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SUMMARY

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

A review of the available methods for doing this showed
tha£ a method due to gSenftleben (1) was by far the most simple
and would probably be easiest to extend over the necessary
temperature:range. However, it was comparatively untried, and
the only investigation to be found in the literature using this
method was that of Senftleben himself. A further point was
that 1t was necessary to determine fhe thermal conductivities
of the materials under investigation, using the éame apparatus,
before their heat capécitieé could be determined. It was
therefore decided to determine whether this method could give
reliasble heat capacities and thermal conductivities over a
range of tempefatures. '

Early measurements showed that, while reasonable thermal
conductivity values could be obtained using this method, this
waslnot the case for heat capacities. Further measurements
éohfinmed that the.heat capacity results which were obtained
were neither accurate nor consistent. Therefore the emphasis
| of the 1nvestigation turned to the determination of thermal
conductivity, and this property was determined for several

substances over a temperature renge from about 30°C to 100°C.
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In the derivation of his expression for heat capacity,

Senftleben makes several assumptions. These are réviewed in
Section IV; It was concluded that some of these assumptions

may not have been .valid, and'that the method was probably in

need of reinvestigation.



SECTTON I.

REVIEW OF THE EXPERIMENTAI, METHODS FOR DETERMINING THE HEAT

CAPACITIES AND THERMAL CONDUCTIVITIES OF GASES.

1.1 HEAT CAPACITIES.

A preliminary survey of the literature revealed four
possible methods.
I.1l.1l. HOT WIRE OR SENFTLEBEN'S METHOD.

The hot wire method, which was eventually used in this
investigation, is one quité recently defised by Senftleben(l).

In this method, the gas or vapour under investigation is
contained in a horizontally placed glass cylinder with a fine
platinum wire stretched along its axis. This wire is heated
electrically, and the electrical energy Q, needed to maintain
the axial wire at a temperaﬁure © above that of the surrounding
thermostat bath is measured at various pressures.

This procedure is repedgted for a reference gas of known
heat capacity and thermal conductivity, and graphs of Q against
pressure are drawn, From the low pressure regions of these
graphs values of thermal conductivity are found. These are
then used in conjunction with Q values from the high pressure
regions of the graphs to calculate Cp values for the materlal
.under investigation. In the only experimental investigation
- using this method, the results obtained by Senftleben were
generaily wiﬁhin about_l% of the commonly accepted values

for the substances investigated at 30°g,



The only drawback to the method appears to be the fact
that it is relatively untried and has only been used at 30°C.
In the derivation of his final equation for Cp, Senftleben makes
several assumptions which may turn out to be unjustified (see
Secfioﬁ iV). Also, it is necessary to determine thermal
conductivities before heat capaciﬁies can be found, which adds
a further pdssible source of inaccuracy. However, Senftlebén's
results were quite reéSOnable,-and there are several advantages
to_using the method.

The greatest factor in its favour is its great simplicity.
The apparatus is extremely simple when compared with that used
in'other methods, and only a small part of it need be
thermostatedﬁ- The measurements themselves are quite easy to
meke and calculation of results from these measurements is very
simple. These factors should facilitate the extension of the
method to higher temperatures. Furthermore, Senftleben assumes
that since this is a comparison method, small errors cancel
out to a large extent, renderihg the application of corrections
unnecessary. With refinement, it is possible that the ﬁethod
could give very accurate results.
I.1.2 CONSTANT FLOW METHOD,

‘The éoﬁstant flow method is af present the best known and
most agcurate method of finding the heat capacities of gases.

It was devised by Callendar and Barnes (8) for finding the heat
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'capaeities,of iiquids, then modified by Swann (3) for application
to gases, gince 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.

In principle, the method consists of passing the gas or
vepour under investigation over a heater at a constant known
flow rate.' The temperature of the material is measured before
and after passing over the heater, From a knowledge of the
rate of heat supply to the gas, its rise in temperature and
its flow rate, the heat capacity of the gas can be calculated.

The essential part of the apparatus needed in this method
is a tube containing two thermocouples for measuring the
temperature of the mater1al flowing through the tube. A small
heater is situated between the two thermocouples. The tube,

" which is immersed in a thermostat bath, is generally U shaped
and so_constructed that direct radiation from the heater to the
thermocouples is réduced to a minimum. The incoming gas or
vapour is brought first through a long copper or glass spiral
so that the material can attain thermostat temperature. The
gas is then brought into the tube containing the thermocouples
‘and heater, and its initial temperature is measured using the
_first thermocouple. It is then Warmed slightly by passage
over the heater and'ite final temperature measured using the

second thermocouple. The flow rate is adjusted so that the



rise in temperature 1s constant and small, after whicht he flow
rate itself must be kept constant.

‘The practical difficulties.of this method are enumerated
below. |
'I. le2.1. After passing over the heater, the temperature of
the gas stream tends to fall before reaching the thermocouple
where its final temperature is measured. This mﬁst 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 in 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, usé of a very thin walled glass tube under-
'preSSure would be impossible. This sets a limit on the use
of this method. |

(b) Pitzer (4) uséd a silvered U tube-of normal glass.

This was surrounded by a vacuum jacket. However, he measured
the final temperatures of the gas using two thermocouples at
different distances from the heater. Apparent hea£ capacities
were calculated from both meésurements and an extrapolation
procédure used to find the true heat capacity.

I, 1.2.9.‘_ Achieévement of constant gas flow rate is difficult

end once more, several different methodshave been used.




(é) Several workers (4. 5a.b.c. 6) have used a method where
the liquid under investigation was boiled at a constant rate;
providing a constant stream of vapour. Electrical heating was
used for the boiler in all cases. Since mains voltages are

not steady, Waddington, Todd and Huffmann (6) used high capacity

" . batteries to provide a constant voltage for the heaters. To

ensure steady conditions, the boiler was surrounded by an
evacuated jacket which was further surrounded by a thermostat
bath at the boiling:pdint temperature of the material under
investigation.

(b} De Vries and his co-workers (5d.e) placed the liquid
"under investigation in a hypodermic syringe. The plunger was
then depréssed by a constant speed electric motor to which it
was connected by a screw arrangement. Drops of liquid from
the syringe fell 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
wem obtained instead of a constant stream.
Io 1.2.3. Initially, inefficient heat exchange between the
'gas_stream and the heater and the thermocoupies 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

heater. To do this, Sinke and De Vries (5) made measurements




at diffexient. flow rates but with the seme heater temperature.
Frbm.the measurements, apparent heat capacities were calculated
and an extrapolation procedure used to obtain the true hegt
capacity. '

The constant flow method has been used up to aﬁcut 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
gbout 0.5% at Toom temperature changing to sbout 1% at 200°C.
This accuracy is quite good but the practical difficulties
are considerable and could prove to be insuperable at high
temperatures.

L. 1.3, METHOD DUE TO BLACKETT, HENRY AND RIDEAL.

. Blaékett, Henry and Rideal devised a constant flow
comparison method, and used it at around room temperature,

It has also been used by other workers (9) voth in the original
énd in modified forms, with varying degrees of success,

The method consists of heating a fine iron tube electriéally
in éuch a way that symmetrical temperature gradients are set
up ffom the middle of the tube to its ends. When the material::
under investigation is passed through the tube, the symmetry
of these temperature gradients is destroyed. The situation
is illustrated diagrammatically below where the full line shows
the symmetrical temperatufe gradients and the broken line

fepresents the situation when a gas is passing through the tube.




TEMPERRTURE.
A

— —— .
. -~

-.F—; LENSTH OF TUBE. - ‘—4

DIRECTION OF FLOW >

The chaﬁge.in temperature, ©, at any point can be
" measured b& thérmécouplés welded to the tube. The heat
._capacity,‘Cp, of the gas undef investigation ié proportional
fo © and inversely prapprtional"tO‘the flow rate F.

| i.e. Cp ¢ ©/F

The procedure 1s repeated for a reference gas of known

heat capacity (subscript o) and the equation

A
Cpo  (&/F)0
used to find Cp, which is the only unknown.

To achieve constant gas flow, Blackett, Henry and Rideal
.used a constant speed electric motor td drive a piston along
a chlinder containing the gas under investigation. This
| sysfem was improved by Henry (9a.). Bucken and Sarstedt (9b)
and Potbp (9c.) passed the material through fine capillaries
or a membrane across which was maintained a constant pressure
gradient. |

An extension of this method has been suggested by




Chapman (10). His suggestion was that two fine iron tubes as
nearly identical as possible be used. The material under
investigation is passed through one of these tubes while a
reference gas of known heat capacity is passed through the
other. Their flow rates are adjusted so that the temperature
at the middle of each tube is the same. When this condition
is attained, the ratio of tﬁe two flow rates is equal to the
ratio of the heat capacities of the two gases. In practice,
it would almost certainly 56 impossible to obtain.two identical
tubes. This difficulty can be overcome either by interchargng
tﬁe gases in the two tubes or by passing the same gas through
both tnbes. In this way, the necessary correctiop factor can
be evaluated. The method does not seem to have been used in
“practice,

Another adaptation of this mgthod was devised by Bennewitz
and Schulze (9e). A uniform temperature gradient was established
along the length of a glass tube. The disturbance of this
..témperature gradient when a gas is passed through the tube is
compensated by electrical heating. However, it was only
'éfter a long and difficult investigation that Bennewitz and

: Schuize obtained eny reasonable results. On the other hand,
ﬁailey and Felsing (9f.), using the same adaption, claim that
results can be obtained fairly easily and accurately up to 100°C.

_ The original method was used successfully by its authors

- 10 -



at around room temperature. It has also been used fairly
successfully up to about 20090. by Eucken 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 reiied upon to give accurate

results. The reasons which he put forward wers that it 1s

impossible to obtaih steady conditions, especially at higher
temperatures, where it is difficult to measure temperature
accﬁrately. Also, the welding of thermocouples to the delicate

iron tube upset the conditions necessary for obtaining accurate

heat capacities. ' . _ -
. _ Pl
There is a certain amount of disagreement between the <

various suthors as to the value of this method. Bullding and .
developing the necessary apparatus would almost certainly prove
to be a long and difficult process and even then, accurate

results may not be obtained._ The Chapman method has not been

- .investigated experimentally, but the difficulties would

probably be'much the same as'those in the original method.

~ Such an investigation would therefore probably prove to be

' unfruitful.

This method was -not actually devised by Regnault, but he
was the'first worker to use this method to obtain results of
any accuracy (11). The method coneists_siﬁply of passing the

preheated gas or vapour into a calorimeter containing a liquid

T



of lknown heac capacity. From the rise in temperature of the
calorimeter 1iquid, the heat capacity of the gas or vepour can
be calculated. ‘ |

There abe, however, several difficulties for which
accuratc corrections cannot be made.

(a) Only the mean heat‘capacity of a gas over a range of
tcmperature can be found. This is highly undesirable for
compounds whose heat capacities are strongly temperature
-dcpendent.

(b) There can be considerable heat loss from the tube along
which the gas passes into the calorimeter, This can be partly
overcome by heating thic_tube to the same temperature as that
of thé furnace which is hcating the gas.

Unfortunately, this causes the supply of a considerable
amount of heat directly to the calorimeter besides the heat
supplied to it by the gas in cooling. |

(c) Some of the compounds in which we are interested are
liquid at room temperature. Unless the calorimeter is

initially at a temperature above their boiling point (which
would involve further heat loss errors) the final calculation
~of the heat capacity will be complicated by latent heat effects.
Unfortunately,.the latent heats are very large compared with
the other quantities measured, and accurate correction is
almost impossible.

Despite these difficulties, the method was used by Holborn

- 12 -



end Austin (12) to measure mean heat capacities up to 800°C.
An accuracy of 1% is claimed for these results. Holborn and
Henning (13) extended the method to 1400°C, but the results

were not so accurate as the previous ones.

CONGEUSION.

.From this review;_it can be seen that; while the
difficulties in the other methods are not insuperable, Senftlebens
method is experimehtally by far the.simplest and 1t appeared
that thefe wpuld be no difficulty in employing this method for

determiﬂing heat capacities at elevated temperatures.

I, 2., THERMAL CONDUCTIVITY.

There appear to be two general methods of determining
gaseous thermal conductivitiss,

I. 2.1, PARALLEL PLATE METHOD.
I. 2.2. - HOT WIRE METHOD.

‘The two methods are very similar in principle, the
difference between them being that In the first method the
rate -of heat transfer between two parallel plates is measured,
wh;le in the sécond method measurement 1is made of the radial
'heat transfer from a hot wire surrounded by the gas under
investigation.

I. 201, PARALLEI, PLATE METHOD., -
The parallel plate method was devised by Stefan (14) then

- 13 -



developed andimproved by several workers although it is not
now in common use.

One of the earliest developments of this method was due to
Winkelman (15) who used concentric cylinders instead of parallel
plates. The annulus between the cylinders was filled with the
gas under investigation at a known temperature. The outer
cylinder was then cooled to 0°C by plunging the apparatus into
iée water. From the rate of cooling of the inner cylinder
under these conditions, the thbnmal conductivity of the gas
could be calculated. The ﬁethbd can be used as a comparison
‘method or to meke absolute determinations in which case
' gprrections for radiation and conduction along the gas inlet
iead are necessary.

~ Hercus and Laby (16) used two horizontal parallel plates
of silvereﬁ_copper with a guard ring. The top plate was
héated electrically while the bottom plate was cooled with
running water, With this arrangement, heat transfer is in a
downward direction and convection effects are eliminated.
Above the top plate and guard ring was placed another plate at
ﬂhe same temperaturé as the top plate. This ensured that all
the heat loss from the top plate was in a downward direction.
From fhe rate of heat supply to the top plate and the dimensions
of the spparatus it was possible to calculate the thermal
conductivity of the gas betweén the plates. Again, a

rediation correction was applied.

- 14 -



_ However, it proved difficult to obtain consistent resultg
using this method mainly because of the difficulty in keeping
the conditions steady over a long enough period of time to
complete the necessary measurements.

I, 2.2, HOT WIRE METHOD,

This is generally known as the Schleiermacher method
although the principle was used before Schleiermacher himself
used it to measure thermal conductivity (17). It is now the
most commonly used method of determining gaseous thermal
conductivities. |

The.apparatus consists.essentiallwa a narrow tube with a
fine platinum wire stretched along its axis. The gas or
vapour under- investigation is passed into this cell at fairly
low pressures as this reduces convection eff_ects° The axial
wire in the cell is heated electrically and a known temperature
gradient established between it and the walls of the cell,
| From a'knowledge of the energy dissipated in the wire, the
femperature gradient between the wire and the walls of the cell
and the dimensions of the cell, the thermal cohductivity of the
'gés or vapour can be calculated.

This method requires very careful attention to detail when
making sbsolute determinations of thermal conductivity, and the
'original method has been very much improved byt he work of
various investigators (18). Some of the improvements in design
of the appafatus and application of corrections are enumerated

belows
- 15 =



I. 2.2.1. A correction for.the radiation of heat from the axial
‘wire must be.made, although this can be reduced by using a
very fine platinum wire with a small radiating surface.

I. 2.2.2. A small correction must be made for the temperature
dfop‘across=the'walls of the vessel, the inner surface of the
wall beiné at a slightly higher temperature than the outer
surface.

To 20253, A.further correction must be made for the effects
which arise at the ends of the cell due to non-uniformity of
the Qell'itself, and to the conduction of heat from the axial
wire through the metal electrical leads which are much better
conductors than the gases in the cell. Three different types
of cell have been used to eliminate or to aliow for correction
of these effects. |

(2) Compensating cells as used by Dickins (18d). This
method involves the use of two cells which differ only in
length, so that'by a process of subﬁraction, measurements are
obtained which refer effectively only to the uniform central
portion of the longer tube.

(b) The thick wire cell which was déveloped by Kannuluik
and Martin (18c.). In this method, no attempt is made to
minimise conduction of heat along the leads, but the cell is
so. constructed that end effects can easily be corrected for by

a mathematical treatment.
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(¢) The potential lead cell which was used in gradually
improving forms by Schleiermacher (17), Weber (18a) and by
Johnston and his co-workers (18b.c). In this type of cell,
very_fine potential leads to the axial wire are used. They
are attached to this wire in such positions that measurements
are effectively giade only on the central portion of the wire
which is in the uniform.part of the tubse. In this way,
conduction along the electrical leads is ¢ut down because of
théir extreme fineﬁess, and the end correction is very small.
I. 2.2.4. The last important correction is for the effect of
accommodation and the temperature discontinuity which accompanies
it. According to Knudson (19), when a molecule of a gas at
temperature @ strikes a hot surface at temperature @", the
final temperature .of the gas molecule @', lies between © and 6".
‘This gives rise to the relationship

e -6 = «x(e" -0)
whers o< 1s called the accomodation coefficient,

From this it cen be seen that there will be a small
temperature discontinuity at any solld-gas interface where the
s0lid and the gas are at different temperatures. For the
purpose of the hot wire method, Dickins_(lad) has shown that
‘the effect is more lmportant at the hot wire than at the wall
‘of the vessel, where the effect is negligible: The effect is

aiéo-more_important at low pressures than at high pressures,



In the hot wire method, the measurements for the determina-
tion of thermal conductivity are made at low pressures to
eliminate convection effects. The resulting thermal
conductivity values show a dependence on pressure due to the
effect.of temperaturé dmscontinuity. High pressure measurements
which would eliminate temperature discontinuity effects are
impbssible-because of convection effects. These difficulties
are overcome by an extrapolation procedure. Conductivity
measuréments are madeé at several different low pressures where
- convectlion effects are negligible. These results are then
extrapolated to give an effective conductivity at infinite
pressure where thé temperature discontinulty is zero. In this
way, both convection and temperature discontinuity errors are
eliminated.

. Despite the fact that the hot wire method is the most
commonly used method for the determination of thermal
conductivity and has been used in many very careful investiga-
tions, values of thermal conductivity found by different authors
for the same substance may vary quite widely, this being
‘especially so at high temperatures. Even for such common
substanceslas AIR7; ARGON and COg, no consistent figurses are
avallable as can be seen by peference-to Figures 4, 5 and 6,
and references (20), (21) and (22). For-COQ at about 100°C,

values quoted by various authors cover a range of about 7% of
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the values themselves, although this variation is much less
.near_room temperature. for AIR, the values found 1n the
literature cover a range of 2 to 5% over the whole temperature
range from O°C to 100°C.  The values availsble for ARGON are
'slightly more consistent than for AIR or 002, but even so,
the variation is still appreciable.
| It is obvious from these remarks then that all of the

difficulties in_this method have not been removed, but despite
this, it remains fhe best method of obtaining absolute values
of the thermal conductivities of gases.
I. 2.3, SENFTLEBEN'S METHOD.

| Senftleben's method, which is described in the previous
section on-methéds of determining heat capacity, is only a
simple variation on the sbove hot wire method.

Measurements are made on two substances under sbsolutely
identical_conditions, and from these meaéurements, the ratio of
the conductivities of the two gases can be found. To find an
unknown thermal conductivity from this ratio, the thermal
conductivity of one of the gases must'beiknown. As pointed out
earlier, it is viftually impossiﬁle to find a substance whose
thermal conductivity can be sald to be accurately known.
_3owever, thermal conductivity ratios found by Senftleben agree
very well with the ratios of values found in the literature for
the common gases. |

Thus the method would appear to be quite valid, and once
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more, it is much simpler experimentally than the other

methods described above.
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SECTION II

SENFTLEBEN'S METHOD FOR DETERMINING THE THERMAL CONDUCTIVITY
AND HEAT CAPACITY OF GASES,

The gas or vapour under invesﬁigation is contained in a
horizontally piaéed glass cylinder with a fine platinum wire
-strgtched along its axis. This wire is heated electrically.
From thé electrical enérgy Q, needed tp”maintain the axial
wire at a temperature 60 above that of the surrounding
thermostat bath at various pressures, first the thermal
conductivity A, then the heat capacity Cp of the material
under investigation can be found.

-II. 101; DETERMINATION OF THERMAL CONDUCTIVITY.

In this method, thermal conductivities are determined by
cdmparison of the low pressure regions of two Q against P
graphs, one for th§ material under investigation and the other
for a gas of known thermal conductivity. A diagrammatic Q
against P curfe of the type which might be obtained for any gas
or vépour is shown in Figure 1.
| At low pressures, there is no convection, and ignoring the
sma;l corrections for radiation and conduction of heat along the
electrical leads, energy is transferred from the hot wire to
the walls of the vessel by conduction only. If this state of
affairs persists, Q eventually becomes independent of pressure

(curve ABC, Figure 1), and its value Q' is then directly
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proportional to the thermal conductivity of the gas in the tube,
In practice, however, convection effects always appear before
the h6fizonta1 portion of thq curve is realised. These effects
are shown in Figure 1 by the curve EF which has its zero at

Q@ =Q'% gince the conduction and convection effects are
additive, experimentally the composite curve ADE in Figure 1

is obtained. - However, this curve always shows a point of
inflexion at § = Q' so that there is no difficulty in obtaining
values of Q' from the experimental curves.

To determine an.unknown thermal conductivity, Q' values
are obtained from the Q against P curves for the gas under
investigation and for a comparison gas of known thermal
conductivity. Since these Q' values are proportional to the
thermal conductivities of the respective gases (see section

1I.1b), one arrives at the expression

g; = _A or AN = Ao.@
Q o) AO Q0.

where the subscript o refers to the comparison gas of known
theﬁnal conductivity, Ao.

| Since Ao, Q and Qo are all known, the unknown thermal
conductivity A, is easlly evaluated.

'IT. 1.2, THEGRY OF THE DETERMINATION OF THERMAL CONDUCTIVITY.

Let L be the length of the axial wire, ry its redius and
T, its temperature. To is the temperature of the wall of the

glass tube, and ry, its radius. The temperature gradient at
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gniy Point bétween the axial wire and the walls of the tube is

dT.
" Assuming that all the energy is transferred from the axial
. wire by conduction, the amount of enefgy passing per second

through the surface of a cylinder of radius r is given by the

expression

Q! = = >\o2TTPLo- _d_T_ (1)°
“ dr

- FPor this particular case, the total heat loss per second,

@', can be found by integrating equation (1) between. the limits
of.rl and rg, and-".['1 and T2.

Lo . 2
Q! S dr = 3 -2WLA. ar

r "
! .

Q!(in ry- 1n ry) - 2TWLA (T - T1).

2TLA (T - Tp).

. Therefore, writing Tl - T2 =0,

A = Q! Eln ro = 1In v ) . (2).
- . ( 2mLe )

In experiments to find thermal conductivities, rys Ty
and 27TL remain constant and measurements on different gases
ere all done under identical conditions, so that T, and Ty
also remain constant. In equation (2) then, the expression

inside the brackets remains constant, and the equation can be

written .
. A = QEBO
where B = (1n rg - 1n rq ) - a1 : f
' and is cons .
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" The value of A therefore is directly proportional to the
value of Q! | |
| I'tl' is obvious that by combining the expressions for the
two substances, one of which is designated by the subscript o,

one arrives at the expression

_A_' = !.Bo or _L [ g_
A0 Q%.B - A0 Q0

Prom this, A = Ao. §__ (3).
Qo
This equation is used as described earlier to find an

unknowh thermal conductivity.
'II. 2.1. DETERMINATION OF HEAT CAPACITY Cp.

The heat cepacity of the gas under investigstion can be

obtained from the expression

Cp = Cpo. EE_/Amo
o%_

Y
where the su'bscript o again refers to a reference substance of

known heat capacity and thermal conductivity, Cp is the molar
‘heat capacity, p is the gas pressure and Am can be evaluated
from the experimental data from the high pressure' regions of the
Q against P curves (see Section II.2b). The term A/ Ao

is obtained as shown in the preiious 'section., Cp can therefore
be evaluated if Cpp and Ao are known.

I, 2.2. THEORY OF THE DETERMINATION-OF HEAT CAPACITY Cp.

It is convenient at this point to set ocut the meanings of

the symbols used in the following dscussion:-
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o
T

Energy lost per unit area per unit time from the platimum

Wire o

‘Total energy lost per unit time from the platimum wire.

Surface. area of the platimum wire.

Temperature difference between the wire and the walls of

the cell.

Diaﬁeter of the platimum wire, = 2r;.

Density of the gas.

Coefficient of thermal expansion of the gas (1/T for gases).

‘@Gravitational constant.

Thebmal conductivity of the gas.
Viscosity of the gas.
Molar heat capacity of the gas at constant pressure.

Heat capacity per gram of gas at constant pressure.

" In an earlier paper (23), Senftleben has discussed the

problém of heat transfer under the conditions prevailing in

this investigation, i.e. between horizontal coaxial cylinbrs

where 9 {( To. At higher pressures where heat transfer takes

plaée both by conduction and convection, Senftleben assumes

that in the convective movement of the gas, only streamline

flow of the gas is operative and there is no turbulent flow.

' Fé#_a discussion of heat transfer under these conditions,

1t 18 convenient to define three dimensionless quantities.

They are: -
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The Nusselt number, Nu = Q.1 (4a).

AF©
The Grashof number, Gar = ;nga;g, (4pv).
112
The Prandtl number, Pr = _cp.n (4c).

Thése three dguantities aré related by the expression
Nu = £ (Gr.Pr).

' The precise nature of the function involved in this
expression cannot be found on a theoretical basis. From an
analysis of meny experimental observations however, Senftleben
showed that the relationship between Nu and the product Gr.Pr.
Was.best expressed by the equatibn

Mu = £(er.Pr) = _2_ |1 - _.033 (/1 + mHar.pr)¥ - 1)-(s)
in % ID%IGI%PI';Z 0033 )

where s = 1 +

4.5 4
F . (Gr.Pr)?
For a wire of surface area F, length L and diameter 1,

equation (4a) cen be written

M = TTL%G (4a)

Q values are obtained from the high pressure regions
(50'- 80 cms) of the Q against P curves for the gases involved.
1T, L, and © are knowh, and A has been previously determined.
Thus, using equation (4a), Nu values can be found. For each
vélﬁe pf Nu, a corresponding value of.GroPr can be found using.

equation (5). . For practical use, equation (5) is expressed
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graphically (see figure 2), and the graphs drawn in large
scale sections. |

| 'In this way, experimental Gr.Pr values for the gas under
-investigatioh and the reference gas are obtained. Senftleben
uses these to define a quantity Am. |

gr.Pr (Experimental) (6).
Gro.Pro

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

For any arbitrary set of conditions which are identical
for both gases, theoretical values of Gr.Pr and Gro.Prg. can
be found by insefting the appropriate values of A, Cp, m etc.
in the definitions of these quantities (equations (4b) and (4c)).
These are used to define a quantity A.

A - GI‘oPI‘
G‘rooPro

(Theoretical) (7).
According to Senftleben, the experimental conditions in
the determination of the experiméntal values of Gr.Pr and
Gr'o.Prg are not identical. This is attributed to differences
in the thermal properties of the two gases, these differences
causing differences in the flow conditions of the two gases
when conwvection takes place. As a result, experimental Gr.Pr
and'Gro.Pro values are not exactly equal to the theoretical
values as defined using equations (4b) and (4¢). Therefore

Am is not equél to A which was defined for absolutely identical

conditions of measurement on the two gases.
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Senftleben proposes that Am and A are related by the
expression | _ o
| A= Aeae | (8)

" where a = Pr/PrQ. | (9)

The value of a will generally be close to unity, since
for moSt gases, the values of Pr only vary between about o7
aﬁd oé.' The value of Pr involves the three thermal properties,
Cp, N and )\ . Since the difference between Am and A is said
.to be caused by_differences in these thermal properties for the
two gases, it séemé likely that. the ratio of these properties,
i.e., the ratio of the Pr values, will be some measure of the
difference between Am and A. In eany case, Cp values obtained
in this manner by Senftleben wefe very reasonable, so it seems
- that the assumption is quite valid.
| Combination of equations (7) and (9) gives

G A=a (10)
gr -

and use of equation (8) to substitute for A in equation (10)
glves

Gfo-Mm. =a or Grg = a%  (11)

Gr a Gr Am

Substitution for Gr and Gry using equation (4b) gives
£2. 13 Am : :
From Boyles Law,

P= _§ BT
A
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where f is the gas density and }L its molecular weight.
This exPression is used to substitute for f in equation (12),

and taking square roots,

a = fo.pod (1)
JET P Mo

'In_this equation, we now substitute for a <from

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

o C - Ao .P_oo fA’T

»CPo Ao P
Since p.cp = Cp, the equation finally becomes

Cp = Cpo._ﬁa. Eo. [An (14).

Using equation (.14), an unknovn heat capacity Cp, can be
determined in the manner outlined at the beginning of this
se'étion on heat capacities. If, at the beginning of the

calculation of ij_, Q values are chosen for the two gases at
the san@ pressure, equation (14) is further simplified by the

removal of the term Po/P.




SECTION III
RESULTS.

In this section, the final thermal conductivity and heat
capacity values obtained from this investigation are set down,
togéther with the experimental conditions under which the
measurements were made.

Three cells:were used to make the measurements. These
cells are numbered I, II and III in the tables in this section
and they are shown diagramatiéally in figures 7, 8 and 9,

The actual experimental results obtained from these cells are

- shown later in appendix I.

TIT. 1. THERMAL CONDUCTIVITY RESULTS.

'_ Due to the inconsistency of thermal conductivity results
found in the literature, the results quoted here are obtained
from comparisons with three of the more common gases, AIR,
ARGON and COz. The thermal conduétivity values for these three
gases were takeh from the tables in the National Bureau of
Standards Circular Number 564. (24).

These values are shown in Table I, together with the
conductivity values obtained in this investigation for AIR,
.ARGON and COg.

The thermal conductivity values shown in these tables
apply at a temperature intermediate between the thermostat

temperature and the temperature of the hot wire. Thus, in the




first.éolumn for example, the thermostat temperature is 25°C
and’' @ is 10.67°C, so that the thermal conductivities apply at
a temperature of 30°a. |

Besides AIR, ARGON and COg, the other substances
investigated were CHzBr, CClFg.CClFp, CFy, CClz.CFj and
CFClg. CClFg. The thermallcon&uctivity values found for these
cdmpounds are set-out-in Table II, together with values found

in the literature for some of the substances.
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IAHIR I

Cell Humber

I II III IIX III IXII III 11X

Thermostat Temperature °C, 25 | 35 | 35 | 35 | 50| 65 | 8 | 95
o9, 10,67 (13,0 | 9.3 |22 [12.1 12,2  |12.1 | 12.2
(By comp. with ARGON) - | 63,65 - | 64.22 | 66,61 Wm..mw 7.11|73,78
_szzb?q comp with CO,) 62,33 [67.01 | = |64.09|66.95| 69.37 ﬁ.mm 7497
 (nB.S.). 63.25 |65.15 | - |65.15 | 67.87| .51 |73.20(75.85
(By comp. with ATR) = |44e83 | = [44.39 |46.30| 4840 |50.23[50.7%
102MAR0ON) (By comp, with C0,) | = | 46411 | 44,20 | 43.66 | 45:67| 4762 | 49.36[50.04
© ®.B.S.) = | 43480 |43.75 | 43.80 | 45.44] 47.13 | 48.80|50.43

(By comp. with AIR) 40072 | 40.T4 | = | 42459 | 45.37| 48443 | 51.44 (54414
Bmzs...:& comp, with ARGON) = |39.81 | 41.50 | 41.98 | 44.53| 47.26 49.98(52.66
(5.B.8,) - 40413 | 41490 | 41.90 | 41490 | 44.75| 47.65 |50.55(53.40




THE NDUGTIVITIES OF GH.Bre CF,. CGIF . GGl .CF CFC1 . CC1F .
TABLg II THERMAL CONDUCTIVITIE 3Brs CF, ) 13___3 and OFG1, ,
FOUND BY COMPARTSON VITH ARGON, AIR AND 00, THERMAL CONDUCTIVITIES
IN GALS/SEC/CM/CC,
Cell Humber I 111 III III III TII III
Thermostat Temperature °C, 25 35 - 35 50 65 80 95
e°c. 1057 |93 | 122a | 12a 12.1 12,1 | 12.2
(By comp, with ARGON) - - - - - - -
(By comp, with AIR) 20.79 - - - - - -
106x A(GHB&) (By Comp'o with 002) 20.4—9 - = - - - -
(Literature) 18,6% - - - - - -
(By comp.. with ARGON) - 28,10 - - - - -
10§x)(CG;F2)2 (Ey comp. with.C0,) 27.42 | 28440 - - - - -
(Literature) 25.10% | 26.0% | - - - - -
(By comp, with ARGON) | - 40e4D | AD66 . |43.06 | 45,62 | 48.28 | 50.90
106x )\(CF'A) (By comp. with AIR) - - 41,19 | 43.87 46,85 49,70 | 52422
(By compe. with 002) ’ - 40080 40053 430” 46.09 48084 51.61
| (By cdmp. with ARGON) - - 23.95 | 25.36 | 26.84 | 28.38 | 30.02
lOéx)\(GCl3CF3) (By comp. with AIR) - - 24,27 | 25.83 27.56 29,22 | 30,81
(By comp. with CO5) - - 23.88 | 25.48 27.11 28,71 | 30.44
 (By comp, with ARGON) | = - 25454 | 26,05 27.76 29.65 | 31.41
| Loéx)\('cclgll-‘s- (By comp. with AIR) - - 24,86 | 26.55 | 28,50 | 30.52 |32.22
(By comp; with COp) - - 2447 | 26,18 28.04 29.90 | 31.84
x Ref. (25) .+ Ref, (26)

'Phe thermal conductivity walues from T/BLE
- graphically in Fig. 3.

II_for CFy» GCl%Eand GClF20F012 are also shown




" In contrast to their thermal conductivities, the heat
capacities of the common gases are accurately known. The
results quoted here are calculated by comparison with ARGON
only, and from Q values for each substance at 76 cms pressure.

The campounds investigated were AIR, CO,, Ny, CHgBT,
CF4 end CClF5.CClFy and the heat capacity values found for
these compounds are shown in Table III, together with other
heat capacity values found in the literature.

The heat capacity values in this table once more apply
at a temperature intermediate between the thermostat temperature
and the temperature of the hot wire, Due to the large errors
in most of the values quoted in Table III, and to the small
temperature coefficient of Cp of most of the gases, a single

value of Cp from the literature 1s sufficient for comparison

purposes,
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TABIE III

HEAT CAPACITIES OF AIR, COg, Ng, CHzBr, CF, AND CC1Fg CClPFp

IN CALS/MOLE/OC CALCULATED BY COMPARISON WITH ARGON,

Cell Number I I 11 111
Thermostat 95.05 | 25.05 | 35.00 | 35.00 | Literature
temperature °C S

e°C 29.10 | 10.67 | 17.00 | 20. 00 values
Cp (AIR) . 6.48%| - 6036 - 6.97 (27)
cp (C0g) 9.95 | 11.56 | 9.66 | =~ [ 9.30 (27)
Cp (Np) 6.17% | 6.93 - - 6.96 (28)
Cp (CHsBr) 10.80 | 14.99 - - 10.53 (29)
Cp (COlFp)g | 24.83 | 31.87 - - -
Cp (CFy) 16.00% [15,27 (30)

X These results for AIR and Ny are calculated for 59.64 smd
62.81 cms respectively. Due to the limitations of the
potentiometer, voltage readings could not be made at any

higher pressures.

Calculated by comparisén with COo, NOT ARGON.

The figures in parentheses are the numbers of the

references from which these heat capacity values were obtained.

- 35 -



FIG.k. GRAPHS oF THERMAL CONDUCTIVITY, X , OF AIR I CALS |cM[SEC/%
AGAINST TEMPERARTURE IN °K
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FIG.5. GRAPHS OF THERMAL CONDUCTIVITY, A, OF co, (cAus|em]ssc|®%)
AGAINST TEMPERATURE IN_°K.
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FIG. 6. GRAPHS oF THERMAL CONDUCTIVITY A, OF ARGON (caLs[cr]ssc]%)
AGAINST TEMPERATURE IN_°K.
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SECTION IV
DISCUSSION OF RESULTS

Thermal conductivity results from this investigation are
obtained by comparison with values for reference gases of
¥nown thermal conductivity. The accuracy and reliability of
these reference values must be examined before discussing any
results.

The reférence gases used in this invsstigation are ARGON,
AIR and CO, and the thermal conductivity values assumed for
these gases are taken from the National Bureau of Standards
Circuler Number 564. (24). These values are the results of an
analysis by fhe National Bureau of Standards of experimental
_values dbtsined by meny different workers (20, 21, 22). The
experimental results are fitted to an empirical equation (see
Appendix V) which gives the best possible expression of the ‘
variation of thermal conductivity with temperature. The
-reference values are set out graphically in Figures 4, 5 and 6
which also show several sets of experimental results obtained
by previous workers. .

| It.is at once obvious that these experimental values
frequently show considerable divergences from the National
Bureau 6f Standardslvalues. -~ For AIR and CO, the experimental

values may vary by as much as 33% from the National Bureau of
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Standards values. Values for ARGON arefiore consistent, but
the variation is still about 1% at the higher temperatures.
Coﬁparison of an unknown substénce with only one of these gases
is obviously insufficient to obtain results for which accuracy
can be claimed. Unknown substances are therefore compared
with all three gases, ARGON, AIR and COg, giving three values
for each unknown gas. The true thermal conductivities can be
~ expected to be inside the range of the values obtained in this
way.

It is of interest however, first to look at an inter-
compérison of the three reference gases. The results of such
an intercomparison from this investigation are shown in Table I,
together with thermal conductivity values from the National
Bureau of Standards Circular,

The results from cell II do not fit in well with the
general pattern and should be regarded with some suspicion.
Unfortunately, these results were not confirmed because cell
II was accidentally broken while being inspected for faults.
It was suspected that one of the pyrex-Platinum seals was
faulty (see section V, description of cell II) but the cell
was broken before this could be ascertained or the readings
confirmed.

Geﬂerally however, when compared with values obtained by
previous workers, the early results of this investigation in

the first three columns of Table I are quite good.
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Measurements were therefore made on several substances using
cell III over a renge of temperature from about 40°C to 100°C.
The results for ARGON, AIR aﬁd COg are shown in the last five
columns of Table I. | |

The values of /\002 calculated by comparison with ARGON
agrée quite well with the Nétional Bureau of Standards values
for /\'002, belng slightly smaller. The difference between the
two 1s about 0.2% at 40°C, increasing to just over 1% at about
100°C.  The )\062 values from this investigation fail'well
within the range of values obtained By previous workers.

Values of AARGON calculated by comparison with COg are
conversély greater than the NationaliBureau of Standards values
for ARGON by the same percentages as the COg values were low.
These values of AARGON also compare very well with the results
obtained by previous workers (20).

Howevef‘, \falues of AARGON and Acoz calculated by
comparison with AIR are found to be 2-3% greater than the
National Buresu of Standards values. éimilarly, when ARGON
and COg are used as reference gases to determine AAIR, the
results are 2-3% lower than the Neational Bureau of Standards
values for AAIR. Tt is significant that the more recent
' investigations of AIR by Kennuluik and Carmen (31) end Taylor
- and thnston (18b) give values. of AAIR which are respectively
about 2% and 3% lower than the National Bureau of Standards

values, This confirms the trend in the results of the present
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'iﬁvestigationo  The National 5ureau of Standards values are
'computed mainly from earlier results which are probably less
accurate then the more modern ones. Therefore, thermal
conductivities calculated by comparison with the National Bureau
of Standards values for AAIR are probsbly too high.

Recent measurements of AARGON by Kennuluik and Carman (32),
Kannuluik and Donald (33) and Keyes (26) give values which are
gbout 0.5% greater than the National Bureau of Standards values.
Thermal cénductivity values calculated by comparison with these

values then are likely to'be slightly small.

Thermal conductivity valués obtained by Johnston and
Grilly (18c) for GOy are 1-3% higher than the National Bureau
of Standards values over the-temperature range from 40°C to
100°C. However, this trend is not supported by amy other
recent results. The National Bureau of Standards values are
a good average of all the results, and thermal conductivities
calculated by comparison wilth theée are probably fealrly accurate.

From these remarks, it seems that the most accurate
| thermal conductivity vaelues are probably between those obtained
by cdmpgrison wiﬁh ARGON and those obtained by comparison with
poz. However, an average of the three results obtained should
not involve more than about 0.5% error at the lower temperatures,
énd,about 1% at the most at the'higher temperatures where the
sppead is gfeater.

Beéides AIR, ARGON and COg, the other substances
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investigated were CHzBr, CClF5.CC1Fg, CFy, CClz.CF3 and
CClF,.CFClg.  The results obtained for these substances are
shown in Table II. Measuremenfs on CHgzBr end CC1Fg.CClFg were
made only at low temperatures, and, of the five substances,
thege are the only two for which thérmal conductivity values
ere availagble in the literature.

In both cases, the thermal conducti&ity values from this
investigation are much greater than the literature values.

The values of ' ACHzBr from this investigation are about 10%
greater than the value obtained by extrapolation of the reéults
of Vines and Bennett (25) to the same temperature. The results
obtained in this investigation are perfectly reproducible; and
theré does not seem to be any reason for such large errors,
especially since the results were obtained by comparison with
-two reference gases. Unfortunately, no other values for

cbuid 5e found in the literature, but further measurements wouldc
probably clarify the situation.

Thé thermal conductivity values for CGlF2.001F2 obtained
in this investigation are about 7% higher than those found by
F.G. Keyes (26) at the same temperatures Since Keyes results
are the only ones to be found in the litérature for CClFg.CClFy,
the same remarks apply here as were made about CHgzBr.

: For-the remaining substances, i.e. CF4, CFz.CCl3 and
CClFg.CFClg, no results could be found in the literature far

comperison with the results from this investigation. The values



found for CFy aﬁe of the same order of magnitude as those for
CO, and the ratio of their thermal conductivities remains
fairly constant over the temperature range of the measurements
made here, The thermal conductivity of CFy is consistently
Just over 3% lower than that of COs.

_ The thermal conductivity values obtained for CHzBr end CF,
can be compared with those for other halogenated methanes.
Some approximate thermal conductivity values for some of these

compounds are set out in Table IV to facilitate this comparison.

TABLE IV

APPROXIMATE THERMAL CONDUCTIVITY VALUES IN CALS/CM/SEC/°C
FOR _SOME HALOGENATED METHANES.

COMPOUND CH, CF, _CClan CHzC1 CH5Br

{205 A | 75(28¢c) | 38 28(26) 26(1) 20

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

The therhal conductivity of methane is greater than that
of .AIR, and the substitution of halogen atoms for :ihydrogen
atoms léwers the thermal conductivity. The amount of the
iowering seems to depend on the size of the substituents, and
the lowering effect is in the order Br) Gl) F. However,
substitution of a Br or a Cl atom for a hydrogen atom seems to

completely swamp the effect of the remaining hydrogens, and
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the thermal conductivities of CHgBr and GHscl are only about

1l and 1 respectively of that of pure methane. = The effect of F
4 - B

atoms is much smaller, and the substitution of four F atoms for

four hydrogen atoms only lowers the thefmal conductivity of -

| pure methane by about 1
-A further illustragion of the effect of substitution is

given by Keyes fesults for 0012F2 (26). It can be seen from
these that substitution of two F atoms of CF@ by two Cl atoms
lowers the thermal conduqtivity'considerably° However, this
canpound with two Cl and two F atoms has a thermal conductivity
of the same order.of magnifudé as that of methyl chloride with
only one Cl and three hydrogen,afoms. _

It seems then that the presence of F atoms in the molecule
gives rise to anomalous thermal conductivity results when
compared with other substituted methanes., It is difficult to
corrélate these substitution effects, but they appear to depend
on the relative changes in the size and weight of the molecules

~and of the substituents.
The same trends are shown in the substituted ethanes ss
can be seen from Table V.
TABLE V

APPROXIMATE THERMAL GONDUCTIVITY VAIUES IN CALS/CM/SEC/°C
_ FOR SOME HALOGENATED ETHANES.

| COMPOUND | CoHg | CgHsCl | GC1Fg.CG1Fg|GC1Fy.CFCly|CO1.CFy

10% A 52(1) | 28(1) o7 25 24
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The figures in parentheses are the numbers of the
_references from which the values were obtained.

As.can be seen from the table, the thermal conductivity
of methane is lowered by sbout % by the substitution of CHg
for a hydrogen atom. The effect of substituting a hydrogen
atém by a chlorine atom in ethane is much smaller than the
corresponding effect in methane, the thermal conductivity of
ethane being lowered by just less than 3.

The two_COmpounds of molecular formula 020155‘5 have almost
the Saméfthermal conductivity. This is of the same order of
magnitude as, but slightly sﬁaller than that of ColHsCl.
‘Between these two cbmes CCle.CCIFg, having a slightly higher
.thenmal conductivity than the two compounds of molecular
fornula CoClzFgze This is in accordance with the fact that it
contains one less Cl and one more F atom.

We have here once more the anomalous effect where compounds
contéining several F and Cl atoms have thermal conductivities
of thé same order of magnitude as that of ColisC1l with only one
Cl atom. The relative differences in thermal conductivity
caused by substitution of hydrogen atomslby halogens are much
-smaller in the etheanes thgn in the lighter methanes.,

In conclusion, it might be said that the intercomparison
of AIR, ARGON and COg gives.quite reasonable thermal conductivity

- résults, so that there does not seem to be any reason why the
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extension of the method to other compounds should not be
successful. In support of this, the thermal conductivity
values found for halogenated methanes and ethanes in this

| in?estigation fit in quite well with'results obtained by other
authors for similar compounds.

IV. 2. HEAT CAPACITY RESULTS.

Heat capacities can be determined very accuretely and

ré_producibly so that there is no difficulty in finding a
suitable reference gas. The reference gas used in this
investigatioh was ARGON whose heat capaclty is very well known
both from expefimental and theoretical determinations. A
further advantége of using ARGON is that its temperature
coefficient of heat capacity is negligible.

The heat capacity results from this investigation are
shoﬁn in TABLE I1I, end it 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-
30% from relisble values found in the literature. What is
wofsé, the results are not reproducible from one cell to another

Heat capacity values are calculated using equation (14)

Cp..= ° Ao P Arno Am [ ]
Cro R 59 | (Am)

The values in Table III are calculated from Q values such
that p° =p = 76 cms. pressure, However, Q values were

determined for the various gases over a pressure range from



50 to 80 cms. pressure. Cp values were calculated using
several Q_values in this range, always keeping p, equal to p.
(see Appendix II). The values calculated in this way showed
toé great a dependence on pressure, besides which, this
variafion with pressure was not always in the correct direction.
For some gasés; Cp seemed to increase with increasing pressure
whilé for others, Cp seemed to decrease with increasing pressure
Also, Cp values for one substance might increase with increasing
pressure using Q.values from one cell, but decrease with
increasing pressure using @ values from another cell. Neither
the individual results nor the average of the results over the
whole pressure range were found to be any improvement on the
values in Table III.

Other Cp values w ere calculated from @ values which
corresPonded to keeping the term p, in equation (14) constant at
76 cms. pressure and varying only p, but the values obtained
suffered from the same defects as those above.

Calculation of the term.jzﬁ-in equation (14) involves the
use of -absolute values of A and Ao. The ratis A/ Ao is
found experimentally with reasonable accuracy, but a value for
Ao mst be assumed 1n order to calculate a value for A.

In this case, values of A, for ARGON were taken from the
National Bureau of Standards Circular ﬁumber 564 (24) but these

values are not necessarily correct. Small variations in the
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values of A\ and- A, can cause variations in the values of Cp
calculated from them. By' varying A however, while some Cp
values are improved, others are made worse so that this cannot
by itself be responsble for the errors in the Cp values.

The Cp values in Table III are all calculated using ARGON
as the reference gas; However, values of Cp calculated by
comparison with other gases such as AIR and COg are subject to
errors of the same order of magnitude as those in Table III.

In the experimental section (8ection V.11l) describing the
apparatus, it is mentioned that the axial wires in the cells
are not accurately centred. This might be expected to cause
some systematic error in the results. Howéver, the errors in
the results are absolutely unpredictable, so it seems unlikely
that they are caused by some constant fault in the apparatus
such as this inégcurate centering of the axial wire.

The last possible source of experimental error seems to be
the pressure and voltage measurements, but these are completely
reproducible. Therefore, an examination of some of the
assumptiéns made by Senftleben in deriving his expression for Cp
may be profitable. One of the weakest points in Senftlebens

.derivation of an expression for Cp is the assumption that

- e A (20).
where  an = (gr.pr (Experimental), A = {GI.Pr) (pneopetic
or o Tre Gr . Pry al)
end a ‘= Pr,
Pry



Senftleben doeé not give any adequate experimental or
theprétical justification fof assuming that A is not equal to
An, or that the relationship between them is Am = A.a as he.
proposes. It is however, quite.easy to investigate the
accuracy of this relationship for twolcommon gases-such as
ARGON. and COg. |

. First, ﬁsing equations (4b) and (4c), which are expression:
for Gr end Pr, an expression for A can be worked out. This is
the ratio of the theoretical Gr.Pr values for the two gases.

ar = fﬁggg_ - (4b).
. = |

Pr = cp.)‘n ' (4c)

From theése expressions, we have

A= .(Q___.)TI%PI' (Theor.) = .-o.c < A0
| Gr'g. Pr, ) 07> CPO. A

The gas density, P » is given by the expression
f = m.m

where . is the molecular weight and p the gas pressure.
Working with both gases at the same temperature and pressure,
¢ is proportional to].a, , and can be replaced by it in the

expression for A. Also, since F,.Cp = Cp, we have finally
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For a comparison of 062 with ARGON (subscript o) at 30°C,
values of Cp, N and A are taken from the National Bureau of
Standards Circular Number 564 (24). From these values,

Cp = 1.87, =1.15, Qo = 1.74 and Ao = 1.06
Cro . '#£5 | n A

therefore, A = B3.96
From experimental measurements on ARGON and C0,, values
of Am are found to vary from sbout 4.5 to 6.0. It is obvious
then that An and A are not identical.
To find a value for a, Pr values for ARGON and 002 are
taken from the National Buresu of Standards Circular Number 564.

- Pr(ARGON) = 0.677 Pr(COg) = 0.770
Therefore, & = Pr. = 1l.14
Pr,

From the figures hitherto obtained,
| a.A = 4,5

This corresponds very well with the experimental value
of Am of &bout 4.5. Unfortunately, values of Am varied from
cell to cell, and in some cases were as high aé 6. It is
obviocus then that for ARGON and COp, Senftlebens amsumption
that Am = a.A is not consistently aaccurate.

A further source of inconsistency in the results of this
investigation was variation in the experimental values of Am
whidh éhould“be reasonably constant for any two substances.

When Am values for the same substance in the same cell were
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calculated for different pressures, the variation in these Am
Valdés Qas totally unpredictable and led to the gpparent
Qariation of Cp with pressure (see Appendix II). Besides this,
Am values for the same two substances but fram different cells
were usually.quite different.

' Possible sources of this inconsistency are Senftlebens
initial equations and the relationship connecting Nu and Gr.?r.
This relationship was apparently arrived at after an examination
of meny data, but reference to Senftlebens paper (23) shows that
all the results for the variow gases did not fit this relation-
ship which was merely the best possible expression connecting
all the results. It may be that it is impossible to find a
éingle expression connecting Nu and @r.Pr for all gases.

Another assumption made by Senftleben when working out his
theory was that at higher pressures whére heat 1s removed from
the hot wire by convection, only streamline flow.of the gas from
- the hdt wire takes place. Again, this is possibly not quite
laccurate, and it 1is possible that some turbulent flow may occur.

In 1ts present state, Senftlebens method is certainly not
capable of giving accurate heat capacity results. It seems
- probable that the errors in the results arise because the
various assumptions made by Senftleben in the depivation of his
thgory are not completely valid. If this is so, then the whole
method needs a thorough theoretical and experimental re-invest-

igation, a matter far beyond the scope of this thesis.
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SECTION V
EXPERTMENTAL WORK

~ This section 1s most conveniently broken down into three
sub-sections as follows:~ |

.V.1l. APPARATUS
v.z., PROCEDURE BEFORE MAKING MEASUREMENTS ON GASES.

V.3. MEASUREMENTS ON GASES.

Vol. APPARATUS.

Voll. CELLS ON WHICH MEASUREMENTS WERE MADE,

Three different cells were used in the course of this
investigati_on° The& are shown diagrammatically in Figures 7,
8 and 9. |
CELL I.

 This cell (see Flgure 7) consisted of a glass tube of

internal diameter 2 cms. with a gas inlet lead inserted in the
middle of its length. Two narrow tubes were attached to the
ends of this wide tube and electrical leads made from 0.5 mm.
tungsten rod sealed through the ends of these, A fine platinum
wire of diameter 0.005 cms. and length 11.195 cms. was attached
at oné'end direct to the thick tungsten lead then connected to
the other thick tungsten lead via a fine tungsten spiral spring
to keéplit taut. Several loose strands of platinum wire were

passed through the spring and attached to the axial platinum
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wire and the thick tungsten lead. These ensured that the
current through the spring was never large enough to heat it.

All the platinum-tungsten and tungsten-tungsten connections
were silver soldered aed the tungsten leads were passed through
the walls of the cell by means of tungsten-pyrex seals.
Electrical leads of thick copﬁer wire were silver soldered to
the outer ends of the thick tungsten leads.

CELL II..

This cell (see Figure 8) was of length 12.60 cms. and
internal diesmeter 2.36 cms. The platinum wire (diamter 0,002
ins) was stretched along the full length of this cell and
brought out, by means of platinum-pyrex seals, into two narrow
side arms which were attached to the ends of the cell. The
platinum wire was connected to the electrical supply and
meeSuring circuits by copper wires via mercury contacts in the
two side arms of the cell.,

- It must be mentioned here that the platinum-pyrex seals
are not peffectly vacuum tight. In this case, the mercury in
the side arms completed the seals quite effectively, and there
was no noticeable leak when the apparatus was evacuated. While
_in use  however, one of the platinum-pyrex seals seemed to come
loose, resulting in a slight movement of the platinum wire in
the seal (see Section Iv). The measurements made using this

cell are therefore not very reliable.
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CELL IXJ.
- The wide glass tube from which this cell (see Figure 9)

was made was of length about 16 cms. and internal diameter 2.36
cms, The platinum wire (length 15.95 cms. and diameter 0.002
cms. ) was held between two leads made from 0.5 mm. tungsten rod
to which the platinum wire was silver soldered. The tungsten
leads were brought out of the ends of the cell via tungsten-
pyrex seéls and the connections to the electrical supply and
measuring circuits were silver soldered to the outer ends of
these leads. |

In none of the cells was the wire accurately centred
along the axis. Centming was merely done visually when the
wire was sealed through the ends of the cell.

V. 1.2, FILLING AND VACUUM SYSTEMS.

The filling and vacuum systems are shown diagrammatically
in Figure 10. The filling system consisted of a mercury
menometer for measuring the gas pressure in the cell, a trap B
for the introduction and removal of condensable vapours and a
storage reservoir A, to which was connected a moveable bulb
contaihing mercury. The prcssﬁre in the system could be
varied by raising and lowering this bulb.

Trap B was later replaced by a large glass bulb which was
attached to the apparatus by means of a ground glass joint.

This bulb could be closed to the rest of the apparatus by the
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use of a tap between the bulb and the ground glass joint.
This was more useful than the trap in that it could be filled
with pure gés froﬁ say a gas chromatography apparatus before
being attached fo the apparatus used in this investigation.

The whole of the glass apparatus was attached to a vacuum
system which was used for the complete removal of gases from
the apparatus when measurements on them were completed. This
system consisted of a two stage mercury diffusion pump with a
rotary oil filled backing pump (Metrovac). Using this system,
the pressure in the apparatus could be reduced to ebout 10~ %um.
of mercury. | '

Such low pressures were at first measured using a McCleod
Gauge which could be used for pressure measurements down to
10"%m. of mercury. Later it was realised that such accurate
meaéurement of pressure was unnecessary, and the McCleod Gauge
was replaced by an Edwards Vaéuétat which gave sufficient
indication of the pressure in the system for the purposes of
this investigation.

Ve 1.3, ELECTRICAL SUPPLY AND MEASURING SYSTEMS.

The electrical supply and measuring systems are shown
diagrammatically in Figure 11, The electrical supply to the
cell was.obtained from two 2 volt cells connected in parallel.
Connected in series with this two volt source were a standard

resistance Ry, a series of variable resistances to vary the

current through the cell, and an ammeter to give an indication
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of this current. Thé standard resistance Ry was kept in an
0il f£illed Dewar Flask to keep its temperature fairly constant.
However, in a rough inVestigation it was found that variations
in temperature of the same order of magnitude as variations in
room temperature had negligible effect on this resistance.

A Tinsley potentiometer (type 4025) was used to measure
the voltage drops across the cell and standard resistance Ro.
A Tinsley 0il filled reversing switch (type 4092) was used in
conjunction with the potentiometer to eliminate the effect of
stray voltages. At its maximum sensitivity the potentiometer
can detect and measure a difference of one microvolt. On its
least sensitive range, it can be used to measure voltages of
up to one volt accurateiy to four decimal places, with a
possible estimation of the fiftho A Tinsley Weston Cadmium
cell was used to standardise the measured voltages.

| " On the most sensitive potentiometer range, a ?insley
galvanometer With a sensitivity of one large scale division
(1 cm.) per microvolt was used, while on thelless sensitive
pofentiometef ranges, a Cambridge Scalamp galvanometer was used.
The sensitivity of this galvanometer could be varied, but its
maximum sensitivity was four large scale divisions (4 cms.)
per 10™¢ volts.

Sheathed caeble was used for all the electrical connections,
and the sheaths were earthed to prevent the picking up of

stray voltages.



The liqﬁid-used iﬁ the thermostat bath ﬁas heavy white oil.
This proved to be quite satisfactory up to about 100°C but
gbove this temperature the fumes became rather unpleasant and
there was a small amount of charring.-

The thermoregulator used to contrdl the bath temperature
was one designed by Coates and Ricketts (34) and was an improved
version of an earlier design by Coates (35). The thermoregulata
circuit is shan in Figure 12. The thermoregulétor consists
of a platinum resistance thermometer which is placed in one arm
" of an A.C. bridge circuit, the othér arms consisting of a 200
ohm helical potentiometer and two 100 dhm wire wound
resistances, A 5 volt A.C. supply is'connected across the
bridge.

When the A.C. bridge is out of balance, a small voltage
is set up across it. This voltage is applied to the grid of
' a valve (6 &m 6) (see Figure 12). The working of the thermo-
regulator dépends on the change of phase of this voltage in
going from one side to the other of the balance point of bridge.
Thé'thermoregulator is so designed that when the thermostat
femperature is low, this small applied voltage is used to
enhance the current through the Sunvic relay switch. Thus ths
hééters are switched on and the temperature rises. When the
thérmostat temperaturé is too high, due to the phase change

at .the balance point of the bridge, the current through the
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relay is reduced and the heaters switch off. Further detail
cen be obtained by reference to the original paper (35).

The temperature at which the bath is kept can be varied
by édjusting the.helical ﬁbtentiometer. The platinum
Tesistance thermometer has a resistance of about 75 ohms at room
- temperature, Thus, the 200 ohms of the helpot are quite
sufficient to.cover the incresdase in this resistance over the
. temperature range from 25 to 100°¢C. The thermoregulator
behaved in a satisfactory fashion over this range, regulating
the temperature to within the necessary limits i.e. : 0.005°C,
Apart from some isolated disturbances, the #ariation was

generally much smaller than this,

V.2. PROCEDURE BEFORE MAKING MEASUREMENTS ON THE GASES.

_ This procedure can be dealt with in three sections.
¥o 2.1, ANNEALING OF THE WIRBAN THE CEIL.
Yo 2:2. STANDARDISATION OF THE 'STANDARD' RESISTANCE, R,.
Ve 2.3, DETERMINATION OF THE TEMPERATURE COEFFICIENT OF
RESISTANCE OF THE WIRE IN THE CELL.

Vo 2.1, ANNEALING OF THE WIRE IN THE CELL.
.This annealing is carried out to remove from the cell wire

any stresses or strains which might affect its resistance, At
first, the anneéling'was carried out simply by evacuating the
cell and passing a fairly large current through the wire, thus

heating it to a fairly high temperature. However, with cells
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annesled in this way, some trouble was encountered due to a
slow drift in the cell-wire resistance with time, implying
that annealing was incomplete.

This was overcome by enclosing the cell in a furnace at
agbout 450°C and, at the same time, passing a current through
the wire to.heat it to an even higher temberature. After
being. treated in this way for about two days, further variation
in the resistance of the cell-wire was within the limits of

experimental accuracy.

V. 2.2. STANDARDISATION OF THE 'STANDARD' RESISTANCE, Ro,

Two 'standard' resistances were used in the course of
this work; the expérimental results of which a re shown in
- Appendix III. The first was standardised by comparison with
a primary standard resistance of 1 ohm (manganin coil, 1 ohm
at 17°C.) The second was standardised by comparison with a
standard 10 ohm resistance (Caimbridge and Paul Instrument Co.
Ltd., Mangenin coil, No. I1~-9426. 10 ohms at 20°C)° The two
resistances 1l.e. Ro and the true standard, were connected in
series and the same current passed through each. The potential
drops across the two were measured using the Tinsley potentio-
meter, the ratio of theée two voltages being equal to the ratio
of the two resistances. Knowing this ratio, the value of Rg
is easily found. The measurements were repeated for éeveral
different values of the current snd the results averaged,
although the variation was small. The actual results can be

seen in Appéndix III. 57




Y. 2.3. DETERMINATION OF THE TEMPERATURE COEFFICIENT OF
- . RESISTANCE OF THE CELL WIRE,

éfter being annealed, the cell was placed in the thermostat
bath snd connected to the supply and measuring circuits by
soldered connections. The cell was left open to the atmosphere
so that it was filled with air-and the wire could easily assume
the temperature of the thermostat bath,

Current was then passed through the cell-wire and standard
resistance Ro, which were connected in sefies, and the voltage
drops across the two were measured. This procedure was
repeated for several different small current values. If the
cell-wire resistance is Rl and the stamdard resistance R2, and
the.respectivé voltage drops across them are Vl and Vz, then

vV, = Rl

Vg Ry

- - Thus, from the measurements of V; and V,, the ratio Rl/Rz

can be found. Since Ry is known, the value of R, at the
temperature of the thermostat bath can then be found. This
procedure was répeated at severai different thermostat
temperatures. to cover the desired range of temperature. The
relevant measurements and graphs are shown in Appendix IV.

The temperature of the thermostat bath was measured using
a standard thermometer graduated in tenths of degrees, which
could be read to X 0.01°C with the aid of a burette reader.

' '8ince the value of Ry 1s constant and Ry is constant at
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constant temperature, the value of the ratio Rl/Rz is
chafacteristic of the temperature of the cell-wire. When
experiments are being carried out on gases, it is the ratio
R,/Rg which is in fact measured, so that it is more convenient
to draw the callbration curve as a graph of temperature against
rat_io'Rl/Rz° Values of Ry can be found quite easily from
this graph if requiréd, since the value of Rg is known,

. The currents used in this calibration nafurally had to be
extremely small to avoid heating the wire and thus increasing
its resistance. It was found, however, that no appreciable
heating effect ﬁas obtained until the current through the cell-
wlre was several times greater than the maximum current used
in the above calibration. There should therefore be no error
in the results arising from this source.

Vo 3. MEASUREMENTS ON GASES.

The apparafus is now in a state where it.can be used to
detgrmine the thermal properties of gaées and vapours,
Determination of these properties requires a knowledge of the
energy Q which it is necessary to dissipate in the cell-wire at
#arious pressures to maintain this wire at a constant temperature
'©°C sbove that of the immer wall of the cell. For our
purposes, this is assumed to be at thermostat temperature.

The following procedure was uséd for the determination of @
values.

The whole apparatus was evacuated then the storage bulb, A,
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filled with the pure gas under investigation. (For a note on
the purity of the gases, see Appendix VI). This was then used
to £ill the cell to the required pressure, and a heating current
passed thrbugh ﬁhe cell-wire. The voltagé drops across the |
Eeil—wire and the standard resistance were measured and the
ratio Rl/R2 found, from which the temperature of the cell-wirs
was determined. The heating current was varied using rheostats
until the temperature of the cell-wire remained steady at some
pre-determined value i.e. until the ratio Rj/Ry remained steady
at the value correspdonding to this temperaturs.

" This procedure was repeated at various pressures until the
necessary pressure ranges were covered. The ratio Rj/Rg was
adjusted to the same value at.each pressure by use of the
- rheostats to adjust the heating current_°

- To eliminate the effect of stray voltages, the polarities
of the measured voltages were reversed using the Tinsley '
reversing switch, and then nemeasured. However, in no case
was there an apprecisble difference between the original voltage
and the reversed voltage.

These voltage measurements were also quite reproducible
when repeat readings were made on the same compound under the
same conditions, When Q values were calculated from the
repéat-readings and these @ values plotted on the original
pressure, P, against Q graphs, then the error involved was
usually no greater than the experimental error involved in the

original readings.
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Values of @ can easily be calculated from the voltage
measurements using the expressions '

Q= (¥ )2 watts or Q = (Yl) cals/sec.
) Ry.J

where Rl is the resistance of the cell-wire and Vz the voltage
across it.
~ Alternatively, the expressions

Q= N1V2, watts or @ = V1Va, cals/sec
R2| RzT

can be used,- where Ry is the standard resistance and Vg the
voltage across it.

The gas pressurein the cell was originally measured using
a cathetometer to measure the difference in the mercury levels
in the two arms of the manometer. However, the variation of Q
with pressure is not very great, and the results are plotted
on graphs where the second decimal place in the value of the
pressure can only be estimated roughly. Therefore, it was
later found sufficient to measure pressures with a metre rule
which could be read to about the nearest 0.05 cms.

From.the information now availeble, it 1s possible to draw
the appropriéte graphs for the determination of A and Cp
values, These-graphs were actually drawn in two portions, one
'covérihg a low pressure .rangé for the determination ofAand the
other covering a high préssure range for evaluation of Cp.

As can be seen from the section on the theory of the




determination of~therma1 conductivity (Séction II.1b), the low
pressure regions of the graphs for the substance under
investigation and the reference substaﬁce are used to find the
ratio of two Q' vélues° However, examination of the above

: expreésions fof'Q shows that Q is.directly proportional to V?,

so that we have the expression

oo (V)
g ()3
stnce @' = _A , then ve)' - A
Qo No 2y Ao
. | (V1o

Thus, for the low pressure regions it is sufficient to
draw graphs of pressure against V?. From these graphs, the
ratio (vi)'/(v?)é can be found, and knowing Ao, A can
then be found.

The pressure at which the point of inflexion occurs
vgries fron gas to gas and also depends on the dimensions of
the cell and on the temperature gradient between the axial
wire and the walls of the cell. The temperature gradient used
in this investigation was usually about 10°C. The pressure
ranges covered .varied between about 0 to 10 cms. for vapours
suqh a8 CClz.CFz and CFClg.CClFg, and O to 35 cms. for
~permanent gases such as ARGON and AIR.

Ip-thé high prﬂssure range, measurements ﬁere made from

about 50 to 80 cms..pressure, and Q against pressure graphs
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dréwn:from the results. Several temperature gradients
betwqen 10°C" and 30°C were_used for these measurements.
Cp and A values were calculated using these graphs in

the manner described earlisr in Section II.
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APPENDIX I

DETATLED EXPERIMENTAL RESULTS

(a) THERMAL CONDUCTIVITY RESULTS.

The procedure for meking measurements for the determination
of thermal conductivities has been described earlier in Section
Vode The necessary pressure and voltage measurements can be
made very accurately, and errors in these.measurements are
négligible canpared with the possible_errors in the thermal
conductivity values assumed for the reference gases. The
pressure end voltage measurements made on the three cells are
set out in Tables VI o X. Also in these tables are values
of V? at each pressure. V?

dissipated per second in the cell wire for constant R;.

is proportional to @, the energy

The thermal conductivity values calculated from the
initial results from the three cells (Tables VI, VII and VIII)
are quite good, and the temperature range of the measurements
. is fhen extendéd using cell iII° Howefer, when attempting to
make measurements at higher temperatures, some of the results
could not be repwoduced. Ihe cell-wire was then thoroughly
amealed and its temperature coefficient of resistance
re~-determined. The resistance of the wire was found to have
cnanged° Further readings were found to be reproducible, so
measurements were then made on ARGON, AIR, COg and CF, at
“five temperatures frdm 35 to 95°C. These measurements are
shown in Tgble IX. |
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When beginning to make further measurements, a fault
developed in one of the cell connections. -The repair of this
connection involved a small but significant change in the
resistance of the cell wire. Since an exact knowledge of
the temperature of the cell wire is nqt necessary for the
determination of thermal conductivities, fhe temperature
coefficient of resistance of the cell wire was not re-determined.
Measurements were'then made on 0015.CF5, CFClo.CClFy and COg,
which was used as the reference gas. Using these results,
plus the previous results for ARGON, AIR and CO,, CClg. CFg
and CFCls.CClFy could effectively be compared with AIR and
ARGON as well as COg.

Reference to the pressure against v:2L graphs for CO,
(Pigure 16) shows that at each temperature, the point of
inflexion_occurs at the same pressure to within fairly narrow
limits. Also, the slope of these graphs is very small at
" the point of inflexion. Therefore, a single measurement made
at the pressure where the point of inflexion usually occurs
~ought to be sufficient to gife a value for (V?)' directly.
_ény error involved should be quite small since a 2 cm. errof
in the position of the point of inflexion only involves about
0.3% error in the value of (VE)'°

, To confirm the validity of‘this idea, single measurements

were made on ARGON, AIR and 002, and the results were found
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to be gbod. In this series of results thersfore, only
single measurements were made on 002 at the various temperatures.

However, a full series of pressure-voltage measurements were

'made on CClz.CFz and CFCl,.CClF, and theése are shown in

Table X.

Graphs of pfessure against V% are drawn from the pressure-

voltage data which have now been obtained. From these graphs

are obtained values of (V?)', i.e. values of V? at the points
of inflexion. These are used to'calculate thermal

conductivities as outiined in Section_V.S. Some of the

_pressure against V% graphs are shown in Figures 13, 14, 15,

.16 and 17, and the'(vg)‘ values from these graphs are shown

in Table XI.
The following abbreviations and symbols are used in the

tables: -~

P. - gas pressure in cms. of mercury.
_Vl.- voltage drop across the cell wire,
Vo.~ voltage drop across the standard resistance Ro.

1

ﬁV?)‘ value of V2 at the point of inflexion of the pressure
' . against V? graphs,
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TABIE VII

EXPERIMENTAL RESULTS FROM CELL II

Thermostat temperature = 35.00°C.

Ro

= 10,119 ohlms.

Under experimental conditions, Rl/R2 = 0.8500,

Wire temperature = 48.00°C and @ = 13.00°C.

(a) AIR

P v, v, v
0,90 0.68828 | 0.80976 0.4737
2,05 0.71340 0.83929 0.5089
3.15 0.71867 0.84550 . | 0.5165
4.35 0.72211 0.84952 0.5214
5.85 0. 72360 0.85131 0.5236
7,15 | . 0.72526 0. 85329 0.5260
© 10.55 0.72667 0.85491 0.5280
- 12.05° 0. 72749 0.85586 0.5202
15.05 0.72760 0. 85605 0.5204
19.55 0.72858 0.85712 0.5308

- 69 -~



TARLE VII (continued).

(b) ARGON

P o v, V3
1.05 0. 58600 0. 67764 0.3318
2,35 0.59238 0.69689 0. 3509
3045 - 0.59655 0.70182 0.3559
4,30 0.59821 0.70378 | 0.3579
5010 0. 59920 0.70493 | - 0.3590
' 6.25 "0, 60049 0.70646 | 0.3606
7.55 0.60170 0.70788 0. 3620
9.05 0. 60230 0. 70856 0.3628
. 10.56 0.60297 | 0.70937 0. 3636
11.85 0.60330 | 0.70977 0. 3640
14.75 0.60346 | 0.70995 0. 3642
19.05 © 0.60426 0.71087 0. 3651

-




TABLE VII. (continued).

(e).

.01_2- °
P \41 Vo Vg
1.00 | 0.55842 0. 65697 0.3118
1.90 0.56638 1 0.66633 0. 3208
2.90 0.56853 0. 668866 0. 3252
4.00 0.57052 | . 0.67120 0.3255
520 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 0.67354- f 0. 3327
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TABLE VIIT

EXPERIMENTAL RESULTS FROM CEIL III

‘Thermostat temperature = 35,00°C. R, = 10.119 ohms.
Under experimental conditions, Ry/Rg = 1.0000
Wire temperature = 44,35°C and @ = 9.33°C.

(a) .(5)_2:.
P vy A ve
2. 00 0. 55006 0. 55006 0. 3026
4,10 0.55443 0.55443 0. 3074
6.10 0.55565 0. 55565 043087
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 0.656177 0.56177 0. 3156
| 26.00 0. 56304 0.56304 0. 3170
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- TABLE VIII. (continued).

(b) -ARGON.

P v, Vo '
0.55 0. 52160 0.52160 0.2721
1.00 0.54663 0.54663 0.2988
2.05 0.56157 | 0.56187 | 0.5154
4.10 0. 56799 0.56799 0.3226
6.10 0. 57036 0.57036 0.3253
8.10 0.57106 0. 57106 0.3261

10.00 057163 0.57163 0.3268
12.15 0.57211 0.57211 | 0.3273
14.10 0.57252 0.57252 0. 3278
16.15 0.57299 | 0.57299 0.3283
18.10 0.57312 0.57312 | 0.3285
20. 20 0.57328 | 0.57328 0.3286
22,20 0.57348 0.57348 0.3289
24.00 0.57368 0. 57368 0.3291
26.40 0.57392 0.57392 | 0.3204
29.00 0. 57420 0. 57420 0.3297
31.10- 0.57430 0. 57430 0.3298
33,10 0. 57467 0.5746% 0. 3302
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TABLE VIII. (continued).

- (e) %
| P vy Vg ve
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
6010 -0;54988 0.54988 0.3024
8.00 0.55120 0.55120 | 0.3038
110.15 0.55254 0.56254 | 0.3053
12:10 0.55399 0.55399 | 0.3069
14.15 0.55583 . 0.55583 0. 3089
16410 0.55764 0.55764 | 0.3110
'18.05 0.55986 1 0.55986 0.3134
20.15 | 0.56252 0.56252 0. 53164
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PABIE VIII. (cont inued)

(d) CClFy.CCLF,.

P vy v, ve
0.65 | 0.43935 | 0.43935 0.1930
1.10 0044423 0.44423 0.1973
2,10 0.44972 | 0.44972 0.2022
4.10 0.45648 | 0.45648 0.2084
6,10 0.46162 | 0.46162 0.2131
9.10' 0.46743 | 0.46743 0.2185

10.00 0.47400 | 0.47200 0.2247
12.00 '0.48204 | 0.48204 0.2324
14.10 0.48958 | 0.48958 | 0.2897
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| TABLE X
EXPERIMENTAL RESULTS FROM CELL III AT VARIOUS TEMPERATURES.

CClz. CF3 AND- CFClg.CClFg.

(a) Thermostat temperature = 35.00°C, O = 129C.

Ratio Ry/R, = 1.0000 Ry = 10,119 ohms.

CClz.CFs.
P vy Vg Ve
1.60 ' 0.45160 0.45160 0.2039
. 2,75 045601 0.45601 | .0.2079
3.60 - | 0.45910 0.45910 |- 0.2108
4.60 0.46212 0.46212 | 0.2135
5.40 0.46581 0.46581 | 0.2170
7.80 0.47820 0.47820 | 0.2287
9.80 0.48940 0.48940 0.2395
CFC1,. CC1F,.
P v, v, v
2.10 0.45860 0.45860 0.2103
2.90 0.46223 | 0.46223 | 0.2137
4.00 0.46604 | 0.46604 | 0.2172
5.00 0.46983 0.46983 | 0.2208
6.00 0.47426 0.47426 | 0.2249
7.00 0.47920 | 0.47920 | 0.3296
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' TABIE X. (continued).

(b) Thermostat temperature = 50.00°C.

e = 12°.

Ratio R,/Ry = 1.0428 R, = 10.119 ohms.
CC15. CFs5.
P ¥ v, v
2,60 0.47570 0.45618 0.2263
- 3,40 0.47850 0.45886 0.2290
4,00 0.47951 0.45981 0.2299
4,50 0.48024 0.46052 0.2307
5.20 0.48269 0.46286 02330
6,00 0.48530 0.46539 0.2355
CFCl,.CC1Fy.
P vp v, Ve
2,10 0.47850 | 0.45887 0.2290
/3,00 0.48261 0.46281 0. 2329
4.00 0.48627. | 0.46630 0.2365
5.00 0.48940 0046931 0.2395
6.00 0.49325 | 0.47300 | 0.2433
7.00 0.49701 | 0.47660 0. 2470
7,95 0. 50138 0.48080 0.2514
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TABLE X. (continued).

(c) Thermostat temperature = 64.90°C. @ = 12°C.
Ratio R;/Rp = 1.0850 Ry = 10.119 ohms.
CClg.CFze
.? vy Vo V3
2,55 0.49280 | 0.45420 0.2429
3,55 0.49516 | 0.45637 0.2452
4.15 0449690 0.45797 0.2469
3,95 0.49607 0.45717 0.2461
4,95 0.49900 0.45989 0.2490
5.75 0.50122 | 0.46192 0.2512
- CFClg.CClFg.
| P vy V, ve
250 0.49842 0.45938 0.2484
3,85 0.50371 0.46425' 0, 2537
5,50' 0.50926 0.46936 0.2593
7.00 0.51444 0.474153 0.2646
8.60 0.51984 | 0.47911 0.2702
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LAB_I_E_&._ (continued) .

(d)-TheI'mos_tat temperature = 80.00°C. e = 12°C,
“Ratio Ry/Ry = 1.1280 Ry = 10,119 ohms.
CClz. CFz.
P v, v, v?
2,70 0.51376 | 0.45546 0.2640
3.60 0.51671 | 0.45805 0.2670
4.30 0.51850 | 0.45966 | 0.2688
5.00 0.52047 0.46141 | 0.2709
5,80 0.52247 | 0.46318 0.2730
7,00 0.52265 0.46654 0. 2770
CFClg.CC1Fy.
P vy Vo Ve
2.45 0.52241 0.463153 0.2729
4.05 0.52911 | 0.46907 0.2800
5,70 0.53423 | 0.47360 0.2654
7.35 0.,63890 | 0.47774 0.2904
8.90 0.54330 | 0.48165 | 0.2952
10.70 | 0.54900 | 0.48670 | 0.30I4
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TABIE X. (continued).

(e) Thermostat temperature = 95.05°C.- @ = 13%.
Ratio Rl/R2 = la’?o'? Rz = 100 119 Ol’mlSo
. CClg.CFy.
2
P A Vg N
2,70 0.53793 0.45950 0.2894
3055 0.54063 | 0.46180 0.2923
4.00 0.54178 0.46278 0.2935
4,60 0.54345 0.46421 0. 2953
5,40 0. 54571 0.46614 | 0.2078
CFCly.CC1Fg.
P A v, V2
2,40 0.54722 0.467453 0.2994
5,00 0. 55350 0.47278 0. 3064
550 0. 55809 0.47672 0.3115
7.00 0.56262 0.48058 0. 3165
8.60 0.56699 0.48432 0.3215
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FiG. 16 P AsainsT Vi CURVES FOR €Oa AT VARIOUS TEMPS. CELL I
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(b)e HEAT CAPACITY RESULTS. -

'Pressure;voltage meaéurements for the determination of
heaﬁ capacitiés are made in the pressure range 45 to 80 cms.
pressure. :From these measurements, graphss of @ against
pressure are drawn, .and these.are used in the calculation of
heat capacities as described in Section II.Z2. The pressure-
voltage measufeménts from which these graphs are obtained are
_Shown in Tables XII to XV, and the graphs themselves can be
geen in Figures 18, 19, 20 and 21. |

The following abbreviations and symbols arse used in

Tables XII to XVie-

P. - gas pressurein cms. of mercury.

voltage drop across the céll wire.

vlo bt
Vge. = voltage drop across the standard resistance Rg.
Q. -~ rate of energy dissipation in the cell wire in

2
€als/second.
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TABLE XII

EXPERIMENTAL RESULTS FRQM CELL I

Thermostat temperature = 25.05°C.

1, 3200

R =

6 =
6.,1068 olms.

29,10°C.

Ratio Rl/R2 = o
AT V 102x Q
P 1 2
-50.19 0.83050 0.62916 2,045
60.46 0.84820 0. 64250 2,133
ARGON
67.87 0.86037 0.65179 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
63.63 0.89582 0.67865 2, 379
CO.e
2 71.55 0.90711 0.68720 2,439
78,28 0.91795 0.69541 2.498
49,98 0.82364 0.62397 2,011
: | 57.57 0.83539 0.63287 2,069
'(°°1F2)2-
_ 67,32 0.84832 0.64266 2,133
7654 0.85850 0.65038 2,185
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EXPERIMENTAL RESULTS FROM CELL I

- TABLE XIII

Thermostat temperature = 25.05°C. 6 = 10.67°C.
Ratio Ry/Ry = 1.8500 R, 6.1068 ohms.
. _ -
P v, Vg 10°x Q
46,90 0.46533 0. 37226 6,777
60010 0.47020 0. 37615 6.921
ARGON
67.00 0.47358 0. 37885 7,021
75.70 | 0.47808 | 0.38246 7,155
47,11 0.55928 0.44739 9.792
S 60.03 0.56384 | 0.45107 9,952
Ve 67,00 0.56743 | 0.45394 10,079
75,70 0.57234 0.45790 10. 254
48.48 0.47202 0. 37762 6.974
| 59.853 0. 48366 0. 38692 7.323
cogf 67.04 0.49155 | 0.39324 7,563
75.90 0.49904 0. 39923 7.696
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PABLE XIII (continued)
3 v v 10%x q
o 2
47.65 0.45000 | 0.36000 6,339
. 1 86.70 0.45712 | 0.36569 6.541
R 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
CH'SBI'. '
| 66. 80 0.38424 | 0.30737 4.621
75.50 0.38087 | 0.31189 4,758
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TABLE XTIV

EXPERIMENTAL RESULTS FROM CELL II

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

Ratio Rj/Ry = 0.8600 Ry = 10.119 ohms,

2
p vy v, 10°x @
50,75 0.71139 0.82720 1. 390
: 59,05 0. 71966 0.83683 1.422
ARGON
67770 0. 72990 0. 84870 1.462
75,90 0. 73939 0.85976 1.501
50, 35 0.85134 0.98994 1.989
54,15 0.85602 0.99536 2,012
AIR
58. 35 0. 86050 1. 00060 2,033
66.95 0.87134 1.01319 2,083
50. 50 0.72262 0.84024 1.434
59. 30 0. 73655 0.85647 1.490
COo. )
C 68.10 0. 74843 0.87027 1.538
764,20 0.75825 0.88168 1.579

- 96 -



EXPERIMENTAL RESULTS FROM CELL III

TABLE XV

Thermostat temperature = 55.00°C. 20.00°C.
Ratio-Ri/Ré' = 1.0300 Ry = 10.119 ohms.
P v, A 10% §
50.10 | 0.85300 0.82815 1,667
55,10 0. 85907 0.83405 1,692
60.10 0.86624 0.84100 1.720
ARGON
| 65, 25 0, 87365 0.84820 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
60.00 0.90659 0.88020 1,883
%0 64.90 0.91553 0.88886 1:921
70.00 0.92351 0.89661 1.955
75,00 0.93080 0.90368 1.985
50.00 0.93026 0.90316 1,983
56,00 0.93916 0.91199 2.023
054. 60.10 0.94720 0.91964 2,057
| 64.00 0.95328  0.92552 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 II

APPARENT VARTIATION OF Cp WITH PRESSURE

The Cp values obtained at various pressures for the
materials used in this investigation are shown in Tables XVI,
XVII, XVIII and XIX. With the exception of the values in
Teble XIX, all. the values were obtained using ARGON gs the
reference gas.; The values in Table XIX were obtained by
comparison with COg.  All the Cp values were calculated from
measurements such that p, = p, i.e. in equation (14), the term
Do/P 18 equal to unity and disappears. The calculated heat
cépacities apply at a temperature midway between the thermostat
temperature and the temperature of the hot wire, i.e. thermo_stat
temperature + ©/2°C. Thé' app-arent variation of Cp with
pressure referred to earlier during the discussion of the
results (Section IV.2) can easil& be seen from these tables,

TABLE XVI

HEAT CAPACITIES IN CALS/CC/MOLE FROM CELL I

Thermostat temperature = 25.05°C. 6 = 10.67°C.

PRESSURE (CMS). | 48.00 | 57.00 | 67.00 | 75.00

Cp (Nz)o 70 10 7902 6097 6095
CP (002)0 80 71 9071 11001 11047
Cp(CC1F5.C01Fg). | 27.40 29,07 | 31.10 | 31.85

Cp (CHgzBr). 12,50 13.46 14.54 14.92
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TABLE XVII

~ HEAT CAPACTTIES IN CALS/°C/MOLE FROM CELL I

" Phermostat temperature = 25,05 C. O = 29.10°C.
PRESSURE (CMS). | 51.31 | 55.04 | 59.64 -
Cp (AIR) 6045 6044 6.48 -
PRESSURE. 57.67 | 63.63 | 71.55 78,28
cp (C0y). 10,18 | 10.46 | 10.04 9.93
PRESSURE 49.98 | 57.57 | 67.32 76.54
Cp(CC1P,.CC1F,). [ 80.45 | 29.33 | 27.30 24,93
PRESSURE 62,90 | 75.53 - -
- Cp (CHgBr). | 11.80 | 10.75 - -
TABLE XVIIT

HEAT CAPACITIES IN CALS/OC/MOLE FROM CEIL II

Thern';ostat temperature = 35.00°C. . @ = 17.00°C.I
| PRESSURE (CMS)}50.0 59.0 67.0 76.0
cp (AIR 6.91 | 6.70 6057 6. 36

cp (CO,)e 9.453 9.79 9.90 9.66
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TABLE XIX

. HEAT CAPACITIES IN CALS/°C/MOLE FROM CELL III

‘Thermostat femperature

= 35.00°C. © = -20.00°C.

: Reférence gas ====== CO5.
PRESSURE (CMS).. 50.00 58.00 66,00 75,00
16,97 16,75 15.71.

Cp (CFy)e

15,15
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APPENDIX IIT

STANDARDISATION OF 'STANDARD' RESISTANCE Ro.

Two different 'standard resistances were used in this
investigation and the procedure used to standardise these has
been described earlier, (see Section V.2b). The voltage
measurements made in these standardisations are set out in
Table - XX. The true standard resistance is denoted Rg, while
the resistance being standardised is denoted Roe The voltages
- across these resistances are denoted VS and V2 respectively.

TABLE XX
STANDARDISATION OF 'STANDARD' RESISTANCES

' EXPERIMENTAL RESULTS
(a) standard resistance R, = 1 ohm. R/Ry 5 Ro

10%x Vg (vorTs). | .10%x v, (VOLTS). | RATIO Ry/Rs.
0.00922 0.05622 60976
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 61127
0.10540 0. 64420 6.1120
0.20390 1.2440 6.1010
0.20850 1.2425 6.1057 .

Average ratio i8¢

= =i v

R2 = 60 1068 Ohmso




TABLE XX. (Continued).

(b) standard resistance, Ry = 10 oms. Ry =10z %E
10 x Vg (VOLTS). 10 x Vg (VOLTS). RATIO Ro/Rg
0.19130 019357 11,0119
0.19130 0.19357 1.0119
0.19129 0.19356 1.0119
0.19128 0.19355 1.0119
0.19764 0. 20000 1.0119
0.20325 0. 20568 1.0119g
0. 20326 0. 20569 1.0119,
0.20327 0. 20570 | 1.,0119'5
 0.20827 0. 20570 1.01i95
0.51420 0.52032 1.0019
0.83544 0.84538 1.0119
0.83532 0.84525 1.0119

Average ratio RZ/RS = 1.0119
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APPENDIX IV

. TEMPERATURE COEFFICIENT OF RESISTANCE OF THE
CELL WIRES.

The method used to find the température coefficient of
resistance of the cell wires has been described earlier (see
Section V.2¢). Someof the experimental results are set out
in the tebles below. These results are also expressed |
graphically in Figures 22,23- end 24, which show the variation
of the ratio Ry/Ry with tempersature, wﬁere'Rl is the
resistance of the cell wire and Ry is a stendard resistance
whose value is constant and known (see Appendix III). For
any given cell, the value of Rl/R2 is characteristic of the
temperature of the cell wire. Therefore, sincé Ry 1is
knowﬁ; the value of Ry can be found at any given temperature.

Some of the voltage measurements made using cell I are
shown in Table XXI. vy is the voltage drop across the cell
wife and V2 is thelvoltage drop across the standard resistance
Roe The ratio V,/V, is equal to the ratio Rj/Rp.  Similar
data readings are ﬁaken at several different temperatures to
give the necessary data for the temperature against Rl/R2 curves.
The data for the three cells are set out in Table XXII below. '
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PABLE XXI

EXPERIMENTAL RESULTS FROM CELL I

Standard resistance, Rg = 6.1068 ohms.
(a) Thermostat temperature = 53.90°C.
2 2] :
10°x v, (VOLTS). 10%x Vo (VOLTS). RATIO Ry/Rg.

0.07282 0,05519 _ 1. 3194
0.07280 '0.05519 1.3191
0.07281 0.05519 1.3193
0.09384 . 0.07112 1.3195
0.09382 0.07112 1.3192

Average ratio Rl/R2 = 1,3193

(b) Thermostat temperature = 56.66°C,
2 ' o
10°x vy (VOLTS). 10°x Vg (VOLTS). RATIO R,/R.

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 ratioi: Ry/Ry = 1.3302

- 102 -



TABLE XXII
DATA FOR TEMPERATURE AGAINST R,/R, CURVES.

-~ 105 -

CELL I, Standard resistance Ry, = 6.1068 ohms.
THERMOST AT AVERAGE RATIO
TEMPERATURE °C. R1/Ro.
50445 1,2303
35.10 1.2475
47.99 1.2969
53.90 1.3193
56.66 11,3302
CELLS IT AND III.  Stendard resistance Ry = 10,119 ohms.
CELL 11 CELL III
" THERMOSTAT | AVERAGE RATIO | | THERMOSTAT | AVERAGE RATIO
TEMPERATURE ©C.| R;/Rg. TEMPERATURE °C. R,/Ro.
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 79.9%7 1.0933
88.45 1.1180
99.81 1.1486
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APPENDIX V

THERMAL CONDUCTIVITIES FROM THE NATIONAL BUREAU
- OF _STANDARDS CIRCULAR NUMBER 564

The references gases used in the detérmination of thermal
qonductivity in this investigation are ARGON, AIR and 002.
The thermal conductivity values assumed for theée gases are
taken froh 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 different workers. The sources of the experimental
results are shown in references 20 (ARGON), 21 (AIR) and 22 (Coy).
‘To get theubest possible expressioh for the variation of thermal
conductivity with temperature, the experimental results are

fitted to the empirical equation

_A_ '=_1__ a.\['-l'—
Mo /\o(1+6x10‘9{)

T
where A, is the thermal conductivity at 0°C, A is the thermal

conductivity at temperature T, and a, b and ¢ are constants for
any gas or Vepour. The values of A,, &, b and ¢ for ARGON,
AIR and COg are shown in Table XXIII. These valﬁes of )\o, a,
b and e are determined from the analysis bf the experimental
results, and when they are known, the above equation can be used

to express the variation of thermal conductivity with temperature.
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The equation is expressed graphically for ARGON, AIR and 002

in Figures 4, 5 and 6.

TABLE XXIII.

DATA FROM THE NATIONAL BUREAU OF STANDARDS CIRCULAR NUMBER 564

FOR_CALCULATING THERMAL CONDUCTIVITY VALUES FOR ARGQN, AIR AND

COge.
ARGON.- . AIR COg.
20° x A,.| 29.05. | 57.70 34,77
10° x . 0.3790 | 0.6325 4,608
b. 179.59 245,40 6212.0
co 10 12 10
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APPENDIX VI.

PURITY OF THE GASES
ARGON
THe ARGON was supplied in cylinders by the British Oxygen
Co.Ltd., and its purity was better than 99.5%
COge | |
Pure COg was obtained by heating Analar sodium bilcarbonate

and ffeezing out the large quantities of water also produced.

AIR.

Atmospheric AIR was used after passage through strong
alkali.to remove.Cd2 then through a 'Drikold' trap t§ remove

moisture.

gﬁaBI' 3
The CHzBr vapour was passed through concentrated H2804
to femove ethylenic compounds which were the only suspected

impurities,

CFy. - |
This was purified by Dr. W.K.R. Musgrave using a gas-
liquid chromatographic technique, It contained no detectable

impurity.

CClz,CF3..
The CClz.CFz was purified by fractional distillation.
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APPERDIX VI,

- PURITY OP THE GASES e
ARGOK e -
D5 AROON vas supplicd 4n cylinders by the British Oxygen
00.Ltd,, and ite purity was better tham 99.5% |

' Pure 00p vaa obtained by heating Analap sodium bicarbonate
ond freezing out tho large quantitics of water also produced,

. AIR. |
' . Atmospheric AIR was used aftor passgge through strong

elkali to remove GO, then through a 'Drikold’ trap to remove

moisture,

~ The CHgBr vapour was passed through concentratod HgSO,
to ramove ethylenic ccmpounds which were the only éuépeeted
-hpuéitﬂ:aso

This was. purified by Dr. W.K.R. lusgrave using a gas-
iquid chromstographic technique. It contained mo detectable
impurdty, "
CCL3eCFs, |

. The CClz.CFg vas purdfied by frectional distillation.
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