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Abstract-The thermal conductivity of liquid and gaseous ammonia has been determined between 
20” and 177°C and at pressures from 1 to 500 atm using a vertical, co-axial cylinder apparatus. 

Measurements in the vicinity of the critical point (pc = 111.5 atm, tc = 132.4”C) have been carried 
out with special care along the reduced isotherms, 1.016 and 1.061. An anomalous increase of thermal 
conductivity in this regime has been found, similar to that for carbon dioxide previously reported by 
two other observers. A tentative explanation of this phenomenon, based on transport of energy 
by clusters of molecules, is given. 

Experimental results for the liquid-like fluid state, both below and above the critical temperature, 
have been correlated by a quadratic equation between density and thermal conductivity. With the aid of 
this equation, values have been computed for conditions outside those of this study, and the table 
containing the smoothed, experimentally verified figures at even increments of pressure and tempera- 
ture has been complemented by computed values ranging up to 1000 atm and 480°K. Computed 
values are also presented in tabular form for the technically important temperature range from room 
temperature to the normal fusion point (1955°K). 

To provide a general survey, and for rapid interpolation, experimental results are presented also in 
the form of two diagrams, in which isobars and isotherms of the thermal conductivity are shown, 
using temperature and pressure, respectively, as the independent variables. 

Low pressure, gas phase data of previous observers and those of this research have been reduced 
to 1 atm with the aid of pressure coefficients derived from this study. Using the relation for the 
thermal conductivity of polar gases, proposed by Mason and Monchick, the results of all sources 
have been satisfactorily correlated between 300” and 500°K. 

The results of this work agree well with the few dense gas phase data reported by Keyes, and are 
in perfect agreement with tentative data along a short section of the saturation line given by Sellschopp 
in the only reference found on the thermal conductivity of liquid ammonia. 

Considering all known causes of error, the accuracy of this study is estimated to be within 
51.5 per cent for the liquid and dense gas phases, and within *2 per cent for the low-pressure gas 

phase and the near-critical region. 

1. INTRODUCTION prediction of heat-transfer conditions, know- 
AMMONIA has been used extensively in chemical ledge of the thermal conductivity of the working 
industry as one of the basic materials, and it is an fluid is one of the essential prerequisites. In 
important working fluid in the refrigeration view of the special importance of ammonia and 
industry. In view of its physical and chemical the diversity of its applications, such data are 
properties, it has also been considered as a fuel required over a wide range of temperature and 
and coolant for high energy, liquid propellant pressure, including the critical point. 
rocket engines. In contrast to the requirements, information 

Heat transfer to and from ammonia is an on the thermal conductivity of gaseous ammonia 
important process during its production and in at pressures in excess of 1 atm is scant, and 
its various applications, particularly in the field information on the thermal conductivity of the 
of rocket engineering. For the analysis and liquid and solid phases is almost non-existent. 
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Several investigators have measured the thermal 
conductivity of gaseous ammonia at, or below, 
atmospheric pressure [l-6], but only Keyes [7] 
has given values between 50” and 250°C at 
pressures up to 9 atm. 

For the liquid phase at 12 atm pressure, Kardos 
[8] suggested an average value for the tempera- 
ture range -10” to +2O”C. Sellschopp [9], who 
like Kardos had encountered difficulties with his 
apparatus, proposed tentative values between 
30” and 100°C at the appropriate saturation 
pressure. No experimental studies at higher 
pressures of either the gas or liquid phase have 
been published yet, although work of this kind 
is in progress elsewhere [lo]. A single value for 
solid aroma at -104°C has been given by 
Eucken and Englert [l 11. 

Theoretical studies of the thermal conductivity 
of ammonia have been made by Franck [12] and 
by Groenier and Thodos [13]. The former derived 
a semi-empirical relation between thermal con- 
ductivity, specific heat and specific volume for 
predicting conductivity in the gas phase up to 
pressures of 60 atm between -50” and 15O”C, 
whereas the latter authors applied the principle 
of corresponding states to the few known ex- 
perimental values to design a chart of reduced 
conductivity against reduced temperature with 
reduced pressure as a parameter. 

Experimental determinations of the thermal 
conductivity of specific liquids of direct interest 
to modern technological developments (rocket 
engineering, atomic power engineering) have 
been carried out at the Explosives Research 
and Development Establishment over several 
years. In view of the probable importance of 
ammonia as a rocket fuel and coolant, and the 
undoubted practical interest in such data, the 
thermal conductivity of ammonia has been 
investigated over wide ranges of pressure and 
tem~rat~e in the vapour and liquid phases. 
Results for the liquid and liquid-like fluid state 
only, at saturation vapour pressures up to 
200 atm, have been presented previously at the 
A.S.M.E. 2nd Symposium on Thermophysical 
Properties, Princeton, 1962 [14]. 

2. DESCRIPTION OF METHOD 

A vertical, coaxial cylinder apparatus with 
guard rings was used for these measurements. 

In this method, heat is generated by an electric 
heater in an inner emitting cylinder and passed 
radially outwards through a narrow fluid-filled 
annulus to a surroun~ng receiving cylinder. 

From the measured temperature difference 
between the emitting and receiving surfaces, the 
heat flow calculated from electrical data and the 
accurately known dimensions of the apparatus, 
the thermal conductivity is computed from the 
equation : 

k = - Q in (ra,/ri)/{2rr L (tz - tl)) (1) 

where k is the thermal conductivity (Cal/cm s 
degC), 

Q, the heat flow (Cal/s), 
II, rs, the radii of emitting and receiving 

cylinders, respectively (cm), 
L, the length of the emitting cylinder (cm), 

and ti, t2, the surface temperatures of the 
emitting and receiving cylinders, respectively 
(degc). 

3. EXPERIMENTAL 

3.1 Conductivity cell and high pressure autoclave 
The conductivity cell and autoclave were 

essentially the same as those used by Ziebland 
and Burton 1151. The emitting, receiving, and 
guard cylinders used in these tests were made of 
a 99: 1 silver-copper alloy (Johnson Matthey 
Ltd., London). The cell dimensions, from which 
the cell constant was calculated, were supplied 
by the makers, The Pitter Gauge and Precision 
Tool Co. Ltd., Woolwich. The annulus width was 
O-0197 & 0*00013 cm at 20°C. 

The emitting cylinder and the two adjacent 
guard rings, separated by 1 mm thick mica 
spacers, were mounted on a close fitting, high 
tensile steel tube which contained the complex 
electric heating element. This tube, closed at one 
end, was joined by a loose flange connection to 
the autocIave lid. A three-armed support at the 
lower end of the tube supported the receiving 
cylinder which was mounted coaxially with 
respect to the emitting cylinder with the aid of 
mica strips secured by grub screws. Uniformity 
of the annulus width was checked by slip 
gauges. Immediately before the assembly of the 
cell, the emitting and receiving surfaces were 
highly polished. This, together with the low 
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emissivity of silver, serves to minimize heat 
transfer by radiation. 

The four thermocouples which were used for 
measuring the required temperatures in the 
conductivity cell, were placed in pressure-tight 
sheaths of stainless steel so as to prevent direct 
contact with the fluid and thus eliminate electrical 
effects during the study of conducting substances, 
and also exclude the effect of pressure (strain) on 
the thermal e.m.f.s generated. These sheaths 
passed through the autoclave lid, to which they 
were sealed by soft aluminium washers, and 
entered close fitting holes drilled in the con- 
ductivity cell cylinders. The lengths of the 
sheaths were such that the thermocouple 
junctions were positioned at the centres of the 
emitting and of the receiving cylinders, and in 
the upper and lower guard rings, 3 mm from the 
interface with the emitting cylinder. 

With this arrangement, the junctions were 
located beneath the respective surfaces whose 
temperatures were required for the evaluation of 
equation 1, and hence corrections proportional 
to the heat flux had to be applied to the measured 
temperatures. The corrections were small due to 
the short distance (3-5 mm) of the junctions from 
the respective surfaces, and the high conductivity 
of the silver alloy (see Section 3.5.3). 

The cell was contained in a Monel autoclave, 
differing from that shown in [15] only in having 
a more massive lid and stronger retaining bolts 
to withstand a maximum operating pressure of 
500 atm at 200°C. 

The electric heater in the centre of the emit- 
ting cylinder consisted basically of three uniform, 
but electrically separately controlled, windings 
of constantan wire, 30 S.W.G. They were wound 
on a former made from six thin-walled glass 
tubes uniformly spaced round a stainless steel 
tube inserted for greater rigidity, and as support 
for the terminal connections. Current leads of 
25 S.W.G. silver wire passed through the glass 
tubes and connected to the windings, while 
potential leads of 30 S.W.G. silver wire were 
connected to the 10 cm long central (emitter) 
winding. Several layers of glass fibre tape were 
wrapped round the assembly to strengthen it, 
and also to produce an approximately circular 
cross section of 9 mm external diameter. The 
heater passed through the autoclave lid into the 

H.M.4P 

closed tube supporting the conductivity cell, 
making a close fit with the tube. Contact between 
the test fluid and the heating element, a cause of 
failure in the experiments of earlier workers 
[8, 91, was prevented by this arrangement. The 
position of the centre 10 cm of the heater 
coincided with the length of the emitting 
cylinder, the positions of the other two windings 
with those of each guard ring. Independent 
control of the energy dissipation in the emitter 
section and the guard rings was obtained by 
varying the current flows by means of three sets 
of finely adjustable series resistances. Direct 
current was used as the energy source and was 
supplied by a large capacity Ni/Fe battery. 

3.2 The cylindrical thermostat 
The autoclave assembly (E) was suspended 

from the lid of the completely enclosed, cylindri- 
cal thermostat (D) as shown in Fig. 1. The heat- 
transfer fluid used (Thermex, I.C.I. Ltd.) is 
liquid in the range 12”-255°C at atmospheric 
pressure. This fluid has no toxic effects, but its 
penetrating smell is undesirable in a laboratory. 
Hence all connections passing from the auto- 
clave through the thermostat were sealed by 
rubber O-rings and an open, water-cooled 
reflux condenser was located on top of the 
thermostat lid to prevent the escape of fumes into 
the atmosphere. 

The thermostat fluid was heated electrically, 
and was circulated round concentric baffles by a 
submerged centrifugal pump. A coil, through 
which mains water could be circulated, acted as 
a heat sink and was provided in order to carry 
out measurements near to ambient temperature, 
In most cases, temperature control was by a 
resistance thermometer controller (Sunvic Con- 
trols Ltd., Type R.T.2) giving stability to 
0.05 degC, but for measurements below 3O”C, an 
electronic thermostat (Fielden Electronics Ltd.) 
was used. In both controllers, platinum resistance 
thermometers were used as temperature sensing 
devices. These were placed in a sealed tube close 
to the heating coils. The whole apparatus was 
suspended from a framework by chains and was 
thermally insulated. 

3.3 The pressurizing system 
For experimental purposes, it was essential to 
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adjust and maintain accurately the pressure of 
the test fluid at any chosen pressure level up to 
500 atm. The use of conventional devices, such 
as hydraulic rams employing lubricated pistons, 
or a mercury piston, had to be ruled out because 
of (a) the solubility of lubricants in high-pressure 
liquid ammonia and subsequent contamination 
of the sample and the surfaces of the conductivity 
cell, (b) the possibility of ammonia at high 
pressure forming compounds with mercury 
which could detonate on depressurization, or 
during the removal of contaminated ammonia 
[161. 

A thermal compressor was used in this 
investigation for pressures up to 200 atm (see 
Fig, 1). It consisted of a small autoclave (B) of 
about 500 cm3 capacity immersed in a tempera- 
ture-controlled liquid bath (C). With the auto- 
clave, conductivity cell, and pipework filled with 
liquid ammonia, and the supply cylinder ciosed 
off, the appropriate pressure rise was obtained 
from the thermal expansion of the liquid by 
heating the thermostat bath to a suitable 
temperature. The temperature stability of the 
bath was sufficient to maintain the pressure to 
within il atm of a chosen level for several 
hours. 

The maximum operating pressure of the above 
device was limited by the mechanical strength 
of the components, largely that of autoclave (B), 

and the safe operating temperature of the 
thermostatic bath. 

To extend the measurements to 500 atm, a 
pressure intensifier (M) was constructed and 
connected to the existing arrangement in such a 
manner that the two compression devices could 
be used in parallel but not simultaneously. 

The pressure intensifier, of which details of 
construction and main dimensions are shown in 
Fig. 2, consists of two in-line cylinders with 
cross-sectional areas in the ratio 22: 1. In the 
larger cylinder, a double-acting working piston 
is actuated by compressed nitrogen gas which is 
admitted and released through a manually 
operated valve system (P). The compressor 
cylinder contains a plunger directly connected 
by a rod to the actuating piston and is sealed to 
the atmosphere by a chevron-type packing 
fabricated in Teflon. The choice of a suitable 
type of packing ring and material presented 
some difficulty as no lubricant could be allowed 
to come into contact with the test fluid. The non- 
lubricated, dry, Teflon packing shown in Fig. 2 
proved reliable for the required pressure of 
500 atm, The actuating piston and the connecting 
rod were sealed in the larger cylinder by con- 
ventional, lubricated O-rings. 

The operation of this device is almost self- 
explanatory from Fig. 2. With the plunger in the 
retracted position, the compressor cylinder was 
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FIG. 2. Pneumatically operated pressure intensifier. 

evacuated and then filled with liquid ammonia 
through the high pressure valve Q (Fig. 1). After 
closing valve Q and opening the companion 
valve R, nitrogen at 50-60 atm pressure was 
admitted beneath the driving piston, causing the 
plunger to move upwards and thus compress the 
liquid ammonia in the apparatus. By closing 
valve R, the pressure in the system could be 
retained during measurements. If required, the 
compressor cylinder could now be recharged 
with liquid for a further cycle of operation. 

3.4 Temperature measurement. Construction and 
calibration of thermocouples 

All temperatures were measured with copper- 
constantan thermocouples using an ice bath to 
provide a common reference temperature. The 
e.m.f.s generated were measured with a Diessel- 
horst potentiometer having a least count of 
0.1 pV, which allowed the detection of tempera- 
ture changes of approximately 0.002 degC. The 
couples were made of multistranded wires to 
minimize the effects of inhomogenities. The hot 
junctions were silver soldered into short copper 
cylinders which were sealed into, but electrically 
insulated from, the ends of 85 cm long, thin- 
walled, stainless steel tubes by means of a 
thermo-setting “Araldite” resin. Electrical insula- 
tion of the thermocouple leads within the tubes 
was provided by twin-bore alumina tubing. At 
the upper end of the stainless steel tube, the wires 
were joined to copper and constantan terminals, 
respectively. After prolonged heating of the 

assembly to over 100°C to remove absorbed 
moisture from the alumina tubing, the terminal 
end of the thermocouple was sealed with Araldite. 

The cold junctions were also made from 
multistranded wires, but joined by soft soldering, 
and insulated by plastic sleeving. Each assembly 
was sealed with wax into a closed glass tube to 
prevent condensation of moisture. The glass 
tubes were inserted into a copper block which 
was immersed in the ice bath. 

The constantan wires of the cold junctions 
connected as single lengths of wire to the hot 
junction constantan terminals; the copper wires 
from the cold junctions and the extension leads 
from the hot junctions connected to metal 
terminal boxes which formed isothermal en- 
closures, and from which copper multicored 
cables joined the couples to the potentiometer. 

To calibrate the thermocouples, they were 
placed in a copper block of the same size and 
shape as the autoclave with holes drilled to 
depths corresponding to those in the autoclave. 
The block was immersed in the thermostatic 
bath. A central hole in the block accommodated 
a N.P.L.-calibrated platinum resistance ther- 
mometer which provided the reference standard; 
the variationof itsresistance withtemperature was 
determined by a precision Smith’s Differential 
Bridge (Cambridge Instrument Co.). 

Seven couples were calibrated, four for use at 
any one time, with a spare couple for each depth 
of immersion in the conductivity cell. The 
couples were calibrated at narrow intervals of 



temperature over the range O”-180°C to give a obtained from the calibration charts at the 
series of e.m.f. values, E, as a function of the corresponding temperature levels. No significant 
temperature, t (“C). By least-square analysis of changes, permanent or temporary, with respect 
these values, the E versus t relationship for each to the emitter thermocouple were found for any 
couple was determined, quadratic equations of the other thermocouples, during the course of 
being found adequate to define this relationship this investigation. 
within the above temperature range. From the 
equations of the form E = at $ btz, calibration 3.5 Evaluation of the thermal conductivity and a 
tables for each couple were calculated for discussion of the correction terms 
temperature intervals of 1 degC. Within these 3.5.1 The cell constant. The equation for 
intervals, linear interpolation was employed. evaluating the thermal conductivity, equation 1, 

Although the couples were constructed from contains the term In (rz/r1)/2rL, which is solely 
multistranded wires, small differences of not dependent on the dimensions of the conductivity 
more than 1 ~J.V (equivalent to approximately cell, and is a constant at any one temperature. It 
0.02 degC) were observed for the same is commonly referred to as the geometric cell 
temperature between individual couples. The constant. Its value was calculated for various 
four most nearly identical couples were selected temperatures within the temperature range of 
for use in the conductivity measurements, the these experiments from the measured cell 
two closest couples (differing by less than 0.3 pV> dimensions at 20°C and the coefficient of thermal 
being taken for use in the emitting and receiving expansion of silver [17]. In view of the very low 
cylinders. As the couples had been calibrated in compressibility of metals, pressures of the magni- 
the positions which they were to occupy in the tude employed in these tests had an insignificant 
conductivity cell, effects due to variable depth of effect on the cell dimensions. 
immersion were eliminated. 3.5.2 Heat energy dissipation. The energy, Q, 

The reliability of thermal conductivity dissipated in the cell was measured electrically 
measurements depends to a great extent on the from the current flowing through the central 
precise determination of small temperature 10 cm of the heater, which coincided with the 
differences between various parts of the con- length of the emitting cylinder, and the potential 
ductivity cell. Whilst a random change in the difference across this length. 
absolute calibration of 1 PV at a level of, say, The current was evaluated from the measured 
100°C would result in an absolute error of about potential difference across a series standard 
one part in 5000, the resultant error in the resistance of 0.01 SZ, the potential difference 
important temperature difference across the being obtained by the use of a potential divider 
fluid annulus, which was generally about 1 degC, with the ratio 104: 1 in parallel with the heater 
would be one part in 50, i.e. 2 per cent. Similar, winding. Both these e.m.f.s were measured with 
though perhaps not so stringent requirements the same Diesselhorst Potentiometer employed 
apply to the couples located in the guard rings, for measuring the thermal e.m.f.s of the thermo- 
whose temperature differences relative to the couples. 
thermocouple located in the centre of the emit- To convert electrical units into thermal energy 
ting cylinder, are proportional to the amount of units, the conversion factor of 4.1853 J/Cal was 
axial heat loss or gain. used. A multiplier derived from this factor and 

To ensure freedom from small individual the electrical resistances of the measuring circuit 
random changes of the various thermocouples, related energy dissipation, Q, to the measure- 
inter-calibrations were carried out at frequent ments of potential difference and current. 
intervals of time with the couples in situ. At each 3.5.3 Mean temperature and temperature 
new level of temperature, the cell heater was difSerence. The temperatures of the emitting and 
switched off and the cell and autoclave allowed receiving cylinders were evaluated separately 
to reach thermal equilibrium. The thermal from the e.m.f.s of the two thermocouples located 
e.m.I’.s generated by all couples were measured in the central plane of these cylinders. The 
and their differences compared with those temperature of a measurement was taken as the 
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mean temperature of these two values, while 
their difference gave the observed temperature 
difference. Since the junctions of these thermo- 
couples were not on the surfaces of the cylinders, 
but at known distances beneath them, a correc- 
tion to the observed temperature difference 
allowed for the temperature drop through the 
metal layer between the thermojunction and the 
respective surface. The correction was evaluated 
for each individual determination from the heat 
flow, Q, and a factorial term dependent on the 
cell geometry and the thermal conductivity of 
the material of const~ction 1171. In all cases, the 
value of this correction did not exceed 4 per cent 
of the observed temperature difference, and, for 
most measurements, it was considerably less than 
4 per cent. 

3.5.4 Axial heatflow. Axial heat losses or gains 
from the ends of the emitting cylinder were 
minimized by careful adjustment of the guard 
ring heater currents to ensure that the tempera- 
ture differences between the emitting cylinder 
and the guard rings were as small as possible. 
The temperature difference permitted was never 
more than the reproducible limit of accuracy of 
the guard ring thermocouples, i.e. fl pV, 
corresponding to a temperature difference of 
0.02 degC. A temperature difference of that 
magnitude would cause an error of less than 
10.2 per cent in the least favourable case of 
axial heat flow to or from both guard rings in 
the same direction. The improvement in the 
reproducibility of the thermocouples compared 
with those used in the previous study [I 51, has 
been achieved by more refined construction and 
better calibration, 

3.55. Radiation corrections The use of silver 
for the construction of the cell, and the highly 
polished finish of the emitting and receiving 
surfaces, ensured that radiative heat exchange 
across the annulus would be small (Section 3.1). 
Completely ignoring the existance of absorption 
bands of ammonia in the infra-red region, which 
would tend to reduce such an energy exchange, 
an estimate of the radiative heat flux was made 
from measurements of the heat transfer across 
the annulus of the cell with the autoclave 
evacuated to 0.02 mmHg. Application of this 
correction to actual conductivity determinations 
showed that the computed radiative heat flux, 

in the most unfavourable operating conditions of 
low fluid pressure and high temperature, was 
approximately O-5 per cent of the total heat 
flux. In all other determinations, the effect was 
considerably less and hence negligible compared 
with the random experimental scatter. 

3.5.6 Convection efsects. In order to avoid 
errors due to the onset of thermal convection, all 
measurements were made with the smallest 
temperature difference across the annulus com- 
patible with the precision of the thermocouples. 
Where the physical data were known or could 
be estimated with reasonable precision, con- 
vection was considered absent if the product of 
the Grashof and Prandtl numbers was below 
the critical limit of 800. The absence of con- 
vection at other doubtful points was checked by 
determining the thermal conductivity at various 
heat inputs at identical values of pressure and 
temperature. For almost all conditions, these 
check values were identical within the accuracy 
limits. 

Certain values, however, at conditions slightly 
above the critical point, were shown to be 
affected by convection, despite the use of small 
energy dissipations. These values were obtained 
at a temperature of 139°C and at pressures 
between 124 and 129 atm, and here a reduction of 
the heat dissipation Q, and consequent reduction 
of the temperature difference At across the 
annulus, caused a diminution in the magnitude 
of the thermal conductivity. To obtain con- 
vection-free values at each combination of 
temperature and pressure, the magnitude of Ar 
was progressively diminished until further re- 
duction caused no change in the value of the 
thermal conductivity, within the limits of 
accuracy. These thermal conductivities were 
then considered to be free from convective effects. 
Typical examples of the variation of thermal 
conductivity with diminishing At are shown in 
Fig. 3. 

3.5.7 Heat losses in heater leads. Measure- 
ments of the thermal conductivity of ammonia 
in the vapour phase were made for several 
isotherms over the pressure range from a few 
atmospheres to near the saturation vapour 
pressure for the given temperature. Due to the 
reelatively low thermal conductivity in this region, 
only very small heater currents could be used. 
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FIG. 3. Some typical examples showing the experimental determination of convection-free values (k constant) 
by progressive diminution of At. 

The values obtained were found to be con- 
sistently higher than those of several previous 
authors [l-6]. Careful consideration of possible 
errors suggested that a small axial heat loss was 
occurring which had not been allowed for in the 
corrections to the radial heat flow (Section 3.5.2). 
The loss would be of the order of a few 
hundredths of a calorie per second and hence 
would be significant only in those measurements 
where small heat dissipations were used. 

As a result of a general examination of possible 
paths of non-radial heat flow, attention was 
focused on the heating element itself, and it was 
realized that a small amount of heat could be 
lost axially along the two potential leads made of 
silver which were attached to the ends of the 
centre section of the heater winding. Although 
these wires are in a near-isothermal region at, 
and near, their point of attachment, they pass 
through the autoclave lid where they must lose 
heat to the thermostat fluid, which is at a 
temperature several degrees below that of the 
heater surface. 

Analysis of the heat flow along a wire with 
radial losses to a surrounding medium at constant 
temperature allowed the heat loss from the two 
wires to be estimated, using calculated values for 
the temperature difference between the heater 
surface and the thermostat bath. The calculated 
heat loss at ambient conditions was in close 
agreement with that estimated from the difference 

between the results of this study and published 
values of the thermal conductivity of gaseous 
ammonia. 

The correction for the axial heat loss along the 
potential leads was applied to all experimental 
values, its magnitude as a percentage of the total 
energy dissipated being a function of the heat 
flux itself. 

In the liquid phase, and at the higher pressures 
at supercritical temperatures, where radial heat 
fluxes are relatively large, the correction was 
insignificant in comparison with experimental 
scatter. Smaller heat fluxes are necessary for 
determinations in the vapour phase, and at 
slightly supercritical conditions, and here, the 
correction varied from O-9 to 4.0 per cent. 
Values in Table I corresponding to these latter 
conditions have been corrected for this heat loss. 

3.6 Purity of the liquid phobia 
The substance used in these tests was an- 

hydrous ammonia of not less than 99.98 per cent 
purity. The suppliers, I.C.I. Ltd., state that 
typical analyses show 50 to 150 parts per million 
impurity, consisting mainly of water, the re- 
mainder being oil and carbon dioxide. 

No independent analyses were carried out. 
However, during the course of this investigation 
which extended over a period of about 21 months, 
the conductivity cell was emptied and charged 
with new fluid samples several times, these 
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samples being taken from three different 
cylinders. No noticeable difference was detected 
between the values pertaining to the samples 
from different cylinders, showing that the fluid 
was of consistent purity. 

3.1 Experimental procedure 
3.7.1 The jilling of the apparatus. Liquid 

anhydrous ammonia was contained in the steel 
cylinder (A) from which it was drawn by using 
the cylinder in the inverted position. In order 
to maintain the stated purity of the substance, 
all air and traces of moisture had to be removed 
from the apparatus before any part of it was 
filled. This was achieved by prolonged evacuation 
of the system with a rotary vacuum pump, 
during which time all parts were heated to 
about 70°C to remove occluded moisture. The 
apparatus was heated by its own thermostat 
baths, the pipe-work by wound-on electrother- 
mal tapes and by hot-air blowers as applicable. 
Evacuation continued as the apparatus cooled to 
room temperature. 

Liquid ammonia was then transferred to the 
conductivity cell and other fluid-filled parts of 
the apparatus by heating the supply cylinder (A) 
to produce a cylinder pressure, shown on gauge. 
(L), a few atmospheres above the saturation 
vapour pressure at room temperature. By open- 
ing appropriate valves, ammonia was admitted 
to the required sections of the apparatus where 
it condensed and remained in the liquid phase 
because of the excess pressure in the supply 
cylinder. Filters (F) and (G), in the high and low 
pressure lines respectively, prevented foreign 
matter from being carried into the autoclave. 
The working pressure in the autoclave was 
shown by an oil-filled gauge (H) which was 
separated from the high pressure fluid by a 
pressure-transmitting bellows. Several gauges 
were used to cover the pressure range with 
suitable accuracy and, in each case, the gauge 
and pressure transmitter were calibrated as a 
unit by means of a dead-load tester. A bursting 
disk (K) with a rupturing pressure of 240 atm was 
connected to the vent manifold and protected the 
low and medium pressure sections of the 
apparatus against inadventent pressure rise due 
to overheating of autoclave (B) or to a leak back 
from the pressure intensifier. 

Some difficulty was experienced with leaking 
valves at the highest pressures. A modification 
was designed to convert a commercial, high- 
pressure, control valve with tapered spindle into 
a stop valve, in which a steel ball formed the 
sealing element. As there might be a wider 
application, this is shown in detail in Fig. 4. 

Workfng Pressure 500 atm 

FIG. 4. High pressure stop-valve. 

Sealing pressure on the ball was provided by a 
short spindle acting through a plunger of 
triangular cross-section. A light spring served to 
lift the ball off its seat when the valve was 
opened. The gland packing was made of Teflon. 
Such valves were tested by hydraulic pressure to 
600 atm, and proved completely satisfactory in 
service with ammonia at pressures up to 500 atm. 

3.7.2 Determination of isotherms. For ex- 
perimental convenience, the individual thermal 
conductivity measurements were made at 
selected constant temperature levels, the pressure 
being varied as required (Section 3.3). 

The determination of isotherms had advant- 
ages in speed of operation. The temperature of 
the cylindrical thermostat bath (D), which could 
be maintained at a set value for several days, 
determined roughly the temperature level in the 



1396 D. P. NEEDHAM and H. ZIEBLAND 

cell. The actual mean temperature of a measure- 
ment and the magnitude of the temperature 
difference across the annulus were determined by 
the heat dissipation of the electric heater. In the 
liquid, and liquid-like fluid states the effect of 
pressure on thermal conductivity was relatively 
small and a change in the pressure level caused 
only a small change in the mean temperature, 
which could be compensated for by a small 
adjustment of the energy dissipation in the 
heater. In the vapour phase, however, and in the 
region of rapid change of conductivity with 
pressure near the critical point, adjustments to 
the temperature of the thermostat bath itself 
were necessary to maintain a chosen mean 
temperature. 

0.4 per cent. At any selected value of pressure 
and temperature, at least three determinations of 
thermal conductivity were made over a period of 
l-2 h and the arithmetic mean of the individual 
determinations taken as the most probable value. 
The temperature variation during any three such 
measurements was less than f0.1 degC. 

The intervals of pressure selected along any 
isotherm were dependent on the appropriate 
isothermal pressure coefficient of the thermal 
conductivity. In regions of rapid change, 
measurements were made at closer intervals than 
were considered necessary in areas where the 
pressure effect was small. 

In general, all points on any one isotherm were 
obtained at mean temperatures within f0.3 degC 
of the nominal value. Consideration of the 
temperature coefficient of the thermal conduc- 
tivity at constant pressure, calculated from 
several isotherms, showed that the errors pro- 
duced by temperature variations of this amount 
were negligible. In the case of the 20.5”C iso- 
therm, where control of the bath temperature 
was difficult, some values were measured at 
temperatures differing by as much as 0.6 degC 
from the mean. Corrections were applied to such 
values, the maximum correction being less than 

In the case of two supercritical isotherms, viz. 
139” and 157°C measurements were made at 
pressure intervals as small as 1 atm in order to 
ascertain the presence of anomalous effects 
reported to occur at conditions of state corre- 
sponding to a density value equal to that of the 
critical density [25]. These conditions were 
reached at 13 1 atm for 139°C and at 162 atm for 
157°C; large numbers of determinations were 
made at close intervals of pressure over ranges of 
about 40 atm above and below these pressures. 

4. EXPERIMENTAL RESULTS 

4.1 Presentation 
Table 1 contains the 115 measured values of 

Table 1. Thermal conductivity of ammonia. Experimental values 

Nominal 
temperature 

(“0 

Temperature 
of 

measurement 
(“C) 

Pressure 
(atm) 

Density Thermal 
(g/cm3) (Amagat) conductivity 

k ,< 104 
(Cal/cm s degC) 

20.5 20.625 
20.502 
20.849 
20.480 
20.381 
20.505 
20.498 
20,517 
20.438 
20.5 
20.5 

59.396 44.5 0.552 715.6 
59.326 92 0.560 726.0 
59.402 107 0.563 729.9 
59,264 120.6 0.564 731.2 

59.3 

1.2 
3.5 
6.2 

13.8 
94.3 

121.5 
142 
182 
200 
29.5 
466 

0,609 789.5 
0,617 800.0 
0620 803.8 
0621 805.1 
0.624 809.0 
0.625 810.2 
0.632 819.3 
0.643 833.6 

- 

0.582 
0.607 
0,644 

Il.510 
11.668 
12.240 
11.908 
12.537 
12.077 
13.03 
13.28 

9,788 
9,937 

10.218 
10.085 



THE THERMAL CONDUCTIVITY OF LIQUID AND GASEOUS AMMONIA 1397 

Table l-continued 

Nominal 
temperature 

(“C) 

- 

Temperature 
of 

measurement 
(“C) 

Pressure 
(atm) 

59.3 59,364 160 0.569 737.6 10.440 
59.385 162 0.570 738.9 10.245 
59.345 187 0.572 741.5 10.580 
59.296 196 0.574 744.1 10,357 
59.265 295 0.584 757.1 10.969 
59.399 468 0.600 777.8 11.524 

90.6 90.604 
90.580 
90.649 

119.1 

126.8 

138.8 

90.686 
90.597 
90.546 
90.569 
90.558 
90.544 
90.562 
90,616 
90.585 
90.545 
90.628 
90.604 

119.065 
119.078 
119.183 
119.081 
119.129 
119.146 
119.048 
119.086 
119.103 
119.104 
119.151 
119.090 
119.114 
119.123 

2.8 
11.4 
32.8 
52.8 
71.2 
81.2 
99.5 

116 
134 
166.5 
166.5 
201 
282.5 
468 

0.395 512.1 
0.413 535.4 
0,428 554.8 
0.447 579.5 
0.447 579.5 
0.460 596.3 
0.483 626.2 
0.519 672.8 

0,865 
0.901 
1.026 
1.227 
1,523 
1,891 
6.345 
6.677 
6.802 
7.067 
7.159 
7.342 
7.994 
8.850 

126.797 113 0.367 575.8 5.908 
126.795 143 0.404 523.7 6.295 
126.809 167 0.423 548.4 6.551 
126.820 200.5 0.442 573.0 6,841 

138.805 100 
138.796 119 
138.743 120.5 
138.819 123 
138.818 124 
138.793 125.5 
138.830 128.5 
138.848 131 
138.782 135 
138.841 135.5 

0.088 
0.158 
0.166 
0.184 
0.193 
0.206 
0.231 
0.249 
0.275 
0.278 

114.1 1.977 
204.8 3.366 
215.2 3,978 
238.5 5.39 
250.2 6.10 
267.1 5.83 
299.5 5.44 
322.8 5.417 
356.5 5.413 
360.4 5.488 

2.8 
13.0 
29.3 
43.9 
60 
72.6 
93 

101.5 
144 
145.5 
171 
176 
209 
287 
461.5 

Density Thermal 
(g/cm”) (Amagat) conductivity 

k x lo4 
(Cal/cm s degC) 

- 

0.484 627.4 
0.488 632.6 
0.495 641.7 
0.497 644.3 
0.508 658.6 
0.508 658.6 
0.514 666.3 
0.514 666.3 
0.521 675.4 
0.534 692.3 
0.558 723.4 

0.786 
0.854 
0,965 
1,129 
7.826 
8.144 
8,087 
8.223 
8.464 
8.661 
8.737 
8.832 
8.880 
9.360 

10.072 
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Table 1 -continued 

Nominal 
temperature 

W) 

Temperature 
of 

measurement 
(“C) 

Pressure 
(atm) 

Density Thermal 
(g/cm”) (Amagat) conductivity 

k i lo4 
(Cal/cm s degC) 

138.8 138.791 136 
138.868 142 

157.1 

176.9 

138.753 149 
138.750 181 
138.822 199 
138.863 295 
138.760 473 

157.076 
157.067 
157.061 
157.071 
157.011 
157.024 
156.984 
157.033 
157.115 
157.022 
157.010 
157.083 
156.966 
157.070 
157.109 
157.029 
157.093 
157.032 
156.991 

8.5 
42.5 
83 

114 
126 
141 
144 
146.5 
149 
151 
154 
157 
158 
1605 
162.5 
163.5 
163.5 
165:5 
169 
172 
174 
178 
180 
200.5 
300 
468 

157GO7 
157.072 
157.107 
157.045 
157.046 
157.113 
157.025 

176.912 
176,948 
176.935 
176.801 
176.892 
176.993 
176.901 
176.916 
176.937 
176,934 
176.751 
176.937 
176.957 
176.954 
176.749 
176.805 
176.946 
176.797 

2.0 
2.0 
8.5 
8.5 
8.5 
9.0 
9.0 

18 
32 
43 
79.5 

102.5 
125 
156 
180 
200 
295 
475 

0,281 364.3 5.326 
0.310 401.9 5.578 
0.336 435.6 5.603 
0.391 506.9 6.101 
0,403 522.4 6.324 
0,446 578.2 7,189 
0,488 632.6 8, I59 

O+Kkl 
0,024 
0.055 
0,088 
0,109 
0,154 
0.165 
0.174 
0.184 
0.192 
0.203 
0.216 
0.220 
0.230 
0.238 
0.241 
0.241 
0.248 

5.2 
55.1 
71.3 

114.1 
141.3 
199.6 
213.9 
225.6 
238.5 
248.9 
263.2 
280.0 
285.2 
298.2 
308.5 
312.4 
312.4 
321.5 
339.6 
352.6 
360.4 
378.5 
385.0 
429.1 
528.9 
593.8 

I.050 
I.163 
I.428 
I.870 
2.152 
2,778 
2.936 
3,073 
3.255 
3,370 
3,570 
3.763 
3.841 
3.993 
4,085 
4.245 
4,128 
4,244 
4,380 
4.482 
4.494 
4.670 
4.694 
5,136 
6.383 
7,441 

0.262 
0.272 
0.278 
0.292 
0.297 
0.331 
0.408 
0.458 

owl 
0~001 
0.004 
0404 
0.004 
OGO4 
OGO4 
00I9 
0.016 
0.022 
0.046 
0.064 
0.084 
0.130 
0.184 
0.230 
0.352 
0.427 

1.3 
1.3 
5.2 
5.2 
5.2 
5.2 
5.2 

11.7 
20.7 
28.5 
59.6 
83.0 

108.9 
168.5 
238.5 
298.2 
4563 
553.6 

I.105 
1,105 
I.110 
1.097 
1.020 
I.122 
I.124 
I.150 
I.198 
I.220 
I ,404 
I.571 
1,843 
2.399 
3.030 
3.680 
5.206 
6649 
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thermal conductivity which were determined over 
a range of pressures at eight temperature levels. 
Five of the eight isotherms cover the complete 
pressure range from near-atmospheric pressure to 
500 atm. The temperature range was 20.5” to 
1769”C, which, with the pressure range up to 
500 atm, includes the gaseous and liquid phases 
and the critical point which is defined by 
te = 132=4”C and pG = 111.5 atm [18]. For all 
results in the liquid-like fluid region, the corre- 
sponding density values, obtained from Davies 
[18], have been included in Table I. These 
densities were used for a general correlation of 
thermal conductivity in terms of density, 
Section 4.3, and also for the presentation of 
figures in the critical region (Section 5.4). Values 
of density were expressed in conventionat c,g.s. 

units (g/ems), and in Amagat units, i.e. in 
terms of multiples of the density of the gas phase 
at 0°C and 760 mm Hg. For ammonia, one 
Amagat unit is equivalent to 7.71 x IO-4 g/ems. 

4.2 Smoothed pressure~temperuture/thermal con- 
ductivity values (Figs. 5 and 6) 

With the experimental results of Table 1, an 
auxiliary diagram was constructed showing the 
thermal conductivity as a function of pressure, 
with temperature as the independent parameter. 
From this diagram, which is not shown in this 
paper, values of the thermal conductivity were 
taken from all isotherms at selected pressures to 
permit the construction of a series of isobars of 
the thermal conductivity (Fig. 5). The selected 
pressures were 1 atm, and then increasing in steps 

320 340 360 380 400 420 440 460 480 

TEMPERATURE, l K 

FIG. 5. Thermal conductivity of ammonia. Smoothed isobars. 
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of 5, 10, 20 or 50 atm to 500 atm. In conformity 
with a compilation of the thermodynamic 
properties of ammonia, frequently referred to in 
this paper 1181, the absolute temperature scale 
was preferred for this and all subsequent tabula- 
tions and diagrams, To complete the graphical 
presentation, the isobars were extended to the 
appropriate saturation temperatures [ 181 and the 
liquidus and vaporus boundary curves were 
constructed (shown as chain-link lines in Fig. 5). 
To smooth the data on the boundary curves, use 
was made of the concept of the “rectilinear 
diameter” which, as orginally shown by Mathias 
and Kamerhngh Onnes [19], correlated the 
densities of the corresponding liquid and vapour 
phases with temperature at saturation conditions. 

of corresponding pairs of liquid and vapour 
thermal conductivities should lie on a straight 
line, the rectilinear diameter, passing through the 
critical point. From several corresponding pairs 
of results, the following equation was derived by 
least-square analysis for the rectilinear diameter 
of the thermal conductivity of ammonia. 

104 x & = 12.74 - 0.0223T Cal/cm s degC 

where De is the arithmetic mean of the thermal 
conductivities of the liquid and vapour phases, 
and T the absolute temperature. lnserting the 
value of the critical temperature (T, -2 4056°K) 
in the above equation yields a value of 

Extending the validity of this concept to 
transport properties, the arithmetic mean values 

kc = 3.70 x 10-J cal/cm s degC 

for the apparent critical thermal conductivity 

13. 

PRESSURE, otm. 

FIG. 6. Thermal conductivity of ammonia. Smoothed isotherms. 
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which, in view of the anomalies reported in a 
later section, has only theoretical significance. 

By extracting values from Fig. 5 at 10 or 
20 degree intervals, a smoothed plot of isotherms 
(Fig. 6) was constructed covering the range from 
290” to 480°K. For the sake of clarity, and due 
to the small effect of temperature on thermal 
conductivity in the vapour phase, selected 
isotherms only are shown for the subcritical 
region in Fig. 6 and its inset. 

It will be noted in both diagrams, that a small 
area near the critical point has been left blank. 
The smoothed isobars or isotherms terminate at 
the limits of this area inside which thermal 
conductivity has been found or is suspected to 
display anomalous trends which cannot be 
predicted by interpolation from the experimental 
evidence available. 

To demonstrate the nature of this anomolous 
behaviour, a section of the 412°K experimental 
isotherm has been inserted in Fig. 6 and is shown 
by a dotted line. A detailed discussion of this 
phenomenon will be found in Section 5.4. 

The complete range of pressure/temperature/ 
thermal conductivity values (p--t--k) from 
Figs. 5 and 6 are compiled in Table 2. The 
intervals of pressure and temperature in this 
tabulation were chosen to coincide with those 
used by Davies [I 81 for the p-v-t data of 
ammonia, and hence direct comparison between 
thermodynamic properties and the thermal 
conductivity may be made. 

The experimentally verified data to 500 atm 
were extended in Table 2 to 1000 atm by means 
of equation (2), using the density data from 
Davies. It is believed that the precision of these 
computed data is little less than that of the 
experimental values, and probably better than 
2 per cent. 

4.3 Thermal conductivity-density correlation 
Previous investigations on the thermal con- 

ductivity of oxygen, nitrogen and argon showed 
the existence of a unique relation between the 
thermal conductivity and the density of these 
gases in their liquid and liquid-like fluid states 
[20]. To investigate whether a similar dependence 
obtains also for polyatomic molecules, such as 
ammonia, a least-square analysis was applied to 
46 experimental values of the thermal conduc- 

tivity and the corresponding densities, for 
densities exceeding the value of 0.39 g/cm3. The 
analysis was carried out on an electronic com- 
puter at the Royal Aircraft Establishment, 
Farnborough, using polynomial equations up to 
degree 6. The maximum deviations showed that 
there was no justification in considering an 
equation of higher than second order, and the 
following empirical relation appears adequate 
and commensurate with the accuracy of both 
the available density data and the thermal 
conductivity values of this research. 

k x 104 = 8.695 - 27.015 p + 52.591 

p2 Cal/cm s degC (2) 

where p is the density in g/ems. 
In Fig. 7, the experimental values for seven 

isotherms are compared with equation (2). 
With the exception of five points, the equation 

fitted the experimental results to within 12 per 
cent, the largest deviation of one point being 
3.2 per cent. The accuracy of the density data 
taken from reference 18 is not known, but, by 
considering the average error of both quantities 
to be about 1 per cent, it is seen that the ex- 
perimental values are well represented by equa- 
tion (2). The theoretical significance of this 
relation is discussed in Section 5.3. Extensive 
use was made of equation (2) in checking and 
smoothing the relevant values in Fig. 5 and 6, 
and in predicting dense phase figures outside 
the ranges of experimental verification. 

4.4 Thermal conductivity of liquid ammonia at 
sub-ambient temperatures 

The use of ammonia as a refrigerant makes 
desirable a knowledge of its thermal properties 
down to its freezing point, -77.7”C (195.5”K). 
The limitations of the apparatus used in this 
research precluded measurements at sub-ambient 
temperatures. Data do exist, however, for the 
density at saturation conditions in the tempera- 
ture range of interest [18,21] and hence equation 
(2) may be used to extend the saturation data from 
290°K to the freezing point at 195*5”K. The 
density and calculated thermal conductivity 
values are shown in Table 3. 

Certain aspects of the validity of the extra- 
polation of equation (2) to the freezing point of 
ammonia are discussed in Section 5.3. 
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Equation to correlation curve:- 

kx 104- 8.695-27~015p+52?i91pf 

Symbol Temp’C 
A 20.5 
0 
Q ;;:6” 

X 119.1 
I 138.8 126.8 

+ 157.1 

--_-_-~---_~__. _ 

0.4 
DENSlT1: g/cm” 

T 

1 
i A- 

0.6 7 

FIG. 7. Thermal conductivity of ammonia in the liquid and liquid-like fluid state versus density. 

5. DISCUSSION 

5.1 Gas-phase data at 1 atmosphere pressure 
In contrast to the scarcity of information on 

the thermal conductivity of liquid ammonia, 
sufhcient experimental data for the gas phase at 
near atmospheric pressures are available for a 
critical comparison with the present results [l-7]. 

Most observers conducted their experiments 
at pressures below 1 atm, whilst the lowest 

pressures employed in the present tests were 
between 1 and 4 atm. The effect of pressure on 
thermal conductivity within these limits is 
relatively small, but by no means insignificant. 
Hence, in order to provide a common basis for a 
critical analysis, all available data were reduced 
to 1 atm absolute pressure. 

The partial derivatives of the thermal con- 
ductivity with respect to pressure, (ZUc/ap)~, at 



Table 2. Thermal conductivity of ammonia (k x 1O4, 

Pressure Temperature (“K) 
(atm) 

290 300 310 320 330 340 350 360 370 380 

1 
5 

10 
15 

20 

25 

30 

40 

50 

60 

70 
80 

90 
100 

120 

140 

160 

180 

200 

220 

240 
260 

280 
300 

320 
340 

360 

380 

400 

450 
500 

550 

600 
650 
700 

750 
800 

850 
900 

1000 

0.58 060 0.63 0.66 0.68 0.71 0.74 0.77 0.80 0.82 
0.61 064 0.66 0.69 0.72 0.74 0.77 @79 0.82 0.84 

11.94 0.74 0.73 0.74 0.76 0.78 0.80 0.82 0.84 0.86 
11.96 11.41 10.86 0.81 0.81 0.82 0.84 0.85 0.87 0.89 

11.98 

12.00 

12.02 

12.05 
12.09 

12.12 

12.15 

12.18 
12.21 
12.26 

12.33 

12.37 

12.42 

12.48 

12.53 

12.58 

12.63 

12.68 
12.74 

12.79 
12.84 

12.89 

12.95 

13+IO 
13.05 

13.18 
13.32 

11.43 

11.45 
11.47 

11.52 

11.57 

11.61 

11.64 
11.68 
11.71 

11.75 
11.82 

11.87 

11.93 
11.98 

1205 
12.11 

12.16 

12.21 

12.27 
12.34 

12.39 
12.44 

12.50 

12.56 
12.61 

12.75 
12.89 

___--__---- 
13.48 13.07 

13.60 13.19 

13.73 13.31 

13.86 13.43 

13.94 13.56 

14.07 13.66 

14.20 13.77 

14.29 13.86 

14.46 14.03 

10.88 

10.91 

10.94 

10.99 

11.04 
11.09 

11.13 
11.17 

11.21 
11.25 

11.33 

11.38 
11.45 

11.50 

11.57 

11.64 

11.69 

11.75 
11.82 

11.88 

11.94 
12.00 

12.05 

12.11 
12.17 

12.31 
lZ46 

10.34 0.86 0.86 0.88 0.89 0.90 0.91 
10.37 

IO.40 

10.46 
10.52 

10.56 

10.61 
10.66 

10.70 
10.76 
10.83 

10.89 

10.95 

11.02 

11.09 

11.16 

11.22 

11.29 
11.36 
11.42 

11.48 
11.54 

11.60 

11.66 

11.73 

11.88 

12.04 

9.83 0.92 0.92 0.93 0.93 0.95 

9.86 0.99 0.97 0.97 0.98 0.98 

9.92 9.34 8.73 1.09 1.08 1.07 
9.97 9.40 8.78 - 8.14 1.24 1.21 

10.01 9.45 8.84 8.20 7.54 1.40 
10.07 9.50 8.89 8.27 7.61 1.61 
10.11 9.55 8.96 8.33 7.69 7.01 
10.16 9.60 9.02 8.40 7.78 7.12 
10.22 9.67 9.10 8.48 7.85 7.21 
10.32 9.77 9.20 8.61 8.01 7.40 
10.39 9.88 9.31 8.75 8.17 7.59 
10.45 9.98 9.42 8.88 8.31 7.76 
10.53 10.04 9.51 8.97 8.43 7.89 
10.61 10.12 9.60 9.06 8.54 8.02 
10.69 10.21 9.70 9.17 8.66 8.15 
10.76 10.28 9.78 9.28 8.77 8.27 
10.83 10.36 9.86 9.37 8.87 8.38 
10.89 10.44 9.95 9.46 8.97 8.49 
10.96 10.51 10.03 9.55 9.07 8*60 
11.03 10.59 10.12 964 9.16 8.72 
11.10 10.66 10.18 9.73 9.26 8.82 
11.15 10.72 10.26 9.81 9.36 8.91 
11.22 10.79 10.34 9.89 9.44 9.00 
11.30 10.85 10.41 9.98 9.53 9.09 
11.45 11.01 10.58 10.13 9.69 9.26 
11.61 11.17 10.73 10.29 9.86 9.44 

___________------___--- 
12.58 12.12 11.73 11.37 
12.76 12.30 11.91 11.47 
12.86 12.45 12.06 11.62 
13.04 12.68 12.24 11.78 
13.15 12.76 12.30 11.91 
13.28 12.86 12.45 12.06 

13.33 12.97 12.58 12.24 
13.43 13.15 12.76 12.40 
13.69 13.33 12.97 12.58 

10.88 

11.03 
11.19 

11.37 

11.47 
11.62 

11.78 
11.91 

12.24 

,_----- ----- 
10.46 10.08 
10.62 10.18 
10.78 10.39 

10.88 10.46 

11.08 10.67 
11.26 1@83 

11.42’ 10.93 
11.57 11.08 

11.78 11.42 

,---__ 
9.62 

9.80 

9.95 

10.13 

10.34 
1044 

10.57 

10.78 

11.03 

Values above the solid lines refer to the co-existing gas phase; those below the dotted 

H.M. 



C&III s de&) 

390 400 410 420 440 460 480 

0.85 0.88 0.92 0.97 1.06 1.14 1.22 

0.87 0.90 0.94 0.98 1.07 1.15 1.23 

0.89 0.92 0.96 1.00 1.09 1.17 1.24 

0.91 0.94 0.98 1.02 1.10 1.18 1.25 

@94 0.97 1Nl 1.04 I.11 1.19 1.26 

0.97 0.99 1.02 1.06 1.13 1.20 1.27 

1.00 1.02 1.05 1.08 1.14 1.22 1.28 

1.08 1.09 1.11 1.13 1.18 1.25 1.31 

1.20 1.18 1.18 1.19 1.22 1.28 1.33 

1.34 1.29 1.28 1.27 1.26 1.30 1.36 

1.52 1.45 1.39 1.35 1.33 1.36 1.40 

1.83 1.68 1.56 1.47 1.41 1.42 1.44 

6.29 1.98 1.75 1.61 1.50 1.48 1.48 

6.52 2.62 2.03 1.78 1.59 1.55 1.52 

6.75 5.96 2.28 1.87 1.72 1.61 

6.98 6.31 1.92 1.74 

7.18 6.60 5.98 2.17 1.87 

7.36 6.82 6.27 5.59 2.58 2.05 

7.51 7.00 6.47 5.85 4.38 3.12 2.31 

7.66 7.16 6.65 6.08 4.80 3.60 2.59 

7.78 7.29 6.79 6.26 5.12 4.00 2.89 

7.89 7.42 6.95 6.45 5.40 4.30 3.20 
8.01 7.55 7.09 6.62 5.60 4.54 3.49 

8.13 I.68 7.23 6.76 5.76 4.76 3.76 
8.26 7.81 7.36 6.90 5.94 4.96 4.00 
8.37 7.93 7.48 7.03 6.10 5.16 4.23 

8.48 8.04 7.58 7.14 6.25 5.35 4.45 

8.57 8.13 I.69 7.26 6.38 5.52 4.67 
8.66 8.23 7.81 7.38 6.53 5.69 4.88 

8.84 8.43 8.03 7.63 6.84 6.11 5.45 
9.02 8.61 8.22 7.85 7.14 6.54 6.00 

-_--___-_______-----~~~~~-------~----~~_ 
9.21 8.80 8.44 8.10 -7.42 6.84 6.29 

9.33 8.95 8.62 8.18 7.67 7.07 6.53 

9.56 9.16 8.81 8.46 7.85 7.26 6.73 

9.69 9.33 9.04 8.67 8.05 7.48 6.96 

9.90 9.51 9.18 8.82 8.23 7.70 7.14 

10.08 9.67 9.32 8.95 8.39 7.84 7.29 

10.18 9.85 9.50 9.16 8.54 8.01 7.48 

10.39 9.98 9.78 9.31 9.69 8.18 7.67 

10.62 10.34 9.96 9.62 9.95 8.46 7.96 

_ ~~ 
line were computed with the aid of equation (2). 

[fming p. 14021 
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Table 3 

Temperature Density 
(“W (g/cm? 

Thermal conductivity 
(k x 104, cal/cm s 

degC) 

19535 0.734 17.20 
200 0.729 16.95 
210 0.717 16.36 
220 0.706 15.84 
230 0,696 15.37 
240 0.682 14.73 
250 0.669 14.16 
260 0.656 13.61 
270 0.643 13.07 
280 0,629 12.51 
290 0.615 11.97 

Excellent agreement is seen to exist between all 
experimental results in the range from 0” to 
14O”C, the maximum discrepancies being about 
3 per cent, but larger deviations between the data 
of different observers will be noticed at higher 
temperatures. 

1 atm and at various temperatures were obtained 
from this study by analysing a plot of the 
individual experimental isotherms of the thermal 
conductivity versus total pressure. The resultant 
(ak&)r values were plotted against temperature 
and were correlated by a well-fitting straight line. 

With the aid of these derivatives, and assuming 
invariancy of (%/Q)r over the comparatively 
narrow pressure interval covered by the analysis 
(0.25-3 atm), the results of previous observers 
and those of this research were reduced to 1 atm. 
The appropriate correction amounted to reduc- 
tions of less than 2 per cent to the relevant results 
of this work, and increases of up to 1.7 per cent 
to some of the data of earlier workers. 

Until recently, no attempt had been made to 
apply rigorously the theory for transport 
phenomena of molecules with internal degrees of 
freedom to calculating the transport properties of 
strongly polar gases. Such molecules are con- 
sidered to possess a hypothetical dipole located 
at their centres. In a theory involving molecular 
interactions, the additional forces due to the 
existence of the dipole must be considered. These 
dipole forces depend, apart from the field 
strength of the dipole itself, on the relative 
orientation of the two colliding molecules. 

Owing to the complexity of an exact solution 
involving the integration of exponential functions 
with orientation-dependent variables, exact nu- 
merical evaluation is not available yet. However, 
for the special case in which the polar molecules 
are perfectly aligned, i.e. assuming that the 
dipoles are in an attractive, end-on position, the 
orientation factor assumes a constant value. 

A plot of the reduced data is shown in Fig. 8. 

For this special case, Krieger [23] has cal- 
culated the collision integral, and also de- 
termined for several polar gases, from existing 
low-temperature viscosity data, the following 
molecular constants: the maximum energy of 
attraction E, the low-velocity collision diameter 

FIG. 8. Thermal conductivity of gaseous ammonia at 1 atm. A comparison of experimental data with 
a proposed theoretical equation of Mason and Monchick [31]. 
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r, and the reduced dipole parameter 6. The 
relevant data for ammonia were : 

dipole moment p = l-437 debyes 
E/k = 1468°K (k = Boltzmann 

constant) 
S -= 1.2499 
u = 3.441 A 

The thermal conductivity of a polar gas with 
internal degrees of freedom and the simp,i~ed 
molecular arrangement discussed above is given 
by: 

x 19.891 

where 

i 

4 cv 3 
,-5 x -i- + 5 

1 

is the Eucken correction, 

CP, the specific heat at constant volume, 
cal/degC mole, 

R, the gas constant, cal/degC mole, 
T. the absolute temperature, 
M, the molecular weight, 

and Q[$z;*, the collision integral. 

Using the tabulated values of the collision 
integral from [22] and the above fundamental 
molecular constants, values of the thermal 
conductivity computed with equation 3 were 
persistently higher than the experimental ones. 

More recently, Mason and ~onc~ck [31], 
using the formal kinetic theory of Wang Chang 
and Uhlenbeck [32] and of Taxman [33] derived 
explicit expressions for the thermal conductivity 
of polyatomic and polar gases by systematic 
inclusion of terms involving inelastic collisions 
and the relaxation times for the various internal 
degrees of freedom. Results of calculations in 
terms of the Eucken factor were compared with 
experimental results and showed a substantial 
improvement over the conventional and the 
modified Eucken coefficient, particularly as re- 
gards the temperature dependence of this 
quantity. To account for the anomalous be- 
haviour of strongly polar molecules, the above 
authors [3l] investigated the possibility of 

resonant exchange of energy from one molecule 
to another without affecting the translational 
energy. The results of a numerical evaluation of 
their relation for several polar gases, including 
ammonia, were presented in terms of the Eucken 
correction factor. Using the calculated Eucken 
coefficients ,fcal and C, values from Table 2 of 
[31], and values of the viscosity 7 of gaseous 
ammonia from [34], the thermal conductivity of 
gaseous ammonia was calculated from 

k = .fcaG v/M (4) 

The calculated results are represented by the 
solid line in Fig. 8 which, as is seen, adequately 
correlates the not too numerous experimental 
results. Very good agreement between theory and 
experiment is seen to exist between 0” and 
150°C. At higher temperatures greater scatter is 
evident and only the values of Geier and Schafer 
remain in good agreement with theory. Two 
points of this research near 150°C are not 
considered very reliable because of the relatively 
poor thermal equilibratjon in the apparatus. 

It seems justifiable, therefore, to tentatively 
propose the computed values as the most reliable 
values of the thermal conductivity of gaseous 
ammonia between 0” and 300°C at atmospheric 
pressure. These values, together with the other 
data used in this evaluation, were compiled in 
Table 4. 

5.2 Gas phase data at elevated pressures 
The only relevant experimental data found in 

literature are those of Keyes 173 who studied the 
thermal conductivity of gaseous ammonia be- 
tween 50” and 250°C at pressures up to 9 atm. 
In Table 5, below, his results are in reasonable 
agreement with those drived from this research 
by interpolating in Fig. 5. 

In a paper entitled “Heat conduction in 
highly compressed gases”, Franck [12] investi- 
gated theoretically the causes for the rise in the 
thermal conductivity of gases at high pressures 
and proposed from gas kinetic considerations an 
approximate equation which correlates the 
temperature dependence of the thermal conduc- 
tivity with that of the specific volume and the 
specific heat. This equation, which should also 
hold for the near critical region, is based on the 
following model. 
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Table 4 
_--- - 

&I ~~~~~~~~~~~ 
7) x 104 f C&l k x 104 
(Poise) (d/m s de&) 

273 6.36 0.93 1.46 0.51 
373 6.99 1.26 1.51 0.78 
473 7.73 1.63 1.49 1.10 
573 8.48 1.98 I *47 1.45 

~~ 7 __~ ~~~~~~ ~~___ __ ___~ ~~~~_ ._ 

Table 5 
_~-- _~ _-I- 

Pressure Temperature Thermal conductivity 

(atm) (“C) (k x 105, Cal/cm s degC) 

Keyes This research 

5.3 50 6.74 7.02 
8.5 50 6.96 7.30 

4.9 150 9.85 10~00 
5.4 150 10.13 10.18 

5.4 250 13.84 No data 
9-o 250 14.06 available 

-zz 

The transport of energy in gases is partly de- 
pendent upon the free movement (translation) 
of molecules between collisions, and partly on 
the transfer of energy during a collision. In a 
system where the mean free path becomes com- 
parable with the effective molecular diameter, 
the latter mode of heat transfer will gain in 
importance as the energy transfer during collision 
is faster than the purely translational contri- 
bution. The thermal conductivity must therefore 
increase with increasing pressure. 

The second cause, according to Franck 1121, 
for the pressure dependence of thermal conduc- 
tivity is the action of attractive forces between 
molecules which results in a considerable rise of 
specific heat with pressure in the region not too 
far removed from the critical point. In such a 
system, an additional transport of molecular 
interaction energy in the direction of dimin- 
ishing temperature must, take place and 
can be treated in a manner similar to the 
transport of chemical energy in a dissociating 
gas. 

By relating the collisional transfer to the 
conductivity of the liquid at the normal boiling 
point, and the translational transfer to that of 
the rarified gas at the same temperature, the 

H.M.4Q 

total thermal resistance of the compressed gas 
was thus considered as the sum of two in-series 
resistances represented by the reciprocals of the 
thermal conductivities of the liquid and gas 
phases weighted by the ratios of the appropriate 
specific volumes. 

The additional energy transport by molecular 
interaction (clustering) was expressed by a rela- 
tion similar to that derived by Eucken for 
dissociating gases in which the self-diffusion 
coefficient was chosen as the characteristic 
transport property. 

In a comparison of his theory with available 
experimental data, Franck noticed serious dis- 
crepancies, and obtained better agreement by 
reducing the self-diffusion coefficient to half of 
its real value. 

Based on this modified relation, Franck pre- 
dicted the thermal conductivity of compressed 
ammonia up to 60 kg/cm2 and 175°C. A com- 
parison of two of his calculated isobars (20 and 
60 kg/ems) with the present experimental values 
is given in Table 6 below. 

At 20 kg/ems, the agreement between theory 
and experiment is satisfactory, but this can 
hardly be taken as proof of the theory since the 
pressure-induced increase of the thermal conduc- 
tivity at 20 kg/cm2 is only about 10 per cent of 
the value at 1 kg/cma. 

As is seen from Table 6, the discrepancy 
between theory and experiment increases with 
rising pressure and it seems doubtfui, consider- 
ing the rather extensive simplifications and the 
necessity to introduce numerical adjustments to a 
physical quantity (the self-diffusion coefficient), 
whether the model chosen by Franck results in a 
better numerical prediction of the thermal 
conductivity of compressed gases than that 
predicted from the Chapman-Enskog theory of 
rigid spheres. The undoubted value of the above 
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Table 6 
_-.___.- 

Thermal conductivity (k x 104, Cal/cm s degC) 

Temperature 
(“K) 

20 kg/cm” 
This 

Franck research 

60 kg/cm2 
This 

Franck research 

380 0.887 0.91 1.17 1.40 
390 0.91 0.94 I.14 1-34 
400 0.94 0,97 1.13 I .29 
410 0.97 1xlO 1,125 I ,28 
420 l%?iI I.04 1.13 l-27 
440 1.05 1.11 1.15 1.26 

-_~--zY: ..z. - --= _ ~_._ .-- 

treatment lies in the fact that it has drawn 
attention to another phenomenon of molecular 
energy transport, namely that by association of 
molecules to clusters in regions close to the 
critical point. The problems and phenomena 
characteristic of this transitional regime will be 
discussed in a later section. 

Another attempt to predict the transport 
properties of ammonia over a wide range of 
parameters is due to Groenier and Thodos [ 131 
who analysed the few available data for the dense 
gas phase and liquid phase regions 17, 81 and 
treated them along the lines proposed by Abas- 
Zade 1241. Owing to the extreme scarcity of 
experimental data at higher densities, the authors 
found it necessary to extend the dense gas phase 
data by calculating the viscosity and thermal 
conductivity with the aid of the Chapman- 
Enskog theory. 

With this information and the corresponding 
density data, reduced state diagrams for the 
viscosity and the thermal conductivity were 
constructed, extending to Tred. = 10 (4055°K) 
and Pred. = 40 (4460 atm), a rather ambitious 
undertaking, particularly when one considers 
that ammonia gas begins to dissociate at normal 
pressures at around 600”K, and that the diagram 
is based almost entirely on computed data. 

All reduced state correlations for transport 
properties require the knowledge of a fictitious 
quantity, which can only be obtained by extra- 
polation, and is different from the real value, 
viz. the value of the transport property at the 
critical point itself. Recent work [25-271, con- 
firmed by this research, has indicated that, 
owing to the two-phase nature of a fluid at, and 

immediately above, its critical point, additional 
energy transport phenomena come into play and 
appear to be responsible for the anomalous 
enhancement of the thermal conductivity ob- 
served in this region. These phenomena are 
discussed in Section 5.4. 

A comparison of some dense gas-phase data, 
taken from the reduced state correlation of 
Groenier and Thodos 1131, with the values from 
this research is found in Table 7. 

Table 7 

Thermal conductivity 
(k s l(r, Cal/cm s degC) 

Tred , P red. ---~- 
Groenier et al. This research 

- 

1.035 1 1.8 2.1 
(420°K) 2 6.1 6.1 

: 
7.4 7.0 
8.2 7.6 

5 9.0 8.1 
6 93 8.5 
9 10.8 9.6 

0.74 1 13.8 11.8 
(300°K) 

: 
14.9 12.4 
16.1 13.1 

9 17.3 14.0 

In view of the scant experimental data that 
formed the basis of the work of Groenier et al., 
and the somewhat different critical thermal 
conductivity value derived from the present 
research, it is not surprising that the agreement 
is not particularly good. 
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The undoubted value of reduced state corre- 
lations consists in making possible the prediction 
of data over wide ranges of parameters with a 
minimum of experimental effort, and with an 
accuracy which, for some practical applications, 
might well be acceptable. 

Care must be taken, however, not to extra- 
polate such relations to conditions of state where, 
through the occurrence of physico-chemical 
changes (dissociation), and additional transport 
phenomena (molecular clustering), predicted 
values must differ seriously from the real ones. 

5.3 Liquid and solid phases 
The earliest determination of the thermal 

conductivity of liquid ammonia appears to be 
due to Kardos [S] who investigated this and other 
industrial refrigerants in a hot-wire cell. Experi- 
mental difficulties, believed to be caused by the 
electrical conductance of ammonia, prevented 
precise measurements and the author quoted 
only an average value of 12 x lo-* Cal/cm s 
degC derived from 25 individual measu~ments 
between -10” and +2O”C. This value is in fair 
agreement with the corresponding value of 
12.6 x lO-4 computed at the mean temperature 
of 5°C with the aid of equation (2) and the 
density data of Cragoe and Harper 1211. 

Similar difficulties to those reported by Kardos 
prevented Sellschopp [9] from completing his 
study on the thermal conductivity of ammonia, 
for which he employed a horizontal, co-axial 
cylinder apparatus. Nevertheless, he was able to 
correlate his tentative results between 30” and 
100°C at appro~mately saturation pressure by 
the following linear quation : 

k =II 12~889( 1 - 0.0042t) 
x 1O-4 Cal/cm s degC (5) 

Table 8 below shows a comparison of vaiues 
computed with Sellschopp’s correlation equa- 
tion with values derived from this research. 

Excellent agreement is seen to exist between 
these two sets of values except at the highest 
temperature where the smaller value from this 
research indicates a more rapid decrease in the 
thermal condu~ti~ty as the critical point is 
approached. It is obvious from the shape of the 
boundary curves in Fig. 5 that a linear equation 
for predicting the thermal conductivity at 

Table 8 

Thermal conductivity 
Tem~rat~e (k x 104, caI,km s degC) 

(“C) 
Sellschopp This research 

20 11.80 11.74 
40 1072 10.71 
60 9.64 9.64 
80 8.56 8.52 

loo 7-47 7.31 

I . ___~ _ .“.. ._.___~ ~..__._ . - ~_.~_ 

saturation conditions can only hold over a com- 
paratively narrow temperature range, and it must 
fail in the region close to the critical point where 
the boundary curve begins to display a marked 
curvature. 

The apparatus used in this research did not 
permit the determination of the thermal conduc- 
tivity of solid ammonia, although such measure- 
ments are highly desirable for a better under- 
standing of the mechanism of energy transport in 
the liquid phase, To the best of the authors’ 
knowledge, only one value of the thermal 
conductivity of solid ammonia has ever been 
reported in the literature. Employing a non- 
steady state technique, Eucken and Englert [I I] 
found a value of 23.9 x IO-4 Cal/cm s degC at 
- 103.9%. It appeared interesting to investigate 
whether this result can be related quantitatively 
to the liquid-phase values of this research. Such 
an analysis can serve two purposes. Firstly, it 
can be employed for a mere qualitative check on 
the validity of the proposed relation between 
density and the thermal conducti~ty of the 
liquid phase in the low temperature region, for 
which no experimental data are yet available. It 
is a well established fact that the thermal 
conductivity of a substance at the fusion point is 

higher for the solid than for the liquid phase. 
This fundamental requirement should be ful~lled 
therefore, by equation (2) if it is to be recom- 
mended for use in the sub-zero temperature 
range. 

Secondly, a comparison of the solid-phase and 
liquid-phase thermal conductivity at the fusion 
point would provide an excellent opportunity of 
verifying current conceptions on the transport of 
energy in liquids, and on the structural relation 
between the solid and liquid states, Fusion is 
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accompanied by a relatively small increase of 
volume-in the case of ammonia about 11 per 
cent-and this fact alone seems to show that the 
arran~ment of molecules in a liquid near the 
fusion point, must be more or less similar 
to their arrangement in the corresponding solid 
state. It must further be borne in mind that 
the latent heat of fusion is much smaller than the 
latent heat of vaporization, which implies that 
the cohesive forces between the molecules in- 
crease only comparatively slightly during solidifi- 
cation. Finally, the specific heat of condensed 
substances is only moderately affected by fusion, 
usually being somewhat higher just above the 
fusion point than immediately below it, except 
for liquids which display a strong tendency to 
molecular association. 

All these facts seem to indicate that the 
mechanism of the transport of heat in liquids 
near their fusion points remains fundamentally 
the same as in solids, and is characterized by 
small vibrations about certain equilibrium 
positions, and, in the case of diatomic and polya- 
tomic molecules, by additional rotational vibra- 
tions about equilibrium orientations. One could 
therefore expect that a relation capable of 
predicting the thermal conductivity of a liquid 
near its fusion point should also hold with good 
approximation for the imnlediately adjacent 
solid state. 

To test these conceptions on ammonia, one 
requires ideally the values of the thermal 
conductivity of the liquid and solid states at the 
fusion point (-77*7”C). However, neither value 
has been deter~ned experimentally so it was 
necessary to extrapolate available data to the 
normal fusion point as the common reference 
temperature. 

For the solid state, use was made of a general 
relation for the thermal conductivity of non- 
metallic, ~olyc~stalline solids, according to 
which the product of the thermal conductivity 
and the absolute temperature is constant. Using 
the previously mentioned result of Eucken et al., 
the thermal conductivity of solid ammonia at the 
melting point was calculated as 

k solid = 20.7 x 10e4 Cal/cm s degC 

The thermal conductivity of the liquid phase 
at the freezing point can be predicted with the 

aid of equation (2). Using a density value of 
0.734 g/ems, which was obtained by extra- 
polating slightly the results of Cragoe and 
Harper [Zt] to -77*7”C, a value of 

ktiquid = 17.20 X 10e4 Cal/cm s degC 

was found. Thus the first of the two basic 
requirements, viz. ksolid > kliquid, is fulfilled. 

Comparing these two values, the thermal 
conductivity on solidi~cation rises by about 
20 per cent, which is almost equal to the square 
of the corresponding density ratios, 

(0.8 1/0~734)~ = 1.22. 

In other words, the quadratic relation between 
the density and the thermal conductivity appears 
to hold also for the solid state near its transition 
point. Introducing into equation (2) the value of 
0~81 g/cm3 from reference 28 as the correspond- 
ing density of the solid phase, yields a value of 
21.32 x IO-4 Cal/cm s degC for the thermal 
conductivity of solid ammonia which is only 
3 per cent higher than that obtained by reducing 
Eucken’s experimental value to the temperature 
of the fusion point. 

From this very satisfactory agreement it was 
concluded that equation (2) is suitable for pre- 
dicting the thermal conductivity of liquid 
ammonia between room temperature and the 
normal freezing point, and it seems probable, as 
postulated earlier, that there exists a strong 
similarity in the transport mechanism for heat 
in the solid and liquid states near the fusion 
point. 

This observation wili undoubtedly affect the 
choice of model in a general theory of thermal 
conductivity of the liquid state and it appears 
more rational to consider a liquid as a disordered 
solid, than to treat it as a highly compressed gas 
in which the free volume for translational motion 
is much restricted due to the close packing of the 
molecules. 

The reference to the close agreement between 
an experimental and a computed value of the 
thermal conductivity of solid ammonia does not 
imply that the use of equation (2) is recommended 
for the solid phase beyond the freezing point. It is 
well understood that the thermal transport 
through crystalline solids follows different laws, 



THE THERMAL CONDUCTIVITY OF LIQUID AND GASEOUS AMMONIA 1409 

as is implicitly shown by the use of Eucken’s 
relation ksolid x T = constant. 

5.4 The critical regime 
In the preceding paragraphs of Section 5, 

attention has been drawn to the monotonous 
change of the transport properties on passing 
from the liquid-like to the gas-like state at 
supercritical pressures. However, the critical 
point itself and its immediate vicinity were 
deliberately excluded from those otherwise 
generally valid observations. A closer study of 
the properties of fluids in the comparatively 
narrow regime immediately above the critical 
point quite clearly shows unusual and interesting 
trends intimately connected with the changes 
of molecular structure characteristic of this 
state. 

Experimental studies of the thermal conduc- 
tivity near the critical point are, because of the 
considerable experimental difficulties, extremely 
scarce. Anomalous increases of the thermal 
conductivity of carbon dioxide at slightly super- 
critical conditions seem to have been reported 
first by Kardos [8] whose observations were later 
critically examined by Sellschopp [29], and were 
shown to have been affected by severe convec- 
tion currents in Kardos’ apparatus. Little im- 
portance was attached, therefore, to Kardos’ 
attempted qualitative explanation of the nature 
of heat conduction near the critical point, and 
the problem rested for nearly 30 years. 

The increasing demand in many areas of 
modern technology for accurate data on trans- 
port properties of fluids has led to a revival of 
interest in this field in recent years. Several 
studies of thermal conductivity of fluids have 
been made over ranges of temperature and 
pressure which included the respective critical 
points [20], but experimental difficulties again 
prevented a detailed and thorough examination 
of the conditions in close proximity to the 
critical point. 

More recently Guildner [27] and Sengers 
[25, 261 have dealt specifically with the problem 
of heat conduction in the critical region. Both 

authors made their observations on carbon 
dioxide and found that the conductivity of 
slightly supercritical carbon dioxide is consider- 
ably enhanced, although they disagreed to some 

extent on the numerical values of this enhance- 
ment. 

Guildner, who conducted his experiments on 
carbon dioxide with a vertical, co-axial cylinder 
apparatus, found marked increases of the ther- 
mal conductivity in the density range near the 
critical value of 0.478 g/cm3 as the critical 
temperature is approached from higher tempera- 
tures. The isotherms of thermal conductivity 
versus density showed a steep maximum at the 
value of the critical density, and fell symmetri- 
cally towards lower and higher densities. Some 
additional increase was observed on the low 
density side at increasing temperatures. Quanti- 
tatively, the enhancement of the thermal con- 
ductivity near the critical density value at slightly 
supercritical temperatures was considerable, and 
for the isotherm 32.054”C (Tred. = l*OO3), 
amounted to about four times the normal value. 
The occurrence of the phenomenon was con- 
fined to a narrow temperature range; the 
enhancement of k fell sharply with rising 
temperature and had already disappeared at a 
temperature of between 40°C (Tred. = 1.029) and 
75°C (Tred. = 1.144). 

Whilst the observations of Guildner were 
qualitatively undoubtedly correct, justifiable 
doubts could be expressed concerning the 
accuracy of his values. Convection could not be 
prevented in the apparatus at conditions close to 
the critical point and convection-free values were 
determined, therefore, by extrapolating experi- 
mental results of apparent thermal conductivity 
to zero temperature difference. It is obvious from 
Fig. 4 of reference 27 that the extreme values of 
k near the critical density must depend very 
sensitively on the accuracy of the adjacent 
experimental points. 

Further, a vertical cylinder cell is not the ideal 
configuration for measurements close to the 
critical point. Owing to the rapid change of 
density with pressure near this point, even 
pressure differences as small as the hydrostatic 
pressure difference between the top and the 
bottom of the cell result in considerable density 
gradients along the annulus, which, in turn, 
directly affect the thermal conductivity. As the 
heat dissipation Q is averaged over the entire 
surface of the cell, whilst point measurements 
were taken for At at the centre of the cell, it 
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follows that the thermal conductivity cannot be 
evaluated accurately from these two measured 
quantities. 

These difficulties were almost completely obvi- 
ated in the apparatus used by Sengers [26] in his 
study of the thermal conductivity of carbon 
dioxide at elevated gas densities. He used a flat 
plate apparatus with plate separation of only 
0.04 cm and operated, when conditions required 
it, with temperature differences as small as 
0.006 degC. By such drastic reduction of the 
vertical height of the liquid column, density 
gradients in the fluid can be neglected in almost 
all cases. The work of Sengers seems to have 
been carried out with great care, and as the 
disagreement between the work of Guildner and 
of Sengers is solely quantitative, and restricted to 
a narrow range of pressure and density where, 
for the reasons stated above, accurate results are 
almost impossible to obtain with a vertical 
cylinder apparatus, their main observation, i.e. 
that of the anomalously enhanced thermal 
conductivity, can be taken as established. 

Neither of the two authors, however, has 
attempted to analyse and explain in detail the 
process responsible for this phenomenon. Only 
Sengers makes a brief reference to the behaviour 
of the thermal conductivity in the critical region 
as resembling that of the specific heat at constant 
volume CV, both quantities exhibiting a distinct 
maximum at the critical density. Cluster forma- 
tion is generally accepted to be the cause of the 
increase in the specific heat C,, and the similarity 
between the behaviour of k and CV led him to 
suggest a similar fundamental process for the 
enhancement of k. 

The ranges of pressure and temperature of this 
investigation include the critical point of 
ammonia and it appeared important to take the 
opportunity to confirm the observations of those 
authors on another substance. 

The measurements that were carried out in the 
region of the critical density along the two 
supercritical isotherms at 139” and 157°C 
(Tred. = 1.016 and 1.061, respectively) have been 
mentioned in earlier sections of this paper 
(3.5.6 and 3.7.2), where details of the experi- 
mental technique can be found. Figure 9 shows 
that whilst the deviation from “normal” be- 
haviour was only moderate along the 157°C 

isotherm, a considerable rise of the thermal 
conductivity was observed at 139°C in the 
density range 200 to 400 Amagat, with a maxi- 
mum near 250 Amagat which is somewhat 
below the reported critical density of 305 Ama- 
gat. It will be noticed further that the two iso- 
therms converge towards each other outside the 
above mentioned density range. They can be 
represented by a single line above 500 Amagat, 
and show little difference from each other below 
150 Amagat. The experimental isotherm 177°C 
(Tred. = l*llO) shown in the same diagram 
represents a characteristic example of the so- 
called “normal” behaviour. By “normal” be- 
haviour, it is understood that the thermal 
conductivity k monotonously increases with the 
density p, and that neither maxima or minima of 
k, nor inversion points, may exist for the 
functional relation k and p. This condition finds 
its analytical expression in 

aklap # 0 and Pklap2 # 0 

Taking the 177°C isotherm as a datum line, the 
vertical displacements of the other two isotherms 
from this line in Fig. 9 can be taken as the 
contributions Ak of an additive transport 
phenomenon; these are represented by the two 
dotted lines in Fig. 9. It will be noticed that each 
of the two curves, of Ak vs. density, possesses a 
maximum at a distinctly different density, viz. 
at 250 Amagat for the 412°K isotherm, and at 
314 Amagat for the 430.3”K isotherm. The 
pressures corresponding to these conditions of 
state were found by graphical interpolation of the 
data in reference 18 as 125 and 164 atm re- 
spectively. 

A cursory examination of the location of the 
maximum of k indicated a close proximity to the 
maximum of the specific heat at constant pressure 
C,, but the exact location of the maximum of 
C2, in terms of p and T cannot be obtained for 
ammonia with sufficient accuracy from either the 
tables or the diagrams in reference 18. 

The relationship between the temperature of a 
given maximum of Cp and the pressure has been 
discussed by Jones and Walker [30], who, from 
their measurements of the specific heats of argon, 
concluded that these maxima can be located with 
fair precision, and that the values of pressure 
and temperature corresponding to the maxima 
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FIG. 9, Anomalous enhancement of the thermal conductivity in the critical region. 

of C, (ac&,)T = 0 lie exactly on the extra- 
polated vapour pressure curve in the p-T dia- 
gram. The significant feature of this result is that 
it illustrates how sharply even the extrapolated 
vapour pressure curve divides the fluid region of 
the field into liquid-like and gas-like regions. 

It seemed justifiable to assume that this 
observation has general validity and applies 
equally well to ammonia. Examination of the 
existing saturation data for ammonia showed 
that they can be correlated by a linear equation 
between log p and I/T (Fig. IO). To check the 
validity of the above postulate, the line was 
extended beyond the critical point and approxi- 
mate values of p and T for C, max. were derived 

from an analysis of the C&/T diagram of reference 
18. As is seen, the individual points are indeed 
closely grouped on either side of the extended 
saturation curve. 

With the aid of Fig. 10, the corresponding 
pressures for the maxima of C, at 412” and at 
430°K were found to be 123 and 166 atm 
respectively. These values are in close agreement 
with those found for the corresponding pressures 
of the maxima of Ak, which were 125 and 164 atm 
respectively. 

This research has confirmed the occurrence of 
maxima of the thermal conductivity at slightly 
supercritical temperatures as reported by pre- 
vious observers [8, 25-271 who also showed that 
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R&sum&-La conductivitr! thermique du gaz ammoniac et de ce gaz liquefie a ete determinee entre 
20” et 177°C et a des pressions allant de 1 a 500 atmospheres en employant un appareil & cylindres 
coaxiaux verticaux. 

Des mesures au voisinage du point critique Cpc = 111,s atm, tc = 132,4”c) ont 6th poursuivies 
avec un soin special le long des isothermes reduites 1,016 et 1,061. On a trouve une augmentation 
anormale de la conductivite thermique dam ce regime, semblable B celle du gaz carbonique remarquee 
auparavant par deux autres observateurs. On a essay& de donner une explication de ce phenomene, 
basQ sur le transport d’energie par des groupes de molecules. 

Les resultats expdrimentaux pour l’btat fluide presque liquide, & la fois en-dessous et au-dessus de 
la temperature critique, ont tte correles par une equation quadratique entre la densite et la conduc- 
tivite thermique. A l’aide de cette equation, on a calcule des valeurs pour les conditions en dehors de 
celles de cette etude, et b tableau cont~ant les nombres lissts et verifies exp~rimentalem~t pour des 
augmentations paires de pression et de temperature a ete complete par des valeurs calculees allant 
jusqu’a 1000 atm et 480°K. Les valeurs calculees sont aussi present&es sous la forme de tableau pour 
la gamme de temperatures importante pour la technique allant de la temperature ambiante au point de 
fusion normal (1955°K). 

Pour obtenir une revue genetale, et pour une interpolation rapide, les risultats experimentaux sont 
present& Cgalement sous la forme de deux diagrammes, dans lesquels sont traces les isobares et les 
isothermes de la conductivity the~ique, en utilisant resp~tivement la tem~rature et la pression 
comme variables independantes. 

Les don&es, pour la phase gazeuse a faible pression, des experimentateurs anterieurs et des auteurs 
ont et& reduites B latm a I’aide des coefficients de pression obtenus a partir de cette etude. En employant 
la relation pour la conductvite thermique des gaz polaires, proposie par Mason et Monchick, les 
resultats de toutes les reference ont BtC corn% dune facon satisfaisante entre 300” et 500°K. 

Les resultats de ce travail sont en bon accord avec les quelques don&es de la phase gazeuse dense 
par Keyes, et avec les donnees experimentales le long dune petite partie de la ligne de saturation 
don&e par Sellschopp dans la seule reference que l’on ait trouvee sur la conductivite thermique de 
l’ammoniaque liquide. 

En considerant toutes les causes d’erreurs, on estime que la precision de cette etude est inferieure 
a + I,5 P: pour les phases liquide et gazeuse, dense, et inferieure a & 2 % pour la phase gazeuse a faible 

pression et dans la region pres du point critique. 

Zusammenfassung-Mit Hilfe einer Apperatur aus vertikalen, coaxialen Zylindern wurde die Wgr- 
meieitf~~~eit von fltissigem und gasformigen Ammoniak zwischen 20” und 177°C und bei Driicken 
von 1 bis 500 atm bestimmt. 

In der N&he des kritischen Punktes (pe = 111,5 atm, tc = 132,4”C) wurden Messungen mit be- 
sonderer Sorgfalt hings den reduzierten Isothermen, 1 ,016 und 1,061 durchgefiihrt. In diesem Bereich 
ergab sich ein anomaler Anstieg des Wlrmeleitvennogens Bhnlich dem von Kohlendioxyd, wortiber 
vor kurzem andere Forscher berichteten. Es wird eine vorllufige Erkllrung dieser Erscheinung 
angegeben, die auf dem Energietransport von Molektilballungen basiert. 

Versuchsergebnisse ftir den fl~ssi~eits~hnlic~e~ Zustand des Mediums scwohi unter als such iiber 
der kritischen Temperatur wurden in einer quadratischen Gleichung zwischen Dichte und Wlrme- 
leitghigkeit miteinander verbunden. Mit Hilfe dieser Gleichung wnrden Werte fur Zustlnde, die 
van dieser Albeit nicht erfasst werden, berechnet, und die Tabelle mit den glattesten, experi- 
mentell verifizierten Kurven fur gleichen Druckund Temperaturanstieg mit berechneten Werten, 
die bis zu 1000 atm und 480°K reichen, erglnzt. Ebenso werden rechnerisch ermittelte Werte in 
Tabellenform fir den fiir die Technik wichtigen Temperaturbereich von Zimmertemperatur bis 
zum normalen Fusionspunkt (195,5”K) angegeben. 

Fur einen augemeinen Uberblick und fur die schnelle Inte~olation werden die Versuchsergebnisse 
such in Form von zwei Diagrammen aufgef~hrt, in denen die Isobaren and Isothermen der WBr- 
meleitfghigkeit gezeigt werden, wobei die Temperatur bzw. der Druck als unabhlngige Variablen 
verwendet werden. 

Mit Hilfe von aus dieser Arbeit abgeleiteten Druckkoefhzienten wurden frtiher bestimmte Daten 
fur kleine Drucke der Gasphase und die Daten aus dieser Untersuchung auf 1 atm reduziert. Unter 
Venvendung der von Mason und Monchick vorgeschlagenen Beziehung fur die WtimeIeitfBhigkeit 
Po1arer Gase wurden die Ergebnisse albr Quellen zwischen 300” und 500°C ZufriedenstelIend 
korreliert. 

Die Ergebnisse dieser Arbeit stimmen mit den wenigen, von Keyes fur die dichte Gasphase angege- 
benen Werten gut iiberein und mit den vorlPufigen Werten llngs einer Kurvenstrecke der Slittigungs- 
linie, die von Sellschopp in dem einzigen aufgefundenen Quellennachweis tiber die Wtirmeleitfahigkeit 
von fliissigem Ammoniak angegeben werden, viillig tiberein, 
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Unter Berticksichtigung aller bekannter Fehlerursachen wird die Genauigkeit dieser Arbeit auf 
innerhalb += 1,5% liegend fur die fliissige und dichte Gasphase und auf innerhalb i 2% liegend 
fur die Gasphase bei kleinen Drticken und fur den Bereich in der Nahe des kritischen Punktes 

geschatzt. 

AHHOT~~WI-C nOMOUbII0 BepTMKaJIbHOrO KOaKCHaJIbHOrO ~"JIIlHApa H3MepflJIaCb TeIlJIO- 

npOBOAHOCTb ~HAKOPO II raa006paauoro aMMuaKa nprn TeMnepaTypax OT 20 ~0 177°C u 
J(aBJIoHMMX OT 1 EO 500 aTM. 

HpOBeAeHbI M3MepeHHa ~6~1~311 KpHTWIeCKOi TOYKH (PC = 111,5 aTM, fc = 132,4”C), 
np~seMoco6oeBH~lMaH1leo6pa~a~1ocb~a1130Tep~b11,016M1,061. 06HapyHteHOaHoMazbHoe 

yBeJrnreHae TenJIOllpOBO~HOCTH lIpI 3THX napaMeTpax, amanorswHoe paHee 0nIuzaIfKoMy 

npyrMMR aBTOpaMH noBe~eHHI0 ~B~~K&ICH yrnepona. IIPEIBOAMTCH rrpefinonowfTenbIloe 

06wnzrrerIne 3TOro IIOBe~elInH, B OCKOB~ KoTopOro noJIOHCeII nepeaoc 3IleprrrA rpynIIaMIl 

MoJIeKyJI. 

E)KcnepIwerrTanbllbIe AaIIHbIe 110 C~CT~RHCIIO KarreJIbKoti JKM~~KOCTA IIPM ~('M~~epaType wlw! 

I1 RbIIIIe KpI4TWieCKOii 06pa6aTbIBaJIHCb C IIOMOII{blO KBafipaTHOl.0 ypaBHeHIlfI, ClWI3bIBalOIIWO 

IIJIOTHOCTb C TenJIOnpOBOflHOCTbIO. c nOMOwbI0 3TOrO ypaBHeHWI IIO~C~~TalIbI:~1IaYClIMR WIJl 

yCJIOBI?ti, He HCCJIeROBaHHbIX B HaHHOti pa6oTe. n0 3KCnepMMeHTaJIbHO OnpefleJIeHHbIM 11 

nOHCWTaHbIM 3Ha'leHWJIM TenJIOnpOBOAHOCTH COCTaD~H~BCb Ta6nw&I B npeRenaX AaBJIeWlH 

,QO 1000 aTM $i~e~nepaTypbI ~0 480°K. 3~14 3HayeHwI npOTa6yJIupOBaHbI B @opMe, y~o6aoii 

nnn TexHwIecKRx pacseToB B TeMnepaTypKoM AHanaaoKe OT IcoMHaTHoti TeMnepaTypbI 710 

HOpMaJIbHOff TOYKH IIJIaBJIeHHH (1%,5"H). 

AJIH yAO6CTBa o6o6IqeKxn A 6bICTpOfi nHTepIronJfqIuI, 3KcnepaMeHTaJIbIIhIe AaHIIbIe IIpeil- 

CTaBJIeHbI TaKFKe B BIlAe nByX rpa@MKOB, rae Izao6apbI M II30TepMbI nOCTpOeHb1 C I4CnOJb30- 

BaHAeM AaBJIeHHH Ii TeMnepaTypbI, COOTBeTCTBeHHO, B BMAe He3aBHCHMbIX nepeMeHHbIX. 

AaKHbIe B ra3oBoi $aae npn HR~K~M gasnewni npyrnx zu2cneAoeaTeneti, a TaKHie pe:y- 
JIbTaTbI HaCTOfl~eti pa6OTbI npllBeAeHbI K OnHOt aTMOC($epe C IIOMOLIJblO KO3@$MWeIiTOl~ 

AaBJIeHLIH, nOnyqeHHbIX B 3TOM MCCJIeAOBaHIUI. Pe3yJIbTaTbI BCeX pa6oT yfiOBJlCTBOpHTeJIbII0 

o606uIamTcMn npeAenaXOT 300 A0 500°K CnOMO~bIO~OpMyJIbITenJIOIIpOBO~lIOCTI'InOJ?H~)Hb~x 

ra3oB,npe~noHteHHoro MefiCOHOM II MOHWIKOM. 

Pe3yJIbTaTbI 3TOfi pa6oTH XOpOIUO COrJIaCyIOTCH C HeMHOr0WICJIeHHbIM~i ,![aKHhIMM 110 

IIJIOTHOi ra3OBOti @a3e, Ony6JIlfKOBaHHbIMH HeZteCOM, H HaXOAJITCR B nOJIKOM COOTBeTCTBMll 

C 3KCnepHMeHTaJIbHbIMM AaHHbIMH, nOJIyYeHHbIMH Ha KOpOTKOM ysaCTKe jIMIiMI4 HaCbII4eHIIJI. 

Ony6JIHKOBaHHbIMH CeJIJIIIIOnOM B eAHHCTBeHHOf8 pa6oTe II0 TelIJIOnpOBOWOCTEI XPIJlKOrO 

aMwIaKa. 

C yseTOM BCeXBO3MO?KHbIXIICT09HHKOB nOrpeIIIHOCTet,TOYHOCTb 3TOii pa6OTbI COCTaIWIJIlI3 

&1,5%Am HCA~KO~~.MJIOTHO~~~~OBO~(~~~M &2%nnFI ra3OBOi%@a3bI npM lIH3KOM AaBJIeHillt 

I4 B OKOJIOKpMTWIeCKOti o6nacTH. 


