried out simply by evacuating the 
c e l l and passing a f a i r l y large current through the wire, thus 
heating i t t o a f a i r l y high temperature. However, with c e l l s 
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annealed i n t h i s way, some trouble was encountered due to a 
slow d r i f t i n the cell-wire resistance with time, implying 
that annealing was incomplete. 

This was overcome by enclosing the c e l l i n a furnace at 
about 450°G and, at the same time, passing a current through 
the wire t o heat i t to an even higher temperature. After 
being treated i n t h i s way f o r about two days, further variation 
i n the resistance of the cell-wire was wi t h i n the l i m i t s of 
experimental accuracy. 

V. 2.2. STANDARDISATION OF THE 'STANDARD* RESISTANCE, Rg. 
Two 'standard' resistances were used i n the course of 

t h i s work, the experimental r e s u l t s of which a re shown i n 
Appendix I I I . The f i r s t was standardised by comparison with 
a primary standard resistance of 1 ohm (manganin c o i l , 1 ohm 
at 17°C.) The second was standardised by comparison with a 
standard 10 ohm resistance (Cambridge and Paul Instrument Co. 
Ltd., Manganin c o i l , No. L-9426. 10 ohms at 20°C). The two 
resistances i . e . Rg and the true standard, were connected i n 
series and the same current passed through each. The pot e n t i a l 
drops across the two were measured using the Tinsley potentio­
meter, the r a t i o of these two voltages being equal to the r a t i o 
of the two resistances. Knowing t h i s r a t i o , the value of Rg 
i s easily found. The measurements were repeated f o r several 
d i f f e r e n t values of the current and the results averaged, 

although the v a r i a t i o n was small. The actual results can b© 
seen i n Appendix m. 
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V. 2.5. DETERMINATION OP THE TEMPERATURE COEFFICIENT OP 
RESISTACTCB OF THE CELL WIRE. 

After being annealed, the c e l l was placed i n the thermostat 
bath and connected to the supply and measuring c i r c u i t s by 
soldered connections. The c e l l was l e f t open to the atmosphere 
so that i t was f i l l e d w i t h a i r and the wire could easily assume 
the temperature of the thermostat bath. 

Current was then passed through the cell-wire and standard 
resistance Rgf which were connected i n series, and the voltage 
drops across the two were measured. This procedure was 
repeated f o r several d i f f e r e n t small current values. I f the 
c e l l - w i r e resistance i s R̂  and the standard resistance Rg, and 
the respective voltage drops across them are V̂^ and Vg, then 

Thus, from the measurements of and Vg, the r a t i o R̂ /Rg 
can be found. Since Rg i s known, the value of R̂  at the 
temperature of the thermpstat bath can then be found. This 
procedure was repeated at several d i f f e r e n t thermostat 
temperatures.to cover the desired range of temperature. The 
relevant measurements and graphs are shown i n Appendix IV. 

The temperature of the thermostat bath was measured using 
a standard thermometer graduated i n tenths of degrees, which 
could be read to ̂  0,01°C with the aid of a burette reader. 

Since the value of Rg i s constant and R̂  i s constant at 
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constant temperature, the value of the r a t i o ^i/Rg i s 
characteristic of the temperature of the cell-wire. When 
experiments are being carried out on gases, i t i s the r a t i o 
R̂ /Rg which i s i n fact measured, so that I t i s more convenient 
to draw the c a l i b r a t i o n curve as a graph of temperature against 
r a t i o R̂ /Rg. Values of R̂  can be found quite easily from 
t h i s graph i f required, since the value of Rg i s known, 

, The currents used i n t h i s calibration naturally had to be 
extremely small to avoid heating the wire and thus increasing 
i t s resistance. I t was found, however, that no appreciable 
heating effect was obtained u n t i l the current through the c e l l -
wire was several times greater than the maximum current used 
i n the above c a l i b r a t i o n . There should therefore be nQ error 
i n the res u l t s a r i s i n g from t h i s source. 
V. 5. MEASUREM5INT3 ON GASES. 

The apparatus i s now i n a state "where i t can be used to 
determine the thermal properties of gases and vapours. 
Determination of these properties requires a knowledge of the 
energy Q which i t i s necessary to dissipate i n the cell-wire at 
various pressures to maintain t h i s wire at a constant temperature 
©°C above that of the inner wall of the c e l l . For our 
purposes, t h i s i s assumed to be at thermostat temperature. 
The following procedure was used f o r the determination of Q • 
values. 

The whole apparatus was evacuated then the storage bulb. A, 
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f i l l e d w i t h the pure gas under investigation. (For a note on 
the p u r i t y of the gases, see Appendix V I ) , This was then used 
to f i l l the c e l l t o the required pressure, and a heating current 
passed through the c e l l - w i r e . The voltage drops across the 
cell- w i r e and the standard resistance were "measured and the 
r a t i o R̂ /Rg found, from which the temperature of the cell-wire 
was determined. The heating current was varied using rheostats 
u n t i l the temperature of the cell-wire remained steady at some 
pre-determined value i . e . u n t i l the r a t i o Ri/Rg remained steady 
at the value corresponding to t h i s temperature. 

This procedure was repeated at various pressures u n t i l the 
necessary pressure ranges were covered. The r a t i o Ri/Rg was 
adjusted t o the same value at each pressure by use of the 
rheostats to adjust the heating current. 

To eliminate the effect of stray voltages, the p o l a r i t i e s 
of the measured voltages were reversed using the Tinsley 
reversing switch, .and then nemeasured. However, i n no case 
was there an appreciable difference between the o r i g i n a l voltage 
and the reversed voltage. 

These voltage measurements v/ere also quite reproducible 
when repeat readings were made on the same ccmpound under the 
same conditions. When Q values were calculated from the 
repeat readings and these Q values p l o t t e d on the o r i g i n a l 
pressure, p, against Q graphs, then the error involved was 
usually no greater than the experimental error involved i n the 
o r i g i n a l readings. 
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Values of Q can easily be calculated from the voltage 
measurements using the expressions 

Q = (Zl)2 watts or Q = {Ylf cals/sec, 
% Rl.J 

where R̂  i s the resistance of the cell-wire and Vg the voltage 
across i t . 

A l t e r n a t i v e l y , the expressions 
Q = V1V2. watts or Q = ^1^2. cals/sec 

R2. ^ 
can be used,! where Rg i s the standard resistance and Vg the 
voltage across i t . 

The gas pressur^dn the c e l l was o r i g i n a l l y measured using 
a cathetometer t o measure the difference i n the mercury levels 
i n the two arms of the manometer. However, the v a r i a t i o n of Q 
w i t h pressure i s not very great, and the results are p l o t t e d 
on graphs where the second decimal place i n the value of the 
pressure can only be estimated roughly. Therefore, i t was 
l a t e r found s u f f i c i e n t t o measure pressures with a metre rule 
which could be read to about the nearest 0.05 cms. 

From the information now available, i t i s possible to draw 
the appropriate graphs f o r the determination of A and Cp 
values. These graphs were actually drawn i n two portions, one 
covering a low pressure range f o r the determination ofXand the 
other covering a high pressure range f o r evaluation of Cp, 

As can be seen from the section on the theory of the 
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d e t e m i n a t i o n o f thermal c o n d u c t i v i t y (Sec t ion 11,11)), the low 

pressure regions o f the graphs f o r the su"bstance \inder 

i n v e s t i g a t i o n and the re fe rence substance are used t o f i n d the 

r a t i o o f two Q' va lues . However, examination o f the alDove 
2 

expressions f o r Q shows t h a t Q i s d i r e c t l y p r o p o r t i o n a l t o V ^ , 

so t h a t we have the express ion 

Since ^J. = » ^ ^ 1 ^ ' = _ A . 
Qo Xo ( V ^ ) ' 

Thus, f o r the low pressure regions i t i s s u f f i c i e n t t o 

draw graphs o f pressure against V^^. Prom these graphs, t he 

r a t i o ( V ^ ) V ( V ^ ) Q "be fo\and, and knowing A o , X can 

then "be found . 

The pressure at which the p o i n t o f i n f l e x i o n occurs 

v a r i e s f r a n gas t o gas and a l so depends on the dimensions o f 

the c e l l and on the temperature g rad ien t "between the a x i a l 

w i r e and the w a l l s o f the c e l l . The temperature grad ien t used 

i n t h i s i n v e s t i g a t i o n was u s u a l l y about 10°C. The pressure 

ranges covered v a r i e d "between about 0 t o 10 cms. f o r vapours 

such as OOI3.CP3 and OPOlg.COlPg, and 0 t o 35 cms. f o r 

permanent gases such as ARGON and AIR. 

I n the h i g h pressure range, measurements were made f r o m 

about 50 t o 80 cms. pressure , and Q against pressure graphs 
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drawn.f rom the r e s u l t s . Several temperature gradients 

between 10°0" and 30°C were used f o r these measurements. 

C5p and R v a l u e s were c a l c u l a t e d u s ing these graphs i n 

the manner descr ibed e a r l i e r i n Sec t ion 11. 
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APFEITDIX I 

DETAILED EXPERIMENTAL RESULTS 

( a ) THERMAL CCWDUCTIVITY RESULTS. 

The procedure f o r making measurements f o r the de te rmina t ion 

o f the rmal c o n d u c t i v i t i e s has been descr ibed e a r l i e r i n Sect ion 

Vo3o The necessary pressure and vo l t age measurements can be 

made ve ry a c c u r a t e l y , and e r r o r s i n these measurements are 

n e g l i g i b l e ccmpared w i t h the poss ib le e r r o r s i n the thermal 

c o n d u c t i v i t y values assumed f o r the reference gases. The 

pressure and vo l t age measurements made on the three c e l l s are 

set out i n Tables V I t o X. Also i n these t ab l e s are values 

o f at each pressure . i s p r o p o r t i o n a l t o Q, the energy 

d i s s i p a t e d per second i n the c e l l w i r e f o r constant R j . 

The thermal c o n d u c t i v i t y values c a l c u l a t e d f rom the 

i n i t i a l r e s u l t s f r o m the th ree c e l l s (Tables V I , V I I and V I I I ) 

are q u i t e good, and the temperature range o f the measurements 

i s then extended u s i n g c e l l I I I . However, when a t tempt ing t o 

make measurements at h igher temperatures , seme o f the r e s u l t s 

c o u l d not be reproduced. The c e l l - w i r e was then thoroughly 

annealed and i t s temperature c o e f f i c i e n t o f res is tance 

re -de te rmined . The res i s tance o f the w i r e was found t o have 

changed. Fur the r readings were found to be r e p r o d u c i b l e , so 

measurements were then made on ARGON, AIR, COg and CP^ at 

f i v e temperatures f r o m 35 t o 95 ° C . These measurements are 

shovm i n Table I X . 

- 64 -



When beg inn ing t o make f u r t h e r measurements, a f a u l t 

developed i n one o f the c e l l connect ions. The r e p a i r o f t h i s 

connect ion i n v o l v e d a smal l bu t s i g n i f i c a n t change i n the 

res i s t ance o f the c e l l w i r e . Since an exact knowledge o f 

the temperature o f the c e l l w i r e i s not necessary f o r the 

de t e rmina t i on o f thermal c o n d u c t i v i t i e s , the temperature 

c o e f f i c i e n t o f r e s i s t ance o f the c e l l w i r e was not re-determined. 

Measurements were then made on CClg.CPg, CPCI20CCIP2 and CO2, 

which was used as the re ference gas. Using these r e s u l t s , 

p lu s the prev ious r e s u l t s f o r ARGON, AIR and COg, CClg. CPg 

and CPClg-CClPg cou ld e f f e c t i v e l y be compared w i t h AIR and 

ARGON its w e l l as CO2. 

Reference t o the pressure against V j graphs f o r CO2 
(F igu re 16) shows t h a t at each temperature , the p o i n t o f 

i n f l e x i o n occurs at the same pressure t o w i t h i n f a i r l y narrow 

l i m i t s . A l s o , the slope o f these graphs i s very smal l at 

the p o i n t o f i n f l e x i o n . The re fo re , a s ing le measurement made 

at the pressure where the p o i n t o f i n f l e x i o n u s u a l l y occurs 

ought t o be s u f f i c i e n t t o g ive a value f o r ( V ^ ) ' d i r e c t l y . 

Any e r r o r i n v o l v e d should be q u i t e smal l since a 2 cm. e r r o r 

i n the p o s i t i o n o f the p o i n t o f i n f l e x i o n only invo lves about 

Qo^fo e r r o r i n the value o f ( V ^ ) * . 

To c o n f i r m the v a l i d i t y o f t h i s i dea , s ing le measurements 

were made on ARGON, AIR and COg, and the r e s i i l t s were found 
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t o be good. I n t h i s se r i es o f r e s u l t s t h e r e f o r e , only 

s i n g l e measurements were made on COg at the var ious temperatures. 

However, a f u l l s e r i es o f pressure-vol tage measurements were 

made on CClg.CPg and CPClg.CClPg and th6se are shown i n 

Table X. 

Graphs o f pressure against V^ are dravm f r o m the pressure-

vo l t age data which have now been obta ined . Prom these graphs 

are obta ined values o f ( v j ) ' , i . e . values o f V j at the p o i n t s 

o f i n f l e x i o n . These are used t o c a l c u l a t e thermal 

c o n d u c t i v i t i e s as o u t l i n e d i n Sec t ion V . 3 . Some o f the 

pressure against V^ graphs are shown i n Pigures 13, 14, 15, 

16 and 17, and the ( V ^ ) ' values f r o m these graphs are shown 

i n Table X I . 

The f o l l o w i n g abbrev ia t ions and symbols are used i n the 

t a b l e s : -

P. - gas pressure i n eras, o f mercury. 

V-^. - vo l t age drop across the c e l l w i r e , 

V g , - vo l t age drop across the standard res i s tance Rg. 

( y f ) ' value o f V^ at the p o i n t o f i n f l e x i o n o f the pressure 

against V^ graphs. 
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TABLE V I I 

EXPERIMENTAL RESULTS PROM CELL I I 

Thermostat temperature = 3 5 a 0 0 ° C . Rg = 1 0 . 1 1 9 ohms. 

Under exper imenta l c o n d i t i o n s , R^/Rg = 0 . 8 5 0 0 a 

Wire temperature = 4 8 . 0 0 ° C and O = 1 3 a 0 0 ° C , 

( a ) M R 

p V l ^2 
. 0 . 9 0 0 . 6 8 8 2 8 0 . 8 0 9 7 6 0 . 4 7 3 7 

2 a 0 5 0 . 7 1 3 4 0 0 . 8 3 9 2 9 0 . 5 0 8 9 

3 . 1 5 0 . 7 1 8 6 7 0 . 8 4 5 5 0 0 . 5 1 6 5 

4 . 3 5 0 . 7 2 2 1 1 0 . 8 4 9 5 2 0 . 5 2 1 4 

5 . 8 5 0 . 7 2 3 6 0 0 . 8 5 1 3 1 0 . 5 2 3 6 

7 . 1 5 0 . 7 2 5 2 6 0 . 8 5 3 2 9 0 . 5 2 6 0 

1 0 . 5 5 0 . 7 2 6 6 7 0 . 8 5 4 9 1 0 . 5 2 8 0 

1 2 . 0 5 0 . 7 2 7 4 9 0 . 8 5 5 8 5 0 . 5 2 9 2 

1 5 . 0 5 0 . 7 2 7 6 0 0 . 8 5 6 0 5 0 . 5 2 9 4 

1 9 . 5 5 0 . 7 2 8 5 8 0 . 8 5 7 1 2 0 . 5 3 0 8 
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TABLE V I I ( c o n t i n u e d ) , 

(b ) ARGON 

P. 
^ 2 

1 . 0 5 0 . 5 8 6 0 0 0 . 6 7 7 6 4 . 0 . 3 3 1 8 

2 . 3 5 0 . 5 9 2 3 8 0 . 6 9 6 8 9 0 . 3 5 0 9 

3 . 4 5 0 . 5 9 6 5 5 0 . 7 0 1 8 2 0 . 3 5 5 9 

4 , 3 0 0 . 5 9 8 2 1 0 . 7 0 3 7 8 0 . 3 5 7 9 

5 , 1 0 0 . 5 9 9 2 0 0 . 7 0 4 9 3 0 . 3 5 9 0 

6 . 2 5 0 . 6 0 0 4 9 0 . 7 0 6 4 6 0 . 3 6 0 6 

7 . 5 5 0 . 6 0 1 7 0 0 . 7 0 7 8 8 0 . 3 6 2 0 

9 . 0 5 0 . 6 0 2 3 0 0 . 7 0 8 5 6 0 . 3 6 2 8 

1 0 . 5 5 0 . 6 0 2 9 7 0 , 7 0 9 3 7 0 . 3 6 3 6 

1 1 . 8 5 0 . 6 0 3 3 0 0 . 7 0 9 7 7 0 . 3 6 4 0 

1 4 . 7 5 0 . 6 0 3 4 6 0 . 7 0 9 9 5 0 . 3 6 4 2 

1 9 . 0 5 0 . 6 0 4 2 6 0 . 7 1 0 8 7 0 . 3 6 5 1 
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TABLE V I I . ( c o n t i n u e d ) , 

( c ) . COo-

p V l ^2 vf 

1.00 0,55842 0.65697 0.3118 

1.90 0,56638 0.66633 0,3208 

2,90 0,56853 0.668866 Oa 3232 

4,00 0.57052 0.67120 0.3255 

5,20 0,57170 0.67257 0.3268 

7,40 0.57262 0.67368 0.3279 

8,70 0.57300 0.67412 0.3284 

10,00 . 0.57386 . 0.67512 0.3291 

11.50 . 0.57415 0.67547 0.3296 

13.00 0.57445 0.67583 0.3300 

14.50 0.57517 0.67668 0.3308 

15.90 0.57510 0.67658 0.3307 

17.30 0.57585 0.67747 0.3316 

19,50 0.57677 0.67854 0.3327 
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TABLE V I I I 

EXPERIMTAL RESULTS FROM CELL I I I 

Thermostat temperature = 35 ,00°C . Rg = 10.119 ohms. 

Under exper imenta l c o n d i t i o n s , R1/R2 = 1.0000 

Wire temperature = 44 .33°C and © = 9 . 3 3 ° C , 

( a ) OOg. 

p V l Vg 

2.00 0.55006 0.55006 0,3026 

4.10 0.55443 0,55443 0,3074 

6.10 0.55565 0,55565 0v3087 

8.10 0.55700 0.55700 0,3102 

10.10 0.55739 0.55739 0,3107 

12,10 0.55788 0,55788 0.3112 

14,00 0.55848 0,55848 0.3119 

16,20 0.55906 0,55906 . 0.3125 

18.00 0,55970 0.55970 0,3133 

20.05 0.56000 0.56000 0.3136 

22.00 0.56057 0.56057 0,3142 

24,10 0,56177 0.56177 0.3156 

26.00 0.56304 0,56304 0.3170 
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TABLE V I I I . ( c o n t i n u e d ) , 

( b ) ARGON. 

p V l . ^ 2 

0 . 5 5 0 . 5 2 1 6 0 0 . 5 2 1 6 0 0 . 2 7 2 1 

l a O O 0 . 5 4 6 6 3 0 . 5 4 6 6 3 0 . 2 9 8 8 

2 a 0 5 0 . 5 6 1 5 7 0 . 5 6 1 5 7 0 . 3 1 5 4 

4 a 1 0 0 , 5 6 7 9 9 0 . 5 6 7 9 9 0 . 3 2 2 6 

6 . 1 0 0 , 5 7 0 3 6 0 . 5 7 0 3 6 0 . 3 2 5 3 

8 , 1 0 0 , 5 7 1 0 6 0 . 5 7 1 0 6 0 , 3 2 6 1 

1 0 . 0 0 0 , 5 7 1 6 3 0 . 5 7 1 6 3 Oa 3 2 6 8 

1 2 . 1 5 0 , 5 7 2 1 1 0 . 5 7 2 1 1 0 . 3 2 7 3 

1 4 . 1 0 0 . 5 7 2 5 2 0 . 5 7 2 5 2 0 . 3 2 7 8 

1 6 . 1 5 0 . 5 7 2 9 9 0 . 5 7 2 9 9 0 . 3 2 8 3 

1 8 . 1 0 0 . 5 7 3 1 2 0 . 5 7 3 1 2 0 . 3 2 8 5 

2 0 . 2 0 0 . 5 7 3 2 8 0 . 5 7 3 2 8 0 . 3 2 8 6 

2 2 . 2 0 0 . 5 7 3 4 8 0 . 5 7 3 4 8 0 . 3 2 8 9 

2 4 . 0 0 0 . 5 7 3 6 8 0 . 5 7 3 6 8 0 . 3 2 9 1 

2 6 . 4 0 0 . 5 7 3 9 2 0 . 5 7 3 9 2 0 . 3 2 9 4 

2 9 . 0 0 0 . 5 7 4 2 0 0 . 5 7 4 2 0 0 . 3 2 9 7 

3 1 . 1 0 0 . 5 7 4 3 0 0 . 5 7 4 3 0 0 . 3 2 9 8 

3 3 , 1 0 0 . 5 7 4 6 7 0 . 5 7 4 6 7 0 . 3 3 0 2 
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TABLE V I I I . ( con t inued) , 

( c ) CF^. 

p Vg 

0.60 0.51720 0,51720 0,2675 

1,10 0.53288 0.53288 0.2840 

2,10 0.54207 0.54207 0.2938 

4.10 0.54763 0.54763 0.2999 

6,10 0.54988 0.54988 0.3024 

8.00 0.55120 0.55120 0.3038 

10,15 0.55254 0.55254 0.3053 

12,10 0.55399 0.55399 0.3069 

14,15 0.55583 0.55583 0.3089 

16,10 0,55764 0.55764 0.3110 

18,05 0.55986 0.55986 0.3134 

20,15 0.56252 0.56252 0.3164 
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TABLE V I I I . ( con t inued) 

( d ) O C l P g . C G l P g . 

p 
^ 1 . ^ 2 

0 o 6 5 O a 4 3 9 3 5 0 . 4 3 9 3 5 0 . 1 9 3 0 

1 . 1 0 0 . 4 4 4 2 3 0 . 4 4 4 2 3 0 . 1 9 7 3 

2 . 1 0 0 . 4 4 9 7 2 0 . 4 4 9 7 2 0 . 2 0 2 2 

4 . 1 0 0 . 4 5 6 4 8 0 . 4 5 6 4 8 0 , 2 0 8 4 

6 , 1 0 0 . 4 6 1 6 2 0 . 4 6 1 6 2 0 . 2 1 3 1 

8 . 1 0 0 . 4 6 7 4 3 0 . 4 6 7 4 3 0 . 2 1 8 5 

1 0 . 0 0 0 . 4 7 4 0 0 0 . 4 7 4 0 0 0 . 2 2 4 7 

1 2 . 0 0 0 . 4 8 2 0 4 0 . 4 8 2 0 4 0 . 2 3 2 4 

1 4 a 1 0 0 . 4 8 9 5 8 0 . 4 8 9 5 8 0 . 2 3 9 7 
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TABLE X 

EXEBRBfflNTAL RESULTS FROM CELL I I I AT VARIOUS TEMPBRATUBES. 

CCI5. OF5 AND CFCI2.CCIF2. 

(a) Thermostat temperature = 3 5 a 0 0 ° C a B = 1 2 9 0 . 

Ratio R^/Rg = l a 0 0 0 0 Rg = 1 0 a 1 1 9 ohms. 

p V l ^ 2 

1 . 6 0 0 . 4 5 1 6 0 0 a 4 5 1 6 0 . 0 , 2 0 3 9 

2 . 7 5 0 , 4 5 6 0 1 0 , 4 5 6 0 1 0 , 2 0 7 9 

3 , 6 0 0 , 4 5 9 1 0 0 , 4 5 9 1 0 0 , 2 1 0 8 

4 . 6 0 0 , 4 6 2 1 2 0 , 4 6 2 1 2 0 , 2 1 3 5 

5 , 4 0 0 , 4 6 5 8 1 0 , 4 6 5 8 1 0 , 2 1 7 0 

7 , 8 0 0 , 4 7 8 2 0 0 , 4 7 8 2 0 0 a 2 2 8 7 

9 , 8 0 0 , 4 8 9 4 0 0 , 4 8 9 4 0 0 a 2 3 9 5 

GPOl, .GClFg. 

p 
^ 1 ^ 2 

2 o l 0 0 . 4 5 8 6 0 0 . 4 5 8 6 0 0 . 2 1 0 3 

2 , 9 0 0 , 4 6 2 2 3 0 . 4 6 2 2 3 0 . 2 1 3 7 

4 . 0 0 0 . 4 6 6 0 4 0 . 4 6 6 0 4 0 . 2 1 7 2 

5 , 0 0 0 , 4 6 9 8 3 0 . 4 6 9 8 3 0 . 2 2 0 8 

6 , 0 0 0 , 4 7 4 2 6 0 . 4 7 4 2 6 0 . 2 2 4 9 

7 , 0 0 0 . 4 7 9 2 0 0 . 4 7 9 2 0 0 . 2 2 9 6 
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TABLE X. (continued), 

(h) Thermostat temperature = 50.00°C. e = 12°C. 

Ratio R^/Rg = 1.0428 . Rg = 1 0 . 1 1 9 ohms. 

C C l g a C F g a 

p 7 ^ ^ 2 
v f 

2a 6 0 0 . 4 7 5 7 0 0 . 4 5 6 1 8 0 . 2 2 6 3 

3 . 4 0 0 . 4 7 8 5 0 0 . 4 5 8 8 6 0 . 2 2 9 0 

4 . 0 0 0 . 4 7 9 5 1 0 . 4 5 9 8 1 0 . 2 2 9 9 

4 . 5 0 0 , 4 8 0 2 4 0 . 4 6 0 5 2 0 , 2 3 0 7 

5 . 2 0 0 , 4 8 2 6 9 0 . 4 6 2 8 6 0 , 2 3 3 0 

6 . 0 0 0 . 4 8 5 3 0 0 . 4 6 5 3 9 0 , 2 3 5 5 

CFGlg.CClFg. 

p V l Vg 

2 . 1 0 0 a 4 7 8 5 0 0 . 4 5 8 8 7 0 . 2 2 9 0 

. 3 . 0 0 0 . 4 8 2 6 1 0 . 4 6 2 8 1 0 . 2 3 2 9 

4 . 0 0 0 . 4 8 6 2 7 . 0 , 4 6 6 3 0 0 , 2 3 6 5 

5 . 0 0 0 . 4 8 9 4 0 0 , 4 6 9 3 1 0 . 2 3 9 5 

6a 0 0 0 . 4 9 3 2 5 0 . 4 7 3 0 0 0 , 2 4 3 3 

7a 0 0 0 . 4 9 7 0 1 0 . 4 7 6 6 0 0 , 2 4 7 0 

7a 9 5 0 . 5 0 1 3 8 0 . 4 8 0 8 0 0 , 2 5 1 4 
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TABLE X a (continued). 

( c ) Thermostat temperature = 6 4 a 9 0°C. 0 = 12°C. 
Ratio R1A2 = 1 » 0 8 5 0 Rg = 1 0 . 1 1 9 ohmSa 

C C l g a CSFî < 

p 
^ 2 

y f 

2 , 5 5 . O a 4 9 2 8 0 0 a 4 5 4 2 0 0 a 2 4 2 9 

3a 5 5 0 a 4 9 5 1 6 O a 4 5 6 3 7 0 . 2 4 5 2 

4 . 1 5 0 . 4 9 6 9 0 0 . 4 5 7 9 7 0 . 2 4 6 9 

3 a 9 5 0 . 4 9 6 0 7 0 a 4 5 7 1 7 0 . 2 4 6 1 

4 a 9 5 0 . 4 9 9 0 0 0 . 4 5 9 8 9 0 . 2 4 9 0 

5 a 7 5 0 . 5 0 1 2 2 O a 4 6 1 9 2 0 a 2 5 1 2 

C F C l g . O C l P g . 

p V l ^ 2 

2a 5 0 0 . 4 9 8 4 2 0 . 4 5 9 3 8 0 . 2 4 8 4 

3a 8 5 O a 5 0 3 7 1 0 . 4 6 4 2 5 0 . 2 5 3 7 

5 a 5 0 0 . 5 0 9 2 6 O a 4 6 9 3 6 0 . 2 5 9 3 

7 . 0 0 0 . 5 1 4 4 4 0 a 4 7 4 1 3 0 . 2 6 4 6 

8 a 6 0 0 . 5 1 9 8 4 0 a 4 7 9 1 1 0 . 2 7 0 2 
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TABLE X, (continued), 

(d) Thermostat temperature = 8 0 , 0 0 0 . 0 = 1 2 ° 0 , 

Ratio Ri/Rg - 1 . 1 2 8 0 Rg = 1 0 . 1 1 9 ohms. 

CCI3.CF3. 

p 
^ 1 ' a 

2 , 7 0 0 , 5 1 3 7 6 0 , 4 5 5 4 6 0 , 2 6 4 0 

3 , 6 0 0 , 5 1 6 7 1 0 . 4 5 8 0 5 0 , 2 6 7 0 

4 . 3 0 0 , 5 1 8 5 0 O o 4 5 9 6 6 0 . 2 6 8 8 

5 . 0 0 0 . 5 2 0 4 7 0 . 4 6 1 4 1 0 , 2 7 0 9 

5 , 8 0 0 , 5 2 2 4 7 0 . 4 6 3 1 8 0 , 2 7 3 0 

7 , 0 0 0 , 5 2 2 6 5 0 , 4 6 6 5 4 0 , 2 7 7 0 

CFClg,C01Fg. 

p V l ^ 2 . 

2 , 4 5 0 , 5 2 2 4 1 . 0 . 4 6 3 1 3 0 . 2 7 2 9 

4 , 0 5 0 , 5 2 9 1 1 0 . 4 6 9 0 7 0 . 2 8 0 0 

5 , 7 0 0 . 5 3 4 2 3 0 . 4 7 3 6 0 0 . 2 8 5 4 

7 , 3 5 0 , 5 3 8 9 0 . 0 , 4 7 7 7 4 0 . 2 9 0 4 

8 , 9 0 0 , 5 4 3 3 0 0 , 4 8 1 6 5 0 . 2 9 5 2 

1 0 , 7 0 0 , 5 4 9 0 0 0 . 4 8 6 7 0 0 . 3 0 1 4 

- 8 9 -



TABLE X a (continued), 

(e) Thermostat temperature = 9 5 a 0 5 ° 0 a G = 1 2 ° C . 

Ratio Ri/Rg = 1 . 7 0 7 

CClg.CPg. 

Rg = 1 0 a 1 1 9 ohmSa 

P 
^ 1 

Vg . 

2 . 7 0 0 . 5 3 7 9 3 0 . 4 5 9 5 0 0 a 2 8 9 4 

3 a 5 5 0 . 5 4 0 6 3 0 . 4 6 1 8 0 0 , 2 9 2 3 

4 a 0 0 0 . 5 4 1 7 8 0 . 4 6 2 7 8 0 a 2 9 3 5 

4 a 6 0 0 . 5 4 3 4 5 0 . 4 6 4 2 1 0 . 2 9 5 3 

5 a 4 0 0 . 5 4 5 7 1 0 . 4 6 6 1 4 0 . 2 9 7 8 

CFClg.CClPg. 

P 
^ 2 

y f 

2 , 4 0 0 . 5 4 7 2 2 0 . 4 6 7 4 3 0 . 2 9 9 4 

5 a 0 0 0 . 5 5 3 5 0 0 . 4 7 2 7 8 0 , 3 0 6 4 

5 . 5 0 0 . 5 5 8 0 9 0 . 4 7 6 7 2 0 . 3 1 1 5 

7 . 0 0 O a 5 6 2 6 2 0 . 4 8 0 5 8 0 . 3 1 6 5 

8 . 6 0 0 . 5 6 6 9 9 0 a 4 8 4 3 2 0 . 3 2 1 5 
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(13)> HEAT CAPACITY RESULTS. 
Pressure-voltage raeasureraents for the determination of 

heat capacities are made i n the pressure range 45 to 80 cms. 
pressure. From these measurements, graphs^ of Q against 
pressure are drawn, and these are used i n the calculation of 
heat capacities as described i n Section I I . S . The pressure-
voltage measurements from which these graphs are obtained are 
shown i n Tables X I I to X7, and the graphs themselves can be 
seen i n Figures 18, 19, 20 and 21. 

The following abbreviations and symbols are used i n 
Tables X I I to XVI-

P. - gas pressur^dn cms. of mercury. 
V j . - voltage drop across the c e l l wire. 
Vg. - voltage drop across the standard resistance 
Q. - rate of energy dissipation i n the c e l l wire i n 

^als/second. 
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TABLE X I I 

EXPERIMENTAL RESULTS FROM CELL I 

Thermostat temperature = 25.05 C. 

Ratio R^/Rg = 1.3200 

e = 29olO°C, 
Rg = 6.1068 ohmso 

P V l ^2 lO^X Q 

50.19 0.83050 0.62916 2.045 

ARQON 
60,46 
67.87 

0.84820 
0.86037 

0.64250 

0.65179 

2.133 

2.194 

76.18 0.87410 0.66219 2.265 

51.31 0.99836 0.75633 2,954 

AIR 55.04 1.00530 0.76159 2.995 

59.64 1.01499 0.76894 3.053 

57.67 0.88210 0.66826 2,307 

COg. 
63.63 
71.55 

0.89582 
0.90711 

0.67865 
0.68720 

2.379 

2,439 
78.28 0.91795 0.69541 2.498 

49.98 0.82364 0.62397 2,011 

(OClPg)^. 
57.57 

67.32 

0.83539 

Oo 84832 

0.63287 

0.64266 

2.069 

2.133 
76.54 0.85850 0.65038 2,185 

- 93 -



TABLE X I I I 

EXPERIMENTAL RESULTS PROM CELL I 

e = 10.67°C. Thermostat temperature = 25.05 C. 

Ratio R^/Rg = 1»2500 Rg = 6.1068 ohms, 

P V l ^2 lO^X Q 

46.90 0.46533 0.37226 6.777 

AROON 
60.10 
67.00 

0.47020 
0.47358 

0,37615 
0.37885 

6.921 
7.021 

75.70 0.47808 0.38246 7,155 

47.11 0.55928 0.44739 9,792 

Ng, 
60.03 

67.00 

0.56384 

0.56743 

0.45107 

0,45394 

9,952 

10,079 

75.70 0.57234 0.45790 10,254 

48.48 0.47202 Oo 37762 6.974 

OOg. 
59.83 

67.04 

0.48366 

0,49155 

0.38692 

0.39324 

7,323 
7,563 

75.90 0.49904 0.39923 7,696 
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TABLE X I I I (continued) 

p V l ^2 1 0 \ Q 

47.65 0.45000 0.36000 6.339 

56.70 0.45712 0.36569 6,541 
(C01P2)2. 

66.85 0.46592 0,37274 6.795 

75.52 0.47292 0.37834 7.001 

47.80 • 0.37033 0.29626 4.293 

56,50 0.37706 0.30165 4.450 
OH..Br, 

o 66.80 0.38424 0.30737 4,621 

75.50 0.38987 0.31189 4,758 
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TABLE XIV 

EXPERIMENTAL RESULTS FROM CELL I I 

Thermostat temperature = 35.00°C. © = 17,00°C, 

Ratio R^/Rg = 0.8600 Rg = 10.119 ohms. 

P ^2 lO^x Q 

50.75 0,71139 0.82720 1.390 

ARQON 
59.05 

67J70 
0,71966 
0,72990 

0,83683 

0.84870 
1.422 
1.462 

75,90 0,73939 0.85976 1.501 

50,35 0,85134 0,98994 1.989 

AIR 
54,15 

58.35 

0.85602 

0.86050 

0.99536 

1.00060 

2.012 

2.033 
66.95 0.87134 1.01319 2.083 

50.50 0.72262 0.84024 1.434 

OOg. 
59.30 
68,10 

0.73655 
0.74843 

0,85647 
0.87027 

1.490 
1.538 

76,20 0.75825 0,88168 1.579 
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TABLE XV 

EXFBRamTTAL RESULTS FROM CELL I I I 

Thermostat temperature = 35,00 C. e = 20,00"C. 

Ratio V « 2 = 1.0300 Rg = 10.119 ohms. 

P ^1 ^2 lO^X Q 

50.10 0.85300 0.82815 1,667 

55.10 0.85907 0.83405 1,692 

AROON 
60.10 

65,25 

0,86624 

0.87365 

0.84100 

0.84820 

1,720 

1,750 
70,25 0.88084 0.85518 1,778 

75,20 0.88745 0.86159 1,805 

50.10 ~ 0.88800 0.86213 1.807 
55.10 0.89790 0.87175 1.848 

GOg. 
60.00 
64.90 

0.90659 
0.91553 

0.88020 
0.88886 

1,883 
1S.921 

70.00 0.92351 0.89661 1,955 
75.00 0.93080 0.90368 1,985 

50.00 0.93026 0.90316 1,983 

55.00 0.93916 0.91199 2,023 

OF4. 
60.10 
64.00 

0.94720 
0.95328 

0.91964 
0.92552 

2,057 

2,083 
68.10 0.95936 0.93140 2,110 
72.10 0.96473 0.93663 2.133 
76.10 0.96989 0.94163 2.156 
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APPENDIX I I 

APPARENT VARIATION OF Op WITH PRESSURE 

The Cp values obtained at various pressures for the 
materials used i n t h i s investigation are shown i n Tables XVI, 
XVII, X V I I I and XIX. With the exception of the values i n 
Table XIX, a l l the values were obtained using ARGON gs the 
reference gas. The values i n Table XIX were obtained by 
comparison with COg. A l l the Op values were calculated from 
measurements such that PQ = p, i . e . i n equation (14), the term 
Po/p i s equal to unity and disappears. The calculated heat 
capacities apply at a temperature midway between the thermostat 
temperature and the temperature of the hot wire, i . e , themostat 
temperature + 0/2°C, The apparent variation of Cp with 
pressure referred to e a r l i e r during the discussion of the 
re s u l t s (Section IV.2) can e a s i l y be seen from these tables, 

TABLE XVI 

HEAT CAPACITIES IN OALS/Qc/MOLB FROM CELL I 

Themostat temperature = 25.05°C. G = 10.67°C, 

PRESSURE (CMS). 48.00 57.00 67,00 75.00 
Cp (Ng). 7.10 7.02 6,97 6.93 
Cp (COg). 8.71 9.71 11.01 11.47 

Cp(CClPg,CClFg), 27.40 29,07 31,10 31.85 
Cp (CHgBr). 12.50 13,46 14,54 14.92 
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TABLE XVII 

HEAT CAPACITIES IN CAL3/°0/M0LE PROM CELL I 

Themostat temperature = 25.05 C. e = 29.10°C. 

PRESSURE (CMS). 

Cp (AIR) 

51.31 

6,45 
55.04 
6.44 

59.64 

6.48 

— 

PRESSURE. 

Cp (COg). 

57.67 

10.18 

63.63 

10.46 

71.55 

10,04 

78,28 
9.93 

PRESSURE 

Cp(CClP2.0ClP2). 

49.98 

30.45 

57.57 

29.33 

67,32 

27.30 

76.54 

24.93 

PRESSURE 
Cp (CHgBr), 

62.90 

11,80 

75.53 

10.75 

-

TABLE XVI I I 
HEAT CAPACITIES IN CALS/ocAOLB FROM CELL I I 

Thermostat temperature = 35.00°C. e = 17.00°C. 

PRESSURE (CMS) ,50.0 59.0 67.0 76.0 
Cp (AIR 

Cp (CO2). 
6.91 
9,43 

6.70 
9.79 

6.57 

9.90 
6.36 
9.66 
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TABLE XIX 

. HEAT CAPACITIES IN CALS/OC/MOLB FROM CELL I I I 

Thermostat temperature = 35.00°C. © = 20.00°C. 
Reference gas — C02« 

PRESSURE (CMS). 50.00 58.00 66.00 75.00 
Op (CF4). 16,97 15,75 15.71 15.15 
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APPENDIX I I I 

STANDABDISATION OP 'STANDARD' RESISTANCE Rp. 

Two d i f f e r e n t 'standard resistances were used i n t h i s 
investigation and the procedure used t o standardise these has 
teen descrilaed e a r l i e r , (see Section V«2b). The voltage 
measurements made i n these standardisations are set out i n 
Talale XX. The true standard resistance i s denoted Rg, while 
the resistance iDsing standardised i s denoted Rgo The' voltages 
across these resistances are denoted Vg and respectively. 

TABLE XX 
STANDARDISATION OF 'STANDARD' RESISTANCES 

• EXPERIMENTAL RESULTS 
(a) Standard resistance Rg = 1 ohm. ^ ̂ 2 

lO^x Vg (VOLTS). lO^x Vg (VOLTS), RATIO Rg/Rs-

0.00922 0.05622 6.0976 
0.00922 0.05622 6.0976 
0.01810 0.11053 6.1066 
0.01808 0.11052 6.1128 
0.01808 0.11049 6.1112 
0.01808 0.11048 6.1106 
0.09771 0.59727 6.1127 
0.10540 0.64420 6.1120 
0.20390 1.2440 6.1010 
0.20350 1.2425 6.1057 

Average r a t i o = 6.1068 ohms. 
1 î si' 



TABLE XX. (Continued). 

(ID) Steaidard resistance, Rg = 1 0 ohms. R2 = 1 0 x 5^ R s 

1 0 X Vs (VOLTS). 1 0 X V 2 (VOLTS). RATIO Rg/Rg 

0 . 1 9 1 3 0 0 . 1 9 3 5 7 1 . 0 1 1 9 

0 . 1 9 1 3 0 0 . 1 9 3 5 7 1 . 0 1 1 9 

0 . 1 9 1 2 9 0 . 1 9 3 5 6 1 . 0 1 1 9 

0 . 1 9 1 2 8 0 . 1 9 3 5 5 1 . 0 1 1 9 

0 . 1 9 7 6 4 0 . 2 0 0 0 0 1 . 0 1 1 9 

0 . 2 0 3 2 5 0 . 2 0 5 6 8 1 . 0 1 1 9 5 

0 . 2 0 3 2 6 0 . 2 0 5 6 9 1 . 0 1 1 9 5 

0 . 2 0 3 2 7 0 . 2 0 5 7 0 1 , 0 1 1 9 5 

0 . 2 0 3 2 7 0 . 2 0 5 7 0 1 . 0 1 1 9 5 

0 . 5 1 4 2 0 0 . 5 2 0 3 2 1 . 0 0 1 9 

0 . 8 3 5 4 4 0 . 8 4 5 3 8 1 . 0 1 1 9 

0 . 8 3 5 3 2 0 . 8 4 5 2 5 1 . 0 1 1 9 

Average r a t i o Rg/Rg = 1 . 0 1 1 9 Rg = 1 0 . 1 1 9 ohms. 
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APPEaroix IV 

TEMPERATURE COEPPICIEMT OP RESISTANCE OP THE 
CELL WIRES. 

The method used to f i n d the temperature coefficient of 
resistance of the c e l l wires has been described e a r l i e r (see 
Section V.2c)o Someof the experimental Results are set out 
i n thie tables below. These r e s u l t s are also expressed 
graphically i n Figures 22,23 and 24, which show the variation 
of the r a t i o R^/Rg with temperature, where R^ i s the 
resistance of the c e l l wire and Rg i s a standard resistance 
whose value i s constant and known (see Appendix III)« Por 
any given c e l l , the value of Rj/Rg i s c h a r a c t e r i s t i c of the 
temperature of the c e l l wire. Therefore, since Rg i s 
known, the value of R^ can be found at any given temperature. 

Some of the voltage measurements made using c e l l I are 
shown i n Table XXI. V j i s the voltage drop across the c e l l 
wire and Vg i s the voltage drop across the standard resistance 
Rgo The r a t i o V^/Vg i s equal to the r a t i o Ri/Il2« Similar 
data readings are taken at several different ten^eratures to 
give the necessary data for the temperature against R^/Rg curves. 
The data for the three c e l l s are set out i n Table XXII below. 
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(a) 

TABLE XXI 

EXPERIMENTAL RESULTS FROM CELL I 
Standard resistance, Rg = 6.1068 ohms, 

Thermostat temperature = 53.90°C. 

lO^x V-L (VOLTS). lO^x Vg (VOLTS)1 RATIO R 1 / R 2 . 

0.07282 0.05519 1.3194 
0,07280 0.05519 1,3191 

0.07281 0.05519 1,3193 

0.09384 0.07112 1.3195 

0.Q9382 0.07112 1.3192 

Average r a t i o R̂ /Rg = 1.3193 

Thermostat temperature = 56,66 C. 

lO^x V i (VOLTS). lO^x Vg (VOLTS). RATIO R̂ /Rg. 

0.09458 0.07110 1.3302 
0.09458 0.07110 1,3302 
0,09457 0.07110 1.3301 
0.07381 0.05547 1.3306 
0.07380 0.05548 1,3302 

Average ratio:. R̂ /Rg = 1,3302 

- loa -



TAB^! XXII 
DATA FOR TEIAPERATURE AGAINST .R̂ /Rg CURVES. 

CELL I , Standard resistance Rg = 6,1068 ohms, 

THERMOSTAT 
TEMPERATURE °C, 

AVERAGE RATIO 

30.45 1,2303 
35,10 1,2475 
47,99 1,2969 
53.90 1,3193 
56.66 1,3302 

CELLS I I AND I I I . Standard resistance Ro = 10.119 ohms. 

CELL I I CEIL I I I 
• THERMOSTAT 
TEMPERATURE ̂C. 

AVERAGE RATIO 
Rl/Rg. 

THERtlOSTAT 
TEMPERATURE °C. 

AVERAGE RATIO 
R̂ /Rg. 

41.36 0.8334 40.19 0.9802 
45.69 0.8441. 50,20 1,0091 
50,70 0.8570 60,01 1,0369 
56.16 0.8698 69.45 1,0636 
62,46 0.8861 79,97 1,0933 

88.45 1,1180 
99.81 1.1486 
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APPENDIX V 

THERMAL CONDUCTIVITIES PROM THE NATIONAL BUREAU 
OP STANDARDS CIRCULAR NUMBER 564 

The references gases used i n the determination of thermal 
conductivity i n t h i s investigation are ARGON, AIR and COg. 
The thermal conductivity values assumed fo r these gases are 
taken from the National Bureau of Standards Circular Number 564 
(24). These values are the results of an analysis by the 
National Bureau of Standards of the experimental values obtained 
by many d i f f e r e n t workers. The sources of the experimental 
re s u l t s are shown i n references 20 (ARGON), 21 (AIR) and 22 (CO^. 
To get the best possible expressioh f o r the v a r i a t i o n of thermal 
conductivity w i t h temperature, the experimental results are 
f i t t e d t o the empirical equation 

A- = _L. . a. JT 
Xo Ao ̂  1 + 6 X 10-^ 

T 
where \Q i s the thermal conductivity at 0°C, A i s the thermal 
conductivity at temperature T, and a, b and c are constants f o r 
any gas or vapour. The values of XQ, a, b and c f o r ARGON, 
AIR and COg are shown i n Table X X I I I . These values of XQ, a, 
b and c are determined from the analysis of the experimental 
r e s u l t s , and when they are known, the above equation can be used 
t o express the v a r i a t i o n of thermal conductivity with temperature. 

- 10:6 -



The equation i s expressed graphically f o r ARGON, AIR and COg 
i n Figures 4, 5 and 6. 

TABIil m i l . 

DATA FROM THE NATIONAL BUREAU OF STANDARDS CIRCULAR NUMBER 564 
FOR CALCULATING THERMAL CONDUCTIVITY VALUES FOR ARGON. AIR AND 

CO 2i 

ARGON. AIR COg. 

10^ X AQ. 39,05 . 57,70 34,77 

T«5 
10 X a. 0,3790 0,6325 4.608 

b. 179,59 245,40 6212.0 

c. 10 12 10 
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APPENDIX VI. 

PURITY OF THE GASES 
ARGON 

TM, ARGON was supplied i n cylinders hy the B r i t i s h Oxygen 
Co.Ltd., and i t s p u r i t y was hetter than 99,5^ 

9 0 2 ^ 

Pure C©g was olDtained t y heating Analar sodium hlcarhonate 
and freezing out the large quantities of water also produced, 

AIR. 
Atmospheric AIR was used aft e r passage through strong 

a l k a l i . t o remove .COg then through a 'Drikold' trap t o remove 
moisture. 

CHr^Br, 
The CHgBr vapour was passed through concentrated HgSÔ  

to remove ethylenic ccmpo\inds which were the only suspected 
impurities. 

This was p u r i f i e d "by Dr. W.K.R. Musgrave using a gas-
l i q u i d chromatographic technique. I t contained no detectalJle 
impurity, 

CCla.CFrt. 

The CClg.CFg was p u r i f i e d by f r a c t i o n a l d i s t i l l a t i o n , 
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gqRimr OP THE GASEa 
ARQOH 

.fM uas suppliGd i n cylindejps by ths Bs?iti8h Os^gesi 

Gp»Ltd$ p and i t s pa2>it3r was bette? than 99«5^ 

PuTO Cdg o'btainod t^r heating Anala? sodium t>ica£%onat@ 
and £s>eezing out the la^gs quantitios of uateip also p?odneed* 

AtmoQph3?io uas used aftof> passage through strong 
a l k a l i to PomoTTe COg then through, a 'Drilsolfi' trap to removQ 
moisturoe 

OHp^ 
Th@ CHgBr vapour was passed through ooncentratea B^O^ 

to remove etharlenic cosspounde uhich were the only suspeeted 
impuritieso 

This nas p u r i f i e d t}y DTO W«EOR« ISusgrave using a gaso> 
l i q i i i d chromatographio technigiie* Zt contained no detectable 
impurityo 

The CCI30CF3 uas p u r i f i e d bgr f r a c t i o n a l d i s t i l l a t i o n . 

lOB ^ 
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