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This reference book represents a system- 
atized and critical survey of the basic exper- 
imental data for the most widely studied 
substances In liquid and gaseous states  (for 
helium, neon, argon,  krypton,  xenon, hydrogen, 
nitrogen, oxygen, air, carbon dioxide, ammonia, 
ten hydrocarbons, carbon tetrachlorlde, ethyl 
alcohol and water). 

Tables of the most reliable values of the 
thermal conductivity  of all the cited substances 
in a wide range of temperatures and pressures 
have been compiled. 

There are 70 tables,  61 illustrations, 
and 256 bibliography entries. 

The book is intended for a wide circle 
of engineers and scientific workers of various 
branches of technolopry, and also for students 
and graduate assistants. 
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POREWORD 

In the most dlvarse branches of modern science and technology 
data on heat  conductivity  of many gases  and liquids are employed. 
In  connection with this there exists the need for the compilation 
of tables of the recommended reference values of the thermal 
conductivity based on a careful analysis  of the existing experimental 
results. 

This work should be viewed as a part of the program of the 
State Bureau of Standard and Reference Data (QSSSD)  for the publica- 
tion of fundamental manuals on the properties  of substances, which 
are widely used in modern technology and are necessary for the 
successful development of new scientific-research works. 

Recently in the USA on commission of the National Bureau of 
Standards the same work was partially  carried out at the Thermo- 
ohyslcal Properties Research Center Purdue University.    As a result 
there was published in 1966-1968 a book in two parts  [1], v/hlch gives 
the recommended values of the thermal conductivity of 20 solid 
substances and 12 substances in the liquid and gaseous states. 
In this publication of the NBS the temperature dependence of the 
thermal conductivity was established only for rare gases  (with p ■ 1 
atm), and for liquids the  values of the thermal conductivity was 
given only on the saturation line.    The dependence of the thermal 
conductivity on the pressure was not established.    It is natural that 
such data cannot  satisfy the demands  of modern science and technology. 
It should be noted that  for many substances,  presented in the tables 
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of the NBS, there exists  In the literature experimental data on the 
thermal conductivity at  sufficiently high pressures. 

It Is also significant that In a number of cases the values of 
the thermal conductivity of gases and liquids recommended In [1] are 
based on averaged curves  constructed according to the data of various 
authors without the necessary analysis of the methods of measurement 
employed for the degree  of accuracy of the Initial experimental 
results.    The methods of obtaining referenced data by means of 
simple averaging of existing experimental values, without consideration 
of their qualities has led to the fact that In the tables of the 
National Bureau of Standards of the USA [1] the values  of the 
thermal conductivity of water vapor at elevated temperatures 
significantly differ from those adopted In the International tables 
In 1964 [2,  3] and go beyond the limit of tolerances established In 
these tables. 

We suggest that the referenced recommendations must be compiled 
by means  of a careful selection of the most reliable Initial data 
for a significant number of substances.    For liquids and gases. 
In those cases where It  Is possible.  It Is essential to represent the 
dependence of the thermal  conductivity on the temperature and 
pressure. 

Such work In the compilation of tables of recommended values of 
the thermal conductivity Is very laborious.    It  can be done 
sufficiently well only by persons having experience In experimental 
research In this area.     As  a result,  a series of books must be 
published.    The present book Is the  first of this series.     It 
Includes data on the thermal conductivity of 25 substances in the 
liquid and gas phases, most widely studied in an experimental respect 
in a wide range of temperatures  and pressures. 

The authors thought it necessary that the compilation of the 
tables be preceeded by a serious  analysis of certain principal 
problems of the methodical character and by a discussion of new 
methods, which are being developed and used at the present time for 
the measurement of the thermal conductivity of gases and liquids. 
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Therefore, special attention was given to the role of the 

processes of heat transfer by radiation of a medium (proton heat 

conductivity).    The Importance of this problem has recently been 

clarified in connection with the carrying out  of a number of 

theoretical and experimental investigations,  from which, in 
particular,  it was  concluded that these processes  can noticeably 
Influence the results  of measurements of thermal conductivity of 

liquids and compressed gases even at low temperatures.    Work on 

the compilation of reference tables  and especially the selection of 
the sample substances make this problem an urgent one.    The 

corresponding material expounded in Chapter I has been written by 

L.   P.   FllloDOV. 

The authors  also examine the problem of natural convection, 

since recently there have appeared new interesting results  on the 
Investigation of natural convection in narrow clearances. 

Of great significance is the principal of selecting material 

for the compilation of tables of reference data on thermal conduc- 
tivity.    At the present time, unfortunately, there are as yet no 

generally accepted criteria and tenets which might serve as the 

basis for a corresponding analysis. 

The basic material must be compiled from the results of systematic 

experimental investigations, conducted in a wide range of states 
by well worked out methods.    The necessary conditions are a thorough 

consideration by the  author of all the possible sources of error 

of the experiments  and a proven estimate of the accuracy.    Besides 
this material,  it is  advisable to use the data of authors, which 
refer to a narrow range of states, if the investigations of each of 
them encompass a large number of substances.     The results of 

nonsystematlc neasurements, conducted in a narrow range of temper- 
atures and pressures,  can be examined only in the case where there 

is a detailed description of the experiment, the method of introduc- 

tion of corrections  is  described, and no error estimates which 

suggest doubt have been given.    One should not  use the data of 
investigations  carried out by those authors whose results differ 
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anomalously without visible reasons from the totality of the most 
reliable  data even If only In one  substance, especially  If the 
experiment  was described with Insufficient detail. The  formulated 
criteria have, of course,  a general character;  during their 
practical employment It goes without saying that the compilers 
will have experience In carrying out experimental research In the 
given field, and a thorough familiarity with the original works 
and with their criticism. 

Even more complicated Is  the problem of evaluating the results 
used, and of the selection of weights, which should be  prescribed 
for those  data during the processing of the material for sample 
liquids.     Here It Is especially desirable to have more or less 
objective methods of such an evaluation.    One of the possible 
methods Is  described In work [43, where the weights of data, belonging 
to Individual authors, have been described by the computation of 
divergences  from the totality of the most reliable values , established 
during the  averaging of the data of all the authors.    Such a method 
allowed us  to characterize the results of each author by  a concrete 
number.     A similar device was used In combination [5], where the 
data of all the authors was broken down Into three groups  depending 
on the divergence from the results,  selected as  the most  reliable. 
In several Instances the estimates  of the degree of reliability 
by the work method [4] were used In this reference book also, 
primarily when the authors*  evaluations of the error were  clearly 
contradictory with the variation of the corresponding data from 
the averaged values of the whole.     However, the use of this method 
for all the  data was not  thought advisable, even If only because 
there arises the problem of the possible difference In the  weighting 
factors for various temperatures.     In connection with this.  In the 
processing of the data for sample liquids - toluene,  carbon 
tetrachlorlde, and also for benzoyl and ethyl alcohol — the most 
simple method of evaluation was employed:    the selected data were 
broken down  Into two groups depending on whether the probable error 
of the experiment was within 2% or whether It exceeded this  value. 
In evaluating the boundary limit of error for this first  group we 
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used the  criterion of Shovene  [6], which gives a definite  value to to 
the limiting variation from the concrete totality of the data,  which 
when exceeded does not take Into consideration the corresponding 
values. 

In an examination of the experimental material In Chapter II 
there were clarified those regions  of the  parameters of state,  where 
the existing data were clearly Inadequate,  and In a number of 
cases — contradictory.    The authors  of this book have called the 
attention of researchers to the necessity of the experimental study 
of the thermal conductivity In these regions, not even speaking of 
those regions In which the corresponding substances have  altogether 
not been studied.     In the proposed book tables of the values of the 
thermal conductivity have been complied only for those regions  of 
temperatures  and pressures,  for which there are sufficiently reliable 
experimental data. 

""or the rare  gases  (p <. 1 bar)  the  following equation was 
selected 

x-/(r) (i) 

In the form of a polynomial. 

The experimental data for compressed gases and liquids have 
been generalized with respect to the relationship for the excess 

thermal conductivity AX as a function of the density  p 

A>.-/(P). (2) 

where AX ■  X -  X.. ;  X,  Is the thermal conductivity when p ■ 1 bar. 
This dependence,  based on the Investigations of A.  S.   Predvodltelev 
[7] and N.  B.   Vargaftlk [8], have been widely used In numerous 
works   (see  for example  [9,  10]).     Tine value of this regularity 
consists In the   fact that the dependence  X on the two variables — 
on p and T — can be reduced to the dependence on one variable — 

the density  p. 
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For all substances examined in this book the dependence of the 
excess thermal conductivity Is a unique function of the density In 
those regions of the parameters of state.  In which generalization of 
the experimental data has been carried out.    An exception Is water 
vapor,  for which In a certain Interval of densities  the stratification 
of AX with respect to Isotherms  is observed. 

With respect to correlations (1) and (2) tables have been compiled 
for the smoothed data for those substances represented in the book at 
equal Intervals of temperatures and pressures.  Not given are the values 
of the thermal conductivity  for regions  close to critical, although 
recently there has been a large number of corresponding investigations. 
Here there was detected a very strong dependence of the thermal 
conductivity on the temperature and pressure, however there are still 
no sufficiently reliable data to be recommended.    Therefore, in the 
book there are no tabulated values of X for the region 0.9 < T  < 1.15 
when 0.6 < ^ < 1. ^,   ihere 

The book contains tables of values of the thermal conductivity 
for 25 substances:    all the monatonic and the group of diatomic 
substances  (hydrogen, nitrogen, oxygen,  air); certain tri- and 
polyatomic substances (water, HpO and D.O,  carbon dioxide,  ammonia, 
and carbon tetrachlorlde); the hydrocarbons  (benzoyl and toluene), 
ethyl alcohol and substances  of the methane series — from methane 
to octane.    Also given are values of the thermal conductivity for 
certain liquids and gases which in a certain temperature region 
can be recommended as sample substances  for calibration and for 
checking instruments. Intended for the measurement of thermal 
conductivity.    Included in the sample substances are:    water, toluene, 
argon, nitrogen and air.    Besides this. It is possible to recommend 
for use in calibrating the relatively well studied substances: 
carbon tetrachlorlde, krypton, xenon and helium. 
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I The totality of recommended substances encompasses  a wide 
range of values  of thermal conductivity from 0.005 to 0.5 W/(m.deg). 
The book gives the range of temperatures, in which each of the 
cited substances  can be employed as  a sample substance,    '/e also 
estimated the  possible tolerances  for the values  of the thermal 
conductivity  for these substances. 

On the basis of an analysis of a large body of experimental data 
on thermal conductivity  of mixtures  and solutions of various types 
It  Is possible to conclude that the effect of mixtures on the 
thermal conductivity of gases and liquids Is comparatively small. 
The  content  of mixtures  In tenths  of a fraction of a percent, as 
a rule,  does not noticeably change the thermal conductivity. 
Requirements   for the purity of substances,  therefore,  are not  overly 
strict. 
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CHAPTERI 

QUESTIONS  OP THE MEASUREMENT PROCEDURE 
OP THERMAL CONDUCTIVITY 

Natural Convection 

The exclusion of the effect of connective heat transfer Is 
one of the most essential questions In the practice of measurements 
of the thermal conductivity of liquids  and gases. 

For the description of natural convection In the form of 
connection In dlmenslonless  criteria we usually use relationship 

Nu~f(Or,Pr)-f(Ra) (3) 

or 

,=4i-/(/fc). T"'1™" (4) 

where 

T." * 

Ra'Gf'Pr - Raylelgh number;  X1 - effective thermal conductivity, 
which Includes molecular thermal conductivity  X and convectlve heat 
transmission;  e - the coefficient of convection. 
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In 1934 Kraussol^, [11] generalized the experimental data 

available at that time about natural convection in a limited space, 

using relationship (4).  As the determining dimenpion d he selected 

the thickness of the liquid layer 6 ; then Ra - ^'f6' .     For horizontal 

and vertical layers, regardless of their configuration Kraussold-, 

obtained a single curve (Fig. 1).  In this case the beginning of 

convection (e > 1.00) occurs when Ra > 1000.  During measurement of 

X all the authors were usually guided by this Kraussold curve for 

the selection of dimension 6 of the measuring cell and the difference, 

of temperatures in the investigated layer of liquid.  In certain 

cases corrections were inserted into measured values of X, by using 

this curve.  [Translator's note:  unable to find exact spelling of 

foreign names in text. When English spelling is common, I will 

use it, otherwise I will transliterate the names.] 

• ^ f Ü- v* * »•<,-«• 

Fig. 1.  The relationship of the 
coefficient of convection to Or 
and Pr criteria according to data 
of:  I - Kraussold [11]; II - 
Shlngarev fl^] for Saratov gas (1); 
for C02 C2). 

In the last 10 years a number of new experimental investigations 

of natural convection has been conducted, mainly in liquids, which 

are located in the space between coaxial cylinders. The results of 

these investigations were presented by the" 3rd International 

Conference on Heat Exchange (1966) in three reports: Lees, Sherrif, 

Grigul' and Gauf [12].  Qrigul'- and Gauf studied local and average 

coefficients of heat emission during natural convection in a 

horizontal annular clearance.  They applied optical methods of 

investigation of convection, determining the distribution of temper- 

atures and heat flows with the aid of an interferometer.   Generally 
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the greatest quantity of experimental data Is  obtained for horizontal 
annular clearances and  considerably less - for vertical.     In some 
works, for example  [13]* the Kraussold curve has been refined, 
some differences have been revealed In the value of e for horizontal 
and vertical clearances. 

v 
However, all these Investigations, as the results of earlier 

experiments,  generalized by Kraussold [11], have been obtained In 
comparatively wide clearances:    6  ■ 7-300 mm.     At the same time, 
when X of liquids and gases Is determined at high pressures, 
6 ■ 0.2-0.5 mm,  and the  length of measuring cylinders  I ■  100 ramv 
Therefore, the Investigation of natural convection at such comparatively 
small values  of 6 and  l*   ^as of Interest. ■   •' 

v        • * ■'•."; 

R.  V.  Shlngarev [IM] during Investigation of the thwmal 
conductivity of CO- by the method of a heated filament (d «0.1 mm; 
6 * 0r4 mm; .1* 100 mm)  conducted experiments  at various At and 
extrapolated the measured values  of X'   to At  -•• 0 for the purpose of 
obtaining true values of \.    The Installation was located In a 
vertical position.    Measurements Indicated that curve e  =  f (Ra), 
constructed from experimental data, lies noticeably lower than the < 
Kraussold curve, as Is evident from Fig.  1.     From experiments 
It also followed that  the beginning of convection (e > 1.00)  takes 
place at  Ra > 2500.    The author offered two equations for determination 
of the coefficient of convection e: 

when 2500</?a<2-lW 

,-0.58(/fc)0« (5) 
* 

when 2-10*</?fl<6-101   . 

• -0.0S9(*a)M. (6) 

■ 
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A.  A.  Berkenhelm studied natural convection In narrow annular 
clearances at various values of 6  from 1.5 to 6 mm and I ■ 100 mm. 
As an Internal cylinder there served a platinum filament  (d ■  0.1 mm), 
external - a glass tube, the diameter of which varied.    Experiments 
were conducted with water  and ethyl alcohol with vertical and horizontal 
position of the measuring tube.    Results of experiments (Fig.   2) 
showed that natural convection with vertical and horizontal position 
of the measuring tube Is described by various curves.    They both 
lie below the Kraussold curve.    With vertical position of cylinders 
the author proposed equations: 

for region  2JOO</?.i<35000 

t» 0,46 (/fa)0-1. (7) 

for re-gion 35000</?ö<170000 

t-O/iSW-"'. (8) 

f 

r i 

■—i—| /    r7~ 

/  / 

/ 

/ •'/ /    ! 

// y f 

•,2 

''3\ 
—* 

/ /Ls s 

£* *\ 
a j. •      .' f   <t   *, i        i. UtVSrPi 

Pig.   2.     Relationship of e to 
Or and Pr [13]:    1 - according 
to Kraüssold-Mlkheyev equation; 
2 and 3 - according to experi- 
mental data of Berkenhelm with 
horizontal and vertical position 
of the tube respectively. 
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Yu.   L.  Rastorguyev and V.   Z. Heller [15] on an Installation, 
based on the heated filament method (a ■ 0.1 mm; 6 • 0.6? mm; 
I ■ 100 mm), arranged vertically, determined the values of E and 
on the basis of experiments with various  liquids  (Pig.  3). 
for this quantity in region 2400 < Ra < 5000 proposed equation 

• -0,402 (Pa)W». (9) 

The examination of all the new works, in which natural convection 
was studied in narrow annular clearances  on installations by the 
heated filament method, allows making the following conclusions: 

1. 

curve. 

Curves e - f (Ra) are located lower than the Kraussold 

• • 

2. The beginning of convection (e > 1.00) is observed at 

number Ra > 2000, i.e., greater than Kraussold (e > 1.00 when 

Ra > 1000). The Initial section of curves e ■ f (Ra) is considerably 
flater than for the Kraussold curve. 

3. With horizontal position of the clearance the value of e 

is higher than with vertical, but lower than according to Kraussold 

curve. 

£ 

m 

w tmmA tti&mfj ^ a 4 -«S'»"« 

0 10' r/C* IW* HW*      trPr 

Pig.  3.    Relationship of e to Or and 
Pr [15]:    I  - according to Kraussold- 
Mlkheyev equation; II - according to 
data of Berkenheim; III - according 
to data of Rastorguyev and Heller for 
carbon tetrachlorlde (1), hexane (2),o 
toluene (3) and benzene   (H). 



It should be Indicated that geometric dimensions  (6 and I) In 
[13-15] are very close to the dimensions, usually utilized In the 
heated filament method during measurement of thermal conductivity. 
In this case the clearances are usually placed vertically.    On the 
basis of results of [13-15] for vertical clearances It Is possible 
to draw an averaged curve for c •  f (Ra).    The curve constructed 
by us up to Ra ■ 30,000 Is given In Pig.   4.    The beginning of 
convection Is selected at Ra ■ 2000.    Experimental values  of e, 
obtained In [13-15],  are deflected from this  curve within 2%.    The 
curve can be recommended  for evaluation of natural convection 
during the measurement of thermal conductivity of liquids  and 
gases by the method of a vertical heated filament. 

1.20 

1,10 

1.00 

1 
/   1 

W          45            4,0           *.S IgRa 

i        i        i    i   i i        i     i 
10' tWs^W*    210* JHfto-GrPr 

Fig. 4.  Generalized relation- 
ship of th« coefficient of 
convection to Rayleigh criter- 
ion (experiments with vertical 
heated filament). 

Natural convection in a narrow annular clearance (6-1 mm) 

with cylinder diameter d ■ 10 mm and I  ■ 100 mm was studied by 
Yu. L. lastorguyev and A. A. Nemzer [16]. The cylinders were 

placed vertically.  On the basis of experiments, conducted up to 

values Ra ■ 5000, the authors proposed equation 

«-0.402 (/?a)0."» (10) 

for region 1700 < Ra < 5000. The beginning of convection (E > 1.00) 

is when Ra > 1700. 

This equation can be used for vertical coaxial cylinders at 

Ra numbers up to 5000. 



Temperature Jump 

The effect of temperature Jump is substantial during measurement 
of the thermal conduotlvlty of gases. 

During experimental determination of the thermal conductivities 
of gases we usually measure the wall temperature of an instrument. 
But it is  known that between a solid and gas, which are  located 
at a distance of a mean free path,  there exists temperature Jump 6t . 
This phenomenon was experimentally studied by many Investigators: 
Smolukhovskly, Knudsen, Tlmiryazev, Lazarev and others.     The 
question Is  described in detail in literature,  for example, in the 
books of Kennard [17]» Devlen  [18] and Clark and McChesney [19]. 

As  Is  established, th^'tjemperatüre.JuWp 6t for a moderately 
rarefied gae is proportional to the temperature gradient   dt/dn 
along the normal to the wall surface (fit* Y  dt/dn), and the 
proportionality factor y. Is inversely proportional to the gas 
pressure  (Y ■ A/P),    Usually, by measuring the.thermal conductivity 
of gases  at  low pressures  (when P Jfe 1 atm), quantity  6t is taken 
into account by conducting tests  at various pressures; 

Mum ~ A/,,,-)-—-. 

The  consideration of this  correction is especially essential 
for gases with comparatively low molecular weight and at high 
temperatures.    As applied tp coaxial cylinders the method of account 
of the correction is substantiated in [20],  and for heated filament - 
In [21].     The measured values of thermal conductivity not allowing 
for the correction are always lower than true values of X. 

*••,:■■ '        , ' .     *      • 
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Thie,neglect of this effect at high temperatures  can lead to    • 
substantial errors, especially  for gases with comparatively low 
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molecular weight, as,  for example, took place in the case of 
-nitrogen.    Figure 5, taken from [30], shows the results of measure- 
ments of the thermal conductivity of nitrogen, obtained by various 
authors.    At elevated temperatures the discrepancies were 
very noticeable - they reached 12%.    Ueglect of the temperature 
Jump especially appeared in the results of experiments of Schäfer 
and Reuter [31], inasmuch, as their data refer to the region of 
high temperatures - up to l400oK. 
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Pig.  5.    Experimental data of various 
authors on the thermal conductivity of 
nitrogen:     1 - Prank [22];   2 _ Natell, 
Jennings  [23];    3 - Shotki [21»];  l» -   . 
Geier, Schäfer [25];   5- Blays,  Tlann 
[26]; 6 - Weiss [27]; 7 - Stops  [28],; 
8 - Zibland, Barton [29]. 

After the introduction of correction for temperature dump the 
corrected experimental data lay well on one curve, as is evident 
from Pig.  6,  taken from £30].    The deviations  of experimental datja., 
obtained by various methods, lie within 2%. . /.'_ 
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Pig.  6.    The relationship of 
thermal conductivity of 
nitrogen to temperature accord- 
ing to various data, corrected 
taking into account the temper- 
ature jump.    Designations are 
the same as in Fig. 5. 

. 

An analogous situation took place with experimental data on 
the thermal conductivity of argon  [32], although In less  clearly 
expressed  form. Inasmuch as the molecular weight of argon Is 
higher than nitrogen. 

The Role of the Process of Heat Transfer 
by Radiation 

There  Is every  reason to believe that heat transfer caused by 
the "ohoton" mechanism In a number of practically Important cases 
plays  a very significant role in the process of energy transfer, 
especially  at relatively high temperatures.     In particular, there 
are theoretical and experimental arguments to the effect  that the 
process  of the radiation transfer may noticeably distort  the usual, 
molecular heat conductivity of liquids, beginning with temperatures 
of the order of 70oS.    At the same  time, the Information which we 
have now available to us  is very small,  and the problem requires 
thorough study. 



f.-.- 

Tanlng this  into account, the  authors  thought it possible  to 
thoroughly    analyze   the process of radiant transfer.     To a significant 
degree the  material presented here  is original.1 

The existence of processes of radiation and absorption of 
radiant energy  leads to the appearance  of a supplementary  mechanism 
for heat  transfer.    This  radiation mechanism coexists with the 
r.oleoular heat   conductivity and in general  complicates  considerably 
the total process  of heat  transfer.    The simplest is the process 
in media, which may be examined as  almost transparent  In the region 
of frequencies  close to the maximum of a Planck  function.     It  takes 
place,  for example, in gases of relatively  low density, where heat 
transfer by  radiation leads to heat exchange between the boundary 
surfaces  and the  resulting heat  flow is  a simple total of molecular 
and radiant  heat.    What is more complex is  the transfer of heat  in 
partially transparent media. 

T;ie essential role of the process  of radiation of a medium was 
first understood and discussed, apparently, by V.  G.   Guton, who was 
occupied with the study of the thermal conductivity of molten glass [B^]. 
Then this problem was examined in approximation (for a flat layer, 
-ithout  consideration of the diffusion nature of the radiation)  by 

L.   ?.   Filippov [35] in connection with a debate between N.   B.  Vargaftik 
[36,  37],  on the  one hand,  and Keys  and Sandell  [38]  on the other, 
;n the  problem of thermal  conductivity  of water vapor, in the 
course  of which the American authors  advanced the proposition that 
the then existing difference in the results  could be attributed to 
the role of heat  transfer by radiation  [38,   39].    The mathematical 
formulation of the problem in the general  form was put together by 
Yu.  A.  ourinov [40].     Later,  recognition was given to the works  of 
Kelett   fkl]  and Genzel  [42].    In the  first of these an approximate 
examination was  made  for the case of a  flat  layer on the  assumption 
of independence of the coefficient  of absorption from the   frequency 

^or more  detail,  see the monograph  of L.  ?.   Pilipcov "The  study 
of heat conductivity  of liquids"  [33]. 
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("gray medium")  and without  consideration of the diffusion nature of 
the radiation.    In the second work the distribution of intensity with 
respect to angles was taken into account and a number of important 
particular cases were examined-.for. transfer in a flat layer (transfer 
by radiation in the absence of molecular thermal conductivity, the 
general case of transfer in a medium with strong absorption, and the 
general case of transfer in a "gray" medium).     In L.  P.  Pilippov's 
work  [^3] the general problem for a flat  layer was examined and 
an analysis was given for two limiting cases:    strong and weak absorp- 
tion.    A generalization of these results was made in the work of 
E.  A.  Sidorov [M].    The case of transfer in a flat  layer of a 
"gray" medium was examined of late in the works of Poltz [^S-^S] and 
Hohler [49],    The results of the  development of work [^3] are 
presented below. 

The initial relationship for an analysis may be the equation of 
transfer of radiant energy, written on the assumption of the 
existence of local thermodynamic equilibrium, 

COJ»^-««!-«/. (11) 

This equation expresses the fact that the change in the intensity 

of radiation I in a direction which comprises angle u with the 

axis x is caused by the natural radiation of an element of the volume 

of tne medium (the first term of the right side) and by the 

attenuation of intensity as a result of absorption (the second 

member of the right side).  Equation (11) obeys Kirchhofs law, 

expressing the coefficient of volumetric radiation of the medium 

through the intensity of the equilibrium radiation in a vacuum e, 

the coefficient of absorption a and the index of refraction n 

(the process of dispersion in this case is not taken into account). 

Integration of equation (11) for a flat layer of width L with 

the temperature gradient, perpendicular to the walls (axis s), 

s;ives the formulas for the intensity of radiation in a positive 

(I ) and negative (I~) direction of the axis: 

U 



t -■, 

I 
cot d, 

/+-/M0)« c,,, 4 +-J-rl 
CO»» .) 

1 ' CM*J 

To find the values of the intensity on the boundaries I (0) 

and" I~(L) we use the relationships for the mirror reflection: 

'+(0)-H + *,/ (O). 

'-(*)-•. + *,/♦(*). 

where  R    and R^ are the coefficients  of reflection.    For the 
+ - differences  in  intensities  I    and I    we obtain the expression 

/._/- «pill -ä/^J ^J ' Un'O -Ä.)/^*     + 

t     --4L 
x(l-/^.)+-^^J««•* "• i  rfi+ 

jr 

where  ß is  the  factor of the recurrence of reflections; 
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The total thermal  flow Is made up of the  flow of energy  of 
radiation and the  flow of molecular thermal conductivity: 

Q « ;j(/+_/-)co$ Mw/v-X^-, (12) 

(here du Is the elementary  solid angle;  v Is  the  frequency).     In the 
stationary state 

I.e., 

JU^jQcosOrf-rf»». —ii^-. (13) 
tf^ rfx äx     äx \    J/ 

Expression  (13) is  a complex Integral-differential equation. 

T(x) 

HT) 

n(T, v). 

Through the agency of T(x)   on these same  values also depends the 
heat  flow.    It is  significant that in general both terms in 
expression (12)  for heat  flow are Interdependent;  the Integral 
radiation term through the  agency of T(x)  depends  on X, the second 
term for the same  reasons  depends upon the optical characteristics. 
The  radiation and molecular (contributions)  to the thermal flow 
prove to be nonadditive, dlspite the assumption about the additivity 
of transfer mechanisms. 

determining the  function T(x) - the distribution of temperature  in 
■ 

the  layer.    It is  clear that in the general case the distribution 
of temperature at  fixed temperatures  of the surfaces depends 
simultaneously on the  functions 

13 



To analytically investigate the general case, determined by 
formulas   (11)-(13), without  additional assumptions is  too complex. 
Therefore, we will henceforth limit ourselves to the  following 
special  assumptions: 

1. We will examine cases of small differences in temperature 
on boundaries, which will allow us to limit ourselves to the first 
two  terms  of the expansion of the function e into a series. 

2. We will assume  that it  is possible to disregard the dependence 
of the  coefficients of absorption and refraction on the temperature. 

3. For the sake of simplicity we will assume that Ri   ■ R? " R* 

The enumerated assumptions  simplify the investigation, but they 
do not  deprive it of sufficient generality and do not  impose any 
significant  limit on the applicability of its results  to actual 
systems. 

Equation (13) in this  case  can be transformed to the  form 

L 

£=jVd. x), Wdl (14) 

where 

y   **' 

< \~]l -f- Re ■'•"I \e •' "" - Rt-at i-n« j js. 
i 

(15) 

(16) 

(17) 

(18) 

(19) 
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Prom formula (i»)-(8) It is clear that K * 0 when \~    ■*■ 0  and 

the distribution of temperatures In the layer approaches a linear 

one. In correspondence with this the solution for the temperature 

can be found In the form: 

AT 
7--iri-4r.jc + -|-9(xl ►... . (20) 

disregarding the higher terms of the expansion T to series with 
respect to X       and examining thereby  only  the  conditions, under 
which divergences of the temperature field from a linear one are 
sufficiently small In comparison with AT.     Physically, this means 
the examination of the processes  under which the decisive  factor 
Is the molecular heat transfer, while radiation plays the role 
of a distortion factor. 

In the approximation of (20)   the solution of equation  (15)  has 
the form 

r-r.-iTir+ *(*)-(!-^.)*(0)i. (2D 

where 

- «-'-11 -^ /?«-»* -'>-) ]ds. (22) 

An analysis of formulas  (21),   (22)  allows  us to establish 
that the temperature distribution curve has  a bending point  in the 
middle of the  layer (L/2) and is convex in the wall with the lesser 
temperature and is  concave in the opposite wall.    It is  also possible 
to demonstrate  a number Of particular peculiarities of the temperature 
distribution In these or other concrete instances  [33]. 

The distribution of temperature, described by formulas   (21), 
(22), allows  us to also obtain a general formula for the total heat 
flow in the examined approximation 
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L 3   L 

^     (1+«/?-*'•)»» (23) 

For low-absorbing media the formula assumes the form 

Q-_ xir r^. j *T     j l+R * d$ + 

+ ^2« 
••• (24) 

The  first term of this formula expresses the heat flow due to 
molecular heat conductivity, the second describes the effect of 
radiation of the walls, and the third - the sought for change in 
the heat flow as a result of the processes of radiation and 
absorption of radiant energy by the medium.    The maximum value of 

this term is equal to 2i7=£ r^-rf». 
3    JdT 

For the value of the relative change in heat  flow as the upper 
limit  (for an absolutely black body) we obtain the expression 

0        3   k   dTi (25) 

AQ In a practical estimate the value -^ for gases which are low- 
absorbing media the integral of formula (25)  can be conveniently 
replaced by expression 

J ..*-*3A (26) 

where p is the gas pressure; B is the limit of the relati'onahip of 
the  degree of blackness of the flat layer of gas to the product. .'iJL, 
with the latter tending toward zero; and o is the constant of 
the Stefan-Boltzmann law for hemispherical radiation. 
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In the  evaluation of (26) the temperature dependence  of B  can 
h 

be disregarded In comparison with T  .    As a result we obtain 

£    ••i£t3tt (27) 

This formula can be used for evaluating the Influence of 
boundaries of the Investigated effect.    Thus,  for carbon dioxide gas 
at room temperature and a pressure  of 1 bar 42.«lO"lI,f••«~,,   I.e., the 
change In the heat flow as a result  of radiation of the medium 
can In this  case become noticeable at a distance of several 
centimeters.     At  a pressure of 1000 bar this effect Is öald to be 
(at distances  far removed from a critical point) already at a distance 
of several millimeters.    We will also obtain a similar order of values 
for water vapors.    The role of radiation Increases with extraordinary 
Intensity with the Increase In temperature. 

In the  other limiting case,  for strongly-absorbing media 
formula (23)   assumes the form 

*-¥-TIH*T- («) 
The effective coefficient of heat conductivity Is composed 

of two terms  which are Independent  one from the other — the  coefficient 
of molecular heat  conductivity and the coefficient of radiant 
(radlatlonal)  heat conductivity. In which the latter also characterizes 
only the medium as such and does not depend on the conditions on 
the walls and the configuration of the system.    The coefficient of 
radiation heat conductivity Is expressed by the  formula 

3      J   ■   «if I-JT 
(the derivation of this formula Is  also given In work [50], which 
was especially reserved for the problem of conditions of applicability 
of the concept of the   coefficient  of radiation heat conductivity 
in connection with attempts at the distribution of formulas  of such 
type, existing in the  literature,   for cases of media with poor 
absorption). 

17 



■'(•■ , 

I 
It should be noted that It Is precisely  the total effective 

heat conductivity, expressed by formula (28), which must be figured 
In the Prandtl and Nusselt  criteria for these cases, when the 
thickness of the  thermal  limiting layer Is  considerably greater 

*   than the opposite value of the effective coefficient of absorption 
V)f the medium. 

Let us turn to formula (23), which describes the heat flow In 
the general case.    Effective radiation heat  conductivity may. be 
represented as 

'-Tj«'fr ♦ («. D*. (30) 

where, 

•'••''-4-±h^*} 
In the general case the effective radiation heat conductivity 

and its dependence on parameters L and R, being a functional of 
o(v), will be different for various media.     Only  for the hypothetical 
"ejray" medium,  for which a ■ const, can we write 

i« VmS,*fiP*(*,l). (32) 

Formula (32)   is the basic result of the work of Poltz [46]. 
The  function ♦ was obtained by him in a somewhat different but 
similar form: 

*-i[.-£<.-.'-SfifÄ*]- (33) 

where 

Jf -Lu its (31) 
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The set of curves—(»I,/?) Is depicted in Pig. 7. Prom the form 
of this dependence it is possible to draw the following significant 
conclusions: 

1. The radiation heat  conductivity of the walls with a level 
of blackness of (1 - R)  < 0.3 may exceed the value of heat transfer 
by radiation through the corresponding layer of a transparent medium. 
i.e.,  4(1—/?)oArr». 

2. Practically speaking, the role of the degree of blackness 
of the walls stops being noticeable, beginning with a£««»4—5. 

3.    The effective radiation heat conductivity  cannot exceed the 
effective radiation heat conductivity of a layer of the transparent 
medium with absolutely black walls (-7'"-r)» in Practice — it  cannot 
exceed one half of this value 

n - 

0,6 t, T_ •N 

v«\ 

bJ 
- 

Shi • 

«♦ -äT'S: 

,ß? 

Pig.   7.    Dependence of the function */L, characterizing the role of 
radiation in a flat layer of a medium, on a L with various values 
of the  coefficient of reflection R. 

Since in the majority of cases n   £ 2, Blot's  criteria    in the 

form 

Bl 4>7U (35) 
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may be used  for evaluation cf the upper limit  of the possible Influence 
of radiation transfer In a flat layer.1    It Is worth emphasizing the 
strong nature of the temperature dependence of this criterion 
(vrJ) under conditions  typical for changes In heat conductivity of 
boundary  fluids  (X ^ 0.1-0.3 W/(m-deg); L ^ 1 mm).    At room 
temperatures the percentage of heat exchange by radiation should 
not exceed a few percent.    However,  at higher temperatures.  In 
narticular at temperatures close to the critical points, the role 
of radiation can be considerably more substantial, especially 
because the conditions   of the transparency in this area passing 
from the gas  to the liquid state,  can be especially unfavorable 
(aL ^1).    It is known that an important role  can be played by 
radiation for high temperatures melts  (glasses, slags).    It  can be 
Just as great in solid nonmetalllc substances,  as was already many 
times pointed out in the discussion of the problem of thermal 
conductivity  of semiconductors at high temperatures.    There  is no 
basis to anticipate any effect of radiation on heat transfer in solids 
and liquid metals. 

The Importance of the problem of heat transfer by radiation 
In liquids  forces us to pay it even more attention.    Let us examine 
the   form   of the dependence of effective heat  conductivity of a 
definite substance (a is fixed)  on the thickness of the liquid layer. 

^ 

^f 

z^ A 
1 

3 

u^—^ to m _J 
LMM 

Pig.   8.    Dependence of the function of ♦ on the thickness  of the 
layer L with various  values of the coefficient  of absorption a. 

'The probability  limit    of the  Influence  of this effect  for 
(i-RX0.I(metallic walls) —X- Bin** —BL 

4 3 
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As was  already noted, the character of this  dependence may, 
generally speaking, be different for various liquids In conformance 
with the  form of the dependence o(v) .    For the hypothetical  "gray" 
medium the investigated dependence will, however, be directly 
transferred by function ♦.     The corresponding curves are depicted 
in Pig.  8  (for R ■ 0).    For a Judgement on the order of the value 
of change of the measured coefficient  of heat conductivity  let us 
take into account that in the Investigated case 

For room temperatures  and a value typical for limited liquids 
X ^ 0.15 W/dn-dag),-^- =0,04 ^-^ and 7- * 5%.On»,     it follows here 
from Fig.   8,  that for distances of 0.5-1 mm, typical for the 
experiments  on measurements of heat  conductivity, the percentage 

2 
of transfer of radiation may lie in the range from 0.5 to 3n % (for 
black walls  and a from 0.3 to 10 mm-   ).    For temperatures of 
'v200oC the effect will amount to between 2 to   lUn2jJ. 

It is significant that for a ^ 1-0.3 mm     the effect  of 
radiation may be noted according to the change of effective heat 
conductivity with the change in thickness of the  layer of the 
radiated liquid within the  limits of fractions of a millimeter up 
to 1-2 mm.    This fact in principal discloses the possibility for the 
experimental evaluation of the role of radiation.     At present there 
is known,   unfortunately, only one systematic experimental Investigation 
of such kind.     In the first of a series of works  Fritz and Poltz ['♦5] 
described an experimental apparatus, based on the use of the method 
of a flat  layer, which permitted the making of measurements  at 
various thicknesses of the  layers — from 0.5 to 5 mm.    However, the 
conditions  for conducting the experiments were not satisfactory 
enough:    for layers of 1.5 mm there was observed a noticeable 
convective mixing, and there was a systematic, although not  large, 
dependence of the results  on the drop in temperatures even  for 
layers of ^0.5 mm.    In a subsequent experimental work [47]  Poltz used 
a perfected device to study the dependence of the effective 
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thermal conductivity  on the thickness  of a layer for six liquids. 
In the new device convectlve shifting was not observed with a layer 
thickness  of up to 2 mm and the effect of a gradient was eliminated 
with layers of low thickness.    The basic result of the work is 
the clarification of the monotonic dependence of the variable 
values of heat  conductivity on the thickness  of a layer in the region 
from 0.5 to 2 mm for four liquids with a relatively small coefficient 
of absorption:    benzene, toluene,  carbon tetrachloride,  and paraffin 
oil.    This dependence amounts to  3-^.     For water and methyl alcohol 
no such dependence was  detected.     The author connected the observed 
effect with the role of heat transfer by  radiation.    A calculation 
estimate of this effect  for toluene  (3.7$ with t ■ 25°C) was in 
conformance with the measured value of excess heat conductivity. 

In a subsequent work of this  cycle Poltz and Jugel [48]  supple- 
mented the results   found with the data of measurements,  obtained on 
the same apparatus   for benzene,  toluene,  M-xylol, carbon tetrachloride, 
liquid paraffin, nitrobenzene,  and isopropyl alcohol at several 
temperatures in the  range from 10-25 to 55-80oC (with four values 
of a layer thickness  from 0.5 to 2 mm). 

The  investigation conducted by Poltz and coauthors undoubtedly 
is of great interest- as the work where  serious attention was paid 
to radiation heatfti'ansfer in a liquid and shows that this effect 
can not  at all be always disregarded.    At the same time several 
defects  of the work  should be taken into consideration.    Thus,  fr^m 
the four experimental points referring to the thickness of layers 
from 0.5 to 2 mm, in our opinion, only the first three can be taken 
into consideration,  since the last point,   referring to the thickness 
2 "imj-is   on the boundary of the  conditions, where mixing of the 
llquljjl occurs,  and the problem of the degree of reliability of the 
resuTts   for this point  can hardly be solved without ambiguity. 
Consequently, the basic results  are based on measurements with layers 
0.5,  1,  and 1.5 mm and the studied effect  ar.ounts to 2-3%- 

^WHW I\XV 
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Under such conditions of special value Is the proof of the 
absence of effects, which may  distort the result  of measurements. 
Included among such factors Is the radiant heat  removal through 
the  liquid layer (an additional experiment would be desirable at 
a different temperature of the guard rings).    Also worthy of 
consideration Is the problem of the correctness  of the account given 
for the  role of the glass plates dividing the layer.     Finally, It 
would be desirable to conduct experiments at various pressure drops. 
The aforesaid does not mean that It Is necessary to put In doubt 
the effect found by Poltz and his coauthors.    It Is  a question of 
the degree of reliability of the obtained quantitative results.    Let 
us note In connection with this that In the work of Zlebland [51] no 
systematic differences were detected at various  values of the thermal 
conductivity of toluene, obtained with clearances of 0.26 and 0.76 mm. 

Let us further pay attention to the fact that the experimental 
data of Poltz have been compared so far with the experimental data 
only for toluene and that these calculations are also not completely 
free  from criticism.    We have already noted that  the  character of 
the dependence  X* on the layer thickness, generally speaking, depends 
on the  form of the function a(v)  and In the general  case the calcula- 
tions should be made  from formula (30).    With Poltc  [18] the calcula- 
tions were made for a "gray"  medium, and as the average value of the 
coefficient of absorption 

.   T* 
(37) 

;• > 

was taken. 

The use of Just such a value Is not correct, since In conformance 
with (30) with averaging It Is necessary to use not Planck's function, 
but  a derivative of It.    Furthermore, keeping In mind the order of the 
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value of the  coefficient  of absorption In the Investigated case, 
It would follow to average not the  reverse value of the coefficient 
of absorption, but  rather to average a directly in conformance with 
formulas  (24)   and (25).     Let us  also note that  the degree of blackness 
of the radiation of the wall in contact with the liquid may be, 
generally speaking, other than that  in a vacuum. 

All this  makes it  desirable to conduct more detailed calculations 
of the radiation transfer, based on consideration of the spectra of 
absorption of infrared radiation. 

The suggested material refers to the case of a flat layer of 
the medium.     No less Important  for the practice of investigating 
heat  conductivity of gases  and liquids is the  case of a cylindrical 
layer,  corresponding to the conditions of the experiment with methods 
of coaxial cylinders and, especially,  a heated wire.    The analysis 
of the distortion of the process  of heat transfer due to radiation 
cf the medium in a cylindrical layer was taken up by a single work, 
written very  recently by L.  A.  Pigal'skaya.    Below the basic results 
of this work are stated.1 

Just  as  for the case of a flat  layer, the initial equation 
Is the equation of transfer of radiant energy.     The desired value 
of the intensity of radiation is examined here as a function of two 
angles, determining the  direction of the ray and the distance r from 
the axis.    The boundary  conditions  on the surfaces of the cylindrical 
layer r » p  and r ■ R presuppose a mirror reflection,  characterized 
by the  coefficients of reflection R,   and R- averaged with respect 
to angles. 

To find the distribution of temperatures  an equation analogous 
to (13)  is  used.     In order to simplify the problem we use the case 

^'he authors would like to express their appreciation to 
L.   A.   Pigal'skaya for the material which she  furnished. 

24 



»s 

where the difference in temperatures on the surfaces is sufficiently 
small, which is equivalent to the first assumption on page 14  of this 
book.    The solution of the problem of the distribution of temperatures 
and of the value of the heat  flow is by the method of successive 
approximations, and as the zero approximation the  logarithmic  distribu- 
tion of temperature undisturbed by radiation is assumed [such a 
method of solution is equivalent to writing (20)  for a flat  layer]. 
An analytical investigation can be successfully used only with small 
coefficients of absorption.    Here for the specific heat flow in the 
first approximation the formula 

,--.   " >.+^r^««k(/?1.y?i)»I ,(0- —x 
s 

r,n7 

+ 0), (I)/',(/?„ Ä,)l 

is obtained, where 

rfv (30) 

/'•-I: ^ Pt-Kt 

*«- T^'' •• - o - i)-9 (6« yr=v + 
t KI» -h 3 arcsln I - 4:,arccos{ + arccos J -|- llL=±! _ *.). 

  Inl 2/ 

*• ~ TTlV(2t^*~^+2arcs,nt,: *«""^ 
*i - (1 - 0* (6S VT=T* + 4 arcsln E - *?» - 45« arccos I + 

-r2arcco$t — «). 

At the limit when C ^ 1 this formula, as should be expected, 
is transferred to an analogical relationship for a flat layer,  and 
when R,  ■ R2, to formula (2k). 

The first term in the equality (38)  characterizes the heat 
transfer by molecular heat  conductivity, and the  following ones 
describe the role of radiation.    Of these, the term containing the 
derivatives P-,*-!   corresponds to the known expression for heat  flow. 
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transferred by radiation, In a cylindrical layer of a transparent 
medium, while the remaining terms take into account the natural 
radiation of the medium and the absorption of total radiation. 

Pig.  9.    The dependence of function *, characterizing the role of 
radiation in a cylindrical layer of a medium, limited by absolutely 
black walls, on the relationship of the radii  5 ■ p/R with various 
values of the parameter aL (the  continuous line describes an absolutely 
transparent medium). 

Pig.   10.      The dependence of the  function y on the paramater C with 
various values of the coefficient of reflection of the walls and 
oL » 0.2 (the  continuous  lines describe an absolutely transparent 
medium). 
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For an analysis of t*«  obtained dependence L. A.  Plgal'skaya 
examines the dlmenslonle»_> v,   ue  t. placed Into the figure brackets 
of expression  (38).     [For t^ of a flat  layer the value * Is 
equlval« 
of OJL]. 

equivalent to——In fonnula (  1^   md».   conditions of smallness 
3    L 

The'dependence of Y on the geometrical characteristics of C with 
absolutely black walls  Is depicted In Fig.  9.     In the case  of a 
flat layer, when C •»■ 1, the process  of absorption of radiation of 
the walls predominates over the process of natural radiation, and 
the presence of the medium leads to a reduction In the heat  flow. 
For. geometry characteristic for the method of a heated filament 
(C « 1), the heat  flows of radiation from the walls Is noticeably 
less, as a result of which the natural radiation of the medium plays 
a significantly greater role. If the absorption of radiation from 
the walls,  and,  as a result, the presence of the medium Increases 
the heat flow.   With I - 6>« 0,6 the resulting heat  flow proves to be 
Independent  of the absorption power of the medium (for the Investigated 
case of low absorptions). 

The dependence of function f on C for walls with a uniform 
coefficient  of reflection  (R, .- R- ■ R,   g) when oL • 0.2 - Fig.  10 - 
shows how In proportion to the Increase In the  coefficient of 
reflection.  I.e.,  the reduction In the radiation of the walls, 
the role of natural radiation of the medium Increases.    Point 50 

here shifts to. the right  and with Ri   ? " 0'^ reaches a limiting 
value of C0  -  1.     For higher values  of R,  2 the natural radiation 
of the medium exceeds the decrease of the radiation of the walls 
as a result of absorption, and the total effect Is positive for 
all values of C>    Under conditions  corresponding to the experiments 
according to the method of a heated filament   (R,   2 * 0.9)  the role 
of radiation Is quantitatively similar to the  case of a flat  layer 
(the total heat transfer Is Increased). 
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Pig.   11.     Dependence of function V on the parameter C for walls with 
various  coefficients of reflection. 

The effect of the  coefficient of reflection of the walls is 
illustrated in Pig.   11, which depicts the  dependence of V on 5 for 
R,  ■ 0.2;  R2 ■ 0   (curve  1; aL ■ 0.2);  R,   -  0; R- ■ 0.2  (curve 2; 
aL ■ 0.2)  and R1 - 0; R2 ■ 0.9 and R,   ■ 0.9; Rg " 0   (curves i» and  5, 
respectively; oL ■ 0.2); the  latter case most  closely approaches  the 
conditions of the experiment with a heated filament in a glass or 
quartz  capillary tube.     Continuous lines  3 and 6 describe an 
absolutely transparent medium.     Prom Pig.   11 one can draw the 
conclusion that the value of the heat  flow is strongly affected by 
the  coefficient of reflection of this surface,  the area of which 
is greater.    The Influence of the sign A/?-/?i—/?» naturally is reduced 
with an increase in C,  i.e.,   in proportion to the approximation to 
a flat  layer, in which both surfaces  are equivalent. 

On the whole,  the picture of heat transfer by radiation in a 
cylindrical layer proves to be much more complex, than in a flat 
layer,  even for poorly-absorbing media.    Further investigations of 
this problem for practically Important cases  (In particular, for 
t << 1  and oL % 1)   are  absolutely essential. 

Everything examined allows  us to draw the  following conclusions 
on the  role of heat  transfer by  radiation in liquids. 
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The theoretical approach and quantitative experimental evaluations 
of the Influence of this effect leads to the conclusion that the 
transfer of heat by radiation under conditions of change in the 
coefficient of heat  conductivity  (thickness of layers  of 0.5-1 mm) 
at room temperatures may somewhat distort the results j however.  In 
most cases this distortion lies within the limits of accuracy of the 
experiment  (1-3%)'     At higher temperatures the effect may become 
much more substantial, especially In the range of temperatures of 
'v200oC and higher. 

In connection with this, the problem of the degree of reliability 
of experimental data on heat conductivity of liquids, especially  at 
sufficiently high temperatures.  Is very complex, and all the more so 
If we are speaking of sample liquids. 

The most detailed examination of the role of heat transfer 
by radiation was conducted by us for toluene, for which we not only 
evaluated the possible limit of the role of the radiation component 
of the  flow, but also made an attempt to Isolate the purely molecular 
heat conductivity by Introducing corrections Into the results obtained 
by Individual authors.    For the remaining liquids we were forced at 
best to make only evaluations of the probable limit of the radiation 
transfer.    For dense gases we did not Introduce a correction for the 
role of radiation of the medium due to the absence of necessary 
Information. 

More thorough Judgements on the role of heat transfer by 
radiation can be made only after conducting regular, systematic 
experimental and theoretical Investigations,  In particular, investiga- 
tions of the spectra of Infrared absorption of a large class of 
substances In a wide range of temperatures with the purpose of making 
theoretical calculations for the value of radiation transfer. 
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Concerning New Methods  for Measuring the Heat 
Conductivity  of Qases  and Liquids 

There is no need to give a description of all the basic methods 
of measuring heat  conductivity of gases  and liquids.    The best known 
stationary methods - of a flat horizontal layer,  of coaxial  cylinders 
and of a heated filament - are examined In a number of monographs 
and articles,  In particular, In the books of N.   V.  Tsederberg [10], 
B.   S.  Petukhov  [53],  and Tyrrel  [51*].     A discussion of many problems 
of the technology of the experiment, and of the  Important parts of 
the experimental apparatus  for Investigating using the method of 
a flat horizontal layer may be found In works  [23, 55, 56],  using 
the method of coaxial cylinders - [57-59],  and using the method of 
a heated filament - [21,   30].     In this  text these methods  are examined 
only In connection with the evaluation of the quality of experimental 
results obtained by  various  authors.     Let us  examine In more detail 
the new methods, mainly nonstatlonary ones, which have been developed 
only very recently and which are partially already being used for 
measurements of heat   conductivity of gases  and liquids. 

Let us examine  certain problems related to stationary methods, 
since the greatest quantity of experimental data existing in the 
literature has been obtained by these methods. 

The method of a  flat horizontal layer Is  fundamentally Ideal 
for the exclusion of natural convection.  If sufficiently strict 
Isothermlclty along the entire surface of the measured plates Is 
guaranteed.    This may be  achieved with the aid of protective heaters. 
In  the majority  of Investigations these  conditions were observed to 
a sufficient degree.     However, in certain works  there were unaccounted 
for boundary effects  and the phenomenon of natural convection 
related with them in the investigated layer of liquid.    This  led to 
large errors, even to an Inaccurate temperature  dependence of the 
thermal conductivity.     Such phenomena were encountered in the 
experiments  of Hamman  [60]  on the determination of heat conductivity 
of oxygen and nitrogen   (Pig.   12).    The  results  of these experiments 
were  analyzed In detail by N.   V.   Tsederberg   [10]   and Zlebland [61]. 
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A similar occurence  happened In the experiments of Bates   [10] in 
the Investigation of the thermal conductivity of ethyl alcohol 
(Pig.  13).     The experiments of Bates  are critically examined In work 
[62].    Ye.   P.  Borovik [10] in measuring the thermal conductivity 
of nitrogen by the method of a flat horizontal layer detected a 
dependence of the effective values  of the thermal conductivity of 
X on At, which testified to the convectlve transfer of heat  In the 
layer of studied liquid.    For the elimination of the effect  of 
convection Ye.   P. Borovik mada measurements with various  At  and 
extrapolated the experimental values  of X1  to At * 0.    It  should be 
noted that in all of these works  the width 5 of the investigated 
layer of liquid was  comparatively  great:    in the Borovik's  apparatus 
6 » 2.1 mm, in Bates' apparatus — 6.3 mm and in Hamman's  apparatus - 
12 mm.    In the majority of works in which convectlve heat transfer 
was not observed the measured values of thermal conductivity proved 
to be Independent of At when 6 = 0.2-1 mm.    Thus,  one of the 
important  conditions in method of a flat horizontal layer is  a 
low value  for 6. 

The method of coaxial cylinders  also requires isothermic conditions 
along the length of the measured section, since  for determining the 
heat conductivity we use the  formula  obtained for infinitely  long 
cylinders.     In some works isothermicity was  guaranteed by  using 
protective heating devices  on the ends,  and in others - when the 
measured section amounted to a small part of sufficiently  long 
cylinders, by means of a special fitting for substances with known 
heat  conductivity heat  leakages from the ends of the measured section 
were determined  (in thlj  form the method was used as  a relative one). 

Fig.   12.    Experimental data of various 
authors on the  thermal conductivity of 
oxygen:    1 — Hamman [60];  2 - Other 
authors  [29,  124]. 
Designation:     BT/(MTpafl ■ W/(m'deg) . 
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Flg. 13.  Experimental data of various authors on the heat conductivity 
of ethyl alcohol:  1 - Bates [10]; 2, 3, ^ - Kerzhentsev [62] with 
p = 150; 100 and 1-15 atm, respectively. 

Designation: KHa;i/( CM Ten-rpafl) = kcal/Ccm-s ■ deg). 

The method of coaxial cylinders was employed in the haL±c 

investigations on heat conductivity of many liquids and gases 

[57-59], including those with very precise measurements of heat 

conductivity of water and water vapor.  An interesting construction 

of a measurement apparatus, based on the method of coaxial cylinders, 

was recently proposed by Leidenfrost [63].  The ends of the measure- 

ment cylinders were connected with spherical surfaces, which 

facilitated the solution of the problem, connected with end effects. 

A deficiency in the devices, based upon methods of a flat 

horizontal layer and coaxial cylinders, is the great inertia and 

size. 

The heated filament method proved to be very attractive for 

experimenters.  The measuring cell possesses comparatively low 

inertia.  Moreover, the correction for heat removal from the ends 

of the fine heater (d = 0.1 mm) is very small, and It can be easily 

taken into account by a calculation method or experimentally, having 

carried out experiments with two measurement tubes of varying length. 

The method was used for measuring thermal conductivity of many 

gases and liquids, and very accurate experimental data were obtained 

on the thermal conductivity of a significant number of gases and 

liquids, including water and water vapor. 

In recent years the heated filament method has received further 

development.  Blais and Mann [26], D. L. Tlmrot and A. S. Umanskiy 

[6^] modified this method for the purpose of measuring the thermal 

conductivity of gases in the region of high temperatures (above 1300oK), 
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In which the application of the usual method of a heated filament 
was  complicated by the difficulty of the prolonged maintenance of 
strict constancy of the temperature of the wall of the measuring 
tube and a sufficiently precise measurement of a small difference 
in temperatures in the layer of the studied gas at these temperatures. 

The Idea of this modified method Is embodied In the study of 
the dependence of the heat flow q  on temperature t, which is transferred 
from the wire through the Investigated gas by thermal conductivity 
In a radial direction. 

Using the known solution for the equation for thermal conductivity 

'-^rl** (39) 

and assuming that the heat flow q and the heat conductivity of the 
gas  \ are functions  of the temperature, that the temperature of the 
wall Is maintained strictly constant (at room temperature), and that 
the portion of heat transferred by  radiation from the wire is small, 
the authors  obtained the expression 

where X.   is the gas thermal conductivity value, relative to the 
temperature of the filament; dq/dt is determined by differentiation 
of the equation q ■ f(t), composed on the basis of experimental data. 
Thus, in this method only q ■ f(t)  is studied and there Is no need 
to measure the difference in temperatures in the layer, which is 
an advantage of this method. 

With this method authors  [26, 64] measured the thermal 
conductivity of helium   and hydrogen up to temperatures of 'v2000oK 
at atmospheric pressure.    The authors estimate the error of the 
experiments  at 5%»    Divergences between data of [26] and  [64] reach 
12% for helium, and 25% for hydrogen at T = 2000oK. 
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It should be noted that structurally the devices are made 
differently, In particular, In [26] the measuring tube Is positioned 
vertically, and In  LBk"] -horizontally; In [64] the wall of the 
measuring tube was thermoregulated more carefully, and the technology 
of conducting the experiment was different.     It would undoubtedly 
be advantageous to refine and perfect this method. In particular, 
to make measurements of the thermal conductivity of a gas In one 
and the same measuring tube In the horizontal and vertical positions. 
Apparently, it would be good to thoroughly analyze from a quantitative 
view point the effect of the Inconstancy of the temperature of the 
wall on the  results  of measurement of thermal conductivity. 

Kannululk and Carman [65], in order to reduce the correction 
for the temperature Jump between the heated filament and studied 
gas, employed as the heater, placed along the axis of the measurement 
tube,  a platinum wire of large diameter d = 1.5 mm, having modified 
the heated filament method, in which a fine wire with a diameter 
d = 0.1 mm is ordinarily used as the heater.    Corrections for heat 
removal from the ends of the heater and for radiation from the 
heater sharply Increased; as  a result of large corrections for 
radiation the authors were forced to limit  temperature measurements 
to 300°C.    The total of these corrections at elevated temperatures 
amounted to approximately 50% of the overall heat flow, and for 
gases with low thermal conductivity (Kr, Xe)  reached as high as 
70-80^.    Naturally, the use of the heated filament method in the 
form as employed in the work of Kannululk and Carman, especially for 
gases with low thermal conductivity, is not  advisable. 

In connection with the need for obtaining experimental data for 
many liquids, gases,  and gas mixtures during the last few years 
widespread application of nonstationary methods has begun.    These 
comparatively quick methods were previously most frequently employed 
for the measurement  of the thermal conductivity of hard nonmetallic 
solids. 
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The theory of the most widespread of these nonstatlonary methods, 
which in our own literature  is called the method of a regular thermal 
regime of class I is expounded in detail in the books  of 
G.   M.  Kondrat'yev [66,  6?].     The  largest quantity of experimental 
data at elevated temperatures and pressures was  obtained using 
a variant  of the same method developed by I.  F.   Golubev [68J. 

The device of I.   P.   Golubev consists of two coaxial cylinders, 
between which the investigated layer of material  (a bicalorlraeter) 
is placed.     For the elimination of end losses there  are  compensation 
cylinders, the diameter of which Is the same as  in the internal 
working cylinder.    A difference in temperatures  in the Investigated 
layer is  determined from the  indications  of the triple-soldered 
differential thermocouple.    The coefficient  of thermal conductivity 
is  calculated using the expression 

F 

where c is the total specific heat of the Internal cylinder; r, is 

the exterior radius of this cylinder; F is its lateral surface; 

rp is the internal radius of the external cylinder; and m is the 

rate of cooling. 

The rate of cooling is determined from the known formula 

At 

where AT, and AT- are the drop in temperature in the measured 

layer at the beginning and the end of the process of cooling for 

the time interval AT. 

In the derivation of equation (41) it is assumed that the 

temperature on the internal surface of the external cylinder Is 

constant in time. Prom the expressions introduced in work [68] it 

also follows that the temperature of the metal through the thickness 

of the Internal cylinder is taken as Identical everywhere, i.e., not 

depending on the radius. 
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In calculating the coefficient  of the thermal conductivity 
from equation  (ll)  a number of corrections, examined in detail in 
the  corresponding work, are introduced. 

The  Investigated method was employed by I.  P.   Golubev and 
Ya.   M.  Naziyev in the Investigation of n-hexane,  n-heptane,   and 
n-octane  [69].    Then I,  P.   Golubev and coworkers measured the heat 
conductivity  of air, methane,   ammonia,  and other substances  at 
pressures  of  up to 500-600 bar,  including the supercritical  region. 

The  possible error of the  results is estimated by the authors 

at  1%.     However,  a comparison of the  data of I.  P.   Golubev and 
coworkers with the results  of other investigators in a number of 
works shows  significantly more  divergences.    This, possibly,  is 
connected with certain defects  of the methods adopted in work [68] 
for measuring  and processing their results: 

a) the  boundary condition t  ■  const is not observed;  thus, 
up to the beginning of cooling of the inner cylinder the temperature 
of the  inner surface of the    outer cylinder increases  somewhat during 
the period of heating  (2-3 min). 

b) the  introduction of the correction for heating of the 
exterior cylinder, based only on its total specific heat,  is strictly 
valid only for cylinders manufactured from materials possessing very 
high thermal conductivity. 

c) the  change in temperature  of the thermostat  for the time 
for conducting the experiment is not taken into consideration. 

According to the data of A.  A,   Gylmanov [70]  changes in the 
temperature of the thermostat  for the time of the experiment by 
0.01 deg vary  the  cooling rate   (or what is the same,  the measured 
value of the  thermal conductivity)   on the average by  1%. 
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Moreover, when using the given method in the supercritical 
region It is necessary to keep in mind that in this region the 
properties of materials  vary very strongly in proportion to the 
change in temperature, while the theory of a regular regime [66] was 
developed on the assumption of constancy  of the thermophysleal 
properties.    Let  us  also note that in the supercritical region 
a continuous state Is achieved very slowly and the  use of nonstatlonary 
methods may produce distorted results. 

The method of a regular regime has  a number of advantages 
in comparison with stationary methods  (the short length of time  for 
conducting the experiments,  the relative  simplicity of construction 
of the apparatus,  etc.), however, as can be seen from the aforesaid. 
It requires further refining. 

The nonstatlonary method of a heated filament  belongs to the 
class  of nonstatlonary methods for measuring heat  conductivity of 
liquids.    It is used in works  C71-7i*],  and the theory of it is 
similarly expounded by Horrocks and McLoughlin  [7^]. 

In contradistinction to the stationary method of a heated 
filament in the nonstatlonary variant the  change in temperature of 
the thread is determined  as  a function of the time  elapsed from the 
start  of heating (or — in another variant  — the  change of temperature 
in the investigated liquid at a certain distance from the thread). 
Because of the study  of the  quickly occurring process, measurements 
are made un^r conditions when convective   flows  do not manage to 
develop.    Because of this  ^he necessity  arises  for centering the 
filament in the narrow ca» i.llaries, and the construction of the 
measuring cell becomes much simpler.    An advantage  of the method 
is  also the speed with which measurements   can be carried out. 
The first successful experiments  and, in particular, those fulfilled 
by the differential variant of the method [75] permit us to think 
that  further development  and perfection of the method will lead to 
the creation ^f a sufficiently simple and precise method. 
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In another examined group of nonstatlonary methods heat 
conductivity of a medium is   determined, by studying the   continuous 
pulsation of the temperature  of a low-inertia metallic sensor (a wire, 
foil),  placed Into the  Investigated medium and heated by  alternating 
current.     A special feature  of this method is the possibility of 
using radiotechnologlcal measurement means.    One of the basic advantages 
Is the simplicity of the measuring cell.    The placement  of the  sensor 
in the medium may be to a significant  degree arbitrary,  since convective 
shifting of the medium in the volume  has practically no effect on 
the  indications of the sensor due to the small width of the  layer, 
effective  at these measurements  (the  temperature wave is  almost 
completely  absorbed at a distance of the order of fractions  of a 
millimeter).     Another advantage of the method is the small role played 
by  heat  removal by radiation from the  sensor under conditions of 
measurement of the heat  conductivity  of gases  at high temperature 
(only  the  change in radiation during pulsation of the temperature 
is  important) . 

The idea of the method and its  first realization belong to 
L.   P.   Filippov  [76].    As  the  sensor a strip of foil,  inserted into 
the  investigated liquid, was  used.    The amplitude  of pulsation of 
the  temperature of the  foil  during its heating by  ac current 
with  all other conditions being equal depends only on the coefficient 
of heat  activity of the  liquid 

b^-~=v^: (43) 
V a 

where  a is  the thermal diffusivity;   c    is the  specific heat;  and p is 
the  density.     The procedure  in this  variant is  thus,  actually the 
method of measuring the  coefficient  of thermal  activity;  the 
coefficient of thermal conductivity  can thus be  found,  if we know 
the  value   of  the volumetric     specific  heat  c p. 

To measure the amplitude of pulsation of the  temperature of 
the   foil  a circuit  consisting of an  ac bridge,  into one   arm of which 
a  sensor is  connected,  is  employed.     The  bridge was  balanced at the 
heating  frequency u (tens-hundreds  of Hz).    The pulsation of the 

38 



temperature of the sensor, occurring with doubled frequency  2o^  and 
the resistance pulsation connected with It  led to the occurrence In 
the bridge diagonal of a voltage of tripled frequency 3w, proportional 
to the amplitude of the temperature pulsation.     The signal of 
voltage 3u) Is separated,  amplified, and measured using a radlotechnolog- 
Ical circuit.     The measurement procedure was  relative.    Direct results 
of the experiment were reproduced with  a divergence in fractions cf 
a percent, and the maximum error of the  values  of the coefficient 
of thermal activity with consideration of the  error of calibration 
amounted to 3%- 

The method has been used for conducting a series of scientific- 
research works,  in particular, in Hungary [33,  77].    Recently this 
method has been developed in the works  of I.   I.   Novlkov and 
P.   G.  El'darov  [78].     Details of the theory  and of the experiment 
can be found in work  [33]-    There also is described one more  direction 
of development  of the  experiment - the  measurement of the specific 
heat of a wire under conditions, when the pulsation of the temperature 
of the wire is  determined by the thermal inertia of the sensor. 

A sensor In the  form of a wire was  also used by American authors 
[79,  80] for measuring the thermal conductivity  of gases.    The 
measuring scheme Is analogous to that  of L.   P.  Filippov. 

The theory  of the method for the sensor in the form of a 
cylinder is more  complex than for a sensor-foil,  since in general 
the result depends not  on one variable b,  as  in a flat  layer,  but 
on two - on b  and on the  thermal diffusivity  a.     In order to obtain 
values of the coefficient  of thermal conductivity from experimental 
data, in the considered work measurements were made with a constant 
ratio   c'pQ'/CpQ,   where C,^' is the volumetric    specific heat of the 
gas, and   cpo    is  the volumetic specific heat  of the sensor.     This 
made it necessary to select the gas pressure  specially at each 
temperature, in order to fulfill the given condition. 
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Measurements  C79,  80]  are relative ones  (only the temperature 
dependence of the  thermal conductivity was  studied);  the maximum 
error was estimated at  2-3%.    There is a basis  for thinking, however, 
that this estimate is  somewhat understated, at  least in the area 
of high  temperatures.     The fact is that the variants  of experimental 
data in the examined work exceed the cited value  and go as high  as 
^.5%.     Here there still remains unclarifled the question of systematic 
errors.     Their value must  depend on the relative  value of the 
thermal inertia  of the sensor.    Unfortunately, the  corresponding 
estimates  cannot    be made,  since in this publication the most 
essential thing was not mentioned - the  frequencies  at which the 
measurements were made.    One  can only assert that,  all other conditions 
being equal, the role of error,  caused by the thermal inertia of the 
sensor,  must he greater for gases with lower thermal  conductivity. 

In conclusion, we should say a few words on the perspectives 
of development of methods  of periodic heating.    There is reason for 
thinking that these methods have a great  future,  since apart from 
the  above  formulated advantages this group of methods hap one more 
Important quality — it enables us to conduct experiments of a 
complex nature, which ensures  our obtaining a whole set of fundamental 
thermal physical parameters  (thermal conductivity, thermal diffusivity, 
specific heat, and the coefficient of thermal activity)  using one 
measurement system.     This  capability is related with the mentioned 
fact  of the dependence of the pulsations of temperature of the 
wire sensor on two thermophysical  characteristics.     A concrete analysis 
of the ways  of conducting the  complex experiment is described In the 
book  [33]. 

Finally, it is  important to turn our attention to one more 
important peculiarity of the examined method of measurement - to 
the  capability of varying the effective width of the  investigated 
layer of the medium by means  of changing the   frequency of pulsations. 
The  conducted measurements with various effective  layers may play 
a very significant  role in the  investigation of the influence of the 
process   of radiation. 
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Of the other methods of measuring the thermal conductivity of 

gases, developed in recent years, we should mention the method of 

a laminar regime, employed by Westenberg and de Haas  [8l]. 

The essence of this method consists in the following.    A linear 

heat source of finite length (the wire) is  situated perpendicular 
to a laminar uniform gas flow, having a velocity u.    Under the 

condition of consistancy of the coefficient of thermal conductivity 
A and specific heat  c    a rise in temperatures behind the  linear heat 

P 2 2'' 
source at  any distance from it r    ■ x    + y" is expressed by the 
formula 

•iT"- fo/Hn,«^/./-)'-)«/> liie)hf>(x ~ r •)/2M. (M) 

where q is  the specific power of the heat source; p is the gas 
density.    Expression  (M) is obtained for the case, when the linear 
heat source  Is situated along the axis  z, the gas flow is  directed 

along the axis x  (Pig.  14),    If we measure AT at points where y » 0, 

so that x ■  r, then from formula (44) we get 

). - [qVA-ne') (lAcAflU). (45) 

where AT is the maximum rise in temperature In the direction x. max 
As follows  from formula (45), with  constant q and u the value  of 

— AHiix "lust be constant at various  values of x. 

Pig.  14.       On the  laminar flow method. 

41 



Another variant  for conducting measurements of thermal 
conductivity is possible.    The measurement of AT at various distances 
r    in one transverse cross section x ■ const  allows  us to determine 
\ without knowing the specific power of the heat  flow.    In this  case 
besides the relative measurements of AT   .  it Is necessary to know n 
the velocity of the  gas   flow u. 

A third method for measuring thermal  conductivity is a 
combination of the  two mentioned variants.     In this  case the velocity 
of the gas  flow is  excluded  from the measurements, however, Just  as 
in the  first case,  AT and q  are determined. 

Fig.   15.    Schematic representation of the temperature field of a 
reflected shock wave:     1 — reflected wave;  2 — end of the tube. 

At high temperatures the second variant appears to be most 
suitable, where there is no  need to know q and the absolute values 
of AT, the measurement  of which at high temperatures is complicated 
due to the consideration of  correction for radiation. 

This variant was also used by the authors of work [8l] for 
measuring the thermal conductivity of Np,  Op,   COp  up to T % 1100oK 
at atmospheric pressure.    The results of the experiments agree 
satisfactorily with the most  reliable literature data.    However, 
the  authors point out that at high temperatures, especially for 
COp,  a great divergence  of the experimental points was  observed. 
The  authors explain this by  the insufficient stability of the stream. 
This  method is not   simple,   nince it requires the creation of a 
stationary gas flow  and sufficiently precise measurement of its 
parameters.    Apparently,  additional study should be made for certain 
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systematic questions, in particular, for the problem of the possibility 
of disturbing the laminar stream during nonlsothermlc  flow, which 
Is especially Important at elevated gas pressures. 

During the last  few years, to obtain experimental data on thermal 
conducltlvty of gases at very high temperatures  (up to 8000oK),  the 
method of a shock tube was employed [82].    This Is based on the 
employment  of the process of heat transfer by the end wall of a 
shock tube by a hot  gas.  In solving the equation of the thermal 
conductivity for the gas belnd the  front of a shock wave It Is 
suggested that the gas Is a seml-lnflnlte medium (the  one-dlmenslonal 
case)   and Is situated In thermal contact with a seml-lnflnlte solid 
wall  (Pig.  15).    The heat Is  transferred by radiation and by 
convection. 

The equation of thermal conductivity  for the semi-bounded medium 
with boundary conditions of the fourth class has a simple solution, 
if one assumes that the coefficient of heat conductivity of the gas 
varies  according to exponential law. I.e., 

*-MWiW)». (16) 

where the subscript  "np" refers to the parameters of the gas being 
the shock wave. 

Using formula  (16), one  obtains  a relationship,  which connects 
the temperature of the gas  right  after heating T  ,  the temperature 
of the gas  (of the wall) after the  arrival of the shock wave T 
the subscript b and a certain dimenslonless parameter q     , 

np* 

p--/(*. ^). (17) 

where 

it 

The parameters with the subscript  "c"  refer to the end wall up to the 
arrival of the shock wave. 

13 



Expression  (4?)   can be obtained In explicit   form only with 
certain values  of parameter b.    'Then b  = 1  it has the simplest  form: 

'n|> 
«l+V'SET-*,. (48) 

In this way, the experiment  is reduced to the determination 
of the superscript b.     It  is   found by the method of least squares 
from plotting curves  of the  depencence  (47).     The thermal physical 
properties  of the gas  and wall with temperatures T     ,  T    (practically, 
room temperatures)   are  considered to be unknown.     The gas temperature 
and pressure after heating T    and p    are  calculated from the 

H H 

equation of energy preservation.  Just  as  for an Ideal gas. 

Using this method,  experimental data were obtained mainly  for 
monatomlc  gases,  and also  for air and nltrlgen.     The error of the 
results of the experiments  amounts to 20-30%.     At  the same time the 
method of a shock tube until now appeared to be practically the  only 
one for determining experimental data on the thermal conductivity 
of gases at  very high temperatures. 
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CHAPTER    II 

ANALYSIS OP THE EXPERIMENTAL  DATA.     RECOMMENDED 
VALUES  OF THERMAL  CONDUCTIVITY 

Helium 

The thermal conductivity of helium at atmospheric pressure was 

studied by various  authors in a wide  range of temperatures.    The 
basic works are cited in Table 1.     As  can be seen from them,  a 

comparatively  large number of them were dedicated to measurements 
within a range of low temperatures  80-300oK. 

In this temperature interval the most  reliable  data appear 

to be those of Johnston and Grilly  [85].     The authors  of [85] made 
careful measuraments by the heated filament method,  and paid special 

attention to the analysis of the conditions  of the experiment. 

With these results  there is good correspondence to the data of 

Eucken  [83], Kannylulk  [65], Barua [92]  and others.     The  results 

of their experiments are shown In Pl-g.   16.    The averaged curve  is 

closest to the  data of Johnston and Grilly   [85].    Divergences of 

the experimental data of various authors  from the curve   do not 
exceed ^2%t which also defines the accuracy of the recommended values 

in the  considered Interval of temperatures. 
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Pin;.   16.     Dependence of the  thennal conductivity  of gaseous  helium on 
the temperature when p ■ 1 atm according to the  data of:  1 — Blals and 
Mann,[26];  2 - Collins and Greif [82];  3 - Vargaftik and Zlmina [90]; 
4 - Kannylulk  and Carman  [65]; 5 — Zaytseva [88];  6 - Johnston and 
Qrilly  [85];  7 - Barua, at al.   [92];   8 -Gupta, et al.   [93]; 
9 - Timrot  and Umanskiy   [64];  10 - Johannin and Wilson  [89];  11 - 
Eucken [83]. 

(W/m-deg). KEY:     (1) X ID3, .^ 

Just  as  for the majority of gases, heat  conductivity is most 
completely studied in the higher range of temperatures:     300-1000oK. 

One  can note the good correspondence  of the results obtained by 

various authors.    One exception is the data of Kannylulk and Carman, 
which in this temperature  range are significantly  lower.     A similar 

picture can also be observed for ocher gases, whose heat  conductivity 
was measured by these authors.    The inadequate reliability of the 

data of Kannylulk and Carman in the  cited range of temperatures  can 
be explained by the large error in determining the correction for 

radiation, which reached as high as 20*.    Here the total of all the 

errors reached as high as  30%. 
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There Is good correspondence for the results of N.  B.  Vargaftlk 

and N.  Kh.   ^Imlna; those of L.   S.   Zaytseva;  those of D.  L.   Tlmrot  and 
A.  S.   Jmanskly;  and those of Collins  and Greif at temperatures  of 

up to '^1000oK.     The  average curve in this temperature region,  as 
seen from Pig.   16, passes between the  data of Vargaftik and Zimina, 

and also of    Zaytseva, on the one hand, and Timrot, Umanskiy and 
Collins  and Greif on the other.  The error of the recommended values, 

which are  represented in Table  2,  for this  range of temperatures 
may be estimated at  2%.    These values  can be recommended as standard 

in measurements  of the thermal conductivity of substances,  in 
particular for gases  and liquids with high thermal conductivity. 

Table 2.     Recommended values of the thermal 
conductivity of gaseous helium at  atmospheric 
pressure. 

r. eK erliu ■ tpadt 1     T.VH X-10». 
»THM • tpod) T r.*K 

70 57.9 ,,    260 138 
1 

s 
650 264 

80 63.2 ?    270 142 700 27» 
90 

100 
67.6 
72.0 

i    280 
1     290 

145 
148 

750 
800 

291 
304 

1 0 76.4 i    300 151 i 850 317 
120 ■ 81.6 |    310 154 900 330 
130 8M 320 157 i, 950 342 
140 00.5 330 160 t 1000 354 
150 94.'5 340 163 1100 379 
1G0 98.8 350 166 \ 1200 405 
170 103 360 170 \ 

1300 430 
180 107 370 173 1400 455 
100 Ml 380 176 >■ 1500 479 
200 115 ,     390 181 1600 503 
210 120 1      400 184 i 1700 523 
220 124 450 201 i' I WO 543 
2;io 127 noo 218 

1 
1'JOO 562 

210 i           130 550 235 i" 2000 579 
250 134 1    600 250 

\ 

Designation:     BT/(MTpafl) ■ W/(m«deg). 

In the range of even higher temperatures there are the data of 

N.  B.  Vargaftik and N. Kh. Zimina [90], D.   L. Timrot and A. S.  Umanskiy 

[6JO, Blais  and Mann [26], and Collins  and Greif [82].     Up to 

temperatures '^1200oK the difference 1n the results of these authors 
lies within the  limits of 3$, which also defines the error of the 

recommended values   for the Interval T = 10G0-1200oK.    Within the 
range of higher temperatures  up to 2000oK there is good correspondence 

between the data of D.  L. Timrot  and A.  S.  Umanskiy, and Collins and 
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Greif — the  divergence  does not exceed 3%-    The data of Blais and Mann 
are high In comparison with the results of the  cited authors; the 
difference reaches as high as  12%.    Such a divergence may be explained 
(as was noted in Chapter I) by insufficiently  careful consideration of 
end effects, and by the insufficiently strict  adherence to the 
constant temperature of the wall  of the measured cylinder in the 
work of Blais and Mann.    The  curve in the temperature range of 1200 to 
2000oK was plotted close to the data of D.  L.   Tlmrot and A.  S.  Umanskiy, 
and Collins and Greif.     The error of the recommended values in the 
temperature range 1500-2000oK amounts to 3-5%- 

For the temperature Interval 2000-6000oK there are up to this 
time only the experimental data of Collins and Greif [82]  (Table  3). 
As was mentioned in Chapter I, the possible error of these data, 
obtained by the shock tube method, amounts to  10-20!?. 

Table  3.    The thermal conductivity of helium at 
high temperatures and at atmospheric pressure 
according to the data of Collins  and Greif [82]. 

T.'K XI0». 
*rl(M ■ tfiaS) 

T.'K X-I0>. 
«/<* ■ tpad) 1   r. «K XIO». 

2000 
2500 
3000 

563 
657 
745 

3500 
4000 
450Ö 

826 
907 
970 

5000 
5500 
6000 

1050 
1180 
1200 

Designation:    BTAri-rpafl)  ■ W/dn-deg). 

The thermal conductivity of helium at elevated pressures was 
studied by N. V. Tsederberg and V.  N.  Fopov [87], Johannin and 
Wilson [89], Lenoir and Commings  [86],  and Freud and Rothberg [95]. 
The results of these measurements have been generalized in the 
coordinates of excess thermal conductivity-density and are shown 
in Pig.   17.    The averaging curve plotted passes between the data of 
Lenoir and Commings, Joh&nnin, N. V. Tsederberg and V.   N.  Popov. 

The maximum divergence in the results  of the various authors 
from this curve does  not exceed 2%.    The averaging curve In this 
interval of density 0-0.06 g/cm^ can be described by the formula 

A). — ap -f ty.*. (19) 
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where a ■ 0.344, b - 0.863; and p is expressed In g/cm3.    According 

to the  tabulated data, when p » 1 bar and with the excess thermal 

conductivity determined according to formula (49), the table  of 
recommended values  for the thermal conductivity of gaseous helium 

was compiled with temperatures  of 270-1500oK and pressures of 
1-300 bar.    The error of the data cited in Table 4 at elevated 

pressures  can be estimated at  3% up to 1000oK and 4* up to 1500oK 

in the entire pressure range. 

1 I' IS 

1 

5 

/ 
^1 

- 

-y- 
/' 

/^ 

s • -2 
•-3 
*-♦ 

C.C       0.C? con p. I/«' 

Fig.  17.    The dependence of excess thermal conductivity of helium 
on the  density according to the data of:     1 - Johannin and Wilson [89J; 
2 - Lenoir and Commings [86];   3 - Tsederberg and Popov [87];  4 - 
Preud and Rothberg [95]. 
Designations:   BT/Cff-rpafl)  « W/(m.deg) J r/cm3 - g/cm3. 

Let us plot  the values of the thermal  conductivity of liquid 

helium on to the absorption lines, taken by us  from the work  of the 

National Bureau of Standards  (USA)  [96]: 

T. »K 

2.3 
2.4 
2.6 
2.8 

JL-IO». 
«r/U ■ «Pad» 

18.1 
18.5 
19.5 
20.5 

Designation 

r. "K 

3.0 
as 
4.0 
4.2 

X-IO». 
•r/(j» 

21.4 
23.8 
2W 
27.1 

BT/CM-rpafl)  ■ 
■ W/(m'deg). 
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Table 4.    Recommended values of thermal conduc- 
tivity of gaseous helium as a function of 
temperature and pressure. 

m >. • lO*. KTHM ■ fpaM npn p. tap 
T. »K 1 50 

|      ,"0    ■ l«> 2<t >» Mt 

270 142 144 147 150 153 156 139 
380 145 148 151 153 156 159 IC2 
S90 148 131 153 1S6 15» 161 164 
300 151 134 158 158 161 164 167 
;iio 154 157 160 162 165 167 170 
330 157 160 162 164 167 169 172 
330 160 162 165 167 170 172 175 
340 163 165 167 169 172 174 177 
350 166 168 170 172 174 176 179 
400 184 IJ6 188 180 182 184 188 
450 201 203 205 207 209 211 213 
500 218 220 221 223 224 226 228 
550 235 236 238 239 210 242 244 
600        \ 250 251 352 254 255 257 259 
650        | 264 263 366 267 269 271 273 
700 278 279 280 281 282 283     1 285 
750 291 292 293 294 295 296 297 
800 304 305 306 307 308 309 311 
850 317 318 319 320 321 322 323 
900 330 331 331     | 332 333 334 335 
950 342 343 344 345 345 346     | 347 

1000 354 355 356     i 357 357 358     1 359 
1100 37» 380 381 381 382 383     i 384 
1200 405 406 406 407 408 403     ! 409 
1300 430 430 431 431 432 433 434 
1400 455 435 456 456 457 457 458 
1500 479 479 480 480 481 482     j 483 

KEY:     (1)  X-103, W/(m-deg),  with p, bar. 

Neon 

The most careful investigation has been made  for the thermal 
conductivity of neon gas at  atmospheric pressure by the heated filament 

method.    The basic works  are shown In Table 5- 

Kannyluik and Carman [65] measured the thermal conductivity 
in the temperature range from 90 to 5790K; the measured wire  in 

their apparatus was very fine, and its diameter measured 1.5 mm. 

L.  S. Zaytseva [88] in the measurement of thermal conductivity 

in the temperature interval from 413 to  803oK paid special attention 

to consideration of the temperature Jump between the central heater 

and the gas. 
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The results of Saxena, Gandhi  and Strlvastava [91,   93, and 9^] 
were obtained using  different variants  of the heated filament method. 

The measurements were made at  various pressures, in  order to 
take Into  account  the correction  for the  temperature Jump  between 
the heater  and the  gas.     In work  [91] It was demonstrated that 
at the highest temperatures of the   described experiments   (T ■ 623 to 
7230K), in the transition from one  pressure  value to another the 
temperature   regimes  were unstable,   and the variation of points 
reached as  high as  10%.    The authors therefore think that  the 
obtained data for this temperature  region should be viewed as 
tentative.     At lower temperatures  the error of the results  obtained 
In work [91] may be estimated as equal to 2%.    Naturally,  the 
experimental data of these authors  with T >  6230K were not taken 
into account in the   compilation   of the tables of the recommended 
values of thermal conductivity. 

Recently, N.  B. Vargaftik and L.  D.   Yakush  [100] made measure- 
ments of thermal conductivity in a sufficiently wide temperature 
range - from 303 to 1073oK.    In order to be confident of the 
correctness   of their consideration of the  correction for  radiation 
from the heater, and this is especially  important at elevated 
temperatures, in the  experiments they used two measurement  tubes  of 
different diameter.     In the first  series  of experiments the inner 
diameter of the quartz tube was D »  4.07 mm,  and in the second series — 
2.97 nun.    Divergences of the results  of both series lie within the 
limits of 1.555 in the entire investigated temperature range. 

For the thermal conductivity of neon gas at atmospheric pressure 
and T ■ 273-1073oK the method of least squares produced the following 
equation 

/. = fl-i-ftr-i-crs-t-</P[W/(m-deg)], (50) 

where  fl»0.87-10-2; &-I.547.10-»; c=7,63-10-»; rf=26.32-10-«;  T Is expressed in 0K. 
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Divergences of the experimental data from the  calculated data 
according to equation  (50)   are  shown In Pig.   18.     The experimental 
data of L.  S. Zaytseva lie somewhat above the rest,  approximately 
by  2%.     The data of Kannylulk  and  Carman at the highest temperatures, 
which  occurred In their experiments  (473-5730K),  are  lower - the 

divergence reaches as high as   3-7%'    Such a deviation Is characteristic 
for the   results of the experiments of Kannylulk and Carman even with 
other gases at the same temperature, since the corrections for heat 
removal and radiation exceeded 50%  (the problem Is discussed in 
Chapter 1 in connection with the method under consideration).  Data 
of the   remaining authors  can be described by this equation,  and 
deviations from the  calculated values lie within the  limits of 2%. 

c?A 

...    •  • a   o    «A 
»^js-Ä^IrLeJ •—l 1 L. 
»-va .VJ tfoo 700 son ace woo T,*K 

■.; - oa    a    A A 

-      X -1,9-?: o-J; A-4; OS; * -$ 

Pig.   18.     Divergences of the experimental values  of thermal conduc- 
tivity  of neon from the values  calculated by the  recommended equation; 
1 - Zaytseva [88];  2 - Vargaftlk, Yakush [100];  3 - Kannylulk, Carman 
[65];   4 - Saxena, V., Saxena, M., Saxena, S.  [91];   5 - Strivastava, 
"tupta  [93]; 6 - Gandhi, Saxena,  S.  [91»]. 

According to equation  (50)  Table 6 was  compiled for the 

values   of thermal conductivity  for the temperature range  from 273 to 
1073oK with intervals of 50 degrees at p - 1 bar.    The error of 
these  data may be estimated at  2%.    This same table shows the values 
of thermal conductivity below  2730K - to T » 90oK.     They were taken 
from works  [59]  and  are the only ones in this temperature range. 
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Table 6.    Thermal conductivity of neon gas  at 
atmospheric pressure. 

| 
! I 1 I r. 'K a>; I   r.»K a»; r. «it a>:  i r. «K a>; — * x n — ii • ^ t • ^ • s 

^6 •<6 <** <<* 

TO 20,5 \    3S0 
1    400 

64.6 650 84.3    I; 950 109,4 
125 2C.8 60.1 1    700 88.6 1000 113.4 
175 .«.« i     150 65,3 ;    750 92.9 1050 117.6 
235 39,9 I    500 70.3 800 97.1    1, 1100 131.6 
'.>73 45.8 .;    530 78.1 850 101.2 

105.3    | JOO 18.9 1    GOO 
* 

79.7 900 

Designation:    BT/(MTpafl) = W/Cm-deg). ■ 

At high pressures Sengers and his colleagues measured the 

thermal conductivity  using the flat horizontal layer method E99] 

with the same apparatus, which was previously used by Sengers 
together with Michels  to determine the thermal conductivity of 

argon [101].    In their apparatus the clearance between the plates 
was 6 ■ 1.27 mm,  and the temperature difference in the gas  layer 

AT ■ O.S-O.^ deg.    The thermal conductivity  of neon was measured 

on three isotherms:     298.15;  323.15 and 31»8.150K with pressures 
from 1 to 2600 atm.     In work [99]  graphs were made at the  coordinates 

X - p and X — p.    These experimental data were represented by us 

! 

in Pig.   19 in the  generalized coordinates AX f(p),  and 

the values  of X,   are  taken from the experimental data, given in work 
[100].    7rom Pig.   19  it is clear that in the  range p - 0-500 kg/mJ 

AX depends  unlvalently  on the density.     /Vt higher values  of p there 

Is  a certain stratification in the  isotherms. 
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m   210 MO   UK  iM   (00 700f,Kij»i 

Pig.   19.     Dependence  of excess thermal conductivity of neon on the 
density. 

Designations:    BT/(MT.paÄ)  ■ W/(nTdeg); Hr/n-' ■ kg/m  . 
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Prom the method of least squares we formulated an equation for 

AX » f(p) up to values p ■ 500 kg/nT: 

K-^ + ap + bf + cf   [W/(m'deg)], 

where a - S'KBS-IO"2; b » 2.255,10"i|j c » O.SS^'IO"6. 

(51) 

Divergences  of the experimental data from equation (51)  for 
all three Isotherms  are within the  limits of 1%.     Equation  (51)  can 
be   recommended for calculations of the thermal conductivity of neon 
gas  at a density of up to 500 kg/nr. 

The stratification of AX,  observable when p >  500 kg/m  , has an 
insignificant effect  on X.     As Pig.   19 shows,  the maximum differences 
In  the values of AX amount to 2'10~^ W/dn-deg),  and here 
X ^ 100-n"3 W/dn-deg).     Thus, the stratification in the cited 
temperature range has  relative little effect  on the value of X; 
the  relationship is AX/X % 2%.    It is possible that the stratification 
is   connected with some systematic experimental errors.    Since this 
appeared in experiments in a relatively narrow temperature range 
(298-31i80K), we recommend the values of thermal conductivity for 
p  >  500 kg/mJ only  for the  cited three isotherms.    The recommended 
values of thermal conductivity are given in Table  ?• 

Table  7.     Recommended values of thermal 
conductivity of neon gas  as a function of temper- 
ature and pressure. 

(1) 
p. lap 

(2) >..I0'.  mttM-m*.      [   (1) 
npM r. »K                      r     p. Cap 

(2)  X-lu». »Hu-m*. 
np.i r, *K 

3,.<i,l*    1    32315 MM»    ' J*.lft »MS   1   3«,» 

1 
100 
200 
3C0 
400 
500 
600 
700 
800 

0,0188 
0.0316 
0.0545 
0.0574 
0,0003 
0.0633 
0.0663 
0.0093 
0.0723 

0,0316 
0,0543 
0,0569 
0,0596 
0,0624 
0,0653 
0.0662 
0.0710 
0.0739 

0.0343 i      900 
0.0366 i     1000 
0.0591         1200 
0.0615         1400 
0.0642         1500 
0.0668         1600 
0,0694 :,     1800 
0.0721  „     2000 
0.0718  '     2500 

0.0753 
0,0784 
0,084» 
O^.KM 
0,0932 
0,0960 
0,1017 
0,1072 
0,1215 

0,0768 
0.0795 
0,0850 
0.0905 
0,0933 
0,0960 
0,1015 
0,1074 
0,1213 

0,0744 
0.0801 
0,0854 
0,0907 
0.0933 
0,0959 
0.1012 
0.1065 
0,1196 

KEY:     (1) p, bar;  (2)   X • ID3, W/(m.deg), when T, 0K. 
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Undoubtedly, of Interest Is the further investigation of 
the thermal conductivity of neon at high pressures in a range 
expanded into the regions of high and low temperatures. 

Only  one work  [98] is  dedicated to the study of the thermal 
conductivity of neon in the  liquid phase.    The measurements were 
done  using the  flat horizontal layer method.    A description is  given 
in brief,  and the results of the experiment are given only in graphic 
form.     It  is  clear from this  graph that  the heat  conductivity  at 
temperatures  from 25 to 280K fall monotonically in proportion to 
the  increase  in temperature;  in the  range  from 28 to 30oK the 
dependency  of the thermal conductivity on the temperature becomes 
more pronounced.    Let us give the thermal conductivity values  taken 
from the graph: 

T.VH 

25 
26 
27 

X.IO*. 
nl(m • tpad) 

117 
116 
I» 

Designation: 

r. «K 

28 
29 
30 

X'lO*. 

'■    112 
106 
92 

BT/(MTpafl)    ■ 
■ W/Cm-deg). 

This  abrupt  change in the thermal conductivity begins  relatively  far 
from the critical temperature  (T      ■  kk.^K) with values  of the 

f        "P 
reduced temperature of *--;—«0,7,    With other liquids  at these 

'»p 

values of T there is a monotonic  dependence of the thermal conductivity 
on the temperature.    In work [98] they do not give the pressure at 
which the experiments were conducted.     It is only said that the 
experimental data referred to liquid neon on the saturation line. 
This  does  not  eliminate the possibility of the presence  of a gar 
phase during elevated temperatures  of the experiment, which also 
could lead to the understating of the thermal conductivity.    The 
further study  of the thermal conductlvitv of neon in the liqul i phase, 
especially at elevated temperatures — up to temperatures  close  to 
critical — would undoubtedly be interesting. 
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Argon 

Argon belongs  to the class of those few gases, the thermal 

conductivity of which at atmospheric pressure has been studied most 

completely in a broad temperature range  (90-2000oK), as Table 8 

shows.    A significant number of experimental results on thermal 

conductivity at atmospheric pressure are given in Pig.   20.    In 
accordance with the criteria for selecting the material given In 
the  forward, we did not take into consideration the data of Weber [102], 

Dlkins  [103], Rosenbaum [109], Freud, et al.,  [25], and Uhlir [104]. 
The results of N.  V.  Tsederberg, et al.[107], and Zarkova and Stepanov 
[110] were not taken into account, since they were obtained during 

the checking of the experimental equipment.     Results of the works of 

Schäfer and Reiter    [31], and of Schottky  [24] at temperatures above 
600oK were taken with corrections for the temperature Jump in accordance 

•'Uh the work of N.  V.  Vargaftik and N.  Kh.   Zlmina [32]. 
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Fig.   20.    The dependence of the thermal conductivity of a^gon gas on 
the temperature at  atmospheric pressure according to the dati of: 
1 - Lenoir and Commings  [86];  2 - Ziebland and Barton rcJl> 3 - 
Vargaftik, Zimina [32]; 4 - Zaytseva [88];  5 - Schäfer/,Re  cer [31]; 
6 - Collins, Minard [82]; 7 - Tlmrot, Umanskiy [61];  8 - \ .yes  [105J; 
9 - luota, et al.   [93];  10 - Vines  [27];  11 - Rosenbaum [ 09]. 

KEY: (1)   X-103, W/(m-deg). 
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As  follows from Pig.   20, In the low temperature region from 

90-300oK there Is  relatively good agreement  among one  another for 

the data of Eucken  [83], Kannululk and Carman  [65],  Ziebland and 

Barton  [59], and Keyes   [105].     The  greatest  divergence between them 
does  not exceed 3«5*.    Thoroughly studied is  the temperature region 

between 300-600oK, where the maximum difference does not exceed 255. 
A much smaller number of works will fall into the region of higher 
temperatures.    The data obtained in them by N.  V.  Vargaftik and 

N.  Kh.   Zimlna [32], L.  S.   Zaytseva [88], Vines  [27], Rotman [58], 

and also the corrected data of Schäfer and Reiter [31], Schottky  [2^], 
have  good correspondence with one another, the maximum divergence 

being ^3^. 

In the high temperature region there are the data of Collins 

and Mlnard [82], who measured the thermal conductivity of argon by 
the shock tube method with T ■ 1500-5000oK.     Let us  introduce these 

unique experimental data (with p ■ 1 bar), since they may be of 
interest  for technical calculations; 
- 

r .K         x.io*. r. «K tr/tM ■ tpa»1 

1500                   66 
2000                  68 
?m             80 
3000                  91 

3500 
4000 
4500 
5000 

102 
110 
118 
131 

Designation: BT/(M.r 
- w/dn. 

pa.«)   » 
deg). 

For the temperature region above l^OCK there are also the data 

of D.   L.  Timrot and A.  S.   Umanskiy  [64],  obtained by a modified 
heated filament method.    All the data of the enumerated authors 

were processed by computer in order to obtain an analytical dependence1 

for the  thermal conductivity of argon on the  temperature: 

>. - 0,615 • 10-» + 0,065ß • lO-T- 0,0331 • 10-»P + 
+ 0.0124 • io-»r» - 0.00207 • io-,ar». (52) 

lThe calculations of the coefficients. Just as  for a number of 
other gases, were made by N.   G.  Sokolova, an engineer of the Calculation 
Laboratory of the Kazan Chemical-Technical Institute, to whom the 
authors express their deep gratitude. 
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Equation (52)  describes well the temperature region of 200-2000oK 

(error ^1.5^)  and is significantly worse for the segment between 

90-200oK, which apparently is connected with the abrupt change in 

the thermal conductivity activity In this  region.    Graphic averaging 
was  conducted for the interval of 90-200oK. 

In the Interval of 600-l'»00oK the data of Rotman diverge by 
^3%,  and above l400oK the average line passes close to the data of 
D.   L.  Timrot  and A.  S.  Umanskiy. 

Considering the thorough study of the thermal conductivity 

of argon in the wide temperature range of 200-l400oKf and also 
its inertness, easy accessibility,  the ease of purification,  and the 

lack of danger in using It, etc.,  argon can be  recommended as a 
sample substance in checking and calibrating experimental equipment 
fjr measuring the thermal conductivity of gases. 

The recommended data on the thermal conductivity of argon at 
atmospheric pressure, calculated according to formula (52)   for 

T = 200-2000oK and obtained graphically for T - 90-200oK,  are 

shown in Table 9.    The error comprises  2.5%  for 90-200oK,  1.5% for 
200-600°K, 2%  for 600-l400oK,  and 3-1%  for ll00-2000oK. 

Table 9.    Recommended values of the thermal 
conductivity of argon gas  at  atmospheric pressure. 

X-IO». X-IO». X-IO». 
r. 'K ITHM ■ tpod) r, 'K •r/l«. .pad) T, »K ulim ■ tpadi 

90 6.00 300 17.7 750 3S.8 
100 6.60 310 18,2 800 37,4 
110 7.20 320 18,6 850 39.1 
120 7.80 330 19,2 900 40,6 
130 8.40 340 19,6 950 42,2 
140 9,00 350 20.0 1000 43,6 
150 9.60 360 20,5 1050 45.0 
160 10.3 380 21,3 1100 46,3 
170 10.9 ,  400 22.2 1150 47,6 
180 11.5 420 23.0 1200 48.9 
190 12.0 .  440 23.9 1250 60.2 
200 12.6 460 94.8 1300 51.4 
210 13.1 480 25.7 1350 52.6 
220 13.6 500 

520 
26.6 1400 63.7 

230 14.1 27,5 1500 56.0 
240 M.7 540 28.3 1600 58,3 
250 15.2 560 29,1 1700 60,5 
260 15.7 580 29,9 1800 62,6 
270 16.2 600 30,7 1900 64,7 
2(0 16,7 650 32,4 2000 66.7 
290 17,2 700 34,1 

Designation:     BT/(ritrpafl)  ■ W/(m'deg) 
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Fig. 21.  Dependence of the excess thermal conductivity of argon on 
the density according to the data of:  1 - Keyes [105]; 2 — Uhlir 
[104]; 3 - Preud, Rothberg [95]; ^ - Rosenbaum [109]; 5 - Tsederberg, 
et al. [10?]; 6 - Ikenberry, et al. [108]; 7 - Michels, et al. [101]; 
8 - Zlebland, Barbon [59]. 

Designations:  BT/(MTpa,q) W/dn'deg) ; P/CM
3
 ■ g/cm , 

The thermal conductivity of argon Is also rather well studied 
at elevated pressures.    As follows from Table 8, the most complete 
Investigation Is  'or the region T ■ 90-500oK with T ■ 1-600 bar.    At 
certain temperatures measurements were made as high as 2100-3000 bar. 

The experimental data for the thermal conductivity from the 
works cited in Table 8 were worked out  at coordinates of excess 
thermal conductivity-density and are shown In Pig.   21.    Excluded from 
consideration are only the earlier data of Michels and coauthors   [106] 
in the opinion of the authors themselves, these data are erroneous. 
It is  clear from the graph that the majority of experimental points 
are grouped around an averaging curve.    The greatest variation occurs 
in the region of high densities:    above all the others are the data 
of Michels, et  al.   [101]; while the data of N.  V.  Tsederberg  [107] 
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show an understated course with the Increase In density.    The results 
of other authors  In the entire density range Investigated by them 
correspond well among themselves. 

The averaging curve (see Fig.  21)  Is well described by the 
equation cited In work [106], 

AX.l0-»-195p-f494f»-483ps + 337p« [W/(m.deg)], (53) 

which Is  also correct for the density Interval of 0-1.^ g/cm . 

Prom equations   (52) and (53)  a table was compiled for the 
dependence of the thermal conductivity of argon on the temperature 
and pressure In the Interval 90-lll00oK and 1-600 bar (Table 10). 
The error of the cited data amounts to 3-^% for the entire Interval. 

The thermal conductivity of liquid argon at the saturation line, 
calculated from equations  (52)  and (53),  Is shown In Table 11. 

Table 11.    Thermal conductivity of liquid 
argon at the saturation line. 

T. «K X-IO». r..K 
x-w. r »K x.io» 

THM ■ tpatf) nlintpaa) »TUM ■ ipod) 

90 121 116 91.0 135 65,1 
95 114 120 

125 
85.5 140 68,2 

100 108 78.6 145 48.3 
105 102 130 71.5 160 38,0 
110 97,3 i 

Designation:    BT/(M'rpafl) ■ W/dn-deg). 

Krypton 

The fundamental works on the study of the thermal conductivity of 
krypton are cited in Table 12.    The greatest number of experiments 
were conducted at pressures  close to atmospheric.     In the works  of 
L. S.  Zaytseva [88]  and N.  V.  Vargaftik, L.  V. Yakush  [100] the 
correction for the temperature Jump was carefully taken into account. 
Even with high temperatures it is  comparatively small,  since krypton 
has a high molecular weight. 

■ 
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Schäfer and  Reiter comlucted measurements at p ■ 250 and  500 mm Hg, 
The curve shown In work [31] shows that  the heat  conductivity  values 
with p ■ 500 mm Hg lie somewhat higher than with p ■ 250 mm Hg, - 
this Is  connected with the temperature Jump, which Is dependent on 
the pressure.    The authors  of [100] Introduced a correction for the 
temperature Jump into the experimental data of work [31], which with 
T ■ 11^30K amounted to only 1.2%.    The  results of the experiments of 
[31, 100] in the  range of high temperatures  correspond well with 
each other. 

On the basis  of these data according to the method of least 
squares the authors of [100] formulated the equation 

X-a + W-hcP-Mr« [w/(m.deg)], (5^0 

where a-0.19I7.I0-«;     6-2.742.10-^,     c—12,56.10-»*       rf- -186.9.1(H*; T-B »K. 

Figure 22 shows the divergences of the experimental data from 
data calculated according to equation (5^).    The divergences basically 
lie within the limits of 2%.    The greatest divergences are in the 
experimental data of [65, 112] - up to 3%.    In this work there was 
too high a correction for the heat removal from the end and for 
radiation, especially for krypton, the thermal conductivity of 
which is relatively small (a critique of this method is givon in 
Chapter I). 

Ja.« 
J ■ 

'r   o o 
*-i.9'Z0-3;m-i,:0~S 

Pig.   22.    Divergences of the data of various authors from the recom- 
mended values of the thermal conductivity  of krypton:    1 - Zaytseva 
[88];  2 - Vargaftik, Yakush  [100];  3 - Schafer, Reiter [31];  « - 
Qupta [112]; 5 - Kannululk, Carman [65]. 
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The  recommended values for the thermal conductivity are  cited 
in Table 13,  and their error Is estimated at  2%. 

Table 13.    Recommended values of the thermal 
conductivity of krypton gas at atmospheric 
pressure. 

" f ! f I 
T. «K 

»j 
T.Vt 3Ji r. «K *i r.nt. »i 

^S .^ it rti 

123 4,20 400 12.6 700 19.8 1000 96.9 
175 5,83 450 13.8 750 21.0 1050 97.9 
225 7,20 500 15.1 800 ^ 1100 98.1 
273 8,55 550 16,3 850 «3.2 1150 2'2 
300 10,0  : 600 I7.S 900 24,9 1900 99.« 
350 11.3 630 18.7 »30 35,9 • 

Designation:     BT/Crvrpafl)  ■ W/(m*deg). 

At high pressures there exists only the data of Ikenberry and 
Rice  [108].    Unfortunately,  at the present time there are no published 
values for the  density of krypton for this  same  range of temperatures 
and pressures, and therefore we have not managed to generalize these 
experimental data In the form adopted by us AX ■ f(p).    Table 14 shows 
the values of thermal conductivity of krypton at various pressures 
and temperatures, taken directly from the work of Ikenberry and Rice 
[108]. 

For the liquid phase Keyes  [105] obtained  (In 1955) three 
experimental points, referring to saturation lines:    at temperatures 
of 162, 143.^  and 123.10K these values of thermal conductlvl^- 
amount to, respectively:   0,044.0,075; 0,088   W/Cm-deg). 

For the gas phase at low temperatures   (up to T ■ 1230K) there 
are the experimental data of Kannululk and Carman [65] and Keyes  [105] 
at  atmospheric pressure.     On the basis of these data the smoothed 
out values  for the thermal conductivity with T < 2730K were obtained; 
they  are shown in Table  13. 
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Table Ik,    Thermal conductivity of krypton at 
various temperatures and pressures according 
to the data of Ikenberry and Rice  [108]. 

r.«K p. «v A. 10*. r.*K ß. «V X-10*. 
nliMtpad) 

125,4« 25.5 88,0 '     175.32 203.3 67,3 
135.46 S0,9 88.9 175.34 

175.26 
305,7 73,7 

125.45 101 91.3 406.7 "'S 125.45 303,7 95.2 175,25 506.6 82.0 
125.45 303.3 98.7 
125,47 306.7 99.0 200,26 Sl.l 41.3 
125.54 337.7 103.7 200.28 101,5 46.8 
125.62 407.7 131 200.30 203.3 *i'i 125.60 507.3 133.8 200.28 304 60,9 

200,29 406 66.3 
150.55 25.« 71.1 200.28 506,6 71,0 
150.35 50,6 73.7 
150.35 101,6 75.7 235,43 60.3 10.68 
150.35 204 81 235,44 76.2 17.08 
150.35 304,7 85.7 235.46 101.3 27.46 
150.32 406 90 1    235.45 

235.47 
131,5 32.3 

150.32 507,3 93.6 203.7 39.6 
235.46 306.7 47.3 

175.34 35,8 54,3 235.47 405 62.9 
175.34 51,7 56,5 235.50 505.3 58.1 
175,34 

• 
100,8 «0,4 

Designation:    Br/Cn.rpafl)  »WAni'deg). 

Xenon 

Works on the study of thermal conductivity of xenon are 
enumerated In Table 15.    Prom Tables  12 and 15 It Is clear that 
xenon was studied basically by the same authors and using the 
same experimental apparatus as  for krypton.    On the basis of the 
existing experimental data at atmospheric pressure the equation 
In [100] was  formulated: 

\~a+bT±eT*+dTl [W/(m-deg)], r55) 

where  a-0,06715.10-«;    Ä-I,829-KH;      c-—43.4.I0-"J     rf-180,1 • 10-"; f-n   1 

Divergences  of experimental data from this equation art   sho.  . 
In Pig.  23;    they do not exceed 2%.     An exception Is the results 
of Kannululk and Carman at elevated temperatures, where deviations 
run as high as 3)J, Just as  for krypton.    The reasons  are the same. 
Prom equation (55) a table of values of the thermal conductivity of 
xenon gas with p ■ 1 bar (Table 16) was compiled.    The error of these 
data Is estimated at 2%. 
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Flg.  23.     Divergences  of the data of various   authors  from the recom- 
mended values of the thermal conductivity of xenon:     1 - Zaytseva [88]; 
2 - Vargaftlk, Yakush  [100];  3 - Kannululk, Carman  [65];  ^ - Candhl, 
Saxena [92»]. 

Table 16.     Recommended values  of the thermal 
conductivity of xenon gas  at  atmospheric pressure, 

r. «K 
I 
ii is T.'K 

175 3,34 
225 4.33 
273 5,1 
300 5.« 
350 6.6 
400 7.4 

.1 
Ai  

450 8.2 
SCO 9.0 
550 9.7 
600 10.5 
850 11.2 
700 12.0 

750 
800 
850 
900 
950 

1000 

i 
ii T.'K 

12.7 
13,5 
14.2 
14.9 
15.6 
16.4 

1050 
1100 
1150 
1200 

f 

17.2 
17.9 
18.7 
19,6 

Designation:    BT/(riTpafl)  = W/(m.deg). 

The experiments carried out by Keyes [105] at T ■ 2730K and 

various pressures from 1 to 10 bar show that with an Increase in 
pressure by 1 bar the value of thermal conductivity Increase:; by 

0.7*. 

At   low temperatures   and a pressure close to  atmospheric there 

are the experimental data of [65].     On the basis of these experiments 
smoothed out  data, which are cited In Table 16, were  compile!. 

The thermal conductivity with sufficiently high pressures - uj 

to 500 atm — and low temperatures was studied by Ikenberry £j,u nice 
[108],     Unfortunately, Just  as  for krypton, there are  no   tables    for 

the values of the density  for this  region of temperatures  and 
pressures, and therefore we cannot^jtoerallze the experimental data 

according to the relationship LX ■ fTp).    Table  17 shows these values, 
taken directly from work  [108]. 
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Table 17.     Thermal  conductivity of xenon at 
various  temperatures and pressures according 
to the  data of Ikenberry and Rice  [108]. 

T.'K p. Cat Jt.10». 
it KM • ipaii T.'K ß. U» X-IO». 

170.24 51,1 70.S 210.20 36 54.8 
170.24 98.7 71.9 310.20 51.9 55.6 
170.24 203.7 74,8 210.31 96.6 87.6 
170.30 304.3 106,5 210.33 301.4 61.8 
170.2!» 314 108 210.33 304 65.4 
170.30 406,3 J07.5 210.16 405.3 68,5 
170,30 504.5 107,7 210.16 506 71.3 

I00.44 34,8 62,1 235.08 36 IM 
IWM3 53.6 63.1 235.05 53.07 «.3 
100.« 95.4 64.7 235.06 101.5 ^•2 190,41 204 68.3 235,02 197.8 63.» 
IM. 41 305.7 71.5 235.03 ^'l *?•! 
190.41 406 74.3 335.03 405.7 61.3 
190.41 601.4 76,7 335.04 801.1 64.3 

Designations:  BT/(MTpa,q) ■ W/(m'deg); flap ■ bar. 

For the liquid phase Keyes   (In 1955)   [105] obtained two experi- 

mental points:     A - 0.3585 W/(m'deg) with T - 200.30K and p - 5.5 atra 
and \ - 0.0705 W/(m-deg) with T - 1720K and p - 1.3 atm. 

Hydrogen 

A summary of the works on the study of the thermal  conductivity 
of hydrogen was made In Table 18.    The greater part of them [25, 

113-118] 1;?  dedicated to the study of the thermal conductivity of 
hydrogen  at   atmospheric pressure.     As  follows  from Table  18,  and also 

from the graph (Pig.   24), on which the majority of experimental 
points obtained by various authors  are plotted, the most  comt' ■ ue 

study is  for the region of temperatures  80-500oK, where the      st 

varied methods  are employed.     In the region of low temperatures. 

Just as   for other gases, one should note the work of Johnston and 

Grllly [85]-    The reliability of these data was repeatedly confirmed 
by later Investigations [115],  [119].    The greatest divergence In 
this temperature range is observed between the data of Gregory, 

Marshall  [114], D.  L. Timrot, A.   S.   Umanskly  [64], on the one hand, 

and the  data of Schäfer, Geier  [25], on the other.    'Vith T - 500oK 
the divergence amounts to ^10%. 
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As the graph shows. In proportion to the rise In temperature 
the correspondence of the data of the different Investigators 
deteriorates.    The measurement results  of Blals, Mann  [26], 
N.  3.  Vargaftlk, I. D. Parfenov [115] have a higher temperature 
coefficient than the data of Schäfer,  Oeler [25] and D.   L.   Tlmrot, 
A.  S.  Umanskly [61] the divergence between which with T ■ 700oK 
reaches  as high as 15$.    Above this temperature there are the data 
of only three works:    Schäfer, Qeler [25] - up to 1300oK,  Blals, 
Mann  [26]  and D.   L. Tlmrot,  A.  S.  Umanskly [64] - up to 2000oK. 
The divergence between the data of works  [26] and [64], In spite of 
the use  of the very same modified method of a heated filament, substan- 
tially exceed the author's estimate of the error at 5~6{ and amounts 
to ^20* with T ■ 2000oK.    The latter circumstance Is witnessed by 
the necessity for a careful  analysis of the possible sources of 
errors   of the given method. 
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Pig.   24,     Dependence of the thermal conductivity of hydrogen gaa on 
the temperature at atmospheric pressure according to the da1 ^  of: 
1 - Blals  and Mann [26]; 2 - Tlmrot  and Umanskly [64];  3  -    chafer 
and Qeler [25]; 4 - Vargaftlk  and Parfenov [115J; 5 - Gregory and 
Marshall  [114]; 6 - Johnston and Qrllly  [85]; 7 - Golubev and 
Kal'sina  [11?];  8 - Barua, et  al.[92]; 9 - Hamrln and Thodos [118]; 
10 - Stolyarov, et al.  [116]. 
Designation:    BT/C'i.rpafl)   ■ W/(nbdeg). 

Averaging up to T « 500oK was  done with consideration of the 
equal validity of all the selected works in this temperature range. 
At high temperatures a somewhat smaller value was given to the  data * 
of Blals  and Mann, inasmuch as their work was subjected to 
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the critique of [61] (the authors of work [26]  In the measurements 
did not consider end heat removal from the filament, heating of 
the exterior wall of the measuring cylinder, and other things). 
The data of Schäfer and Qeler [25] are apparently low, Just  as 
for other gases   (Ar, M,»  c02 and others)'     In a11 r^bablllty, 
also somewhat  low are the data of D.   L.  Tlmrot  and   |   S.  "manskly [6^], 
since In general, beginning with T - 1000K (see  W* , they have 
a reduced temperature pattern.    The averaging cur ue  region of 
high temperatures passes between the data of Blais and Mann,  on the 
one hand, and those of Schäfer and Qeler, and D.   L. Tlmrot  and 
A.   S.  Umanskly on the other, differing from the data of the latter 
authors by 5% at  a temperature of 2000oK. 

Considering such a difference In the experimental data at  a 
temperature above 500oK, one notes that the  formulation of a more 
careful experiment In this temperature region Is  very desirable. 
In conformance with the analysis made,   the error of the recommended 
values for thermal conductivity at atmospheric pressure,  cited In 
Table 19, amounts to 4-5* up to T - 500oK and 8-10!« up to T - 2000oK, 

Table 19.    Recommended values for the thermal 
conductivity of normal hydrogen gas at 
atmospheric pressure. 

T.'K I •10'.         1 r, «K Jl-lO». T  «It Jk'IO«. 
ITHM tpa9)       j «/<* ■ tptäi ..   K »THMtpatt 

to 53,3 850 157 700 348 
90 60.1 260 163 750 360 

100 670 270 167 800 378 
110 74.3 280 172 850 396 
120 81,5 390 178 900 413 
130 87,8 300 183 950 430 
140 94,S 310 187 1000 448 
150 101 320 191 1100 488 
ICO 107 330 196 1300 588 
170 113 340 300 1300 568 
180 119 350 304 1400 610 
190 125 400 326 1500 655 
200 131 

137             J 
450 347 1600 697 

210 500 366 1700 742 
220 142 550 285 1800 786 
230 >" 600 30S 1900 835 
240 152             | 650 333 2000 878 

Designation:    Bf/CnTpafl) • W/(m.deg). 
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There  are very few works  on the study of the thermal conductivity 
o;* hydrogen at elevated temperatures  (see Table 18).     One immediately 
notices that high temperature measurements are  lacking.    The results 
of investigations enumerated in Table 18 were worked out at the 
coordinates of excess thermal  conductivity-density and are shown 
in Pig.   25.    The majority of the experimental values  are mainly 
grouped around the average curve.     An exception is the data of 
Ye.  A.   Stolyarov, et  al.   [116]  at  high densities, which produce a 
noticeably reduced pattern in proportion to the increase in density. 
In the  averaging the data of work 111^].beginning with p ■ 0.02 g/cnr, 
were not taken into consideration. All other works were taken as correct 
According to the results of processing (Pig.  25)  and from the data 
on thermal conductivity at atmospheric pressure  (Table 19) tables were 
compiled for the values  of the thermal conductivity in the most 
thoroughly studied temperature  range of 80-600oK and pressure range 
of 1-600 bar (Table 20).    The Inaccuracy of the recommended data is 
5%  up to a temperature of ^00oK and 6f from 400 to 600oK. 
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Fig.  25.    The dependence of the excess thermal conductivity of hydrogen 
on the density according to the data of:    1 - Qolubev, Kal'sina [117]; 
2 - Hamrin. Thodos [118];  3 - Stolyarov, et al.   [Il6]j  4 - Lenoir, 
Conmlngs   [86]. 
Designations:    aT/(M.rpa,a)   = W/(m«deg); r/cn* . g/cnr. 
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The  thermal conductivity values of liquid hydrogen are shown 

in Table  21,  compiled from the data recommended by    he National 

Bureau of Standards of the USA [96]. 

Table 21.     The thermal  conductivity of liquid 
hydrogen according to the data of the National 
Bureau of Standards of the USA. 

T. 'V. >..io».      * 
OTHM ■ .pad) r.^c X-IO». 

et UM ■ ipai\ 
r, »K JMO*. 

»tHn ■ ipotl 

16 108 31 130 26 133 
17 III 33 133 27 134 
18 113 33 135 28 137 
19 116 34 137 29. 139 
20 118 35 »39 30 MI 

Designation:     BT/Cn.rna.fl)  ■ W/(m*deg). 

'Tit ro gen 

The thermal conductivity of nitrogen has been studied most 

completely.     An enumeration of the basic works Is given In Table 22. 
As  can be  seen from the table, a significant number of works are 

dedicated to thermal conductivity at atmospheric pressure.    The 
experiments  embrace a large temperature region (80-li<00oK).    In the 

low temperature region of 80-300oK there is good correspondence 

between the measurements of the following authors;    Eucken [83], 

I.  P.   aolubeva and M.  V.   Kal'slna [117], Keyes  [105],  Zlebland and 
Barton [291; however, in the low temperature part of the Interval 

the maximum difference reaches up to 5%-    Most completely studied is 

the region T ■ 300-800oK, where the results of almost all the 
investigators  correspond well with  one another — the maximum divergence 

does not exceed 3%.    In processing the data in this temperature 

interval the work of Stopps  [28] was excluded from consideration, 

since it was published in the form of a very brief report,  from which 
it Is impossible to establish the reasons for the large scattering of 

points.    The results of Schäfer and Reiter [31] were taken with a 
correction  for the temperature Jump In correspondence with the work 

of N.  B.  Vargaftik and N.   Kh.  Zimlna   [30].    In the very high temperature 
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f 
region of 800-lU00oK the maximum difference between the data of 

N.   B. Vargaftlk and N.  Kh.   Zlmlna [30], Rothman [58], Johannln [89], 

Westenberg and de Haas  [81],  and Schäfer and Reiter £31] does not 
exceed 4)J. 

The results of all the works taken Into consideration (Pig. 26) 
were processed by computer. An equation obtained as a result of the 
processing 

X - 0.825 • 10-J + 0,959 • lO^f - 0,428 • 10-T» + 0,250 • 10-,ir» + 
-1-0.815.10-"rV[W/(m.deg)], (56) 

describes the temperature  dependence of thermal conductivity in the 
range of 200-1200oK.    Averaging for T - 80-200oK and 1200-l'»00oK was 

carried out graphically on the same grounds as  for argon. 

Pig.   26.    The, dependency  of the thermal conductivity of nitrogen on 
the temperature with pressure p « 1 bar according to the data of: 
1 - Qolubev and Kal'sina [117]; 2 - Schäfer and Reiter [25];  3 - Vines 
[27];  1 - Zlebland and Barton [29]; 5 - Rothman  [58]; 6 - Johannln, 
et  al.   [89];  7 - Stolyarov, et al.  [116];  8 - Vargaftlk, Zlmlna [32]; 
1 - Plllppov [123]; 10 - Eucken [83];  11 - Lenolr,  Commlngs  [86]; 
12 -   /estenberg,  de Haas  [8l];  13 - Keyes   [105]. 

Designaten:    3T/(ri.rpafl)   = W/Cm-deg). 

80 



The Inaccuracy of the recommended data (Table 23)  amount 

2.5% In the  temperature range of 80-300oK;  1.5* for T ■  300-600oK; 
and 2%  for T - 800-l')00oK. 

Table 23-     Recommended values  of the thermal 
conductivity of nitrogen gas at  atmospheric 
pressure. 

T.'K >..I0» 
«VC« ■ epai) 

I 
r.'K >..I0«. 1 

i     T.'K 
I 

I'M*. 

80 7,82 3.0 26,6 *     720 50.9 
90 8.63 320 27,3 1      740 

*     700 
51.9 

100 9.58 340 28,7 52,9 
no 10.48 350 29,3 f      780 53,9 
120 11.3 360 30,1 ■      800 54,8 
130 12.0 370 30,7 .   820 55,8 
140 13.0 380 31,4 i    wo 56,8 
150 13.9 3)0 32,0 860 57,8 
160 14.8 4(0 

420 
32,7 880 58,8 

170 15.7 34,0 900 59,7 
180 16.6 460 36,5 920 60.7 
190 17.5 4{0 37,7 1     940 61.7 
200 18.3 5'J0 38,9 1      960 68.7 
210 19,1 320 40,1 j.     980 63,7 
220 20.0 540 41,2 j    1000 64.7 
230 20.6 560 42,4 .    1050 67.3 
240 21.4 580 43,5 ;   iioo 70,0 
250 22.2 600 44,6 : ii5o 71,9 
260 22.9 630 

640 
660 

45,7 j!    1200 75,8 
270 23,7 46,7 '    1250 78.4 
280 24.4 47,7 i.    1300 81.0 
290 25.2 680 48,8 1    1350 84.t 
300 25.9 700 49,8 .     1400 87.4 

Designation:     Br/Cn.rpa.a)  * VCm.deg). 

On the strength of the fact  that  the thermal conductivlt 

nitrogen In the temperature range of 300-1200oK has been stud! 
comparatively reliably, the Introduced tabulated data. Just a 

data for argon, may be recommended as reference materials In y\ 

calibration and checking of equipment  for measuring the heat 
conductivity of gases. 

In the  region of elevated pressures the most complete me 

at low temperatures are those of N.  B.  Vargaftlk £120], Zlebla 

Barton [59],  Ye.  A. Stolyarov [116],  I.   F.  Golubev and N.   V.   I 

[117], and Keyes  [105], and at moderate and high temperatures - 

the data of Johannln [89]. 

nts 
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The data processed at  coordinates AX - f(p)   are presented In 
Fig.   27.     In view of the fact that the results  of Michels   [122] were 
clearly erroneous, which was subsequently pointed out by the authors 
themselves  [101], these  data were not  considered In the processing. 
It  is clear from Pig.   27 that the results of the majority of authors 
can be well grouped together around a smooth curve, in the plotting 
of which the  data of all the authors were accepted as equivalent. 
The  maximum divergence   from this  curve, with the exception of the 
region close  to critical  (T » 110-150oK and p -  0.18-0.45 g/cm3), 
does not exceed 5*.    This region is excluded from examination for the 
reasons given in the Introduction.    The average  curve can be 
satisfactorily described by equations  (106)  In the density Interval 
p  =  0-0.7 g/cm3 

AX - 307 • 10?+158 • 10V - 227 • 10V + 285 • 10V, 

8 ^ where AX is  in 10"    kW/(m.deg); p is In g/cm  . 

(57) 

Fig.   27.    Dependency of excess thermal conductivity of nitrogen on the 
density  from the data of:     1 - Keyes  [105];  2 - Johannin [89];  3 - 
Stoylarov,  et  al.   [116];  1» - Lenolr,  Conmings   [86]; 5 - Mlslc, Thodos 
[124]  (sic);    6 - Freud,  Rothberg [95];  7 - Ziebland and Barton [29]; 
8 - Uhllr [104];  9 - Nuttall, Ginnlgs  [23];  10 - Qolubev, Kal'slna 
[117]. 

Designations:     BT/(ri.rpa(q)  = W/(m-deg); T/OM3 - g/cm3. 
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The dependence of the thermal conductivity of nitrogen on the 
temperature and pressure was calculated according to formulas  (56) 

and (57); the recommended values are given in Table 24  for the 

temperature interval of 80-l'l00oK and for the pressure interval of 
1-600 bar.    The inaccuracy of these data is Hf for the gas phase; 
5-555 for the liquid phase.    On the saturation line the thermal 

conductivity of liquid nitrogen,  calculated according to equations 

(56)  and (57),  is shown below: 

'•   "            »turn  epaS) 

90                   112 
96                   10« 

!S         1& 

.      110                    80.2 
115                    70.4 
120                   82.8 

Designation: BT/CM-rpafl  » 
- WAm-deg). 

^xygen 

The thermal conductivity of oxygen at  atmospheric pressure, 

as  follows  from Table 25 and Fig.  29, has been studied relatively 

little.    Basically, the temperature interval of 80-300oK has been 
Investigated.    The results of measurements of various authors 

correspond comparatively well with one another.    The maximum difference, 

which occurs only in individual cases, amounts to **5%'     In the region 
of moderate and high temperatures the divergences in the values of the 

two existing works:    Westenberg and de Haas  [8l] and Schäfer and 
Geler [25]  lie within the limits  of 1% in the entire temperature 
range. 

Fig.  28.     Dependence of the thermal 
conductivity  of oxygen on the 
temperature at pressure p " 1 bar, 
according to the data of: 
1 - ./estenberg and de Haas  [8l]; 
2 - Schäfer and Qeier [25]: 
3 - Johnston and Qrilly [85]; 
1» -   lukhooadhyay and Barua [92]; 
5 - Zlebland and Barton [29]; 
6 - Keyes   [105]. 
Designation BT/(M'rna,a)   ! 

■ W/(m-deg). 
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1 
Table 26.     Recommended values of the thermal 
conductivity of oxygen gas  at atmpsoherlc 
pressure. 

T. 'K X-IO». T   »W X-IO». r. »K X-IO». 
.'TUM ■ tpad) I r. K 

i 
•r/(.« ■ .«»•d) *tl'.M ■ ipai) 

HO 7.40 320 30,0 600 A1'l 00 MO 330 20,8 630 50.0 
100 9.25 340 31,7 700 52,8 
110 10.2 3» 32,6 750 S6.2 
MQ n.o 360 S3.4 800 58.9 
130 11.9 370 24,1 860 62.1 
MO IM 380 25,5 900 64.9 
150 13,8 290 25.8 950 68.1 
ICO M.r 300 26,6 1000 71.0 
170 15.6 350 29,8 1100 78.« 
ISO 16.6 400 33.0 1200 & 190 17.7 450 36.3 1300 87.1 
200 18,3 600 «.a 1400 92,3 
310 19,3 550 «.I 

Designation:    BT/(M.rpa1a)  a W/(m«deg). 

In the region of low temperatures the results of Westenberg and 
>.le Haas, and also those of Schäfer and Geier, correspond well with 

the data of other researchers. 

In connection with what has been said, averaging was carried out, 

considering the data of all the authors  as equivalent.    The Inaccuracy 

of the  recommended values of thermal conductivity,  cited in Table 26, 

amounts to 2.5* in tne temperature interval of 80-300oK, 3* In the 
interval from 300-600oK, and M in the Interval from 600-l400oK. 

Let us note that at temperatures above 500oK it would be very desirable 

to have experimental Investigations  on the thermal conductivity of 
oxygen. 

Only  a few works have been dedicated to the study of thermal 

conductivity of oxygen at elevated temperatures  (see Table 25). 

The most  complete and reliable are the data of Zlebland and Barton 

[29], who measured the thermal conductivity with p up to 136 atm in 
the  liquid and gas regioi    , those of N.  V. Tsederberg and D.   L.  Timrot 

[124] - with p up to 100 atm and the latter work of Z. A.  Ivanova, 

N.  V.  Tsederberg,  and V.  A.   Popov [126] - with p up to 500 atm.    The 
results of these three works, although obtained by various rrethods, 

have  a divergence of only 5-S%. 
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Pig.  29.    The dependence of the excess thermal conductivity of oxygen 
on the density according to the data of:    1 — Ivanova, Taederberg, 
and Popov [126]; 2 - Borovlk [121];  3 - Zlebland and Barton [29]; 
4 - Keyes  [105]. 
Designation:     aT/(MTnafl)   ■ W/(m*deg); r/oM3 ■ g/cm  . 

The results of all the authors who measured the thermal 
conductivity at elevated pressures w^re processed at  coordinates of 
excess thermal conductivity-density and are shown in Pig.   29.    The 
greater part  of the experimental points are grouped around a smooth 
curve;  one exception is  a few points of works  [121,  126] with 
densities of ^0.7 K/cm ,   lying below the averaging curve by %%, 
'/e should note that the generalizing curve can be described by the 
equations given in works  [106,  126].    Values  calculated by these 
equations with large densities  coincide, practically speaking; at 
low densities the divergence does not exceed l\%. 

a 

According to the recommended data on the thermal  conductivity 
at  atmospheric pressure  (see Table  26) and from the curve described 
by the equation taken from work  [106],  for p ■ 0-1.2 g/cnr 

A>. - 255 • IQ? T-193 • I0V - 433 • 10V + 
+ 478 • I0V - 156 • 10V. (58) 

•3 0 

where p is in g/cm  , and AX can be expressed by 10"    kW/(m'deg), 
and tables were compiled for the dependence of the thermal conductivity 
of oxygen on the temperature in the  range of 80-l'l00oK and for 
pressures of 1-600 bar (Table 27).    The table does not Include th* 
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region around critical, which   embraces the temperature Interval of 
li|0-150oKand the density range of 0.25-0.57 g/cra^.    The Inaccuracy of 
the recommended data, cited in Table 28,  amounts to 5% in the  entire 
temperature and pressure range. 

According to the data of Table 27  and equation  (58) the table 
of recommended values for the thermal conductivity of liquid 
oxygen was also compiled on the saturation line  (Table 28). 

Table 28.     Recommended values  of the thermal 
conductivity of liquid oxygen on the saturation 
line. 

r. «K tliM • tpaO) 
r. «K X-IO». 

*r/U ■ tpaO) r, »K X-I0», 
»TÜM • tPtd) 

90 I4S IIS 115 135 88,6 
OB 142            ' 120 109 140 82.0 

100 135            ! 125 102 145 72,8 
105 139 130 95.1 150 65,3 
no 122            1 

Designation:    BT/(MTpafl)  ■ W/(m.deg). 

Air 

Air is one of the gases  recommended by us as a reference 
substance.    There are completely reliable data on the thermal 
conductivity of air.    Therefore it is understood why it. Just  like 
water,  is widely used as  a reference material for control and 
calibration of experimental equipment. 

The thermal  conductivity of air at  atmospheric pressure  and 
room temperature has been measured by very many investigators.     In 
a well known report Hilsenrath and Touloukian [1273 made a detailed 
review of all these works.    Table 29 includes only the basic 
studies of the thermal conductivity of air, embracing the relatively 
wide temperature  range from 82 to 13730K.     In the majority of works 
the heated filament method was employed. 

89 



I 

IH 
0) 
ß 
a 
m 
o 
6 
-p 
cfl 

•p 

■H 
to 

w 
3 
o 
(1) 
K 
cd 
hD 

O 

>> 
•P 

-P 
Ü 
3 
-O 
c 
o 
o 

(0 

-p 

OJ 
X! 
-p 

G 
o 

Ä 
ü 
Ü 
a 
Q) 
CO 
0) 
u 
o 

•H 
W 
ed 

rvj fn 
3 

d) m 
H M 
.D 0) 
cd ^ 

EH a 

3 
.p 
(4 

0)0 I 
EH 

a» 
ro   m vo   vo 
t- oo o 
cv   in H 

l     l I 
rvj   m t^ 
oo   m 

on r* 

I 

H    00 

PO 
r- rH     H 
OJ (y,   VO 
rH J3-      N- 

I I 
m o 

m ro 
t~ IT» h- 
r-i m m 
rH CO rH 

I I I 
ON   oo f* ci 
r-t    H O t^ 
m  in (n ru 

I 

e 
c 

«tee 

<D 
8 

0) -P 
•O ß 
C    0) 

0   t 
•a 
(0 

O o 

r-lOO    ONOr—iiH    CVJi-iCOr—i 
cocNj   cvi   moo   mmt^-mm 
eOHHH<Mi-4HCMH<M 

HONVDVOO\iH\OOOH 
i-i   coja-^-^-   inin%o\ovD 
CJ^o^cJ^o^o^o^o^o^0^o^ 
rHHrHrHrHiHrHHHH 

o 

3 
< 

Ü 
3 
ja 

CO 
•P c § 
■H m o fi 
IM 
<M r-i 

•p 
m § U 

(1) 
T1 o C o <M 
h £ :cd 
O « o Ä > r 

Ü 1-3 ^! 0 o « •H •H «Ö c CO 
-P ■P A 3 > <H 

c cd <>-, ^ n rH a) P. #» 
0) fn <d o a 3 m to •H u 
A! t. bO rH o. ß -p 4) N «» 
o 
3 

0 
cd ^ 

o 
P § & 

ß 
cd 

•H 
(1) 

W W > EH CO tt' to > EH Ü 

90 

- 



In generalizing the experimental data we eliminated the results 

of Stopps  [28]    as Insufficiently reliable (there Is a large correction 

for heat removal  from the ends of the measuring section, there  Is a 
noticeable scattering of the experimental points, and there Is   a 

significant  correction for radiation and other factors).    The data of 
Oeler and Schäfer [25] were also not taken Into consideration,  since 

the  correction for the temperature Jump was not Introduced completely 
correctly [30].     Refinement of the correction value was not managed 

due to the absence In work.  [25]  of the essential primary data. 

The experimental data of all the remaining authors In the tempera- 
ture  range  of 200-1000oK can be well described by the equation 

/. > 0,0012 + 0,0808 • 10-3r -I- 0,0321 • IG-'Z«- 0,0942 • IQ-T« + 
+ 0.0468. lO-^r« [W/(m.deg)], (59) 

where T Is in 0K. 

The coefficients  of equations  (59)  were determined by the method 
of least squares on an electronic digital computer. 

Table  30 shows the recommended values  for the thermal conductivity 
of air at atmospheric pressure, which were calculated from equations 

(59)   for the temperature region of 200-1000oK.    For segments T - 
= 80-200oK and 1000-1200oK the thermal conductivity was determined 

graphically. 

Figure  30 shows the divergence In percentages  for the experimental 

data from the tabulated data of thermal  conductivity.    The scattering 
of points of various authors basically does not exceed 2%t which 

undoubtedly bears witness to the sufficient reliability of the data 

on thermal conductivity of air with p ■  1 bar. 

The Inaccuracy of the recommended data of thermal conductivity 
amounts to 2% in the range of T - 80-250oK; 1% - for 250-400oK;   1.5% - 

for il00-800oK; and 2$ - for 800-1200oK. 
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Table  30.    Recommended values  of the thermal 
conductivity of gaseous  air at  atmospheric 
pressure. 

r, «K X-IO». u X-IO». r «K x.io* r «it x.io». 
tir;'(.« ■ tpad) 

jr, 
trum ■ »p«*) §TIIM • tpai) MUM ■ tun 

80 7.5 ': 220 19,6 360 30.8 600 
*  650 

«.9 
90 8.4 230 20.4 1 370 31,5 49.7 
100 9.3 210 21,2 380 

I  390 
33.3 !  700 58,4 

110 10,2 t 230 22,1 33,0 1  750 54.9 
120 11.1 260 22.9 ; 400 

i «20 
33,8 \     800 57,3 

130 12,0 11 27° 33.8 35.3 1  850 50.6 
140 12.9 280 24.6 440 36.6 1  900 63,0 
150 13,8 ! 290 25.4 460 38.0 |  950 64.3 
1C0 14.7 300 26.3 480 39,4 1000 66.7 
170 15,5 'i 310 26.9 500 40,7 1050 69.1 
180 16,4 320 27.7 530 42,0 1100 71.6 
100 17.2 330 

" 340 
28,5 540 43,3. 1150 73.» 

200 18,0 29,2 560 44.5 1300 78.3 
210 18.8 : 350 30,0 580 45,7 

Designation:    ar/Cn-rpafl)  =W/(m.deg). 

I.' i n i v~~\ i    i TI 

V-t-V-fr-r  I   I    r 
 I ! Lf. iOH .!_! d 

"ig.   30.    Divergences  of the experimental data of various authors on 
the    thermal conductivity of gaseous air from the recommended values 
at  atmospheric pressure:    1 - Euken [83]; 2 - Sherrat, Qriffits  [128]; 
3 - Vargaftik, Oleshchuk [1293; ^ - Taylor, Johnston [130]:  5 - 
Kannuluik, Carman  [131]; 6 - Zaytseva [132];   7 - Vines [27J;  8 - 
Tarzimlnov [133] ; 

The thermal conductivity of air at elevated pressures  (up to 
200 bar)   and T - 'I070K was  first measured by I.   F.   Qolubev [13^] 
by the heated filament  method. 

In 1950 the results of measurements  done also by the heated 
filament method by Ye.   A.  Stolyarov, V.   V.  Ipat'yev, and 
V.   F.  Teodorovich  [116] in the temperature interval of 281»-4690K at 
pressures of 1-400 bar were published.     The possible inaccuracy  is 
estimated by the authors as equal to 3X• 
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In 1963 I. P.  Golubev [68] measured the thermal  conductivity of 
air at pressures from 1 to 500 bar in the temperature range  from 196 to 
k260K by  the  regular regime method (a cylindrical bicalorimeter). 
The possible error, in the author's opinion, is   1.1%, 

Recently, A.  A. Tarziminov and V.  S.  Lozova [135]*  used the heated 
filament method to study the thermal conductivity of air at pressures 
up to 1000 bar in the temperature region from 298 to 7930K.     The 
oosslble error of the obtained data,  in the authors' estimate, 
does not exceed 1.5%. 

500        600 p, kg/m3 

Pig.   31.    The dependence of the excess  thermal conductivity of air on 
the  density according to the data of:     1 - Stolyarov, et  al.   [116]; 
2 - Oolubev [68]; 3 - Tarziminov,    Lozova [135]. 

Figure  31 at the coordinates AX — p shows the experimental data, 
obtained in works [68, 116, 135].  The experimental points  of 
I.   F.   Golubev,  and also those of A.   A.  Tarziminov and V.  S.  Lozova 
with a small scattering (not greater than 2-3)0  are positioned 
around the  averaging curve.    An exception is the  Isotherm of 

1In work [135] the results of the experiments have been refined, 
in comparison with the earlier published data [136]. 
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1960K  [68], the points of which fall higher - up to 8-10%.     It is 
highly Improbable that with such a large distance from the critical 
temperaturs there was a significant stratification of the isotherms 
at the  coordinates AA - p.    Therefore In the generalization of the 
data we did not  take into account this isotherm. 

The^ experimental results of Ye.  A.  Stolyarov [116] are systemati- 
cally positioned lower than the data of the other investigators and 
have a significant scattering, which probably can be explained by the 
insufficiently high accuracy of the experiments. 

The averaging curve (Pig.   31) was  used by us to determine the 
tabulated data of the thermal conductivity of air at temperatures up 
to 1000oK in the interval p ■ 300-800 bar (Table 31).    The possible 
error of the tabulated data under pressure amounts to 2-3JL 

There are no direct experimental data on the thermal conductivity 
of liquid air.     Therefore only indirect methods for its determination 
were possible. 

Table 31. Recommended values of the thermal 
conductivity of gaseous air as a function of 
temperature and pressure. 

(1)    >..10»,   "UMipad) npup, 6a» 

r.'K 
iOO 3:0 !M ISO 500 550 coo 650 700 750 M0 

1 26.2 30.0 33.8 37.3 40.7 43.9 46.9 49,7 52,4 54.9 67,3 
50 28.4 31.8 35.4 38.7 42,0 45,0 47.9 50,6 53.2 65.7 58,0 

1C0 31,4 34.1 37.3 40.3 43.3 46.2 49.0 51,6 54,1 S6.5 58,8 
150 34.9 .'«.7 39.4 42.0 44,9 47.6 50,2 52.7 55,2 57,4 59,6 
200 38.5 39.5 41,8 44,0 16.5 49.0 51,5 53,9 56,2 58,4 60,5 
250 42,0 42.3 44,1 46,0 48.3 50.5 52.9 55,1 57,3 59,4 61,4 
J0O 45,5 45.1 46.4 48.0 50.1 52,2 54.3 56,3 58,4 60.4 62.4 
350 4S,0 47.8 48.6 49,9 51.8 53,7 55,7 57.6 59,6 61,5 63,4 
400 5''. 2 50.5 50.9 51,9 53.5 55.2 57,1 58,9 60,8 62,6 64,4 
450 55.3 53.1 53,1 53.8 55,2 ,56,7 58,4 60,2 62.0 63.7 65,4 
500 58,4 55.5 55,2 55.8 56.8 58,2 59.8 61,4 63,1 64,8 66,4 
M0 61.4 58.0 57.3 57.6 56.4 59.7 61,1 62,6 64.2 65,9 67,4 
ceo 6M 6Ü.3 KM 50.4 60,0 61,1 62,4 63,8 65,3 66.9 68,4 
6ö0 67,4 62.7 61 5 61.2 61.6 62.5 63,7 63,0 66.4 67,9 69,4 
700 70.3 65.1 63.6 62.9 63.2 64.0 65.0 66.2 67,5 68,9 70,4 
750 73,2 67.6 65,6 64.6 64.7 65,4 66,3 67,4 68.6 69,9 71,3 
J-tlO 76.0 7Ü.0 67.6 66.2 66.2 66.8 67.6 68.6 69,7 70,9 78.2 
N50 rce 72.5 69.0 67,8 67.7 68.2 68,9 69,7 70,8 71,9 73.1 
•JÖ0 8.M 71,9 71.6 69.4 69.4 69.2 69,5 70.1 71,9 72.9 74,0 
950 M.7 77.4 71.6 71.0 70.5 70.8 71.3 72,0 73,0 73.9 74,9 

10C0 «.2 79.8 75.6 72.6 71,8 72.0 72,5 73,2 74.1 74.9 75.8 

KEY (1)   \-10   , W/(m'deg) with p,  bar. 
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The basic component parts  of air, as Is  known,  are nitrogen 

(75.52 weight %) and oxygen  (23-15 weight %) . 

Therefore, liquid air may be examined, practically speaking, 

■,\s a mixture of liquid nitrogen and oxygen. 

The  thermal conductivity of liquid nitrogen and oxygen, as well as 

their mixtures of various  composition was measured by Hamman by the 
flat   layer method [60].    However, Hamman's results  for liquid 
nitrogen and oxygen are higher by 20-30% than the data of the other 

investigators and have a clearly erroneous temperature pattern. 
N.  V.  Tsederberg points  out   [10] that a possible reason for the 

exaggerated values of the coefficient of thermal conductivity may be 
the emergence of convections In Hamman's apparatus. 

Let us Introduce  corrections Into the  results  of Hamman on the 

basis  of more reliable  data on the thermal conductivity of nitrogen 

and oxygen.    In conformance  [60] with T • 730K the thermal conductivity 

of nitrogen equals 0.206 W/(m * deg), and that  of oxygen - 0.208 

W/(m'deg), while the actual values are:    X.T    » 0.160 W/(m.deg) N2 

(see Table 23) and X0    ■ 0.172 W/dn-deg)  (see Table  26), i.e., lower 
2 

by 22 and  18%, respectively. 

According to the graph shown by Hamman [60], the thermal 

conductivity of a nitrogen-oxygen mixture of a composition corresponding 
to air, with T ■ 730K,  is equal to 0.200 W/(m.deg).     Introducing a 
correction on the basis  of the aforesaid, we determine the value of 

the thermal conductivity  of liquid air with T ■  730K as equal to 

0.165 W/(m-deg). 

The thermal conductivity  of liquid air may be determined also 

according to the equation suggested by L.  P.   Fillppov and 

N.  S.  Movoselova for binary solutions [137].    For T ■ 270K the calcula- 

tions produce    0.l6l W/(m.deg), which is in complete  correspondence with 
the value obtained on the basis of Hamman's  data. 
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Thus,  for practical calculations  see thermal conductivity of 
liquid air at T ■ 73C)K may be taken as equal to 0.163 W/(m'deg) with a 
probable error of 5-6){. 

Carbon  Dioxide 

A significant number of works  (Table 32) have been dedicated to 
the  stud,   of the thermal  conductivity of COp.     ""ore than half of them 
have been done  at atmospheric pressure in the temperature range of 
185-13750K.    From Table 32 it Is  clear that the least studied of all 
is the region of high temperatures  of 800-l400oK.    In processing the 
initial material we took Into account  all the most reliable data and 
excluded works which did not  correspond to the prerequisites of 
selection of the material,  set down in the introduction.    Thus, we 
did not  consider the work of Stopps  [28], Just as  for nitrogen, and 
the work of Rothman and Bromley [1^9],  in which the authors 
introduce averaging results of their former measurements and data 
from work [28].     The data of Oeler and Schäfer [25] In the high 
temperature  region (beginning with  700oK) were adjusted by us by the 
introduction of a correction for the temperature Jump similar to 
that  used with the data for argon and nitrogen [30,   32]. 

The selected experimental data at  atmospheric pressure are 
introduced in Pig.  32.    A comparison of these values  obtained by the 
same  various methods  allow us  to make the following conclusions. 
In the  low temperature region of ISO-^OCK agreement  of all the 
data can be observed with  a divergence within the  limits of 2-3!^. 
In the temperature range of 400-800oK, Into which a smaller number 
of works  fall,  divergences  are within the limits of H%.    Above all 
these  fall the data of Ye A.   Stolyarov,  et al.  [116].     In the high 
temperature region which is the most experimentally complex (above 
800°K)  the maximum divergence  In the data of various authors reaches 
as high   as  6%. 
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On the basis of the averaging curve shown In Fig.   32,  Table   33 

was  compiled for the  recommended values of thermal conductivity 

with rounded values  of the temperatures within the internal of 

200-l400oK.    The error of the recommended values amounts to 1.5^ in 

the Interval T - 200-400oK, 2% - for 400-800oK,  and 3* - for 600-l400oK. 

A significant part   of the works  presented In Table  32 werc- 
dedlcated to the study of thermal conductivity  at elevated pressures 

In the range of low and moderate temperatures.     The most  complete 

(with respect to pressures)  are the  data of Michels, et al.   [l't!5l , 
I.   P.  Golubev and M.  V.   Kal'sina [117], and Ye.   A.  Stolyarov, 1. 

[116]. 
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Pig.  32.    Dependence of the thermal conductivity of gaseous  carbon 
dioxide on the temperature at atmospheric pressure according to the 
data of:    1 - Keyes   [105]; 2 - Johnston,  Grllly  [121];  3 - Westenberg, 
de Haas [8l];   1 - Shlngarev [14]j 5 - Stolyarov, et al.  [116]; 6 - 
Vines [27]; 7 - Schfifer,  Qeler [25];  8 - Vargaftlk, Oleshchuk  [129]; 
9 - Rothman [58]; 10 - Plllppov [123]. 
Designation:     BTAn^rpafl)  ■ W/(m'deg) . 
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Table 33.    Recommended values for the thermal 
conductivity of gaseous carbon dioxide at 
atmospheric pressure. 

r, »K >..io«. 1     V  •■( X-IO*. T.*K X-IO». 
•r/lJi ■ .•taO) t »HMtpin trUM-wHt 

200 9.38 j!    330 19,0 «50 
700 

44.5 
210 10,1 340 •9.7 48.1 
220 10,7 m 20.4 750 51,7 
230 11,5 360 31 .S 800 65.1 
210 12,2 1    370 91.9 850 88.5 
250 13.0 380 99.7 900 61.8 
260 13.7 t    390 93.5 950 65.0 
270 14.5 400 24.3 1000 68.9 
280 15,2 450 98.3 1100 74.3 
220 IM SCO 39.5 1300 80.3 
3Ü0 16,6 5    550 36.6 1300 86.9 
310 17.4 :   600 40.7 1400 99.1 
320 18.3 1 

Designation:    ar/CMTpafl) ■ W/Cm.deg). 

The  results of measurements were processed at  coordinates 
AX - p and are presented In Pig.   33«    The greater part  of the experi- 
mental data, excluding the clrcumcrltlcal region, are grouped 
around a smooth curve.    The best  correspondence can be observed 
between the data of Michels   [145], Sellshopp [138], R.   V.  Shlngarev 
[14] and Preud [95].    The greatest divergences occur In the region 
of high densities.    The divergence (not systematic)   of the data of 
I,  P.   lolubev and M.  V.   Kal'slna [117] from the data of the above- 
cited group of works reaches up to 15%-    A somewhat smaller divergence 
occurs  In the data of D.  L.  Tlmrot  and V.  G.   Oskolkova [140].    The 
measurement results  [117» 140] were critically analyzed In works 
[I1»,   36].     In particular. It was shown that  certain experiments In 
works   [140] were conducted with values of Pr*Qr above those permissible, 
which might have led to the emergence of convection.    The corresponding 
points were not taken Into consideration in the processing. 

Being guided by the general considerations laid down in the 
introduction,  in the final processing of the results. Just as for the 
other gases, we excluded from consideration the clrcumcrltlcal region. 

The averaging curve (see Pig.   33) can well be described by the 
equation introduced in work [149]: 
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"'W^MWM-,,8,, 

A>. • 10« - 0,422? -H.174 • 10-^ - 1.772 • 10 V + 
-1-1.296.10-V   [W/(m.deg)], (60) 

where p is  given In kg/m^. 

In the evaluations of the authors  of [li<9a] equation  (60)   is 
valid in the density interval p  « 0-1 g/cnr with an error of  2%. 

According to the values of the thermal conductivity  at  atmospheric 

pressure and from equation (60)  Table 31» was  calculated for the 
dependency  of the thermal conductivity on p and T in the  most widely 

studied temperature  and pressure  intervals: T = 220-1^00oK; 
n = 1-600 bar. 
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Fig.   33»     The dependence of the excess  thermal  conductivity of   : 
the  density  according to the data of:     1 — Stolyarov et  al.   [1 
2 - Shingarev  [1*1];  3 - Sellshopp   [138];   4 -    Timrot,  oskolko\ 
5 - ^olubev,  Xal'slna [117]; 6 - 'llchels,  Sengers  [ifls];   7 - ^reud, 
Rothberg [95];  8 - Guildner [113]. 

designations: BT/(:i-rpafl)  = W/(m.deg); r/cn-5  ■ g/cnr, 
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I 
Ta51?^3',*    Recominended values of the thermal conductivity of gaseous 
and liquid carbon dioxide as  a function of temperature and pressure. 

X.IO'.W/dii.deg).  with p.  bar 

r, «K 
i lu '.'0 M 40 n 10 70 to to 100 no IM KM 

J!2(l 10.70 177 178 179 180 181 183 183 184 185 180 187 188 189 

2.10 11.47 ica 163 164 105 100 107 108 169 170 171 172 173 174 

Uli» 12.Wl — ISO 151 163 153 154 155 150 167 168 169 160 161 
2'>0 12. V. — 136 137 138 139 141 143 143 144 145 147 148 149 
sein 13,65 — — 125 120 127 ISO 130 131 132 iai 134 135 130 

270 14,4!) 15,4 16.3 18,0 115 117 118 119 130 122 123 134 12S 126 
2«) 15,20 16,1 »7,0 18.0 21,0 104 100 108 110 111 113 114 116 117 
2!)0 15,05 16,7 17.7 19,0 21.4 22.0 92 05 98 100 101 103 104 105 

3ÜU 16,55 I7.< 18.4 19.4 21.1 23,0 20.4 — — — 00 03 05 97 
310 17.40 1H.2 19.0 20,2 21.4 23.4 25.6 39,1 34.6 03,8 67,2 74,4 — — 

320 18,05 18,8 19.0 20,8 21.9 23,8 36.4 37.D 31,4 30,4 44.6 64.9 63,6 69,0 

330 18.03 10,7 20,5 21,5 22,7 24.2 25.7 27.5 30,2 33,6 37.7 43.8 49,6 60,0 

340 10,70 20,4 21.2 22.1 23.2 24,7 36.8 27,4 29,6 33.3 35,3 38,7 43,9 47,4 

350 20,4 21.1 21,9 22,7 23.8 25,0 36.1 27,6 29,4 31,4 33.9 36,8 39,6 43,0 

360 21,2 21.8 22,6 23.3 24.4 25.4 36.6 28,2 29,6 31.2 33.4 35,6 38,0 40.7 

370 21,95 22,6 23,3 24.1 25.0 26,0 27,1 38,3 29,7 31,3 32.0 35,0 37.2 39.3 

380 22,75 23,4 24.1 24.8 25.6 25.9 87,6 28,7 30, C 31,4 33,1 34,7   36,6 18.0 

390 23,5 24,1 24,8 25,5 20,3 27,2 38.3 39,1 30,3 31,5 33,0 34,6 36.2 37.8 

400 24,3 24,8 25,5 26.2 27,0 27,8 28,7 39.7 30,7 31,0 33,2 34.4 36,1 37.2 

480 28,3 28,8 29,3 30,0 30,6 31,3 33,0 33,8 .33,6 34,4 35,3 39.3 37,1 38.2 

500 32,3 33,0 .(.1,5 34,0 31,5 35,1 35.8 36.4 36,0 37.7 38,3 38.4 39,8 40,6 

550 36,6 37,1 37,0 38,0 38,5 39,0 39.6 40,1 40,7 41,2 41.7 42.3 43,1 43,6 

coo 40.7 ♦I.I 41,5 41,9 42,4 42,8 43.3 43,8 44,3 44,8 45,4 45,9 40,3 46.9 

or« 44,5 41,9 45,2 45.6 40,0 46,4 46.8 47,3 47,7 18,2 48,6 49,1 49,5 49,9 

700 48.1 48,4 48,H 49,2 49,5 49,8 50.3 50,7 61,1 51,4 51.7 52,3 68.7 53,8 
750 51.7 52,1 52,4 52,7 53.0 53,4 53.7 64,1 51,4 54,8 55,2 65,6 65,9 50,4 
HOU 06,1 65,4 55,7 56,0 60,3 56,6 57.0 57,3 57,0 58,0 58,2 58,6 59,1 59,3 
650 58.5 &N,N 50,1 59,3 59,6 59,8 60,1 60,4 00,7 01,0 61,4 61,7 03,1 62,4 
000 61.8 62,0 62,2 62,5 62,8 63,0 63.3 63,6 63,8 64,1 64,2 64,4 64,9 05.3 
050 05.0 65.2 65,4 65,6 63.8 66,0 66.3 66,6 60,9 07,2 67,4 67,8 08,1 68.4 

1000 68.2 6«,4 68,6 68,7 68,8 68,9 09.2 69,4 69,7 70,0 70,2 70,6 70,0 71,3 
1100 74.3 74.6 74,8 75,0 75,2 75,3 7r,,R 75,8 76,0 76,2 76.5 76,7 76,9 77.3 
1200 80.3 80.5 80,7 80,8 81,0 81,2 81,4 81.6 81,8 82,0 83,2 «2,4 82,6 82,8 
1300 86,2 h6,4 86,6 80,7 86.9 87,0 87.2 «7,4 87,6 «7,7 «7,9 88,1 88.3 88,5 

1400 92,1 92,3 92,6 92,0 92,8 92,9 03.0 93,3 »3,4 93,5 93,7 93,9 94,1 94,4 
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Table 34 (Cont'd .). 
/..I0».  W/(m-deg).  with p,  bar 

r,«K no r« ir« in m m 200 350 m .V.0 400 V« •'•00 •so too 

220 190 191 192 193 194 195 196 198 203 206 208 211 215 218 221 

230 175 176 177 178 179 180 182 183 189 193 196 200 203 206 200 

HO 1C2 163 161 165 166 167 168 172 170 181 185 189 192 106 200 

250 ISO 151 152 153 154 155 ISO 160 164 169 173 177 181 183 189 

2C0 iar 138 139 140 142 143 144 149 134 158 162 166 170 174 178 

270 127 128 130 131 132 133 134 139 144 148 132 156 160 164 168 

280 118 119 120 121 123 124 123 129 134 139 143 147 161 155 159 

290 107 109 no 112 113 114 115 120 125 130 134 138 142 146 ISO 

300 99 101 102 103 105 107 108 114 119 123 128 132 136 139 142 

310 ... 91 w 95 97 99 100 106 III 116 120 124 128 132 136 

S30 73,5 — —   — — 92 99 107 III 114 118 122 126 130 
330 61.2 CO.2 70.4 73,4 76.2 — - ■- - — — — — — — 
340 62,3 56.7 04,5 68,1 70.9 75.9 — — - - — — — _ — 
350 46.7 50,3 S4,2 57,0 60.4 63,6 66,6 77,6 — — — - — .._ — 
360 43.4 40.4 49,6 52,6 55,6 68,4 60,6 72,4 — — — — — — — 
370 41.4 44.0 46.6 48,4 61,8 54.4 56,9 67.6 76.2 — — — — — — 
380 40,4 42.4 44,6 46.9 49,3 61,6 63,6 63.7 72,4 79.0 — — — — — 

390 39.8 41.6 43,4 45.6 47,4 49,2 61.3 60,1 74.7 75.6 81.5 — — — 

400 ■38,6 40,9 42.5 44.2 46,0 48.3 49.5 68.1 65.4 62.9 78,6 - — — — 

450 39.4 40,5 41.3 42,5 43,4 45.3 46.2 62,2 67.9 63.3 68.3 72.9 77,7 80,9 85,1 

500 41.4 42,2 43,2 44,3 45.1 46.0 46.9 51.3 55,9 60.2 64,5 68.3 71.8 75,1 78,7 

550 44.3 45,0 4r.,6 46.4 47,1 47.9 48,6 52.5 56,3 59,7 C3.2 66,6 69.8 72,0 76,6 

600 47.4 48,1 48,5 49,2 49.7 50,4 61,1 84.3 57.7 60,7 63,6 66,6 69.4 72.1 74.7 

650 50.8 50,'J 51.4 52.0 62,4 53.1 63,8 66.4 59,4 62.1 64,7 67,3 69.8 72,3 73,5 

700 53.7 5-1,0 54,8 65,0 55.4 55,8 66,3 58.4 61,4 64.0 66.4 68,7 71,0 73,3 75.4 

750 50.7 57.2 57.6 58,0 58.4 58,8 59,2 61.4 63,8 60.1 68.5 70,6 72.8 74,4 7li.6 
«00 50.8 60,2 CO, 5 00,9 61.2 61,9 62,3 64.0 66,0 68,2 70,4 72,2 74.2 76,0 77,9 
850 62.8 63.2 63.6 63,9 64.2 64,6 64.9 66.7 68,8 70,6 72.6 74.6 76.7 77.b 79,5 
900 65,8 66,0 66.4 66,8 67.2 67.6 67.9 69.4 71.2 72,9 74.7 76.6 78.5 79.8 81,4 
0B0 68.7 69,0 69,3 69,6 69.9 70,2 70.6 72.0 73,6 75,3 77.0 78.7 80.4 81,8 83,4 

I0U0 71,5 71.9 72.2 72.4 72.7 73.0 73.3 74,9 76.4 77.9 79.3 80.8 82.6 83,8 ft"). 5 

1100 77.4 77,7 78,0 78,2 78.5 78,8 79.1 80.1 81.2 83,1 84.3 85,8 87.4 88,6 »0.8 

1200 81.0 8'i,3 83,5 83.7 84.0 84,3 64,6 85.7 86.8 88,1 68.3 90,7 92,0 03.; 94,4 

1300 88,7 88,9 «9.2 «9.4 89,6 89,8 90.1 91,2 92.3 93.4 94,3 96,4 96,3 97,4 08,3 

14(10 94.6 9U 95.0 95,2 95.4 95,6 95,8 96.8 97,9 99,1 100 101 102 103 104 
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Table 35 shows the data of the thermal conductivity on the 
absorption line. 

In conformance with the errors of determining \ ... and AX the 
error of the recommended tabulated data at elevated pressures amounts 

to 3.5% for the temperature Interval of 220-^00oK, k% for 400-800oK, 
and 5% for 800-l400oK. 

Table 35. Recommended values of the thermal 
conductivity of liquid carbon dioxide on the 
absorption line. 

T.'K >..|0». 
or/i.» i tpad} T.'K mtltm ■ tpad) 

T.VK, Jl-10*. 

218 179 248 137 273 109 
223 172 253 131 278 104 
228 163 258 125 283 ^A 
233 156 263 120 388 S'2 
238 M9 268 IIS 293 86.2 
243 142 

Designation:    Bf/CriTpafl)  = '//(m-deg). 

A:nmonia 

The thermal conductivity of ammonia at  atmospheric pressure has 

been studied In a relatively narrow temperature range  (200-770oK). 
The most widely Investigated range,  as  follows  from Table  36 and 

Fig.  3^,  is the Interval 300-600oK.    There is good correspondence 

between the data of various investigators only in the interval 
300-il00oK, where the greatest divergence does not exceed 2.5%. 

In oroportlon to the rise  in temperature (see Pig.  310 the thermal 
conductivity curve stratifies into two branches; on the upper are 

the data of Keyes  [105],  Ziebland and Needham  [150], and on the 

lower are those of Schäfer and Qeler [25], I.   P.  ^olubev, M.  V. Kal'^ina 

[117], and Prank [22].    The maximum divergence between the extremes 
reaches as high as  %% at high temperatures. 

The averaging curve in the low temperature  region passes through 

the data of Eucken [83],   and in the temperature  Interval of 300-^00oK — 
through the middle of the entire mass  of points, and in the region of 

higher temperatures a certain preference was  given to the more carefully 
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carried out measurements of Keyes  [105], Ziebland and Needham [150]. 
On the basis  of the averaging-curve a table was compiled for the 
values of the thermal conductivity of aranonia at  atmospheric pressure 
in the interval T ■ 200-600oK (Table 37).    The error of the recommended 
values amounts  to 2% for the interval T - 200-H00oK and 3i - for 
H00-6l0oK. 

w 8 
■a    -i 

at 

J0 - 

^ 

  — 

X 
r* 

7* •-•,-5 
•-; »-* 
"-J »-7     

tit SCO «CO KD (SB m w 
Pig.   34.    The dependence of the thermal conductivity of ammonia on 
the temperature with pressure p ■ 1 bar according to the data of: 
1 - Oolubev, Kal'sina [117]J 2 - Keyes  [105];  3 - Strivastava,  Gupta 
[931;  1 - Ziebland, Needham [150]; 5 - Schäfer, Oeier [25]; 6 - 
Eucken [83]; 7 - Prank [22]. 

The thermal  conductivity of ammonia at elevated pressures 
was  studied by Ziebland, Needham [150]  and I.   P.   Golubev, 
N.  V.   Kal'sina  [117] in a broad range of temperatures and pressures. 
These data at the coordinates of excess thermal conductivity-density 
are presented in Pig.   35.     Points  referring to the critical region, 
on the basis of the general assumptions mentioned in the introduction, 
were not put  on the graph. 

On the whole, the results of works  [117,  150] are in completely 
satisfactorily  agreement with one smother, which has allowed us  to 
plot  the averaging curve with sufficient  reliability.     On the basis 
of this  curve and the data of Table  37 at atmospheric pressure 
Table  38 was  compiled for the dependence of the thermal conductivity 
on temperature and pressure in the range T • 300-600oK and p ■ 1-600 
bar.     Table  38 does not Include the data for the critical region. 
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I.e., for temperatures of 365-^650K In densities of 0.1^-0.33 g, ^^. 

T;ie error of the reconunended values amounts to 3% with T up to H00oK 

and li% - up to 600oK for the entire pressure Interval. 
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V V 
Fig.  35.    Dependence of the excess thermal conductivity of ammonia on 
the density according to the data of:    1 - Zlebland, Needham [150]; 
2 - Oolubev, Kal'slna [117]. 

On the basis of the curve AX ■ f(p) and the data of Table 37 

the thermal conductivity of liquid ammonia on the saturation line 

was obtained (Table  39). 

Table 37.     Recommended values of the thermal 
conductivity of gaseous  ammonia at  atmospheric 
pressure. 

r. «K ;..io» 
»TUM ■ tpatt 

r.'K 7.-10». 
,T i.Mtpad) i T. »K i-10», 

200 .3 270 21.6 I 
i 340 29,3 

210 16.2 sao 22.6 
i 

1 350 30.4 

220 17.0 290 23.6 1 
i 400 37.0 

230 17.8 300 M,7 i 
1 

450 44.0 

240 18.6 310 26.0 500 52,5 

250 19.6 320 27,2 i 550 69,4   . 

260 20.6 330 28,2 i 600 67.0 

Designation:    ar/CM-rpafl)  * W/(m.deg). 
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Table  38.     Recommended values  of the thermal 
conductivity of gaseous  and liquid ammonia as 
a function of temperature  and pressure. 

1                        (1)   >. .\0>,*THMCpadi. npa p. tap 

r, «K 1    ' 10 SO 30 « SO 60 70 to so too 

300 24.7 30.0 474 476 |   «8 1  480 1 483 1 484 1 485 | 486 1 488 

310 20.0 30,6 454 457 j    458 462 464 466 466 469 470 

320 27.2 31.0 434 435 437 440 442 444 445 448 450 

330 28.2 31,6 36.01  408 416 417 418 420 423 425 427 

310 29.3 32.2 36,1 41 0 390 393 397 398 400 402 404 

330 30.4 33,1 36.3 40 5 367 368 370 372 375 377 381 

360 31.6 34 0 36.5 40 0 45.0 340 343 346 348 352 354 

370 32.8 34 7 36.7 40 2 44,4 31 0 3 3 318 321 325 328 

380 34.0 35.4 37.4 40 8 44.0 30 0 38 0 67.4 293 297 302 

390   i 35 2 37 0 39.0 42 5 44.4 300 562 63.4 76 3 262 273 

400 37.0 38 4 41.1 43,3 «.8 j 49 5 54 3 61.2 70 4 830 110 

420 40,4 41,2 42.9 44 1 47.0 49 3 52 4 55.9 61 2 { 669 75.1 

440 43 5 44,1 43,3 46 2 48.4 49 1 308 53,8 57 2 1 61 4 65,2 

460 46 3 47,3 48.2 49 0 49.8 51 6 62.6 53.3  1 57 4 60 5 63.0 

4S0   | 49.2 50,1 50.9 51 9 53.0 34 1   { 552 S6.0 582 60 8 62,5 

500   j 52.5 54,5 55.4' 562 56.91 37 8 1 58 6 59.4 00 2 61 1 63.3 

530 59.4 63,3 64,1 64,9 65.8 67 2 67 4 68.2 67 1  168.9 '69,7 
UOO 67,0 71 2 72.1 73 0 | 

1 

73.8; 74 4 75 2 7-'.9 76 6    77,4 |78.2 

KEY: XI ) x. 10^, W/( m«de g). with P» bar. 
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Table 38 (Cont'd. ). 

_JLi) > •J0\_ •_'/!« 

00 ro 

npH f. Cap 

vo 
r, K 

I'O .00 w •CO W. 00 1   roo 
1 

300 493 500 506 513 S20 527 334 340 546 55.1 
310   \ 477 484 490 496 502 509 515 321 527 533 

320 456 463 470 477 484 491 498 503 509 514 
330 436 444 432 459 466 473 479 484 493 498 
340 416 423 430 438 447 454 461 468 474 480 
330 391 402 411 419 427 435 442 449 455 461 
360 367 379 388 398 408 418 424 431 438 445 

370 345 357 370 380 388 398 406 414 422 427 

380 320 335 348 359 370 380 388 395 403 410 

390 296 314 327 340 352 362 370 377 384 391 

400 269 292 307 321 334 344 352 360 368 374 

420 - 244 265 282 295 308 319 328 338 345 

440 183 219 240 258 273 286 298 310 320 

ICO 84.5 133 173 199 220 238 256 273 286 296 

480 76,4 97.3 127 162 182 204 228 252 263 273 

500 73,2 94.5 123 1S6 179 203 222 240 202 263 

5.50 71.6 85.4 105 128 149 166 186 204 216 228 

600 79.0 79.8 82.1 91.2 110 134 151 168 178 187 

KEY: (1) X'lO-,   //(n-deg), with p, bar. 

Table 39. Recommended values of the thermal 
conductivity of liquid ammonia on the 
absorption line. 

r, »K X-IO». 
»Ti(M-tpad) 

— 
r. K X. 10«,       |   r .K 

.rliMtpad)    | 
X-IO», 

«r/l« • tpad) 

300 470 330 403         1    360 335 

305 457 |    335 391         |    365 325 

310 445 340 379               370 315 

315 435 345 369 375 305 

320 424 350 356 380 289 

325 413 355 345 

Desi© nation: ar /(.M-rp afl)  » W/( m.deg) . 
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Vapors of Hydrocarbons  of the Methane 
Series  at  Atmospheric Pressure  

An examination of the thermal conductivity of the entire group 
of substances, referred to as n-alkanes , is explained by the 
possibilities of generalizing the experimental data in the use of 
the method of corresponding states.     As  can be seen from Table 40, 
the most  detailed study at atmospheric pressure has been made for 
the lower members of the series  — through the octanes,  inclusively. 
There Is  especially a lot of data for methane, where experiments 
have been conducted in a wide temperature range from -180 to 700°C. 
In the Investigation of n-alkanes both stationary methods  (heated 
filament,  coaxial cylinders, and concentration spheres), as well as 
t* 9 stationary method of a regular regime  (a variant of the method 
of coaxial cylinders)  have been employed.     In the majority of works 
the thermal  conductivity was determined relatively, by means of a 
comparison with the thermal conductivity of sample gases,  such as 
air,  argon,  nitrogen,  carbon dioxide, etc. 

Let  us  examine the basic works, where experimental data on the 
thermal  conductivity of n-alkanes  (several substances)  in a wide 
temperature range were obtained. 

("teier and Schäfer  [25] using the heated filament method measured 
the thermal conductivity of ten gases. Including methane and 
ethane, and three mixtures in a wide range of temperatures at 
pressures below atmospheric.     One should note that according to the 
data of  [25] the temperature pattern for the majority of gases 
(especially the light  gases,  as  for example nitrogen)  obtained was 
somewhat low.     As was  demonstrated in work [30], the understatement 
of results  in  [25] was  caused by  the incorrect  consideration of the 
temperature Jump.    The  absence of essential primary data for 
methane and ethane,  unfortunately, does not allow us to introduce 
the  corresponding corrections, as was done for nitrogen  [30]. 
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Table ^0. Investigation of the thermal conductivity of the vapora 
of hydrocarbons of the methane series at atmospheric pressure. 

Author 1   Year 
Liter- 
ature 
source 

Method 
Temper- 
ature, 

!    oc 

Investigation of i ■nethane  CH,, 

Eucken |l913 [83] 1 Heated  filament I -182.6-0 
Mann,  Dlcklns 1931 [151] 11             11 2-10 
Johnston, Grllly 19^6 [85] \        "             " -176-110 
Stolyarov, et  al. 1950 [116] "             " 23-212 
Lenolr,  Commlngs 1951 [152] Coaxial  cylinder 41.1;  56.7 
Schottky 1952 [24] Heated filament 100-500 
Lenolr et al. 1953 [153] Coaxial  cylinder 52.7 
Vines 1953 [154] Heated filament 109.4 
Keyes 1954 

1955 
[105] 
[105] 

Coaxial  cylinder 
11             11 

50-30C 
-152.7-300 

Lambert, et  al. 1955 [155] Heated filament 66 
Smith, et al. I960 [156] Coaxial  cylinder 50-150 
Teler, Schäfer 1961 [25] Heated filament 0-700 
Cheung, et al. 1962 [157] Coaxial cylinder 98-537 
Golubev 1963 [68] Coaxial  Cylinder 

(regular regime) 
-77-235 

Senftleben 1964 [158] Heated filament 
variant                        1 

25-200 

Carmlchael, et  al. 1966 [159] Concentric spheres 4.5-171 
Mlslc, Thodos 1966 [160] Heated  filament 1.9- '3.6 
Sokolova,  Golubev 1967 [161] Coaxial  cylinders 

(regular regime) 
-16^-34.5 

I nvestlga ttlon of e thane  CH^ 

Eucken                             1 1913 [83] 
1 

Heated filament          | -70.^- ' 
■'lann, Dlcklns 1935 [151] H                           II 2-10 
Lenolr,  et   al.            i 1953 [153]     I Coaxial  cylinder        j 41.   -   ■7.2 
Keyes 1954 [105] Coaxial  cylinder 51.'- ^9 
Vines, Bennett           j 1954 [162]      | Heated filament 101-149 
Lambert, et  al. 1955 [155]     i "             •»                  1 66 

Geier, Schäfer 1961 [25] 11             n                   | 0-600 
Leng,  Commlngs 1957 [163]     I Coaxial  cylinder 67.8 
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Table   40.   (Cont'd. • 

Author Year 
Liter- 
ature 
source 

Method 
Temper- 
ature, 

0C 

Carraichael, ct al. 
Senft leben 

Gilmore,  Commings 

1063 
1964 

1956 

[164] 

[158] 

[148] 

Coaxial cylinder 
Heated filament 
variant 

Coaxial cylinder 

4.4-171 
25-200 

75 

'lann,  Dickins 1931 [151] 

3   o 

Heated filament 2-10 

Vines ,  Bennett 1954 [162] ii             it 101-149 
Lambert, et  al. 1955 [155] ii             it 66 

Leng,   Commings 1957 [163] Coaxial cylinder 50-140 

f.mith,  ct al. I960 [156] •i             it 50-150 

Cheung,  et  al. 1962 [157] it             it 100-537 
Senfit leben 1964 [158] Heated filament 

variant 
25-200 

I nvestlK£ itlon of n- •butane Ci.H,« 

Mann,   nickins 1931 [151] Heated filament 2-10 

Smith,  et   al. I960 [156] Coaxial cylinder 50-150 

Lambert, et  al. 1955 [155] Heated filament 66 

Vilim I960 [165] II             it 24 

Krammer,  Commings I960 [166] Coaxial cylinder 75.3-60 

■ lenftleben 1964 [158] Heated filament 
variant 

25-200 

Ir vestlgat ion of n-t entane C^H,^ 

'loser 1913 [167] Heated filament 0-20 

Mann,   Dickins 1931 [151] II             II 2-10 

Lambert, et al. 1955 [155] II             II 66 

Smith,  et  al. 1960 [156] Coaxial cylinder 50-150 
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Table 40   (Cont'd.). 

Author Year 
Liter- 
ature 
source 

Method 
Temper- 
ature , 

0C 

Moser 
Lambert,  et  al. 

Vines 

Vines, Bennett 
Lambert, et  al. 
Golubev,  .'Jaziyev 

'loser 

Lambert, et al. 
aolubev, Naziyev 

Zaytseva 
Carmichael, Sage 

Tarzlminov, 
Mashirov 

Lambert, et  al. 

Golubev,  Jaziyev 

Carmichael,  Sage 

Carmichal,  Sage 

Investigation of n-hexane CgH-,^ 

1913 [167] Heated filament 0-20 

1950 [141] it               it 66.85 

1953 [154] it               ii 75-110 

195^ [162] it               II 126-149 

1955 [155] II               II 66 

1961 [69] Coaxial cylinder 
(regular regime) 

22-359.^ 

Investif nation of n-heptane C^Hnr 

100 1913 [167] Heated filament 

1950 [141] II               II 82 

1961 [69] Coaxial cylinder 
(regular regime) 

23-361 

1961 [168] Heated filament 117-249 

1966 [169] Concentric spheres 37.7;  71 

1967 [170] Heated filament 95-419 

Investigation of n-octane CgH^ 

1950 
1961 

1966 

[141] 

[69] 

[169] 

Heated filament 

Coaxial cylinder 
(regular regime) 

Concentric spheres 

Investigation of n-decane  C10H21 

1  1967    I     [171]   I    Concentric spheres 

Investigation of n-undecane  C^Hph 

Tarziminov, 
Mashirov 

Tarziminov, 
Mashirov 

[170]        Heaied filament 1967 

Investigation of n-tetradecane C^H.,- 

1967     I     [170]   I    Heated  fila-ent 

82 

23-3^0 

37.7;   71 

104.5-171 

224-42" 

276-481 
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Table ^0   (Cont'd.) 

Author Year 
Liter- 
ature 
source 

Method 
Temper- 
ature , 

0C 

Tarzlmlnov, 
Mashlrov 

^rzlmlnov, 
Mashlrov 

Investigation of n-hexadecane C^H-^i 

I 1967     I    [170]        Heated filament 

Investigation of n-octadecane C.QH^Q 

1967 [170] Heated filament 

311-125 

334-39H 

I,   F.   Colubev and Ya.   M,  :4azlyev [69], using the regular regime 

method,  determined the thermal conductivity of n-hexane, n-heptane, 

md n-octane In a wide pressure  range with temperatures up to 6330K. 

A comparison of the results  on n-heptane  [69] with the data of other 
authors  [168, 170] with p ■ 1 bar shows rather good correspondence 

at 100J8C and a noticeable divergence In proportion to the Increase 

in temperature  (the data of I.  P.  Golubev and Ya.   II.  Nazlyev are 

characterized by a weaker temperature dependence of the coefficient 

of thermal conductivity). 

Senftleben [158],  using the heated filament method, measured the 

thermal  conductivity of around 30 substances,  including methane, 
ethane,  pronane and n-butane. In the gaseous state with T ■ 25-20r)&C. 

The apparatus was calibrated only for one substance — carbon dioxide. 

Here  for COp the values of the coefficient of thermal conductivity, 

taken  from work [172] which differ somewhat from the data of Table 33, 
..•ere   used.     The divergence between them at t »  200oC amounts to 
approximately 3%.     Correspondingly, we also checked the results of 

the experiments of Senftleben.    We considered It possible to use the 

data of Senftleben,  since the thermal conductivity of the vapors  of 

the n-alkanes differs  relatively little from the thermal conductivity 

of CO-. 
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Recently  A.   A.  Tarzlmlnov and  V.   Ye.  Mashirov published  dal . 
on thermal conductivity of vapors  of the n-alkanes - from heptane  to 
octadecane — at temperatures up to  450oC  [170],  obtained by the 
heated filament method.    As can be seen  from Table 40,  for the 
above n-alkanes   [170]  there is only one  research work.     In generalizing 
we did not  use these experimental data for the above alkane  at high 

temperatures  t >  370oC,  for which noticeable thermal decomposition 

was observed (in work  [170] these points were noted). 

In work [170]  for the generalization of the experimental data 

on the thermal conductivity of the n-alkanes in a broad range of 

measurement  of the molecular weights the method of corresponding . 
states was  employed.     Its utilization enabled us to .reciprocallv 

connect the values of the thermal conductivity of various  substances 
of one homologous series.    This  also facilitated the analysis  of 

the temperature  dependence of the thermal  conductivity of substances, 

determined by different  authors. 

In connection with the fact that the generalization of [170] 
was made on the basis  of a compilation of the tables of recommended 

data of the thermal  conductivity of vapors  of the n-alkanes  at 

atmospheric pressure,  let us introduce the  fundamental aspects  of 

this generalization. 

The existing experimental data of various  authors  (see Tabie  40) 
were shown in the introduced coordinates XAt-o.« —t, where x^r/r,,,;   ?..„«,§— 

the thermal  conductivity of the compounds- of this series with T   - 0.^ 
(the value  of T was  selected in such  a way that  all the investl j ;' ed 

substances were taken into consideration). 

As can be seen  from Pig.   36, where the results of processing 

are shown at the cited coordinates, the experimental points  for  t.u- 
n-alkanes from ethane to n-octadecane  (molecular weight M from 30  to 

254)  fall together rather well into a single  curve, which  can be 
described by the equation 

/./).:r(,h « - 0.441 -f 1,100t -i- 0.924-» - 0.0456%». (61) 

which is correct  in the range T =  0.6-2.2. 
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A comparison of the experimental data x,,«.,,   with the calculated 
data according to equation  (6l) ).,,,„ shows   (PIR.   37)  that for the  over- 
whelming majority  of points  the divergences   8 - *"t'~ }'1lt"'    do not exceed 
2-3%.     The divergences here  do not have a systematic character, 
i.e.,  the data on the thermal conductivity of the n-alkanes  (with 
the exception of methane)  are in completely satisfactory agreement 
with the law of corresponding states.    Methane is  an exception, 
since  a molecule  of it in contrast to molecules of other members  of 
the series is rather symmetrical, compact, and possesses relatively 
low energy of rotation and vibration.    The analogical behavior 
of methane was pointed out with generalizations in a number of 
works,   for example,   [173]. 

^ig.   36.    Dependence of the thermal conductivity of vapors of the 
n-alkanes on temperature in the cited coordinates: 
l-C,Ht:t-C,U,.  t~r,Hn:   «-€,8,,:   f-C|HMi  «-«W  '-ciHu: 

* - C-.H,.: » - C.JK.: IO~C,.Hu. II - C..H- 
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Fig.   37.      Deviation of experimental data on the thermal  conductivity 
of vapors  of the n-alkanes from data calculated according to equation 
(61);  designations  are the same as in Pig.   36. 

Figure 38 shows the dependence of A, on the molecular 
T-0.8 

weight,  from which it is  clear that when T = const  in proportion to 

the increase in the molecular weight the thermal conductivity of 
vapors  of the n-alkanes Increases and with M > 160 tends toward a 
constant value equal to 2.8 x 1C      W/(m'deg) when x = 0.8.    We have 

used Pig.   36 to describe the interrelationships of the data within 

this series.     In this case methane is  an exception. 

M —.. 

• 1" 
t 
* 70 

•< 

;5 \f\ 
f 

V 1 
50 ISO no H 

Pig.  38.     The dependence of XT-0  g on the molecular weight. 

Designation:    BT/(MTpafl)  =W/(m«deg). 

The  results  of the calculations  of the thermal conductivity   of 
n-alkane  vapors from ethane to octane at various temperatures  an 2 

at atmospheric pressure according to equation (61)  are shown in 
Table kl. 
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Table 11.    Recommended values of the thermal 
conductivity  of vapors  of normal alkanes  at 
atmospheric pressure. 

X-IO«,   tUMtpott ( •n 
1. »c X2J. Sä) npoham X5) 

CytMt ntiiTaii» ^m V 
180 10.0 _ _ _ _ 

-ICO 12.2 _. — _ —   mm mm 

140 IM _ —. — —   mm a^ 

-120 16,6 _ — — !     —   — mm 

-100 18,7 — — — — — — — 
-80 20.9 — — — — _ — _ 
-60 23,2     — —   — mm 

- 40 25.5 13.8 — — — — _ mm 

- 20 27.9 15.7 12.8 — _       
0 30,4 18,0 15,0 13,1 — _ —. _ 

20 ai,2 20.6 17,3 15,3 — — mm _ 
40 J6.0 23,2 19,7 17,6 15,8 _ mm OS 

60 28,9 25,9 22,2 19,9 18,0 _. mm mm 

80 4i,9 2*. 8 24,7 22.4 20,3 18.3 — mm. 

ICO 45,0 31.7 27,4 24,9 22.7 20.5 18.8 mm 

too W.2 34.7 30.1 27.4 25,1 22.8 20.9 mm 

no 51,5 37,8 32,9 30,1 27.6 25,1 23.2 21.4 
160 54,9 41.0 35.7 32,8 30.2 27.6 25.5 23.6 
KsO 58,4 «.3 38,7 35,6 33.8 30,0 27.8 25.8 
200 62.0 47.7 41.7 38,4 35.5 32,5 30.2 28.0 
220 G5.5 51.1 44,8 — 35.1 32.6 30.4 
210 69.1 54.7 48,0 — — 37.8 35.1 !2'8 
260 72,7 58.4 51.2 — — 40.5 37.7 35,2 
2*0 76,3 62.1 54.5 mm — 43.2 40.3 S»! 
300 80,1    I C5.9 57.9   — 46.1 43.0 40,2 
320 83,9 61,3 — — 4?'9 4S.7 42,8 
300 89,5   66,8 — — 63.4 49.9 46,7 
400 99,2   76.0 — 61.1 57.2 63.6 
450   85.7   — 69.1 — —  ■ 

500   95.8 — — — — •^ 
550 — — 106,4 mm •" mmm mm "• 

(9) 

KEY:    (1) W/(m«deg);   (2) methane;   (3) ethane;   C1*) propane;  (5) butane; 
(6)pentane;   (7) hexane;   (8) heptane;   (9)  octane. 

PIK.   39.    Thermal conductivity of ethane 
vapors    a)   and the divergence of exper- 
imental values of various authors  from 
the recommended ones    b):    1 - Eucken [83], 
2 - Mann, Dlcklns [151]; 3 - Lenolr, et al. 
[153];  1 - Keyes  [105];  5 - Vines, Bennett 
[15^]; 6 - Lambert, et  al.  [155];  7 - Qeier, 
Schäfer [25];   8 - Leng,  Commlngs 
9 - Carmichael, 
[158]. 

et  al.   [164]; 10 
[163]; 
- Senftleben 

Designation:     BT/(MTpafl)  a W/(m.deg) 
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PI».   40.     Thermal conductivity of propane 
a)   and the  divergences  of experimental 
values from the recommended ones b) : 
1 - Mann,  Dlcklns;  2 - Vines, Bennett [162]; 
3 — Lambert, et al.  [155];  ^ - Leng, 
Commlnga  [l63]j 5 -Smith, et al.   [156]; 
6 - Cheung, et  al.   [157];  7 - Senftleben 
[158]. 

Designation:    BT/CM-rpa/O   =W/(m«deg). 
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The  limitation of the series by octane can be explained by 

the  fact  that the thermal conductivity of the n-alkanes has been 
most   completely studied by different  authors  for members  of the 

series up to n ■ 8,  Inclusively.     Here the use of the  value 
A
T»0  8* amounts to V\k - for C2Hg;  175 - for C-Hg;   206 - for 

l6;   258 - for CkH10i  228 for C5H12; 2m - for C6Hl4; 251 - for C,H. 
CgH,«; they are also shown In Pig.  38. 

Figures  39-^5 show a comparison of the experimental values 

of the thermal conductivity,  obtained by various  authors  on each 

substance  Individually, with values  calculated according to equai 
(6l)   and,  similarly, with  values  cited In Table  bl.    The posslM.- 

error of the tabulated values of the thermal conductivity amount 
to 2% with t < 200oC and 3% with t >  200oC.    As  can be  seen frc , 
the graphs, the overwhelming majority of points  fall within the 

tolerance limits.    Only the data of Geler and Schäfer [25]   dive   • 
significantly for ethane  at high temperatures.     The above Is m?; 
concerning the possible reasons  for the errors  In  [25] •     Becau. 
this,  the table of values  of the thermal conductivity of ethan 

compiled only up to t = 300oC.     At higher temperatures   addltloi  . 

Investigations  for ethane would be desirable. 

Icnpd 
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Pig.   ^1.     The thermal conductivity of n-butane a)  and divergences  of 
the experimental  values of various  authors   from the  recommended ones 
ll''^1  M^II"').

010
^  miU  2 " SmLth' et al-   [156^   3 - Lambert, et al.   [155]; 4 - villm [165J;   5 - Krammer, Commlngs   [166];  fi - 

Designation:     QT/Ci-iTpafl)  =W/(m*deg). 

Pig.   42.     Thermal conductivity  of n-pentane ^ 
a)  and deviations of the experimental values ^ 
of various  authors  from the recommended ones ^ 
b):    1 - Lambert, et  al.  [155];  2 -Smith, § 
et  al.   [156]. ^ 

Designation:     QT/Cn-rpafl)  =W/(m'deg). 
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As was  already noted above, with the  generalization of the 
results   of the experiments with  respect to the determination of 

the thermal  conductivity of the n-alkanes  at the cited coordinates 

the data for methane  sharply diverge.     Tne  experimental data of 

various   authors  of the thermal  conductivity of methane  at  p «» 1 bar 
were transferred to the graph  at  the usual  coordinates  X — T and an 

averaging curve was  plotted.     A  comparison showed that the  curve 

corresponds well with the values  recommended by V.  P.   Sokolova and 

I.  P.   jolubev [l6l].     These values were also adopted In the present 

article (see Table hi). The results of the Investigations of Schottky 
[24] were not taken Into account, Jlnce the significant correction for 
the temperature Jump  [30] was not Introduced In them. 
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At high temperatures  (t  > 400oC)  for the  thermal  conductivity 
of methane there are only the data of Qeler and Schäfer [25], which 

are not  reliable enough,  and also the singular experimental point 

at t * 5370C, obtained by Chenung, et al.  [157], which has turn-^ i 
out to be clearly erroneous.    Because of this,  in Table ^0 the data 

for methane  are Included only up to t = l\00oC.    The values of 

thermal  conductivity,  recommended In [161] at  higher temperature. , 
should be viewed as tentative,  requiring further experimental 
confirmation. 

m t:c 

• •.•» • e 

b) 

Fig.  ^3.    Thermal conductivity of n-hexane a)  and divergences o. 
experimental values of various authors from the recommended one 
1 - Lambert, et al.  [1^1]; 2 - Vines  [154]; 3 - Vines  and Benne 
[162]; 4 - Lambert, et al.   [155];  5 - Golubev, Nazlyev [69]. 
Designation:    ar/CM^rpafl)   = W/(m.deg). 

Pig.   M.    Thermal conductivity of n-heptane 
a)   and deviations of the experimental values 
of various authors from the recommended ones 
b):    1 - 'loser [16?]; 2 - Lambert, et al. 
[155];  3 - Golubev, Nazlyev [69];  4 - 
Zaytseva [168]; 5 - Carmlchael, Sage [169]; 
6 - Tarzlminov, Mashirov [170]. 

Designation:     BT/Cn^rpafl)  ■ W/(m.deg). 

80 

l" 
W- 

20 

0 

s.v. 

+ - / 

i^ 
^ 

A 
^r 

it» a) m I'X 

iv •• 
-I 

• 
• 

• • • 
0 

0 

0 

b) 

121 



.....:     ... .■    1. ■- •■-,:.• .      ;,, -■.   v'i ;«W 

^IT.   '\5.    Thermal conductivity of 
n-octane a)  and divergences of the 
experimental values of various 
authors  from the recommended ones b): 
1 - Lambert, et al.  [141] j  2 - 
Golubev,   Jazlyev [69];  3 - Carmlchael, 
Sage  [169]. 
Designation:    BT/Cn-rpafl)   =W/(m-deg). 
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Pig.   ^6.    Divergences of the experimental values  of the thermal 
conductivity of gaseous methane from the recommended ones  according 
to the data of:     1 - Eucken [833; 2 — Mann, Dlcklns [1511;  3 - 
Johnston, Grilly [85]j 4 — Stolyarov, et al. [1163} 5 - Lenolr, et al, 
[153];  6 - Vines  [60]j 7 - Keyes  [105]; 8 - Lambert, et al.   [155]; 
9 - Smith, et al.  [156]; 10 - Geler, Schäfer [25];  11 - Cheung, et al. 
[157];  12 - Golubev [68];  13 - Senftleben [158];  1^1 - Carmlchael, 
et  al.   [159];  15 - Misic, Thodos  [160];  16 - Sokolova, Golubev [161]. 

A  comparison of the experimental data of various authors  for 
methane at p = l bar with the tabulated values was made In Fig.  46. 

The  possible error of the recommended value amounts to 1.55^ at 
t < 200oC and 3* at t > 200oC. 

Methane 

The thermal conductivity of liquid methane has been Investigated 

in three works.    Ye. Borovlk, A.   llatveyev and Ye.   Panln [17'*] In 1940, 
uülng the heated filament method,  carried out measurements in the 
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range of t « -(100-170)o-C.     In 1963 Ikenberry  and Rice  [108] and 
later V.   ?. Sokolova and I.   ^   lolubev [161] determined the thermal 
conductivity of methane In a wide pressure  and temperature range 
[Table H2), Including also for the liquid phase.    The  results  close 
to the saturation  line are shown in Pig.   ^7■     -por certain points 
the divergences go  as high  as %10%.    Here  the results  of works  El0 8] 
and [17^]  correspond satisfactorily with  one another.     The values 
of thermal conductivity of methane according to [161],  and also  in 
the investigation of other n-alkanes in the  liquid phase by the 
method of regular regime  (cylindrical bicalorimeter)   [69], fall 
somewhat higher than the averaging curve.     Divergences  of the 
examined experimental data from it amount  to 3.H% on the average. 

M   — 

■5 1:0  _^LL. , 
...... 

 I      1 
'-;.;. -.W -nil -i-io -ui -WJ i;<. 

Fig.  H7.    The thermal conductivity of liquid methane  close to the 
saturation line according to the data of:     1 - Borovlk, et al.   [17^]; 
2 - Ikenberry, Rice   [108];  3 - Sokolova, Golubev [161]. 

Prom the viewpoint  of the deoendence of the thermal conductivity 
of methane on the pressure methane has been examined in most detail 
among the examined n-alkanes.    This can apparently be explained not 
only by the fact that methane, as the basic part of natural gases, 
is  of the most practical Interest, but also by the fact  that methane 
is  close in its properties in connection with the  compactness and 
symmetry of its molecules to monoatomic gases  and,  consequently^   is 
suitable for theoretical examination. 

As  can be seen from Table ^12, the experiments embrace the 
pressure region from  1 to 600 bar and the temperature  region from 
-17^ to  300oC.    The greatest number of experimental points was obtained 
in the works of I.  P.   Golubev [68], V. P.  Sokolova and I.  P. Golubev 
[161]. 
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The results of measurements obtained by various  authors were 
processed at  coordinates. AA - f(p)  and are shown In Pig.  48.     Data 
on the density  of methane were taken  from work  [177]•    The figure 
does not  contain points  referring to the clrcumcrltlcal region, 
embracing the temperature  Interval t « -(50-100)0C and the density 
Interval p ■ 0.10-0.22 g/cnr,  In conformance with the criteria set 
down In the  forward. 

As  can be seen from Pig.  48, the experimental data of various 
authors  are situated around an averaging curve with a scatter, which 
basically does not exceed  5-6%.    Closest of all to the curve are 
the points of Mlslc and Thodos [160].     The points  of I.   P.   Golubev 
[68] generally lie somewhat higher, while those of Ye.  A.  Stolyarov., 
et  al.   [116],  and also those of Carmlchael  [159]  are somewhat below 
the  curve. 

p. «/** 
Pig.   48.    Dependence of the  excess thermal conductivity of methane on 
the density according to the data of:    1 - Stolyarov, et al.   [116]; 
2 - Lenoir, Coramings [152];   3 - Lenoir, et al.   [153];  4 - Xeyes   [105]; 
5 - Golubev [68]; 6 - Ikenberry, Rice [108];  7 - 'lisle, Thodos  [160]; 
8 - Carmlchael, et  al.   [159]; 9 - Sokolova, Golubev [161];  10 - 
Borovik, et al.   [174]. 
Designations:     BT/(n.rpafl)   = W/(nrdeg);  KT/M^ = kg/m   . 
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We do not detect  any kind of system of stratification at the 
coordinates  AX - p.     Iio .-ever,  according to the results of £159] one 
may note that the Isotherms of excess  thermal  conductivity as  a 
function of the density  do not fall on a single  curve.    The higher 
the  temperature,  the  lower Is  the Isotherm.     Stratification In the 
measured temperature  range of 'l-1710C (or T  ■ 1.^5-2.32) reaches 
'♦-'51 of the value of A.     For other substances with T > 1.20 
stratification of Isotherms Is not observed.     Therefore,   It  Is 
difficult  to expect  the occurrence of this effect with methane at 
such comparatively high temperatures.    Most  likely, here one should 
find some kind of systematic errors In the results of the experiments 
[159];  so much the more,  since stratification Is  close to the limits 
of the degree of precision of the experiments. 

The averaging curve  (see Pig.   ^8) was used for determining 
the tabulated values of the thermal conductivity of methane at 
elevated pressures  (Table ^3).    The error of the recommended values 
for the thermal conductivity of gaseous methane  at relatively low 
pressures amounts  to 2% with t up to 200oC and  3% - with t > 200oC. 
At high pressures and for liquid methane this error is equal to 
3-H. 

Ethane 

The experimental study of the coefficient  of thermal conductivity 
of ethane at elevated pressures is taken up In a number of works 
(Table M).    Measurements  are made using the  coaxial cylinders and 
spherical layer methods. 

Practically speaking,  there are no experimental data on the 
thermal conductivity In the  liquid phase.    With the exception of one 
work  [16^], the studies  referred to a comparatively narrow temperature 
range.    However, the  range  of pressures  is broad — up to 200-300 bar, 
and on one Isotherm (750C)  - un to 3000 bar. 
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Figure 49 shows the experimental values  obtained by various 
authors  at  coordinates AX — p.    The density of ethane was  adopted 
from the data of [178,  179].     In the  graph the experimental points 
of  [148] are shown only up to p « 500 bar, since at higher pressures 
data on the density are lacking.     Data on the thermal conductivity 
close to the  critical region are found in work [153]; here they 
are not taken into consideration. 

■:c 

a. 
*. 

50 

* JO 

■ , / 
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^ 
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*.*& 1— 

.--^ • - 

75 m 225       M J75 SOp.*!/*' 

Fig. 49.  Dependence of the excess thermal conductivity of ethane on 
the density according to the data of:  1 — Lenolr, et al. [153]; 
2 - Keyes [105]; 3 - Leng, Commings [163]; 4 - Carmlchael, et al. 
[164] 5 - Oilmore, Commings [148]. 

•3 
Designations:     BT/(M'rpafl)  ■ W/Cnrdeg);  HT/M-

5 kg/m: 

Tlie scattering of points with respect to the generalizing curve 
reaches  3-7%.    Any definite system cannot be detected,  i.e., the 
scattering of points  Is  the  result  of the divergence of results  of 
the experiments  of various  investigations.    Thus, at  a temperature of 
^70oC there are data In four works  [148,  153,  163,  164].    The points 
on the isotherm 67.30C [153]  are situated 5-6)8  lower than in 
isothenns  42.0  and 56.70C of this  same work, but they correspond 
well with the data of [164] on the  isotherm 71.0oC  (see Fig.   49). 
On the other hand, the later investigations of Oilmore and Comminga 
[148]  at t  « 750C are in complete  correspondence with the data of 
[153]  on the Isotherms of 42.0 and  56.70C and with  the results  of 
[I63] with t - 68.0oC. 
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Consideration of the conditions of conducting the experiments 
In these works do not permit us  to give any preference  for any one 
of them.    Therefore, the averaging curve was plotted by us  according 
to the data of all the authors.     It was used to determine the 
coefficient  of the thermal conductivity of ethane with p up to 
350 bar and t up to  200oC (Table ^5).    The possible error of the 
tabulated values of the thermal conductivity under pressure may be 
estimated at  ^%. 

Table 45.     Recommended values of the thermal 
conductivity of ethane as a function of 
temperature  and pressure. 

(2J 
n ) x.io» «r/U ' .Tatfl. npH 1. »C 

0. Cap 
M n» m m 100 1» 150 in M 

1 20,6 23.2 25.9 28.8 31.7 35.5 39,4 *A 47,7 
25 24.1 26.2 

33.2 
28.6 
31.0 

31.4 
34.7 

34.2 
36.9 

37.7 41.4 45,3 
47.3 

49.4 
50   40,1    43,6 5I.J 
75 _ 44.4 40,6 41.1 43,4 46.2 49,4 JM 

100 89 79 61.« 50.0 47.0 47,3 49,3 52,2 55.5 
135 93 84 70.«» 58,6 52.8 51,7 62,3 55.1 hlA 
150 97 80 78.5 68.6 61.3 S7.2 £6,9 !?•! «0.5 
200 103 95 67.6 79.8 72,4 66,8 64,8 64.8 66.1 
250 IC8 IUI 94.0 87.0 81,2 75,1    72,0 71.0 ZM 
300 112 106 100 94,0 88,0 81.8 77,5 76,5 7«.» 
150 116 III 105 99.0 93,5 87.4 82,8 81.« «I.I 

EY:  (1) A-1D3, //(m-deg), with t, 0C; (2) T, bar. 

The thermal conductivity of ethane at t 

results of experiments of [148] amounts to 

75°C according to the 

* em» 

I 
200 
300 
500 

JMO*. 

27.« 
80.6 
»3.7 

112.7 

Designations:     p1 
ar/Cn.rpafl)  ■ W/(m.deg). 

#. «•» x.io* 
TUM • iptd\ 

750 
1000 
2000 
3000 

130.« 
145.« 
192.8 
22a« 

lap ■ p, bar; 

In  conclusion we should note that the  study of the thermal 
conductivity of ethane  at  low temperatures, especially for the 
liquid state,   is  of Interest. 
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Propane 

The thermal conductivity of propane under pressure was studied 
In a single work [163],1 in which the thermal  conductivity was 
determined in the gaseous and liquid states of propane on five 
isotherms  in the temperature interval of 50-1^0oC and the pressure 
interval 1-286 bar.      The experiments embrace the precritical and 
supercritical regions.     Just as  in the experiments with ethane, 
the  relative method of two-layered coaxial cylinders was employed. 

9      WO     150    m     250 p,6ap 

wlp;.  50.    Dependence of the thermal conductivity of propane on the 
pressure at  various temperatures  according to the data of [163]: 

KEY:    (1)    Saturation curve. 
Designations:    BT/(ri.rpa,q)  = W/(m«deg); p. Cap ■ p, bar. 

The continuous  lines in Pig.   50 show the isotherms,  and the 
dashed-dotted line shows  the line of saturation obtained by extrapo- 
lation.    As   can be seen from Pig.   50, on the isotherms of 50, 67.p, 
and 87.20C in the liquid phase a little above the saturation line 
there are "humps," which decrease in proportion to the increase  In 

'After preparation of the book  for printing there occurred 
one more work dedicated to the thermal conductivity of propane  [ISO]. 
Its  results  coincide in the main with the data of [163]. 
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temperature. In work [163] there Is a discussion of the possible 

reasons for the occurence of the "humps." In particular. It Is 

noted that this phenomenon Is not connected with the occurence of 

convection In the measured layer: the product of the criteria Cr-Pr, 

characterizing the conditions of development for natural convection, 

was less than 600 In the experiments.  Moreover, If convection were 

the reason, then the size of the "humps" with the approach to the 

critical temperature would have to Increase, rather than decrease. 

The following circumstance deserves attention. In processing 

at coordinates AX — p the points referring to the region of "humps" 

are situated both higher and lower than the averaging line; moreover. 

In the narrow range of densities there is observed a reduction in 

the coefficient of thermal conductivity (up to 6i)  with the increase 

in p.  Usually Just the opposite occurs. 

Bearing in mind that the reason for the occurence of "humps" 

is not certain, and in other substances in this region of p and t 

a similar anomaly was not observed, in generalizing as the function 

of the density we did not take into account the experimental points 

referring to the given region. This problem requires further 

investigation.  In our opinion, the distortion of the results close 

to the saturation curve may be due to the insufficiently high purity 

of the Investigated propane (99%). 

The isotherm 105.50C (or T ■ 1.026) at a pressure of ^50 bar 

(or TT ^ 1.15) has a sharp peak use Fig. 50).     As the authors 

themselves point out [1633 the peak occurred as a result of the 

emergence of convection, since in the experiments Qr*Pr >> 600. 

In order to be convinced of the correctness of this explanation, 

the authors made measurements at two different drops of At — at 

i).^ and 2.3 deg.  In the latter case, as was to be expected, the 

thermal conductivity turned out to be less. 

On the basis of the considerations outlined in the forward, 

in generalizing the data on thermal conductivity the critical region 

was excluded from examination. 
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Figure 51 shows the dependence of the excess  thermal conductivity 
of propane on the density according to the data of Leng and Commlngs. 
^or a better account  of the effect of the pressure the values  of 
A at p ■ 1 bar were also taken from [163],     The density of propane 
was taken from the data of [178].    As  can be seen from Pig.  51, 
the scattering of points  around the averaging curve generally  amounts 
to 2-^%, and for one point  close to the saturation  curve  (t •  87.20C 
and p * 30.^ bar) - it  reaches 9%'    "his graph was  used to determine 
the  coefficient of thermal conductivity.    The  recommended values  are 
shown in Table ^6.    With  consideration of the observations made the 
possible error of the tabulated data on the thermal conductivity of 
propane under pressure is estimated by us  at  4-6$. 
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Fig.   51.    Dependence of the excess thermal conductivity of propane on 
the density according to the data of [163].     The designations are 
the same as in Pig.   50. 

.'able 46.     Thermal conductivity  of liquid 
and gaseous propane as a function of 
temperature and pressure. 

/.•I0». W/(m-deg), with t. °c 
p, bar 

DO w m 100 m I« 

, 21.0 22.2 24,7 27.4 30,1 32.9 
10 22,3 23.3 

25.4 
25.7 
27.5 
30,5 

28,3 
29.9 
31.7 
37.2 

31,0 
32,2 
33,8 
36,4 

33.7 
20 80 

82 
84 

34.9 
30 77 

79 
36.3 

40 68 38.0 
50 86 80 71 40,5 41,3 
60 88 82 73 63 — 45.3 
70 89 83 75 66 — 
80 90 85 76 69 61 — 
100 92 88 79 73 67 _ 
ISO 97 93 86 80 75 71 
200 102 98 92 86 82 78 
250 106 102 M 92 87 83 
300 109 106 100 •J6 91 87 
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Butane 

studying the thermal conductivity of butane under pressure In 
the gaseous  and liquid states, Krammer and Commings [166] made 
measurements  on four isotherms:    t  « 75.3 and 105.50C with pressures 
from 1 to 1000 bar, t » 140.30C - up to 850 bar and t ■ l640C - up 
to 500 bar.     The experimental data were obtained both in direct 
proximity to the saturation curve,  and in the supercritical region 
(Isotherm of l640C or T - 1.03) by the relative method of coaxial 
cylinders.    The apparatus was calibrated at atmospheric pressure and 
various temperatures with four gases of known thermal conductivity: 
helium, nethane, nitrogen and carbon dioxide.    The purity of the 
investigated butane was 99.5%-    The error of the results of the 
experiments  according to the   authors   is 2%.    As a result of the 
fact  that At    was measured with an error of 1.0-1.5$, and the 

Hi 

apparatus was   calibrated with four substances, the actual error 
must be somewhat greater. 

The authors of work [166] note that In the liquid phase close 
to the saturation curve on isotherms  of 75.3 and 105.50C there are 
small  "humps,"  similar to those observed for propane [163].    However, 
in this  case the divergences from the normal pattern were relatively 
small  (.1-2%),  within the limits of accuracy for the experiment and, 
in our opinion, their importance should not be exaggerated.    More 
important is the rise in thermal conductivity in porportion to the 
decrease In pressure on the isotherm of l40.3oC.    As is known, v/ith 
liquids the opposite is usually observed, i.e., the thermal 
conductivity increases with the increase in pressure.    Moreover this 
effect, as  a rule, is small - it  amounts to approximately 1-3% 
at  100 bar. 

With careful consideration of the experimental data of [163] 
one may note that a significant reduction in the thermal conductivity 
with t • 1^0.3°C occurs in a relatively narrow pressure range for the 
experimental points, occurring in direct proximity to the saturation 
curve.     Thus, with a change in pressure from 38 to 32 bar the 
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coefficient of thermal conductivity increases by 5.W.    Here it  is 
uecessary to point  out the following.     The average temperature 
in the experiment was  1^0.30C.    With At    % 1 deg the temperature 
of the  "hot"  (inner)   cylinder amounted to l'l0.8oC.    The saturation 
pressure p   . corresponding to this temperature, was approximately 
equal to 31 bar.    The  minimum pressure at this  isotherm in the 
experiments was  31.9 bar.    To determine the pressure spring-loaded 
manometers of class 0.5, designed for measuring pressures of 250-350 
bar, were employed,  i.e., the measuring error might have been 
±(1.2-1.8) bar.    Consequently, the pressure during the experiment 
might have been lower than the saturation pressure,  corresponding to 
the temperature of the hot cylinder, and this experiment refers not 
to the liquid, but to the two-phase region.     For sufficient  reliability 
of the experimental data it would be necessary to measure the 
pressure more accurately and to conduct experiments at a greater 
distance  from the saturation curve. 

In connection with the aforesaid the experimental points on the 
isotherm of t ■ 1^0.3°C, situated close to the saturation curve, 
for which a negative pressure effect is observed, were not taken 
into account in generalizing.    Also not taken into consideration 
as clearly erroneous were the two points on the isotherm of 
t ■ 75.30C at pressure  8.8 bar.    Also excluded were the data on the 
isotherm of t ■  164°C,  referring to the  region approaching critical. 

Pig.  52.    Dependence of the excess 
thermal conductivity of n-butane on 
the density according to the data of 
[166] on the Isotherm:    1 - 75.30C; 
2 - 103-S'C;  3 - 1^0.30C; 
H - 1640C. 
Designations:     BT/(MTpa,q)  ■ 
'//(nrdeg);  KP/MS » kg/m3. 
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Figure 52 shows the dependence of AA ■  f(p).     Data on the 
density of butane was taken from [178, 179].     The scattering of 
points  around the averaging curve generally amounts to 2-4*.    This 
graph was used for the compilation of Table ^7 for the values of 
the thermal conductivity of butane at uniform pressures and temper- 
atures.    The error of the data of Table 47 at elevated pressure 
amounts  to H%. 

Table  47.    Thermal conductivity of butane in 
the liquid and gas states. 

(1) 
r. fop 

(2) X-10». " (.« ■ tpaO). npu t. «C 

60 M 100 t» 140 160 IM 

1 19.9 22.4 
34.0 

24.9 
26.4 

27.4 
28.7 
31.7 

30.1 
31.3 
.13.5 

32.8 
34.0 
0.8 

35.6 
10 04 

04 
95 

36.7 
iO 4 

90 
84     " 
85 

38.3 
40 t9 C« 44.6 
GO 96 92 87 82 77 TT — 
to 98 94 89 85 81 76 73 

100 99 95 91 87 84 80 77 
IÖ0 102 98 94 90 88 86 8« 
200 105 101 98 94 92 89 88 
•JJO 108 104 101 97 95 93 92 
.<00 III 107 103 100 98 96 95 
400 IIS 112 108 105 103 101 100 
500 118 115 112 no 108 106 105 
GOO last 119 116 114 112 no 109 

KEY (1)  p, bar;  (2)  A.lo3, W/(in«deg), with t0C. 

Pentane 

N-pentane refers to a number of less well studied n-alkanes. 
There are no works dedicated to the study of thermal conductivity of 
the vapors of n-nentane under pressure.    The thermal conductivity 
of liquid n-pentane has been very poorly studied. 

The  first experiments were conducted by the heated filament 
method in 1911 by Goldschmldt  [l8l];  his measurements were relative 
ones.    The  results  of Goldschmidt's experiments were  corrected by 
us to -4.555 in conformance with the more reliable data for toluene 
(see below).    In 1955 Sakladis  and Coates   [182], and in I960 Vlllm 
[165],  determined the thermal conductivity for liquid n-nentane at 
room temperature. 
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The thermal conductivity of liquid n-hexane at atmospheric 
pressure was studied In a number of works  (Table 48) both by 
stationary methods  (coaxial cylinders, and by an optical variant of 
the flat method),  and also by a nonstatlonary method - that of the 
regular regime. 

Prom Pig.  53 and the value of the thermal conductivity at 
30°C in Table 48 (the figures in brackets were obtained by extrapo- 
lation)  it is clear that between the results of the various authors 
there is  a good correspondence.    The greatest value of X-0 was 
obtained from the data of Vilim [165].    The probable reason for this 
may be the absence of guard rings  for the heaters in the apparatus 
and the lack of consideration of boundary effects. 

137 

Bridgman [183] investigated the dependence of the thermal 
conductivity of n-nentane on the pressure in the Interval t - 30-75oC 
by the absolute cylindrical layer method.    However, the influence 
of boundary effects was not taken into account with sufficient 
accuracy by this method.    On the basis of a compilation of data 
for water and toluene  L.   P.  ""illppov [4]  corrected the data of 
Bridgman. 

A comparison of the corrected data of Bridgman and Goldschmidt 
with the results of works  [165, 182] at  room temperature shows 
satisfactory correspondence.    With t - 30CC for liquid pentane, 
the average value  X ■ 0.112 W/(m'deg) is recommended with a probable 
error of 3i.     Por a tentative  Judgment    on the temperature 
pattern of the thermal conductivity of liquid n-oentane one may use 
the corrected value from Bridgman:    X - 0.100 W/(m'deg) with t ■ 750C. 
Tne dependence of the thermal conductivity on the pressure may be 
found in work [183]. 

One should note the obviousness    for further studies on the 
thermal conductivity of n-pentam within broad measurement limits 
of p and t. 

Hexane 
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Attention Is  called to the stronger temperature dependence of 
the thermal conductivity In work [182]  In comparison with the works 
of other authors.     In extrapolating the data of [182] with t  »  380C 
to t ■ 20oC one obtains an apparently  good correspondence between 
the measurements of Sakladls,  Coates,  and Vlllm, to which Vlllm [165] 
points  for confirmation of his data with Insufficient  foundation. 

In generalizing, we introduced a correction into Smith's  data 
LlB^I in conformance with the recommendations of L.   P.   Pillppov [llS]. 
Smith investigated Bridgman's apparatus  [183], however. Just  like 
Bridgman, he did not  take into account with sufficient  accuracy the 
influence of boundary effects. 
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Pig.       53- 
pressure. 

20      M     60    W 

Thermal conductivity of liquid n-hexane at atmospheric 
(The designations are the same as in Pig.   50.) 

Designation:    BT/CMTOBA) »W/(m'deg). 

The averaging curve of Pig.   53 was  taken as basic for the 
compilation of the table of values  of thermal conductivity of liquid 
n-hexane at  atmospheric pressure  (see Table ^9).    The probable  error 
in the temperature interval of 0-70oC amounts to 21. 

The thermal conductivity of n-hexane under pressure has until 
this time been investigated only in the work of I.  P.  Golubev and 
Ya.  "!. Nazlyev [69]    by the regular regime method (cylindrical 
bicalorimeter).    The experiments embrace the pressure Interval of 
p ■ 1-500 bar at temperatures from 20-360oC. 

'/ork  [l89] the experimental data are generalized using the 
expression for excess  thermal conductivity as the function of the 
density.    The table for the values of the thermal conductivity of 
n-hexane at uniform values of pressure and temperature is given. 
We made use of the results of this generalization, however we slightly 
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adjusted the values of thermal conductivity of liquid n-hexane. 
In order to obtain  agreement with the averaging curve in Pig.   53. 
These  corrections  do not exceed 2-3J5.     The effect  of pressure on the 
thermal conductivity was taken as in work  [189]. 

Table ^19.    Thermal  conductivity of liquid 
and gaseous n-hexane as  a function of 
temperature and pressure. 

" "       '" (iT/.-io».-> /(.»   .T«* '. if» 1 1. Hap 

c 
1 

112 

JO 

l.ij 

.<• 100 to .•»< «1 luu m 

0 1.15 117 !«• Ml 115 IM 154 
."O 126 127 120 112 Ill 116 lift 141 149 
in 120 121 124 las 128 130 i.r. I.i9 14» 
i.d IN 116 

110 
IIH 
111 

121 
115 

121 
118 

12» 
120 

IW 
125 

111 
HO 

11« 

Ml IM 134 
100 20,5 106 109 III 114 116 121 126 no 
1^0 22.« 101 m |0(i 109 III 117 122 126 
110 . 25.1 '»7 '.19 102 105 108 lit 119 154 
100 ■'7.5 '.•2 •15 'Mi 101 IDS 112 117 122 
IM) .)0,0 »7 92 M 99 103 109 115 120 
JOO «2.5 

.J5.1 
81 «7 

«3 
92 
89 

96 
93 

99 
97 

I Of, 
104 

112 
110 

117 
>W 39.3 IIS 
•m J7.I» 41.0 77 86 91 95 102 108 113 
200 10.5 «.4 69 ■ 89 94 101 107 112 
-'fO 43.8 45.6 62.0 80 87 92 99 105 111 
100 «6.1 48.3 58.8 78 86 01 98 104 110 

.J20 49,0 U.f 50.3 77 85 90 _ __ .- 
M0 51.9 54.0 60.6 76 84 80 —. _ 
»0 54.9 -16.9 63.6 76 83 88 •"• 

Y: (1)   x n3, 1 rf/(m.d eg). Wit» 1  P, bar • 

Table 19 shows  the  recommended values  for the thermal conductivity 
at p - 1-500 bar and t  ■ 0-360oC.    The  probable error of the data 
at elevated pressures  amounts to 5f. 

Heptane 

Un to the present  time the thermal  conductivity of liquid 
n-heptane has been studied only in the region of positive temperatures 
(Table 50).    The  values  for the coefficient of thermal  conductivity 
at t s» 30oC according to the data of various  authors agree in full 
(figures in parentheses were obtained by  extrapolation). 
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In 1968 V.  P. Bryakov, et  al.   [190], using the heated filament 
method, rather carefully measured this value at negative temperatures. 

From Pig.  5^  It Is clear that all the existing experimental data 
on the thermal conductivity of liquid n-heptane In the range t ■ 
■ -80 to 100oC may be generalized by the  straight line.    In Vlllm's 
apparatus   [165] slightly exaggerated data could have been obtained, 
than was noted even for n-hexane. 

The smoothed out values  for the coefficient for the thermal 
conductivity of liquid n-heptane at p « 1 bar, determined according 
to the averaging curve of Pig.   5^, amount to 

, .c               JL-IO». /. »c X-IO*. 
•r/(.» ■ tpai) 

-80                  156 
-60                  151 
-40                  145 
-20                  140 

0 
20 
40 
GO 
80 

134 
129 
123 
118 
113 

Designation: BT/Cn.rpafl) 
- W/(m-deg) • 

(probable error Is  2%). 

*'--6l)~iJ--0-:Q~C   „V   it i>0 WtTf 

Fig.  54.    Thermal conductivity of liquid n-heptane at  atmospheric 
pressure according to the data of:    1 — Plllppov [185];  2 — Sakladls, 
Coates  [182];  3 - Briggs [191];  4 - Frontas'yev, ^usakov [186]; 
5 - Vlllm [165]; 6 - Golubev, Nazlyev [69]; 7 - Mukhamedzyanov, et  al. 
[187];  8 - Abas-Zade, Quseyenov [192];  9 - Drykov, et al.   [190]. 
Designation:    aj/C^Tpafl) ■ W/(m«deg). 
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The thermal conductivity of n-heptane at elevated pressures 
was  Investigated in two works by the regular regime method.    In 1961 
I.   P.  Qolubev and Ya.  M.  Nazlyev  [69] measured the thermal  conductivity 
of n-heptane In the gas  and liquid state In the Interval of t ■ 20 to 
360oC at pressures of up to 500 bar. 

In 1966 A. K. Abas-Zade and K.  D. Guseynov [192], using an 
apparatus  similar to that Employed by Ya.  M.   Nazlyev, Investigated 
the  Influence of pressure on the thermal conductivity of liquid 
n-heptane In the ranges  of t ■ 13-9n0C and p ■  l-'lOO bar.    The results 
of these two works are close to one another, the data of [192] are 
lower than results of [69] by 1-2%. 

In compiling the table of values  (Table 51)   for the thermal 
conductivity of n-heptane we employed the results  of the generalization 
of coordinates AA - p, done  In work [189], and the values of the 
thermal conductivity In the gas state at p ■ 1 bar.    The thermal 
conductivity of liquid n-heptane was  adjusted by ii-5% in conformance 
with the averaging curve of Pig.   5t.    The effect  of pressure was 
taken into account from the data of work [189].    The probable error 
of the data in the region of elevated pressures  amounts  to 5%. 

Table  51.     Thermal conductivity of liquid and 
gaseous n-heptane as a function of temperature 
and pressure. 

X.I0».W/im-d«g).  with p. bar 

1.'C 
t JO m 100 ISO 200 300 400 500 

0 134 135 136 139 141 142 146 150 154 
20 129 130 132 134 136 138 143 146 ISO 
•to 123 135 127 139 131 134 138 142 146 
M 118 120 122 134 126 139 134 138 148 
SO 113 115 

110 
117 
112 

119 
115 

123 
117 

134 
120 

139 
135 

133 
129 

138 
100 18,8 134 
120 20.9 106 108 111 114 117 123 137 131 
MO 1 23.2 101 104 107 110 113 119 134 128 
160 25.5 97 too 104 107 110 116 121 126 
ItO 27.8 94 97 101 105 108 114 119 124 
jOO 30.2 90 94 98 103 106 112 117 123 
220 •12.8 85 91 96 100 104 110 116 121 
240 35.1 

37.7 
79 87 

83 
93 
90 

98 
96 

103 
100 

109 
107 

115 
113 

120 
260 42.4 119 
2S0 40.3 43.9 77 87 94 98 106 112 117 
m 43.0 

45.7 48.5 
71 85 

83 
93 
91 

97 
96 

104 110 II« 
320 65.6 mm 

340 48.5 50.0 63.2 82 90 95 _ — — 
kiO 51.4 äJ,3 03.2 81 89 94 — — - 
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Octane 

The thermal   conductivity of liquid n-octane at   atmospheric 
pressure was  measured by the Investigators who conducted the measure- 
ments with n-.iexane and n-heptane  (Table 52).    Practically speaking, 
the entire temperature range  of the liquid state Is  encompassed. 

Figure  55 shows the existing experimental material for liquid 
n-octane with p - 1 bar. In which the data of Smith  [iM] were 
corrected for end effects. Just  as  for n-hexane.    Prom Pig.  55 *nc 
Table 52  (where the values In parentheses    were obtained by 
extrapolation). It Is clear that the divergences In the results  ol 
the experiments of various  authors  reach  Bt.    Higher than others are 
the data of I.   P.   Golubev and Ya.  M.  Nazlyev [69]. 

■*  -«! --/; -:P o w .n v w m »py 

Pig.  55«     Thermal  conductivity of liquid n-octane at  atmospheric 
pressure.     (The designations  are the same as In Fig.   50}. 
Designation:     BT/(n(rpafl) ■ W/Cm.deg). 

The  experimental points  of Sakladls  and Coates  El82] show a 
stronger temperature dependence  for the thermal conductivity of 
n-octane,   as well  as for n-hextane, and n-heptane according to the 
same data. 

The  averaging curve of Pig.   55 was used to determine the 
smoothed out values  of the thermal conductivity of liquid n-octane 
at atmospheric pressure: 

W/ln'dag) 
121 
116 
III 
106 

. •"'." /..JO». 
W/dn-deg) 

/. "C 

-40 148 60 
-20 MS 80 

0 137 100 
20 132 120 
« 126 

(probable  error Is  2%). 
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The effective pressure on the thermal conductivity of n-octane 
was  investigated by I.   P.  Golubev, Ya.  "I. Nazlyev [69]  In the 
pressure Interval from 1 to 500 bar at temperatures  from 20 to 360oC, 
\>y  A.   K.   Abas-Zade, K.   D.   Guseynov [192] only for the liquid phase 
in the Interval t -. 17-105°C and p - l-MO bar.     As was  already noted 
for n-heptane, in these works identical measurement methods and 
similarly  constructed apparatus were employed.     Divergences  in the 
results  of the cited investigations  amount to 3-1»*, but the effect 
of pressure is identical.     Proceeding from this, when compiling 
the table of recommended values  (Table 53)  for the thermal conduc- 
tivity,    we considered it possible to use the results of processing 
of coordinates AX - p, made earlier in [189].    The data for gaseous 
n-octane  at  atmospheric pressure were taken as the basis for the 
generalization, made for  a number of n-alkanes,  and for the liquid 
with p =  1 bar - in conformance with the averaging curve    - Pig.  55. 
The effect  of pressure on the thermal conductivity was taken from the 

data of [189]. 

Table 53 shows the recommended values of the thermal conductivity 
of n-octane. The probable error of the recommended values at elevated 
pressures is  5%- 

Table 53. Thermal conductivity of liquid and 
gaseous n-octane as a function of temperature 
and pressure .  

>.-\V, W/(m.deg) with p. bar 
«. »c 

' m H 100 m WO 300 «0 MO 

0 137 138 139 141 143 145 148 151 155 ao 133 133 134 136 138 140 144 147 150 
40 120 128 129 131 133 135 139 143 146 
CO 121 123 124 126 128 130 134 138 143 
80 116 118 119 121   . 124 126 130 134 138 

100 Mi 112 114 116 119 121 196 130 134 
120 106 107 

104 
110 
107 

112 
109 

115 
113 

118 
116 

133 
121 

137 
125 

131 
140 21.4 139 
160 23.6 101 104 107 111 114 119 134 139 
IM) 20.8 !>8 101 105 109 112 118 133 187 
2Ü0 28.0 »5 98 103 106 110 116 131 136 
220 30.4 91 95 100 105 109 US 130 135 
240 32,8 87 92 98 103 107 113 119 134 
2C0 35.2 83 89 96 101 105 113 117 133 
280 37.7 

10.2 
73 8« 

79 
93 
90 

98 
96 

103 
101 

109 
107 

115 
113 

131 
.J00 44.7 119 
320 42.8 45,9 73 88 95 100 — — mm 

340 45,4 48,2 68 85 93 08 — — mm 

ICO 48.0 JO.« 65 83 91 96 — — — 
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Toluene 

Toluene is  one of three stubstances   reconunended by us as  a 
sample substances  for the liquid phase.     The  following reasons 
are the basis  for this  recommendation. 

The values  of the thermal conductivity of toluene are typical 
for the majority  of organic liquids.    Toluene is  suitable for 
investigation in a comparatively wide temperature range  (from -95 to 
+110oC) without elevated pressure.    Toluene may be comparatively 
easily purified of impurities.     Working with toluene is suitable, 
since it is nontoxic, nonagressive, and the pressure of its saturated 
vapors  at room te-nperatures is small.    Last but not least, the 
thermal conductivity of toluene has been well  investigated by very 
many methods (three varieties of the flat  layer method, stationary 
and nonstationary methods of coaxial cylinders , the heated filament 
method. Its nonstationary variant, and stationary and nonstationary 
methods of a spherical layer).     It was not by  accident that toluene 
long ago came Into  use as a substance employed in calibrating 
Instruments in relative measurements, particularly, in the works   of 
L.  P.  Pllippov [193],  and P.  ri. El'darov    [194],     Recommendations 
for the use of toluene as a sample substance are  found In the works 
of Riedel [195], V.   P.   Prontas'yev   and M.   Ya.   Gusakov    [186], 
and V.   Z.  Geller [196,  197]. 

The authors  of this handbook compared the results of 24 works 
selected in conformance with the criteria set  down in the forward 
(a detailed summary of the results of measurements of the thermal 
conductivity of toluene may be found in the works  of V.  Z.  Geller 
[196,  197]).    Processing of these data was   conducted by two means — 
without  consideration of corrections for heat  transfer by radiation 
and with the introduction of calculated corrections.    The advisability 
of examination of the two variants is determined by the considerations 
set down in Chapter I, where attention was given to the significant 
indeterminacy of the value of the radiation thermal conductivity. 
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No other corrections were introduced Into the results of the 
selected works, except  for the work of Goldschmldt [181], the data 
of which were reduced by H.5i by recalculating for a more reliable 
value of the thermal conductivity of the graduated substance - 
ethyl alcohol [188]. 

On the degree of conformity of the data obtained by various 
authors one can Judge from Table 5^, which contains the results of 
the smoothed out values of the thermal conductivity at t ■ 20°C. 
Included in parentheses    are data obtained by extrapolation (within 
the limit of several degrees).    The agreement may be considered as 
completely satisfactory.    The maximum divergences  from the average 
value - 135 rnVT/Cm-deg)  amount to +3.5 and -1.5% (work [211] is an 
exception). 

With the appearance of more reliable values  for the thermal 
conductivity all the experimental data were broken Into two groups. 
Into the first of these were put the results, the error of which 
lies within the limits of 1 to 2i, and into the second - those from 
2 to 31.    Into the second group go the results of Goldschmldt [181] 
due to the introduced correction, the data of L.   P.  Pilippov [123], 
Venarta [208], 0.  B. Tsvetkov    [210], Z.  I.  Geller and 
Yu.   L.  Rostorguev    [202],  Challoner»   et al.   [201] in conformance with 
the  authors' estimate of the error, the data of Tyufo, et al.   [211], 
the author's estimate of the degree of error of which (-IK),  in our 
opinion, is somewhat low, which is confirmed by the significantly 
greater divergences of the  results of these same authors for ether 
substances for more reliable ones  [4]. 

In averaging the data the results of the first group of works 
were selected with a weight of 1, the results of the second group - 
with a weight of 0.5.    The probable error of the data of the first 
group was  taken as equal to 1.5%, the second — 2.5%.    The estimated 
error of the result was  found from the formula 

A« 
vim' (62) 
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where ^ - the probability errors of the employed values;   formula (62) 
is an expression for the probable divergence of the general average 
of [6]. 

Averaging without corrections for radiation was  conducted at 
each 10 deg In the temperature interval  from 20 to 80oC and at 
each 20 deg in the intervals  from -80 to 20°  and from 80 to 240°C. 
The obtained results  are shown in Table  55.    Here, however,  the 
values  of the estimated error A are given.     For the temperature range 
where there is  a sufficiently  large quantity of data from various 
authors,  along with the value of A the probability error A'   of the 
result  is also determined on the basis of consideration of the 
unestlmated degree of error of the data,   and of the actual divergences 
of the  values of thermal conductivity X.   from the weighted average [6]: 

A'« 0.67 (63) 

where w.  — measurement weight; N — number of measurement.    The values 
of the probability 2A,, as  a rule,  are close to A. 

Table 55. Thermal  conductiv ity of ' liquid 
toluene on the saturation line. 

I 1 1 J 
«. »c Ssi A. % A'. % £i 6'.% 75 

c • 
7* 

^6 i^l -Jfe .41 

-80 >69.s o.r» m__ 158.1 S'4 __ _ 
-60 155 0.7, — 153,, 0.5 — — 
-40 150 0.7, ■ — l4D.n 0,7 — — 
-20 145 0.7   M4„ 0.9 — - 

0 140 O.Si 0,4, 139.» 1,1 — — 
20 135.» 0,3, 0,1, 134.7 1,4 132., 132 
30 132... 0.3, 0,1,, 132.; 1,7 129,, I29.s 
40 130., 0.3; 0,2, 129,; 1.9 I*-«.!. 12? 
50 127., 0.3, 0.2, 127., O   | 123,, 124.» 
60 124., 0.3, 0,2, 125., 2.'4 ILO., 122 
70 122., 0.4, o.% 122., 2.6 II7„ II'.).:. 
80 120 0.4, 0,2? 120., 2,9 114., 117 

100 I15.5 0,6 0,3? 115.1 •3.5 113 112 
120 III.. 0.6, 111., 4.4 106 107 
140 106 0,74   IO6.1 5,3 101., 102 
160 101, r, 0.74 _• 101., 6.4 97 97 
180 97.« 1.0 _ 06„ 7,6 92.» 92 
200 92., 1 _ 02„ 9,0 «6., 87 
220 90 3 — 87,. II 84.» 82 
240 83 3 ■^ 82., 13 79 77 

Designation:    iT/(M.nafl) ■ W/(m.deg). 
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The results of averaging together with the region of probability 
error as a function of temperature are depicted as shown In Pig.   56. 
In the entire Investigated region the results within the limits of 
A may be Interpolated by  a straight  line, the equation of which is 
as  follows: 

l-I0,-139,5-0.237< [W/(m.deg) ]. (64) 

Values   of the thermal conductivity \t smoothed according to 
formula (64)^are also shown in Table 55. 

For a Judgment about the probable boundary of the effect of 
heat transfer by radiation an estimate is given in the table according 
to the   formula 

I       2 I (65) 

In the calculations the thickness of the layer of liquid was taken 
as equal to 0.7 mm, which corresponds approximately to the average 
width In the works  of the various  authors. 

For the  second variant for the processing of the literature 
data the correction for radiation was introduced into the results 
of each Individual work.     Here the results obtained by the heated 
filament method were not  used in view of the lack of study  of the 
problem of radiation transfer in systems  of such configuration with 
relatively strong absorption. 

Piß;.   56.    Temperature dependence 
of the thermal conductivity of 
liquid toluene on the saturation 
line  (smoothed values). 
Designations : QT/(M.rpa1q)   < 

■ W/(m'deg). 

•m-fi   0   so  tec iso m t;c 
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Corrections in the estimated approximation were calculated by 

the Poltz method [47]; for the average coefficient of absorption 

the value of 3.5 mm- introduced into [47] was used. Each 

experiment had its own values of layer thickness and degree of 

blackness of the surface (the latter, naturally, could have been 

determined only tentatively). As weights in averaging those same 

values were taken, as in the averaging without correction. 

Table 55 gives the average values for the thermal conductivity 

with correction for radiation, i.e., values of thermal conductivity, 

reduced to the zero thickness of the layer of substance (A0), and 

also the values of X-, smoothed with respect to temperature. The 

difference between the values X and A- at temperature 100-l40oC 

corresponds to the estimates of 6', and at higher temperatures the 

relative difference of X and A0 Is less than 6', which can be 

explained by the weight of the results with a clearance width of 

<0.7 mm. One should note that the introduction of individual 

corrections for radiation not only does not reduce the scattering 

of the data obtained by various authors, but, on the contrary, 

Increases the root mean square divergence from the average values 

by approximately 1.5-2 times. This may serve as an additional 

argument in the criticism of the calculations of Poltz (see Chapter I). 

Let us formulate final recommendations: 

toluene can be most suitably employed as a graduation liquid in 

temperature ranges from -80 to +30°. The maximum degree of error 

of the recommended values of X in this range with consideration of 

the indeterminacy of the values of heat transfer by radiation lies 

within the limits of 1-2%  (total of A and 6);  the probability error 

amounts to approximately one half of this value; 

at higher temperatures toluene may apparently not be used as 

a calibrating substance. In this range of temperatures the degree 

of error may be greater than in calibrating with water or gases; 
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as tentative values  for the thermal  conductivity  at  temperatures 
above 30oC one may take the values of I from Table 55,   which should 
be considered as effective with a layer width of ^0.7 mm.     A possible 
change in these values  for limitedly small widths  is  characterized 
by the difference X - X^.    The maximum limit  of indeterminacy 
of the values  of thermal conductivity due to radiation  (from 
maximally small to maximally large thicknesses of the layer)  amounts 
to approximately double the value of X - X-,  as  follows   from work 
[48],  i.e., the effective values  of the thermal  conductivity may 

^0 lie within the limits of \n  to ^»X+tX-fo)- 

Benzene 

Benzene belongs to that class of organic substances , the thermal 

conductivity of which has been studied rather well. The innumeration 

of 16 works, selected In accordance with the criteria formulated in 

the preface, is shown in Table 56. The values of the thermal 

conductivity at t ■ 20°C in all the works correspond well.  In 
averaging, the majority of data were assigned the weight of 1: 

the weight of 0.5 was ascribed to only four works: Venart [208], 

V. V. Kerzhentsev [213] (in conformance with the authors' estimate 

of the degree of error) and Tufeu, et al. [211] (according to the 

considerations laid down for toluene). 

The smoothed values of thermal conductivity together with the 

values of A, calculated from (62) are shown in Table 57. 

The problem of corrections for radiation was not examined 

specially. 

Processing of the data was limited to the 80oC temperature region, 

./here there is a sufficient quantity of reli le data.  At higher 

temperatures there is a substantial divergence between the data of 

V. Geller [196] and Reiter [214], reaching as high as 13%  when 

t ■ l60oC at room temperatures the difference is small.  An analysis 
of the work of Reiter forces us to refer to it with caution.  Thus, 

for the product of the Orashof and Prandtl numbers, corresponding to 
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the start of convection, the author obtained the number 600, which 
Is  significantly  less than that obtained in the majority of experi- 
ments  carried out by  the heated filament method.    In this work there 
are no data on the employed temperature drops, and it  is 
unknown whether calibration of the resistance thermometers on the 
assembled apparatus was carried out, nor is it clear how the author 
took into account  the "partial absorption" of radiation in the 
liquid.     All this  taken together forced us to refrain  from considering 
the data of Reiter. 

Table 57.     Recommended values  of thermal 
conductivity  of liquid benzene  on the 
saturation line. 

( «c Jt-lO». A. % 1 »c x.io*. 
W/(m.deg) ^(m.deg) 

" 10 144 I 90 (125) 
20 146., 0.4 100 (1221 
30 143.» 0.5 i     no llflh 
40 M0,, 0.5 120 (116) 
SO 137.» 0.5 j        130 (113) 
60 134., 0.5 140 (110) 
70 131., 0.7 ISO U06.») 

IM) 80 ISM 1 1        160 

For the sake of orientation in the temperature  region above 
80°C in Table 57  introduced in parentheses  are the results  of 
measurements of V.  Geller, which,  in our opinion, are the most 
reliable.    The error of the data may be taken as equal to ^3% 
(without consideration of the role of radiation).     Close to these 
values  of X are those obtained by means of extrapolation of the data 
of Table 57 at temperatures below 80oC according to the formula 

X. 10»-152-0.29«/ CW/(m-deg)]. (66) 

The thermal conductivity  of vapors of benzene was measured 
in 1913 by Moser  [167] in the temperature range from 0 to 2120C. 
In 1954 new data were published by Vines  and Bennett  [162]  for 
the region from r' to l60oC  (the   first  results  of this work were 
given by Vines  in 1953 - C151*]).    These  values show good correspon- 
dence with the  results of measurements  of Lambert, Staines,  and 
Woods   [141], carried out at  temperatures  of 66 and 850C.     Between 
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the data of Mosler1   and Vines there are rather large differences : 
at t - 80oC they comprise 6.5%, and at l60oC - they  fall to 2.5%. 

The data of Reiter [214] for saturated vapors  of benzene lie 
between the results  of Mosler and Vines.    However, considering the 
aforesaid relative to the experiment of Reiter,   /e refrained from 
using these data. 

As the most reliable  values let us  set   forth the averages  from 
the  results of Vines  and Mosler: 

r.'K '   x.io». 
•r/|.« ■ jpai) r. «K 

325 
350 
375 

12.5 
150 
17,6 

400 
425 
450 

20.2 
22.« 
25.4 

Deslgi latlon: BT/(MTpafl) 
■ W/(m'deg) • 

'Mosler's results were obtained by a relative method:    the sample 
substance was air.    Taking Into account that  the value of thermal 
conductivity of air, as used by Mosler, Is less than that assumed 
at the present time by 3%, Mosler's data are exaggerated by 3%. 

(their    error may be taken as ^2-3%• 

The dependence of the thermal conductivity of benzene vapors on 
pressure was studied In works  [141, 15k, 162]  In the Interval 
p - 50-700 mm He; [1^1] and 150-500 mm Hg [15^].    The  change In 
thermal conductivity with the change In p by  1 atm amounts to 
1.7-1« according to [141]  and  0.3-0.6!« according to  [15^,  162]. 
However, one must refer to these data with care In view of the 
very limited range of investigated pressures. 

Carbon Tetrachlorlde 

Liquid carbon tetrachlorlde is the second of the organic 
substances recommended by us  as a sample substance.     It belongs to 
the class of liquids with the smallest values  of thermal conductivity 
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and from this viewpoint is suitable for calibrating equipment in 
cases, where it is desirable to carry out calibration for the widest 
possible  range of measurements of thermal conductivity.    The use 
of carbon tetrachloride as a calibrating substance can also be 
prefsrrable  in the case wh-.re the Investigation objects  are Preons - 
substances   close to it  in thermal conductivity. 

One  can work with  carbon tetrachloride in a temperature range 
from -20 to  770C without increased pressure.    The existing data 
encompass  a temperature range up to 200oC.    Similar to toluene, 
carbon tetrachloride also possesses other advantages:     it  is nontoxic, 
nonagressive,  and it  can be purified relatively easily. 

The thermal conductivity of carbon tetrachloride has been 
studied sufficiently well, even if somewhat worse than toluene. 
Data have been obtained by the following methods:     flat layer, 
coaxial layer, spherical layer,  and heated filament  (In two variants). 

^n  t >« degree of coincidence of the data of various  authors one 
can J' ^'Tm Table 58, in which are shown the values  of X at 
t * • numbers In the brackets were obtained by extrapolation). 

Th* M#l*elion of the works Included in the table was based on 
general considerations formulated in the preface (a summary of the 
literature  data can be found in works  [196,  197]). 

The  results given in Table  58 were used In processing without 
the  introduction of any kind of corrections.     An exception was made 
for the data of Qoldschmldt  [l8l], which were adjusted by -^.5? In 
conformance with the considerations set down for toluene (.In Table 58 
the value of the thermal conductivity is given with the  correction). 
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The most reliable values  for the thermal conductivity were 
found by a method analogous to that used for toluene.    The selected 
data were divided into two groups.    The first  includes the results, 
the  error of which lay within the limit of 1-2%, and for these 
data an error value of 1,51 was adopted; the gravimetric factor was 
taken as equal to unity.     The second group includes  results, obtained 
with an error of 2-3%; their error was taken as 2.5%  and the 
gravimetric factor as 0.5.    The second group includes the data of 
Goldschmldt  [l8l], Tufeu and coauthors  [211],    Venart   [218], 
Challoner, et al.  [201],  on the same reasons set down for toluene. 
Besides  these works, the second group also contains  the data of 
Mason [215] in conformance with the  estimate of error of these 
data, made in work [4]. 

Averaging of the data was  accomplished each 10°  in the temperature 
interval  from -20 to 80oC and each 20° in the region  from 80 to 200oC. 
The results of averaging together with the area of error, determined 
from formula (62), are given in Pig.  57.     In the entire investigated 
temperature region these data may be interpolated by the straight 
line, the equation for which assumes the form 

ID1 =.108,6-0.22/  [W/(m'deg)]. (67) 

The smoothed values of thermal conductivity, an estimate of 
the degree of error A and the probability limit of correction for 
radiation 6', calculated from formula (65), with an average width 
of the layer d 1^ 0.7 mm are given in Table 59«    For carbon tetra- 
chloride,  in contrast to toluene, no alternative processing of 
the data was  accomplished by introducing individual corrections  for 
radiation, sine there are  also no tentative values  of the effective 
coefficient of absorption. 

Let  us  formulate the  final  recommendations: 

Carbon tetrachloride may be used as  a sample liquid in the 
temperature range  from -20 to +30oC.     The maximum error (A + 6') 
in this temperature region amounts to ^2.5%.    The use of carbon 
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tetrachlorlde as  a sample substance  at higher temperatures  can  at 
this time not be  recommended. 
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Pig.  57.     Temperature dependence of the thermal  conductivity of 
liquid carbon tetrachlorlde on the saturation line  (smoothed values) 
Designation:    QT/(MTpafl)  =W/(m'deg). 

In the greatest temperature region the thermal conductivity of 
carbon tetrachlorlde vapors was measured In the works  of N.  3. 
Vargaftlk,    L.  S.   Zaytsevoy and L.  V.  Yakush   [220]. 

Table 59.     Recommended values of the thermal 
conductivity of liquid carbon tetrachlorlde 
on the saturation  line. 

/.o c ). • 10». 
•ITHM • traut V% ft'. % 

!■■•' 
)..I0». 

BTHM-tßaOt 
A. % «', % 

-20 113 1.5 1.1 !    'M 86,, 1 M -10 iSO.» 1,8 1.2 no 84., 1.5 5,3 
0 I08.: 1 1.4 120 

]     130 
82.. 1.3 6,0 

10 106,:. 1 1.6 79., 1.5 6,7 
20 104.. 0,4 1.8 i     140 77., 1.5 7,3 
30 101., 0.5 2,2 il     150 75., 1.5 M 40 99,; 0.5 2,5 i     160 73,! 1.5 8.9 
50 97.! 0.6 2,7 3     170 71., 1.5 2'! 60 95,, 0.7 3,1 '     180 68,. 1.5 10.7 
70 93!! 0.9 3,4 1     190 66,. 1.5 n'l 80 90.. 0.9 3.8 3    200 64,, 1.8 12.» 
90 88.« 1 4,2 1 

Designation:     BT/CM«rpafl)  = J/Cm.deg). 

161 



The results obtained are In comparatively good agreement with 

the data of Maala and Alvares [221], and the maximum divergence 

amounts to ^2%.    There Is significantly greater difference - up to 

7% -  between the results of [220] and the data of Moser [16?]. 
This can be explained In part by the fact that for the relative 

measurements Moser took an inaccurate value for the thermal 

conductivity of air (It differs by 3%  from the currently accepted 

value). Another reason for the divergence may be the fact that 

In Moser's experiment the temperature of the wall of the measuring 

cell was not measured directly, but was assumed to be equal to the 

temperature of the thermostat. 

Table 60. Recommended-values of the thermal 
conductivity of carbon tetrachlorlde vapors. 

r. 'ic 

300 
325 
350 
375 
400 

X-IO». 
»ritM ■ ipai) 

6.9 
7,7 
8.5 
9.3 

10,1 

T, •* 

425 
450 
475 
500 

31.10». 
«■/(* • tpo») 

10,9 
11,6 
13,3 
13,0 

r. «K 

535 
550 
575 

X-IO». 
nlin ■ epai) 

13,7 
14,4 
15,1 
15,0 

Designation:    BT/Cn-rpaa)   =W/(m.deg). 

Considering the aforesaid, as the most reliable data on the 
thermal conductivity of carbon tetrachlorlde vapors we accept 
the  results of [220].    The smooth values  for the thermal conductivity 
are given In Table 60.    The degree of error may be taken as equal 

to 2%. 

Ethyl  Alcohol 

The investigations on the thermal conductivity of ethyl alcohol, 

enumerated    in Table 61, conformed to the criteria formulated In 

the preface.    The data enumerated in the table refer to 100$ ethyl 
alcohol.    In those  cases where the results of individual authors 
were taken for alcohol with a noticeable water content, the correspond- 

ing values were enumerated for 100* alcohol.    For the correction for 

water content the  following formula was  used: 

X - ).CPC H- /..P, - (>.. - Xt) nP,Pt, (68) 
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where P Is the weight concentration of the substance,   and the 
subscripts   "c"  and "B" refer to alcohol and water,  respectively  [226], 
The coefficient  a was taken as equal to 0.59 In conformance with 
the results  of work  [226].    To the  values. Into which  corrections 
for water content were Introduced,  a weight  of 0.5 was  ascribed In 
the averaging.    This same weight was  ascribed to the data of 
the works of Tsederberg [22^1], Venart   [208], Challoner [201]  In 
accordance with the author's evaluation of the accuracy,  and also 
to the  data of the works  of Mason [215], Tufeu, et  al.   [211] 
according to the reasons laid down for toluene and for carbon 
tetrachlorlde. 

The  results  of the weighted average at various  temperatures 
together with the region of error A,   found from formula (62),   are 
depicted in Flp;.   58.     In the entire temperature region these values 
within the limits of A may be approximated by the linear dependence, 
the equation of which has the form 

X. ID»-172,3-0.23,/  [W/(m.deg)], (69) 

The smoothed data on thermal conductivity of ethyl alcohol, 
recommended as the most reliable, are shown in Table 62 along with 
an evaluation of the degree of error A. 

Pig.  58.     The temperature dependence of the thermal conductivity of 
liquid ethyl alcohol on the saturation line  (smoothed values). 
Designation:     BT/(MTpafl)  sW/(m«deg). 
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In this  same table there  are shown the results  of precalculation 
of the  recommended values of thermal conductivity  for the thermal 
conductivity  of alcohol with  a concentration of 95.6 wt.  % 
(azeotropic mixture).    Precalculation was done with the aid of 
formula  (68) .    As the effective  values  of thermal  conductivity  of 
water with negative temperatures  the data found in work [226] were 
used.     The degree of error of the values   X 95.^ amounts  to '^2% 

Table 62.    The recommended values of the thermal 
conductivity  of liquid ethyl  alcohol on the 
saturation line. 

t, *c X-IO«. A, % WI0«   \t.c X-IO*. A, S W10* 
tTKM ■ tpad) aTHa-ttad)[ •r/(.« • tpad) »TUM ■ ipai) 

-60 186.» i.i 
i 

194       ;   20 168 0,6 176 
-50 184 i 191           30 165.» 0.6 174 
-40 182 0.9 189           40 163.» 0,6 172 
-30 179.J 0.9 186          80 161 0.6 170 
-20 177 0.9 184          60 158.» 0.7 168 
-10 175 0.9 182      ;   70 156 0,9 166 

0 172.» 0.7 180          80 154 1 164 
10 170 0,7 178      jj 

Des ig nation: BT/ ̂ (n.rpafl)   ■ W/(m.dei s). 

The  change in the thermal  conductivity of liquid  alcohol under 
pressure,  according to the  data of the experiment of V.   V.   Kerzhentseva 
in a temperature  range from 0 to 80oC for p = 100 atm,  amounts  to 
3.5 ±  0.5%,  and    for p ■ 150  atm Is equal to S ± 1%. 

The  dependence of thermal  conductivity of ethyl  alcohol vapors 
on the temperature  at pressures   close to   atmospheric has been 
studied by a few authors by  the heated filament method. 

The  first measurements  in the range  t = 0-100°C were carried 
out in 1913 by   Moser   [167].     In 1939 P.   I.  Shushpanov  [227] 
published data on the thermal  conductivity of five normal alcoholG, 
including ethyl alcohol, at  t -  52-1280C.      Later  V.   V.   Kerzhentsev 
[213]  and V.   N.  Mel'nlkova [228]  determined the thermal conductivity 
of ehtyl alcohol of temperatures  up to 350-380oC.     Pos» et  al.   [229] 
measured,  using a relative heated filament method, the thermal 
conductivity for alcohols, and for ethyl alcohol they obtained data 
at t ■  100°C.     Finally, recently A.  A.  Tarzimanov and 
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V.  Ye.  I'lashirov [170]   »■  idled the  coefficient of thermal  conductivity 
of vapors  of six normal •   joh"1<=!.   Including the temperature range 
from 89 to  '»05oC  for ettj. -  -ü oiiol. 

"loser  [167],  and Pos, et  al.   [229]  calibrated equipment with 
air.    As the base they adopted the  reduced values of the thermal 
conductivity of air; therefore,  the data of these Investigators 
for ethyl  alcohol have been adjusted by  3.0 and 5'5%,  respectively. 

Attention is drawn to the considerable divergences between the 
results  of the experiments of various authors at temperatures  close 
to normal boiling temperature.     In connection with this,  let us 
stop on the  following problem. 

It  Is   usually assumed that pressures  close to atmospheric 
the coefficient of the thermal conductivity of gases  (vapors)  does 
not depend on the pressure, i.e., the thermal conductivity value, 
for instance, with p ■ 0.5 and 1.0 bar is one and the same. 
For nonpolar substances, such as the n-alkanes, this is indeed so. 
With polar compounds, especially  at temperatures close to the 
boiling point, a significant change in the thermal conductivity is 
observed depending on the pressure.    The probable reason  for this 
is the formation of associations, the quantity of which depends on 
the temperature and pressure [170]. 

"loser [167], P. I. Shushpanov [227] and V. N. 'fel'nikova [228] 
conducted experiments at pressures below atmospheric, and therefore 
these data  cannot  refer to p « 1 bar. 

In work   [170]  calculated equations  are  advanced for the 
thermal conductivity  of normal alcohols with  consideration of the 
formation of complexes.    Here the  divergence of the experimental 
data,  Including also points at  low pressures,  from the  calculated 
ones basically do not  exceed 2%   (Pig.  59). 
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Pig.   59.     Divergence of the experimental data on the thermal 
conductivity  of ethyl alcohol vapors  at p < 1 b r from the  calculated 
values [170]:    1 - Shushpanov [2271; 2 - Kerzhentseva 162, 214]: 
3 - Mel'nikova [228]; H - Pos,  et  al.   [2291; 5 - Tarzimanov, 
Mashirov [170]. 

As the most reliable  data on the thermal conductivity of ethyl 
alcohol vapors (100$) we  accept  the data of work  [170].    Table 63 

shows the  recommended values of the thermal conductivity;  their 
probable error amounts to  1.5%. 

Table 63.     Recommended values of the thermal 
conductivity of ethyl alcohol vapors at 
atmospheric pressure. 

t   * f* X.IO». i #c >.-10». ( »c X10«. 
■I/Ul   .-pod) MHM • «pad) •r/U ■ «pad) 

80 23,5 180 32.0 320 52,6 
90 23,1 200 34.7 340 55.8 

100 23.4 220 37.4 360 89.1 
110 23.S 240 40.5 i     380 62.4 
120 24.8 

27.0 
260 43.4 1     400 65,8 

140 280 46.4 I     «30 69.2 
160 29,5 300 49.4 

Designation:    BT/CfiTpaA)   =W/(m.deg). 

Water 

Ordinary Water HgO 

The basic experimental works on the study  on the thermal 
conductivity of water are enumerated in Table Sk.     Until 1930 the 
thermal conductivity of water had been measured at  atmospheric 

pressure  and temperatures  from 2k to 90°C.    There was  only the single 
work of Bridgman [230],  in which the effect of pressure up to 

12,000 atm on the thermal conductivity of water at  t ■  30 and 70°C 

was studied.    A review of all these Investigations was done in the 
works of Barratt, Nettleton [236]  and Powell  [237]. 
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The thermal conductivity of water at  high temperatures  (up to 
270oC)   and pressure (up to 75 atm) was measured by Schmidt and 
Sellschopp [231] by the coaxial cylinders  method.     It was discovered 
that the thermal conductivity  of water passes through the maximum. 
Later,  D.  L. Tlmrot  and N.  1.   Vargaftlk [232, 23^], by the heated 
filament method, determined the thermal conductivity  of water to 
higher temperatures   (up to  350oC)  at pressures of up to 217 atm and 
confirmed the results of the experiments obtained In work [231] 
on the presence of a maximum for the thermal  conductivity of water. 

Recently a great  volume of experimental data on the thermal 
conductivity of water at  temperatures from  37 to 370oC and pressures 
from 1 to 500 atm has been obtained by Bogor and coworkers [235]. 
These measurements were carried out  using the method of coaxial 
cylinders.    Fritz and Poltz [^5] conducted experiments with 
various widths of the layer of water (0.5-2 mm)  In order to 
clarify the effect of natural radiation of water on thermal 
conductivity.    The measurements were carried out by the method of 
a flat layer at only one temperature(250C).     The experiments showed 
that  the measured values for the thermal conductivity  do not depend 
on the thickness of the layer;  the authors explain this by the 
high  absorptive capacity of water In the Infrared region of the 
spectrum. 

A number of other Investigators [57, 73,   199,  200,  238], In order 
to refine the data on the thermal conductivity of water In the low 
temperature region carried out  additional measurements  by various 
methods.     Riedel  [199,  238]  for measurements  at t  from 20 to 8o0C 
used three different  methods:     flat layer, spherical layer, and 
coaxial cylinders.    Oilllann and Lamm used the nonstatlonary method 
of a heated filament  In the temperature range  from 4 to 20oC, 
while Lawson and Lovel  used the method of coaxial  cylinders for 
the temperature region from 30 to 110oC and pressures up to 8000  atm. 
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The basic experimental works  on the thermal conductivity of 
water vapor are shown In Table 65.    Just as  for water,  in the 
experiments  various methods were employed.    In the high pressure 
region  (up to 300 bar)  and high temperatures (up to ^50°C) the 
measurements  for the thermal conductivity of water vapor using 
the heated filament method were carried out by D.   L. Timrot and 
N.  B.  Vargaftik [21, 239], and then up to 700oC and 500 atm - by 
N.   B.  Vargaftik and A.  A.   Tarzlmanov [2^0].    Keyes  and Vines  [242], 
for a number of years studied the thermal conductivity of water 
vapor by  the coaxial cylinders method.    The results  of their 
experiments  refer to pressures of 1-180 atm and temperatures as high 
as   370°C.    Thermal conductivity close to the saturation line was 
studied by A.   A. Tarzlmanov [241],    The method of a regular regime 
for measuring the thermal  conductivity of water vapor at high 
pressures was employed by  M.   P.  Vukalovlch and L.   I.   Chemeyeva 
[243].     In the region of parameters of state, in which the 
thermal conductivity depends basically on the pressure and temperature 
(at  temperatures of 350-^50°C and pressures of 200-400  atm) measure- 
ments were conducted by Kh.  I.  Amlrkhanov and A.  P.   Adamov [244]. 
Their    data in this region are the only ones (the method of a flat 
horizontal layer was employed). 

At  atmospheric pressure and high temperatures  there are a 
number of works by N. B.   Vargaftik and coworkers  [245,  129]  and by 
Geler, Schäfer [25].    These measurements were carried out by the 
heated filament method.     Among the results of experiments of [245, 
129]  and  [25] there are the basic divergences, which increase In 
proportion to the increase  in temperature.    The problem of these 
divergences  Is exan !ned in detail in the works  of N.   !3.   Vargaftik 
and N.   Kh.   Zlmlna    [245],  where it has been demonstrated that the 
reason for the    underestimated data of Geier and Schäfer is their 
disregard of the correction for the temperature Jump, which 
essentially  affects the results of measurements  of the  thermal 
conductivity  at high temperatures.    The very careful measurements 
conducted recently by train  [247]  on the thermal  conductivity of 
water vapor up to t a 600oC by the coaxial cylinders method have 
completely  confirmed the  results  of the experiments  of  [245, 129]. 
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At  the Sixth International  Conference  (1963)  there was a careful 

examination of an entire collection of experimental data on the 
thernal   conductivity  of water and water vapor.    On the basis of 

the  most  reliable experimental  data an International  table was 
compiled  for the thermal conductivity of water and water vapor for 

the  range t = 0-700oC and p ■  1-500 bar.     Moreover,  calculated 

equations were adopted,  according to which these tables were compiled. 

For the thermal  conductivity of water these tolerances were 
established: 

±256  in the  region 0</<300oC: 

±5/8 in the region 300</^350,,C. 

For water vapor  at p = 1 bar the tolerances  amount  to: 

±3% in the region 100</<4009C; 
±H in the  region 400</<700oC; 

when p  >  1 bar the tolerance is  equal to ±6%. 

For the region close to critical (350-450oC at p  =  200-5^0 bar), 

since the experimental data were obtained only in one work  [244], 

the tolerance was established at  ±10?. 

All  the material on thermal  conductivity, which were examined 

at the  Sixth International Conference on the properties  of 
water and water vapor,  are described in detail in the  reports of 

N.  3.   Vargaftik and M.   P.  Bukalovich    [3], Kestin    and   whitelaw [248], 
and   Maynlnger and Grigull  [249].        In these  reports  and the book 

of M.   P.   Vukalovich ,    S.  L.   Rivkln,    A.  A.  Aleksandrov       [250] 
there are  also block diagrams  ard international tables  and equations 

for the  thermal conductivity of water and water vapor.     One should 
note  that   for the thermal conductivity of water in a wide temperature 

range  of 0-300oC the tolerance has been established at  ±2!?.    In 
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connection with the  fact  that water is  of great  Interest,  as  a 
sample substance which Is  often used for calibrating Instruments 
with respect  to thermal conductivity, it  is  advisable to examine 
the possibility of adopting a lower tolerance  for the values of 
thermal conductivity of water in a more narrow temperature range. 
For the temperature  range  from 0-200oC various  authors have 
obtained a significant  quantity of experimental values for thermal 
conductivity.     Figure  60, taken from work  [2^8],  shows divergences  in 
the experimental data from the International tables.     Prom the 
overall number of 320 experimental points  divergences up to 1% exist  in 
92% of the points,  and those up to 1.2$ - 18%  of the points.    Thus, 
for the basic mass  of the experimental data obtained by various 
authors, divergences  from the generalizing equation represent  a 
value on the order of 1%.    The root mean square divergence  is  les.i 
than If,    As   concerns  the effect of natural radiation for thermal 
conductivity, the experiments of Poltz  [^5]  demonstrated that  at 
temperatures  of 250C the thermal conductivity  of water does not 
depend on the thickness  of the layer  (L ■ 0.5-2 mm), i.e., the 
effect of natural radiation is disregardably small.    The calculations 
show that up to temperatures of 200oC at L Jfc 0.5 mm the effect of 
radiation may be not greater than 0.2%, which is  connected with the 
large value of the thermal conductivity of water.    Therefore,  it  is 
possible to recommend for the thermal conductivity of water in the 
temperature range of 0  to 200^0 a tolerance of ±1%.    In this 
temperature range values  of the thermal conductivity of water may  be 
used as standard data with a tolerance of ±1%.     Tables 66  and 6?  3how 
the values of thermal conductivity of water and water vapor,  calculated 
from the equations  adopted by the International conference.     For 
the  range close to  critical, for which the international conference 
did not adopt   calculation equations, the tables were  compiled fro 
the equation of S.  L.  Rivkina [251],  an equation which well describes 
the international block  tables and the experimental data in the region. 
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Pig.   60.    Divergences  of the experimental data on the thermal 
conductivity of water from the international tables. 

K EY:     (1)     Deviation,   %. 

Table 66. Recommended values of the thermal 
conductivity of water and water vapor on the 
saturation line. 

/.•10», " (M ■ ipad)        I 

t.'C 

X-io». »n*-mto 
I.'C (1) (2) (1) (2) 

WM.IKOcni mpa   1 
i 

xiiuKocra nap« 

0 3G9 
1 

17,6 190 671 35.7 
10 m 18.2 200 664 37. S 
20 602 18.8 210 657 39.4 
30 617 19,4 220 648 41,5 
40 630 20.1 230 639 43.9 
50 643 20.9  , 240 629 46.5 
60 653 21.6 250 617 49.5 
70 662 22.3  | 260 604 52.8 
80 669 23.1 270 589 56,6 
90 675 23.9  | 

24.8 
280 573 60.9 

100 680 290 557 66.0 
110 6S3 25.8 300 540 71.9 
120 685 26.7 310 522 79,1 
130 687 27.8 320 503 87.8 
M0 687 28,8 330 482 98.9 
150 686 30,0 340 460 113 
160 G84 31,3  : 350 435 130 
170 681 32.6 360 401 150 
1*0 676 34.1 370 338 183 

KEY:     (1)   Liquid;   (2)   Vapor. 

Designation:     BT/CM-rpa^)   =   //(m-deg) 
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Table  67.     Recommended values  of the thermal conductivity of water 
and water vapor at  various temperatures  and pressures. 

X- lO», W/(m-deg). with p. bar 
I.'C 

.        |       »0 « CO (0 100 ISO 300 ■210 no ». 210 210 MO •100 (00 

0 r/.o 570 572 574 575 577 S81 585 586 R86 587 588 689 592 699 606 
10 588 589 500 592 594 505 599 603 604 605 606 606 607 611 017 624 
20 C03 003 007 6'M 610 CI2 016 620 620 621 022 623 C23 627 C34 640 
.10 C17 020 622 623 625 627 631 634 633 63C 037 637 638 642 648 654 
40 630 633 635 637 638 040 644 048 648 640 650 650 651 654 061 606 
50 043 615 047 648 650 651 055 659 660 600 001 602 602 666 672 078 
60 653 655 257 658 660 661 665 609 670 670 671 C72 672 676 682 087 
70 662 664 065 667 668 070 674 677 678 67') 679 680 681 684 690 003 
80 669 671 073 674 676 677 681 684 085 080 686 687 688 691 097 702 
90 675 677 670 680 682 683 687 690 691 691 692 693 693 696 702 70S 

100 24.5 682 684 685 680 688 691 694 695 000 696 697 698 701 707 713 
110 25,2 086 687 688 690 691 694 698 698 69'» 700 700 701 704 710 716 
120 26.0 688 6S9 601 092 693 697 700 700 701 702 702 703 706 712 718 
130 26,9 080 690 692 693 001 698 701 702 702 703 703 704 707 714 720 
HO 27.7 689 690 692 693 604 698 701 701 702 703 703 704 707 711 720 
l.r)0 28.6 688 6«9 690 692 693 696 700 700 701 702 702 7« 700 713 720 
1C0 2f'.5 685 687 688 690 691 604 698 608 609 700 700 701 705 711 718 
170 30,4 682 683 685 086 688 091 695 696 696 697 698 698 702 709 710 
160 31,3 677 679 680 682 683 687 691 692 692 693 694 693 698 706 7|3 
100 32,2 672 673 673 677 678 682 686 687 6H8 668 689 690 694 702 709 
200 33,1 665 607 668 670 672 676 681 681 en 683 084 685 689 697 704 
210 34,1 657 659 661 663 665 670 674 675 C70 677 678 678 683 691 099 
220 35,1 40,0 650 652 654 656 662 667 608 GÜ9 670 671 672 676 685 • 603 
230 36.1 40,3 640 643 643 647 653 658 660 6C1 062 663 664 669 678 686 
240 37.1 40,8 629 632 634 637 643 649 650 652 653 654 665 660 670 679 
MO 38,1 <l.4 616 619 622 625 632 639 640 642 643 644 645 651 602 671 
260 30,1 42,1 48,9 606 609 612 620 628 630 631 632 634 635 643 653 663 
270 40,1 42,9 48,7 e590 694 598 607 616 617 619 621 622 624 631 613 C53 
280 41,2 43.8 48.8 fe.i 578 582 593 602 604 606 608 609 611 619 633 613 
290 43,3 44,7 4», I fie,8 660 665 677 687 690 692 604 696 697 606 622 633 
300 43,3 45.7 49,6 50,1 60.9 545 659 571 673 576 578 580 582 592 609 622 
310 41.4 46,7 «1,3 55,8 64,7 523 539 553 553 558 561 563 566 577 596 610 
320 45,5 47.7 51.0 55,9 63,3 75,2 516 532 535 538 541 544 647 560 582 697 
3;:o 46,7 48,8 51,8 56,2 62.5 72.0 491 509 513 516 520 523 526 641 566 583 
340 47,8 49,9 52,7 50,7 62,1 60,9 462 483 488 401 495 493 503 520 548 568 
350 49,0 51,0 53,7 57,3 62,1 68.8 104 454 458 403 467 472 476 496 629 552 
300 50,1 52,1 54,7 58,0 62,3 68.1 94,8 420 425 430 435 440 445 468 501 537 
370 51,3 53,2 55,7 58.8 62.7 67.8 89,3 . 163 206 302 385 396 406 437 479 514 
380 52,5 54.4 50,7 59,7 63,3 67.8 85,9 129 147 170 183 269 322 398 453 490 
390 53,6 55.5 57,8 60,6 64,0 68.1 83,6 115 12C 140 150 165 188 333 4^3 405 
400 54.8 56,7 58,9 61,6 04,7 08.6 82,2 107 115 124 134 144 156 202 388 439 
410 56,0 57,9 00,1 62.6 05,6 60.1 81,2 102 108 114 124 132 141 200 .?48 411 
420 57,3 59.1 61.2 63,7 00,5 09.8 80,8 98,3 103 108 116 123 130 177 307 382 
4J0 PM 00,3 02,4 64,8 07,5 70.6 80,6 95,7 99,8 104 109 116 122 160 271 3.02 
440 59,7 61.5 63,6 65,9 08,5 71.4 80,6 94,1 97,6 101 105 110 116 148 211 323 
4.-)0 61,0 02.8 04.8 67,0 09.5 72.4 81,0 93,3 96,0 90,2 103 106 111 139 217 297 
400 02,2 01,0 00.0 08,2 70.0 73,3 81,5 92,4 96,0 97,0 101 104 108 131 I OS 274 
470 03,5 05.3 07,2 69,4 71.7 74,3 82,0 02,1 94,5 07,0 99.7 103 106 125 Ittt 253 
480 64,8 06,5 68,3 70.0 72,9 75.4 82,7 92.1 94,2 00,5 99,0 102 104 120 172 230 
490 66,0 67.8 09,7 71,8 71,0 76,5 83.8 92.2 94,2 00.4 98,7 101 103 118 103 220 
500 07,3 09.1 71,0 73,0 75,2 77.6 84,3 92,0 04.4 0O.4 98,5 101 103 110 155 207 
520 69,9 71.7 73,5 75,5 77,6 79.9 80,2 93,7 95,3 97,1 98,9 101 103 113 152 180 
540 72.5 74.3 70.1 78,1 80,1 82.3 88,2 05,2 96,0 98,2 90,8 102 103 112 I !fl 170 
SCO 75,2 70.9 78,7 80,6 82.7 84,7 90,4 <J6,9 98.3 90,7 101 103 104 112 133 150 
WO 77,8 79.6 81.4 83,3 85,2 87,3 92,7 98,8 100 101 103 104 106 113 111 153 
G00 M),5 82,3 84,1 85,9 87,8 89,8 95,1 101 102 103 105 106 107 114 1 iO HO 
C20 83,2 85,0 86,7 88,6 90,5 92,4 97,6 103 104 103 107 108 109 116 HO H7 
C40 85,9 87,7 89,5 91,3 93,2 95,1 100 105 106 108 109 110 111 117 HI 147 
CCO 88,7 90,4 92.2 94.0 95.8 97,7 103 108 109 no 111 112 113 119 138 HO 
680 91,4 03,1 94,9 96,7 98,5 100 105 110 111 112 113 115 116 121 Io3 147 
700 94.2 05,9 97.7 99,5 101 103 108 113 114 IIS 116 117 118 134 135 148 

NOT REPRODUCIBLE 
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Heavy Water DpO 

The thermal conductivity of heavy water has been studied In the 
liquid and gas phases.    The most detailed investigations have been 
carried out  for the liquid phase.    Data on the experimental works 
are shown in Table 68.    During the period from 1953-1956 various 
authors  [55, 252] measured the thermal conductivity at temperatures 
from 2 to 80oC.     Then, by the heated filament method in work [253] 
the thermal conductivity of liquid DpO was measured at  temperatures 
from 2^°  to 3550C and pressures  only slightly exceeding saturation 
pressure.    In work [25^],  by the method of coaxial cylinders during 
the study of the effect of pressure on thermal conductivity, 
experimental data at t ■ 75-260oC and p « 2^1-294 atm were obtained. 
At the same time Vodar and coworkers published the results of 
measurements of the thermal conductivity in the liquid phase at 
t = 60-360oC and p ■ 1-1000 atm.    The results of experiments of all 
the authors correspond well with one another In the range of 
temperatures from room temperature to 260°Cj   divergences  amount to 
2%.    These divergences Increase in proportion to the rise in 
temperature and with t ■ 300oC go as high as 5%' 

wo   m m   m t;i 
Pig.  61.    Dependence of the relationship of the thermal conductivity 
of D20 to the thermal conductivity of HpO (XD 0/AH 0)  on.the 
temperature. 

KEY:     (1)    Gas phase;  (2)    Liquid phase. 

The first investigations of the thermal conductivity of heavy 
water in the gas phase were  conducted at  atmospheric pressure in 
the temperature range from 100 to 500oC [256] and at t » 108-r?60oC 
in work [147].    The results of these works  are in complete  agreement 
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with one another.  In the region of high pressures a single work 

[255] was done, in which measurements were made at pressures from 

1 to 250 atm in a temperature range from 145 to 500oC. 

Table 69. The relationships of the thermal 
conductivity of D20 and H20 for the liquid 

phase on the saturation line. 

». »c WXll.O I. »C WSM» «. »c WH* 

10 0,988 130 0.925 
0.922 

250 0.881 
20 0.975 140 260 0,878 
30 0.P69 ISO 0.919 270 0,870 
40 0.961 160 0.916 280 0.865 
50 0.954 170 0.911 290 0.863 
GO 0.952 180 0.906 300 0.850 
70 0.947 190 0.905 310 0.856 
80 0,944 200 0.904 ,     320 

330 
0.851 

90 0.938 210 0.900 0,848 
100 0.033 220 0.896 I     340 0.844 
110 0.930 230 0.891 

|     "• 0.852 
120 0.927 240 0,887 

Table 70. The relationships of the thermal 
conductivity of DpO and H^O for the gas 

phase at various temperatures and pressures. 

*D/)"II.O  with f , bar 
1. 'C 

1 100 IN M m 350 

100 0.97 _ _ _ ^^ mtm 

150 0.985 _ — — — — 
200 1.000 — — — — — 
250 1,010 —. — — — — 
300 1.020   mm _ — mm 

320 1.024 _ — — — — 
340 1.028 0.997 mm — — —. 
360 1.032 1,012 0,998 — — mm 

380 1.036 1,023 1,008 0.972 — — 
400 1.010 1.026 1,010 1.002 0.981 0,971 
420 1.044 1,027 1,016 1,008 1,001 0,994 
440 1.047 1,035 1,024 1.013 1,007 0,99» 
460 1,050 1.037 1,028 1.019 1.014 1.008 
4S0 1.053 1,039 1,030 1,025 1.018 1.016 
500 1.055 1.041 1.034 1,027 1,023 1.021 

The results obtained showed that in the liquid phase the thermal 

conductivity of DpO is less than the thermal conductivity of H^O, 

wherein the difference increases in proportion to the rise in 

temperature.  For the gas phase the ratio XD 0Au n 
ls a function ,1f 

temperature and pressure. 
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Let us note that the temperature conductivity of DpO was 

measured by almost all the authors using the same equipment as for 
the measurements of the thermal conductivity of HpO. Therefore, 

the ratios XD Q/^U  Q do not contain systematic errors and have a 

sufficiently high degree of accuracy — the degree of error has a 
value on the order of 0.5-11. These values are given In Table 69 
and 70 and In Pig. 6l. 

179 



* 

ilbllography 

I. T-.v.-mal conducUvilv of Scitcted Material* Wstbinzlon. NBS. P. I. ISCS; 
P. 2, 1368. 

• 2. H a y w o o d R. W. cj Eng. Power... 1066. v. «8. p. 20i 
3. B a p r a (j) T ii K H. B., B y K a .1 o B ii 'i M. n. «Tcn.io>iicprenixa>. 196S, M 12. 
4. O it Ji ii n it o a Jl. n, «UccrniiK .MFV», cap. Ill, 1860, M 3, CTP. 61. 
5. Jatnirson D. T, Tu dhope J. S. Tie Ihorniül conductivily of liquid»: 

a tLrvey to 1?G3. NT.L. Report N 137, Etjt Kilbrida Glatgow; National Englncfring 
Laboratory. 1064. , 

6. yopcimr A., rortxjmcp UM. (MCTCJM oCpaSoTKii •.»icncpiiMCuia.ikiiwx 
jamiijx. M., Ulm, 1K53. 

7. n p e j D o A ii T e .1 e a A. C. CSnpnnK, nocDiweiiiiuA naMRTH axajL 11.11 «U- 
aapcun. :\.. un-ao AH CCCP. IVS6. 

8. B a p r a A T ii K H. C. «IIJB. Bcee. Tcnjorcx«. iia-Ta», 1951, M 7. 
9 V a r c 111 i k N. B. Proc. Joint Conference Tliermodynamic and Tranaport 

propcrtic» olFluidt. London, 1957. p. 149. . 
10. UcAcpfiepr H. BYTcn.ion^oDOAiiocTk raaoa n WIUKOCTCAJM, 3iiepro- 

i'Mar. 1063. 
il. Krausiold N. «ForKhune Uijicte lueen.», 1934, v. 5, N 4, p. 186. 
12. Lit I, Sheriff N^Orlgttll V, Haul W. Third InWa Heat 

Transfer conference. N 7—12, 1906. 
IT DcpKeiircfiM A. .V '-"WK, I9C6, .\i4.       . 
14. Ill it n rape a P. B. (Aitopo; cpar Kam. Alice.,) 1930; cTpyau IfaaiiOuCKoro 

TCKCT.i.i!.;!oro imci.irjT.it, 19.o. M 7, ctp. 108. 
li. PacropryealO. ./I., rc.i.iopB.3. I1<WK. (<157. T. 8, M I, crp. 16. 
IC. Pa crop rye a 10. Jt., Hotiacp A. A. €Ten.io»icpmiiica>, IXi. M IS. 
17. K o n n a r d.  Kinetic Theory of g^sc». N-Y., 1938. 
18. .lea n en  M. I Tcvii.in » Tcn.iM.6Meii pa.poKciiicjx raaoaJM.. IIII.T, 1902. 
19. K.i<pK A*;', MaXHCCHii M.r,1iiiia:4iii.'a pca.r.iik;x raioaJM, <Miip>. 

1067. ' ^ 
SO. Cl regory II. S.  «PhiL Mas.». 1836, v. 32. p. 257. 
21. TiiMpor X Jl., Bapra^TMK H. 6. «lun. Bere. Tonnorexiiinecxor» 

MH-ra». 1933. Si 9. 
22. Trank  E. U. <Z. Elcklrorhrm.». 1951, v. 55, S. 636. 
?3 .V n 11 a i I K. L., 01 n n i 8 » D. G. •,!. Ri i. NBS», 1957. V. 5*. p. 271. 
24. Schottky W. cZ. Elektrochcm.». 1052. v. 56. Nr9, S. 889. 
23 Ocier  If.,  Schaler   K.  L,  <A1!|[. Wi'rmotcehnik.», 1961. v. 10, St*. 

S. 70. 
?(■,. Ciaii N. C, .Minn I. B. «J. Chcm Phyi.., 1900, No 32. p. 1419. 
27. Vi net R..   «Tran». AS.ME». Nr. C 1900. v. 1. p. 48. 
28. S top pa O. W. .Natur«. 1949. v. 164. No 4179. p. 966. 
20 Ziebland H.. Burton J. «Biit J. Apll. Phyt.». 1955, v.6, p. 12: 

1938, v. 9. p. 52. 
30. DaprailiTMxH. B., 3MMiinaH. X. TBT, 1064. r. 3. M 6. crp. 869. 
31. S c h 5 f e r KI-. R111« r P. W. «ZcltKhr. Elcklrochem.». 1957, B. 6, Nr 9. 

S. 123a 
33. Bapra^THX H. 5, 3MMHHa H. X, TBT, 1964. J* & 
33. O n .i H n n o a   H.  M. ^HccncAonaime   TeiMonposoAiiocn »MAXOCICAJ M.. 

IIJJ-UO .nry. 1970. > 

3-1. fyron B. T. (Aarope^epaT xanx ancc^MXTll, !940. 
3'>. * M .1 im n 0 a Jl. n. vVntopcVpar XSHA. Aiicc'Mry. 1951. t 
3C. D ,1 p r a (Ji T 11 x  H.  5. /Acrouc^cpaT AOKT. MNtAWNH. 1950. -O* 
37. B.ipra^TMKH. 5.. CmipHoaa E. B.  JKT», l956.J»e.CTp. 1351. VV 
3fl. Kcye«  K. (X. Sandell D.  I. «Trans. AS,ME>, 19£0i v. 72. p. 167. VC> 
3!». K e y ? » K. G   «Tran«. ASME», 1949. ». 71, p. 939. «^O 
•!0 Cy    iHca IO. A. UAH CCCP. Hoaaa ccpii«, 1952, T. 84, M 6, erp. 1151 oJO 

• 

II  Kcelt B. S. .j. Opt. Soc. Amr.>, 1952, No 5;   «Th« Clasa Industry». ^ 
1^33. No 2, p. 73. C^V 

G enzcI  L.  «Z. Pliyi», 1953, B. 135. S. 177. W 
43. «tii.Tiinnoa Jl. tl «aecriuix Mry», Ccp. QIIIK*., !S34. ,VI 2. cip. 61. * 
41. CiiAopcs 3. A. (B Kiii-'.TpyAu inrefrod XMl^eptMUW »KMOJUX y-ie- vö 

HUX diitprsTMiecxuto imcrHfyTt AKJACMIIH »«yx CCCP».  Ai.  iua-oo AH CCCP. V 
1SS6. 

180 

& 



,   ■ 

45. Frit« W, Poll« H. «In». J Hut Man Trainfm, IDAS. v. S. p. SCT. 
10. PolH H. «Int. J. Heat Mat» Tmntlcr». IS65, v. 3. p. COS. 

4r. !>ol!2 H. «Int. J. Heat MiM Transfer». lOCJ. v. 8. p. SIS. 
18. Pol tz H.,   Jugel  R. «Int. J. Hc.il Mai» Traru.'or.*, 1957, v. 10, No «. 

p. 1075. 
«. Ko h I cr M. <Zft, f. angew. Phv»..,l9ö5. B. IS. S. 356. 
50. KyJiicuoi B. C. «Hi». AH CCCP». C.-p. reorpaA. 1910, to 8, crp. 813. 
51. Zitbland H. «Int. J. Heat .Ma«» Transfer.., IS8I. v. 2. p. 373-279. 
ö3. flu ra.ikc Kan A.A. ll«Ä:*Tpyabi HI DrecoioiHoA KOK^apaiiUMii no ren- 

.lo^ii.ii'iccKuM cuoAcraaM. M., «Hayxaa, 1970. + t/tf.l.aT/Jl- 
S3. Meryxeo G. C,(OnuTiio« loyicniic npuuecroi Ten.ioneptj(nM,jM., I'oc- 

»wprmiuaT, 1951 
nt. Tyrn II H. J. K Diffusion and Heal Flow In Liquid*. Butlcntorthi, !MI. 
55. C )i a 11 o n o r A. R., P o w «11 R. W. «Proe. Roy. Society. London», 1930, 

v. 2a«A, p. 90. 
58. SeiiRera I. V., Michel» A. Seiond Sympoiium on Thcrmophys'cal 

pnip.rlU». N. Y., I96J. 
.'7. Sellmldl E.. Leiden(rott W. cPorachung Ing. Weit.», 19SS. B. 21, 

S   178. 
S*. Rot li in an A. I, Thermal condiiellvily of gasea at high temperature«. 

L'nilrd tialt» AUnnicCnininiaslon, January,  I9O4. 
.?) Z i c b I a n d M. «Brit. J. Appl. Pliys... 10)8, v. 9. p. 82. 
60. it a m :n a ii Ü.  «Ann. Pliy», 1038. B. 32. Nr7. S. 593. 
fil. Z i e h I a n d H. Proc. Joint Conference Therinodynaroic and Transport 

pn ruii.s of riuiil«. London. 1957, p. 211. 
Oi. Kepwcimck B. B. «TpyM MocKoacKorc aiuaauoiitioro imcTHTyrt», 

'.95.\ nun. SI. 
»in. I. e i «I .n fro si \V.   «Inl.'J.   Heal   .Ma»»   Transfer»,   1964. v. 7. p. 447; 
Tpy.iu ill Bcccnioiiiora coccutami« no TCUIO- U MaccoaCMcny, T. 7. MHIICK, najt 

AH I.CCP, 1068. , ^  «. 
fit. THMPOTA n.. yumifKiift A. C. TOT, IMS. J* 3; IDCfi, Ml. 
ClKannululk W. G, At a r tin L. M. «Proe. Roy. Soc... 1934, A 143, 

p. SI 7; 
K a ii n u I u I k W. 0., C a r pi a n E. H.  «Proe. Roy. Sne t, 1952. B. 05, p. 701. 
6<!. KoiiAparbttn r. M.(IV*y.iiipiiuA pejKiw.m, THTT^, 1954. 
C7. KoiijipaTbco r. M. (Ten.ieoue iii.Mep<imiiJM. Mipiriu, 1957. 
68. fonyOeD 11. 4>. «TciuowcprcTiiKa», 1063, .N> 13, crp. 78. 
09. ro.iyße» If, ♦, Htanea H. M, «TpyAU aiiepreniwcKoro imCTHTyrt 

AH Aiepft CCP», 1961, T. IS, crp. 84. . 
7a TM-iMiHO» A. A. (AaTope*opsr «IM. *iiccJB»Ky, An«. 1984. 
71. SI a Hi a n e B.,  P y k S.  «tekn. Tldtkr.», 1931. v. 28, No 389. 
72. Van der Held. E-F.il,  van Drunen P. a cPhytlcaa. 1949, v. IS, No 865. 
73. G i 11 a n n 0. G. Lamm 0. «Acta Chem. Scand.», 1955. v. 9, No 687. 
71. Ilorrock« I. K. AlcLoughlin E. «Proe. Roy. Soc.». 1963, A 273. 

N» i-'JX p. 259. 
;:>. .IIITSIIIICHKO II. B., JIiiTaiiHCiiKo B. B. y<WK. 1967, T. 12. 

crp. 203. 
76. «iLliinnoa JI. R II40K. 1900, T..3, crp. 131: 1961, T. 4, crp. 55. 
77. On.iiinnon J1. fl., Epiuooa H. F, CuiipHOia H. H. «BecnriK 

Mr»'», ISfO. M 4. CTD. 31. 
78. Hoiiixoa >i. II., 3.ii>Aapei <t>. T. Tpyau HI BceeoniaoA renno^iun- 

•UXKOA Koi^jicpiMiuiiii. M, «Hayxa», 1970, 
79. Tar my B. L., Bon Hi a Ch. F. «Progress In Int. Research on Teraio- 

dynjnic and Transport Properties». N. Y., ASME. p. 404. 
iJ. P e t e r s o n J. R., B o n i 11 a Ch. F. «Advansed Tliermophy». Proper lie« 

Extrca» TcmpcraL.and Pressures». N. Y., ASME. 1965, p. 264. 
81. Wettcnbcrg A. A, de Haas W. I.. «Pliys. Fluid«». 1962, .No S, p. 3. 
82, Collins D. T, Greif R. «Int. J. Heat Xlas« Transfer», 1965, v. 8. p. 9: 

■ Coilin* 0. i., Menard W. A.   «Int. J. Heat Ala«« Transfer», 1966, v. I, 
p. 56. 

fl Huekon A. <Z. Phys.», 1911, N'r 12, S. HOI: 1913. v. 14, Mr. 8. S. 324. 
84. I'hbink J. B, de Has« W. I. «Phyaica». 1943, v. 10, No 7, p. 465. 
«.Johnston H. L, Or illy E. K. «J. Chem. Phy«.., 1946. v. 14, No 4. 

p. 219. o 
86 I.enolr J..  Co mm ing« E.  «Chem. Eng. Progr.», 1951. v. 47, p. i. 
87. Uo.iepScpr H. B.. RonoB B. H. «Ti'n.iokiiopreTiiKa», 1958, .\'f 10. 
SS. 3 a A u £ R a Jl. C. >!<T.>, 1939, r. 29. crp. 4. 
,<!>. Johiinnin P., Wilson, «Second Symposium on Thcrmophyskal 

Prcpcnir». ASAtE». N. T- Academic Pre««, 1903, p. 418. 
PO. Bapra^THK H. B., SIIMIIKI H. X. «ATusiiia* aneprna». IWö, M 19, 

crp. 3. - 
41. Saxena V.. S.ifcscnaAl., Saxena S. «Indian. J. Phy«.», I9GS, 

v. 40. p. II: «Phy». Fluids». IOCS, v. 9. No 8. p. IS9S. 
vi At u k Is o p a d h y a y P., B a r u a A. K. «Brit. J. Aplt. Phy».». 1967, v. 18. 

No 5. p. 105: iröf, v. 18, No 9. p. 1307. 
!>3. S t r i v a «t a v a B., C u p t < A. «British. J. Appl. Phy«.», 1967, v. 18 No 7. 
91. <■ andhi J. At., Saxena S. C «Brit. J. Appl. Phy«.», 1967. v. 18, NoC: 

«.Molecular Phy» », 1967. v. 12, No I. 
P.'. Freud P. S., Roth berg G. M. «Rev. Sclent. In»tr.». 1967. v. 38. p. 2. 
Prt. Properties  of Ataterial« at Low Temperature (Phase I). NBS. 1961. 
•>>*. Curie Al.   Lepape A. «J. Rhy». R.idium». 1931, v. 2. s. 392. 
".s. lüchtennann E.   «Cryogenic»». 1963. No 3, p. 44. 
!>;•. Scngcr» i. V., Bolk \V. T. Stlgtcr C. J.. «Phy»lca», 1954, v. 34 

p. lOI* 
l^.\ Bapra^iTiix H. E. flxyui J!. B. Tpyaw HI BceeoioaiioA KOK^epetiuiiH 

no Tiinod'inuKe. At., «Hayita«, 1970. 
101 Michel» A., Senget» I. Van de Klundcrt. «Phy»ica>, 1963. v. 39, 

p. 149. 
102. Weber S. Ann. Phy», 1917, v. 54, p. 437. 
UU. D1 k i n a B. 'Proe. Rov Sac. London». 1934, No 143, p. SI7. 
KM. Ihllr .V «J. Chem. Phy».». 1932. v. 20, p. 463. 
IrtS Keye» F. 0. «Tran». AS.MF». 1951. No ft, p. 5SC: 1952, No 74, p. 1303: 

)• 34. No 76. p. $09; l?ä>. v. 77, p. 1395, 

NOT REPRODUCIBLE 
181 



IM. BacccpxaN A. A, Kai.itMiiNrKnA JI. 3., Paeiiiionii>i B. A. 
v T»'n.ii).|,i.i:^i\-r;;io cooftcrr» aaüjnu u %rf> Ko«noi;oiiron.;.M., «IIJVK.I». IMÜ 

107. Itc.cpfitpr H. U. (louoc B. H, Mopejosi H. A. €Ton.io>Mcp- 
rctKM», l:u>, Si 6, crp. S2. 

105. I k c n b c r r ^ L. D. R i c < S. <J. Chc.-n. Plij ..>. IN3. v. 39. So 6. p. 1S6I. 
I» Ro»onbau.it B. At.   «J. Chc:n, Phv«.>. I9Ü6. No 445. p. 3831. 
110. 3apKO»a .T.  Crc^aiio» B. «11'». Iio.ir. AH.. I9ä8. .\> 1 crp. 31 
111. Orimblif r R.. Saxciu S. «Molecular Phyilc». I?06. v. II, No 3. 
11? G u p 11 A.   <Int J. Hoat Ma>i Transfer». 1067. v. 10. No 7.1 
113   Schleier macher  A. «Ar.n. Phya. Clirm.», 1888, B. 34. S. «. 
114. OrcL'ory MS., Marthall S. «Proc. Ruy Soc.>, 1927, v. IM. p. 3M: 

r.'S. <. ISS, p. OHi  MQS. V. I49A. p. 39. 
115. Uapra^TiiK H. B.. nap<icHun II. 3. /K3T<>. I93S, Xt 8. crp. 189 
116. CTa.mpOD E. A.,   llnaikcii B. B.   TcujopoiHi U. II.  >K<*X. 

1950. T. 24. .V) 2. crp. 166. 
117. ro.iyfie« M. *^ Ka.ikciiMa M. B. «FaMaax apouuiiMCMMCTM, 1964, 

.Vf 8. crp. 41. 
118. II a m r i n Jr.  C E.. Thodo» O. «Physic«.. 1966. v. 32. No 5. p. 911 
119. M u k h a p a d h y a y P., Gupta. «Brit. J. Appl. Phy«.», 1967, v. 18. 

No 9. p. 1201. 
120. D a p r a ^ T ii K H. B. 'AT». 1937. T. 7. ctp. II. 
V.-.rcjtlik N. «Technical Physic» USSR». 1937, v. 4, p. 1 
121. E o p o a n K E. n. /XST«. 1917, T. 17. M 4. crp. 3211. 
122. Michels A.. Botien A. «J. Phytica», 1932, No 18. p. «05: 1956. 

No 22. p. 121. 
12.1. <!> ii.i ;i n n o s JI. M. «BCCTHIIK MfV». cop. Am., 1933, .Vi 9. crp. 109. 
121. Uc.'.cpüepr 11. B., THMPOTA-.I. yKTO. la'A T. 26. .\i «. crp. 1649. 
12.'  N o t h d u r 11  \V.  «Ann. Phvs.», 1937, v. 28, p. 137. 
126. 11 o a no it 3. A.. Ucicpicpr H. B, llonuo B. 11. «Tcaioiucpr««- 

K3, 10fi7. .V. 10. 
■ 27. IliUcnrath I.. Toulouklan I. S. «Trans. ASME>, 1954, v. 71 

No ii. p. 'JÖ7. 
IM. Scher rat  C.  G. Grlllit«  E. «Phil Mae». 1939. v. 37. p. 180. 
120. OapraATiiK H. B., O.icmyicO.H. «Mat. UTII», 1946. M 6. crp. 7. 
130. Taylor W., Johnslon R, «J. Chcm. Phy».., 1946, v. 14, No 4. 

p. £1D. 
131. Kannuluik  W.  G., Carman  E H.   «Austr. J. StL Rn*. Str. A, 

1951. No 3. p. 305. 
132. 3 a a u* t a .1. C. «.Aur^pc^opar «ana. JIICC) MAIL 1956. 
1 U T a pi II M a II o a A. A. lAuiup.iJcpaT Kaiu. .iiicc.)UTH. I960. 
134. r o .1 y 6 o B 11. 4>. ^Anropc^epar .-.OKr. aiicc.)M3l I, 1917. 
135. T a p M: M a II o a A. A. .'I o i o a o A B. C. <Tpyju KXTH». ctp. itn-io- a 

uaecos6Mfiia, IOCS. nun. 39. crp. 43. f \ 
136. Tap an M a no » A. A., .loionofi B. C.vTcn.io- a uacconcptnocJT. 7, 

cip. 567, MIIIICK, «llayxa n TCMiiiK.'», 1968. 
137. Oii.iiinnaa JI. IT. lioaoce.ioaa H. C. «BCCTIHIK MTV», ctp. 

^■la-Mar. n ecttcra. iiayK. 190*1. Xt 3. 
lös. Sell si.opp \V. .rcrschtn'i Gebiete Ingcripr.». 1931. v. 5. S. 162. 
130. A relief C. T. «I'liil. Maj.». 1933. v. 19. p. 901. 
113. Tnupor JI. .1.. Ocxo.iKoiia B.  P. «Ilia. BTII», 1949, .V» 4. 
111. Laniherl J. D. Staines E. N. Woods S. D. «Proc. Roy. Soc.». 

!050, KS«, p. 2C2. 
112. Tliomas  E.   D.. Golike R. G. «J. den. Pins... I95I. v. 22. p. 300. 
IM. Gulldner L. A. «Nat. Ac. Se. USA». 1958. v. 44. p. II; «J. Res. N'BS». 

I'^OJ. ACij. p. 333. 
111. Kobin J. «Compt. rend», 1960, v. 230, «.3003. 
143. Michel« A.. Scnger» J. V. Van Der Culik P. S. «Physica». 1942, 

v. SS. p. 12. 
146. AMMpxaiioo X. !!., Aaauot A. M. «TeuosiitprcTUKa», 1963, Nt 7. 

crp. 77. 
147. Bakker C. E.. Brokkau R. S. «J. Chcm. Phys... 1034, No 40. 

p   '.i. 
141 Gil more T. E., Coming« E. W. «AIChE Journal». 1966. v. 12. 

No 6. p. 1172. 
149. Rothman A. I.. Bromley L A. «Ind. Eng. Chemists». 1951 

v.47.p.5. 
140a. ByKi.ipaira M. H, A.iTyniiM B. B. (Ten.io<!>HJiisecKHt CBoficia« 

joyoK.ic« yr.icpoja) M.. AroMuiAar, 1961 ■ v .        . 
150 Need ha m D. P.. Ziebland H. «Inf. J. Heat Mass Transfer». 1965, 

v. 8. p  12<7. «Second Sympo.siiun of tttermodynaink-al Properties». N.—Y. (1962). 
151. Mmn U. B. Dickins B. G. «Proc. Roy. Soc.». 1931, I31A. No 831 

p. 77. 
152. Lcnoir I. M.. Coming« E. W. «Chem. Eng. Progr». 1951. v. 47. 

No J. p. 2.23. 
153. Lcnoir I. At, Junk U. A. «Chcm. Eng. Progr.». 1953. J. 49. No 10. 

p. 539. 
154. Vines R. «Austr. J. Chem.», 1953. v. 6. No I. p. I. 
IS! L.i mber!   I. D   «Proc. Roy. Soc». 1031 A23I, No 1135. p. im. 
156. Smith W. I.. Durbin L. O.. Kobayahi R. «J. Chem. Eng. Data». 

lf<A s 5. No 3. p. 316. 
157. Cheung  H.. Bromley L. A.Milkc L.  R. «AIChE Journal». 1962. 

v. 8. No 2. p. 221. t 
I5S  R. r'llibea K. cZ.  iiigcw. Phy».». IM», v. 17. Mr 2. S. 86. -O' 
l.'O  C»r.j;lehaal  L.  f.. Reamer H.  H.. Sage B. H. «J. Chem. Eng. >% 

DJU». IOW. .• II. No i. p. sa. »V* 
KM, A. ■ <: c D .   T ;i o d n s G.   «Physic»». 1056. v. 32. No S. p. 885. ^^O 
IB1. Coi-u.-.jaa  3.  II..   fo-iyüeB II. *.   «Ten.ioincpreTiiKa».  1967. ."»4. «>>? 

CIJJ. M. -.^ 
Vin*s  R   G.. Hen nett  L.  A.  «J. Chem. Phys». 1954. v. 22. No 3. c^> 

P   3<<0. ^J 

PTD-'IT-24-133-71 182 

t? 

« ̂  



■1.* vHjvfltrjis, i^oo. 
.IOIII>I II. B. (Cüf.-ir.öMiiM^ no Tcn.ini]iii]iiHccxiiu cBoftcisaM npii^oa- 
; KOMuOMeiitr.»; M., rocn.p.onj.xar, 1902. 

Jacobs. Saga B. H. <J. Chcm. Eng. Data». 1968. 

Ibl L»ng D. E., Coming! E. W. «Ind. Eng. Chcm», 1957. v. «. No 12. 
p. 2041. \ 

VK\-:*.K0T*m.  L T- »•">' ^ «•«•■• H «J- C!.o«. Eng. a,t„. 
\>A VIIIm 0.   «Coll. Croch Clifm. Comm ». 1960, v. 26. N 4. t. 993. 
KM. K rammer F. R, Coming» E. W. «J. Chem. Eng. Data». 1960. 

v. 5, No 4, p. -Ha. v • 
IC7. Mo«er E. D;»».'rl. Berlin t.'nlvcrfltct. 1913. 
16.S. 3 a uu P fi a ^. C. .T?>uu.\UII». IMI. M lift en. 71. 
Ii.3. Car mi chad L. T.. Sage B. H. «AlChE Journal», 1966. v. 12. Xo 3. 

P.  MM. 

.. .i"a T■,.^:"IMaM0• A- *••   Maiaupoa B. E.   «Tcn.iowcijrcTiiica».  1007. 
.1* 12. crp 67. r 

*,   J'1  CVmlefc»! L.  T..  Sage B.   It  «J. Chem. Erg. Data», 1967. v. 12. 
No 2. n. J1C. . 

ITS, Nstiwml Burean of Slandarts ISA. Circular 564. <9rJS. 
173. Mi ilk 0.. Thodot G. «AlChE Journal», 1901, v. 7. No 2. p, 261; 

I9CÖ. v. C. p. 6.%. 
174. BupuBim E.. Maxacc» A. fl a H H na'E. /KTd», 1940, T. 10. .N» 12. 

crp. SSA , 
175. rhiLioniM H. D.U:irr.p-.f.craT AOKT. .wee.iM9lI. I9S0. 
I"ö. Ha IHK ii ii K). P.f'Aijpc^par. ntux .mcciBIUIIIOTPH. 1967. 
17/. 3arup)-<iciii:o U. A.. Avpau.ica A. M. (T*ii.-.n(}m-,ii'ucKiic runricit« 

ra:oi,6paiiio.n u wiumro HersHaJM., Ih.ico craiuapioa. 1989. 
174. BapraiJ.TiiK M. R.rCnpaco'iKiiK no Ton.ini|itijii>:Mi>iiM eooAcriuM r.-uoe 

N »,nKocr»fl.(.M., «iiivarnia, 1963. 
17!». ni».' '  "   '" 

uux raioa u ux i 
IV). Carulehaci  I..' T.. 

v. 13, So I, p. 10. 
I«!, r.oldachmidt R. «Phyi. Zciischi  .,-   .1, v. 12. N'r II, S. -117. 
IK3. S a k i a d I * B. C.  C o «t e s I.  «AlChE Journal», I9S5, v. I, p. 275. 
1*3. Brldgmtn P. W, «Prce. Air.cr. Acad. Aria Sei.», 1923, v. 59. No 7. 

p  141. ' 
184. Smith I.F.D. «Ind. Eng. Chcm.». 193% v. 22, No 4, p. 1346: «Tran». 

AS.ME». 1936, w. 58, No 8. p. 71«. •   —» " P 

lei. «H.iunno» ,1. n. «BeeTHHK MPV». cep. ♦HI., 1954, M 12, crp. 45. 
166. *poliT»cbei B. n, PycaKOaM. 5!. »T«, 195». T. 29, /4 10, 

crp. 1277. 
187. MyxaMeAianoa r. X, VcMa-joa A. F. Tapamiaiioa A. A. 

«lliuuTim cyrad», llcitiik II rai. 1063. .Vi 9. cip. 75. 
ISS. r ilippov L Pr «Int. J. Heat Ma»» TranMer», 1968. v. II, p. 331. 
IS». Ilaaiica fl. M. (AxTopeficpaT xaiu. Attec^SIIMH, 1963. 
I'JU. Epuxoa B. n., MyxaMeA)«HOD r. X., VcManoa A. T. «Tpydu 

KXTII». ccp. Tcn.io- ii «accoo6f.:*;i, I9S8, sun. 39. crp. 35. 
l'Jl. Brigg* D- K. II. <Ing. Eng. Chem.», 1957, v. 49, No 3A, p. 418. 
192. A6ac-3aae A. K-, rycefmo» K. A- «Xuuux M TexuaiorMi tonau» ■ 

Mace.i», 1966, .Vt 2, cip. 54. 
IWt * ,i.i »nn oo Jl. Fl.  «BecTiiux MfV». cep. ^ua. 1954, to 6, crp. 59. 
19!. 3.1 ■> A a p o B <l>. T. >K4>X, 1958, T. 32. St 10. crp. 2443. 
195. Rfedcl l. «Chemie Ing. Technik». 1951, No 13. S. 321. 
ir-C. ri'.-i.iv p B. 3. lAiiTopci'r'i-paT xaiu diice.).M, IS68. 
1^7, rc.i.icp B. 3.. PacTopryea K). .1. «TcMom-pretima», 1968, .»4 7. 
106. Bapi a^iTiix II. B. «Ilaa. BTII», I94S, Si S. 
IS'!). Rh-del L «Forschung aut d. Gebiete d. Ingcncuruesent (B)». 19:0. 

v. II. S. 340. 
200. Schmidt E.. Lcidcnlrost W. «Chemie Eng. Technik», 1954. v. 26, 

S. 35. 
2CI. Clialloner A R.. GundryH. A, Powell R. \V. «Proc. Roy. Soc*. 

1958. A2'15, p. 259. 
202. Te.i.icp 3. II.. PacTopryca 10. .1. «Tpyju rpnaiiciicKoro i.cijis> lioro 

imcTiiryra», 1958, .V« 20. crp 167. 
2Ü1 M y c T a A a « u P. A. «Ilaa. uyaos». ripiiAoporTpoeiiiie, 1959, .V» 6. crp. ICO. 
201. Morrock» J. X.. Mc Laughllah E., Ubbelolidc A R. «T.anx. 

Fi.rail.iy Soc», 1963. v. 59. (5). p. Ilia ■, 
203. My xa MC A3 «HOB t. X. VViiTopci)iepaT Ka«i. aiicr>Ka3ank, 1964. 
206. MyxaMCAaxnoa f. X, Vcunuoa A. F, TapaiiuaHoa A. A. 

«Man. ny^on», Ilc<}irb n rai. 1964, ."4 10, ctp. 70. 
207. M y x a M c .1 a n ii o a F. X.. V e H a II o a A. F., T a p a u M a u o a A. A. 

«Tpv.iN KAM», ISdI. .N> 32, crp. 67. 
'2iiX. Venart I. E.S. «J. Chem. Eng. Data», 1965. v. 10. No 3, p. 239. 
203. Fc.i.icp 3. II., Pacropryeb K). .1.. ramies K).'A. «II». aysoa». 

Ilcijiii. ii rai, 1965. St 6. crp. 79. 
2in. It n e T K o ii O. B. »Ibo. cyaos». npiiOopocTpociiiie, 1965. T. 8, .V; 3. crp. 100. 
211. Tuten R., LcNcindre B. Johannin P. <C. R. Acad. Sc.». 1906. 

B262. ». 229. ,- , _. 
912. F p II r o p b e o G. A iAntoprijicp.n xaiu. .nice; Oarcca. 1967. 
213. Kepxceauea B. B.^AnToscfepar Kaiu. Aiicc.)M.\ll, 1951 
214. Reiter F. W. «Drrlchte biim<chgc»eit!<chatt», 10r.6. v.'70. S. 681. 
215. Mason I!.  L. «Tran«.  ASME». 1931. No 5. p. 817. 
216. Fepu II. F., «iiniinnoa .1. II.  JKd'X. 1956, T. 30. to II. crp. 2424. 
217. ♦ ii .1 ii n n 0 h JI. 11. PTS, 1957. .\> 6, ctp. 86. 
218. Venart J.E.S. «J. Sei. Instnim.». 1964. v. 41, 727. 
219. Fe.i.iep 3. II., Paeropryea 10. .1.. ranneB 10. A. «Ilia, ayaoa», 

lied-u H rat. tuni. to 3. crp. 88. 
52ft. BapraATiiKH. B. Saftueaa JI. C. flxymAB. 1I*)K, 1968, .W 5. 
221. M a a 1 a A.  P., Alvsrea M. O. S. «Ann. Fisica Giilmlca». 1962. 58B. a. 3. 
222. Scpneeaa /I. II (AcTop>^cp*T Kaii.t. .m.-cl BllIl!IXo.ioa. n-cni, 1950. 
223. Riedel l. «Chemie Ins. Technik». 1051. v. 23, S. 465. 
224. UeAep6epr H. D.   «Ten.ioviiepreTiixa>,  1956. ,V; 9, crp. 42. ' 

NOT REPRODUCIBLE 

PTD-MT-2i|-133-71 183 



r...?Ü5i9,B**mW p- Slrtununn W, Wldmer F, Jobil W. «Proif. 
AM Rc5, on Tllc"TI0<,>'n»"11« »nJ Tran»iiorl Prupurlic««. AS.ME N. Y., 1062, 

226 ♦ IIJIiinno» Jl. n. «DCCIMIIK Mfy», ttp. $»*., I960, M 2, crp. 43, 
227 IU y u n a n o o 11. lt. )K3T«, 1939, »,». M 7, cVp. 87». 
22$ Mc.ikiiiiKODa B. H. «Tpyiu MAI!», 19JS, uun. 51, crp. M.' 

22?. r-oz O. R. Band» J.F.C., M«*la A. P. «Zt. (. Elcklrochim», 19% 
v. 56. No o. S. 569. 

230. B r i <1 g m a n P. W. «Proc. Amer. Acid. Arli. Scl.>, 1933. v. «, p. IM1. 
C p K A M M c n  n. D/O.ijiiKa lueoxiix aaa.ieiiiiftJOHTII. 1935. 
231. Schmidt E-, SclUchopp W. «Forschuns Ing. Weis», 1932, Not, 

p. 277. 
233 TiiMpoT J. ^.. BapraijiTiixH. 6. )KT*. 19«, T. IQ, ^ 13, crp. 1061 
233. Lawton A. W.. Lowell R., Ja In A. «J. Chem. Pbylicf», I9S9. 

v. 30, p. 6*3. 
234. BaprayTiiK H. B. O.icmyK 0. M. «Tcn.iojiicprcuiKa», 1959, .S> 10. 
335. Lc Neindre B.. Bury P, Tulcu R.. Johannin P.. Vodar B.' 

Labbr^tone riet liauln Prosfions. C.N. R.S.   Belicvue — 03 — Franc«.   Paper VII 
Intcrrulion.il Confi-r.-n« cl Stcan. Tokyo, 1966. 

R.iLe Ccncrale de Ihormigus. April, 1968. 
33«, B a r r a 11 T.. N e (11 e I o n II. clhtrrnatlonil Critical Table*», 1929. v. i, 

,,   ' 237. Poweil  R. W. .Phil. Msj. Suppl», 1933. v. 7, No 36. p. 376. 
23.S. Riedel L. cArch. Tech. Meisen». 1954, Nr, I. S. 373. 
r,). H jprj(>riiKll. B., Tu« poi .1. .1. ^<T», 1939. Ski. 
WO. IS j praijiTiiK II. 5., TapiiiManoD A. A. «Ton.ioiiipprcniK«», 192», 

.VO; lSfl0,»7, 
211. T :i p -. ii M i. ii o » A. A. «Trn.ioueprcTiiKa». 1963. .Vi 7. 
2 ;2. Key es F.. Vines P. The Ihernul conductivity of Steam to lh« Vlln- 

k-r:idl.°ot'.al conference. N. Y., 1963. 
213. Ii y K a .1 o ii n 'i M. n . Mcpnccna ,1. II. <Tcmo«iicpreTiiKa», 1963, *4 9. 
214. AMllpxauoa X. II.. A.iaMou A. n. «TemviimpreTUKa». 1963, >* 10. 
2l'i. U.i p:n iji TU K II. B., 3 II MM ii a II. X. vTcn.iuiiicprcTiiKB», 1964. .\k 12. 
245. V c n a r t J. Third Syniposiam ol Thermophysical Properties Purdue Uni- 

virtity. IDCli. p. 237. 343 
il7 3 r a i n T. I. S. «Int. J Heat Mass Transter». 1967. v. 10. No 6. p, 737; 

The TJ irr ;il Ci ndtictlvity ol Steam University ol Glasgow. Paper VII Inlernatlonil 
Confcrenv« ol Sleam   folyo. 1988. 

2 IS  K e s t i n i,   W h i 1 e I a w  I. <■!. EnR, Povcr», 1966. No 83. p. 82. 
-Mi  Mavninger   F..   Crigull   U.   BWK. 1965. No 2. / 
250. B y K a .1 o » H <i M. 0 , P n ■ K ii ii C. Jl. A.,-1 e K c a u A p o a A. A.ljadaii- 

UM Timo('i:..i:M'CKi!x cDr.iicTii row a BMfiiioro ii,ipa,)M.. IIIA-DO craiuaproa. IMA. 
2>l. P M n K n n C. .1. tTen ■.„-.KeprcTiiKa». I9C«. A« 4. 
2.*a. Meyer F.. Eigen M  «7. Naturforsch.». 1953. v..8a. S. MO. 
23't, n.ipra^TiiK II. r>., O.iemyK O. Ii, Ee.mKOoa 11. E. cArouuaa 

jLopriln», 19.'9t .V 5, cip. 463. 
354. Zicbland 11, Burton J. «Int. J. Meat Mast Transfer». 196% v. I, 

p. 342. 
258, Bapra&Tiix H. B.. O.icmyK O. If. «TemowcprcTitKa». 1963, .\» II 
V». Dapra$TiiK 11. G. 3aftacna ,1. C, 11<J>/K, 1963, M S. «p. 4. 

^ 

<$ 
,« .tf>

v 
vti-' 3? 

FTD--lT-2iJ-133-7i 181 



UNCLASSIFIED 
iUi 

(Uttutir tl—HI fallt- »I till; ^ 
OOCUMINT CONTMOL DATA -R&D 

gMg IM •mimll tStSU *» « Imtmllltil) 

i emaiNATiN« SimiTvjmvBBiHH} 

Foreign Technology Division 
Air Force Systems Command 
U. S^ Air Force  

UNCLASSIFIED 
ISTSleü» 

1.  niPOMT TITkl 

HEAT CONDUCTIVITY OP GASES AND LIQUIDS 
4. OBtcniPTivg HOt*% (Typ» »IM**I mtktehfln 4ml*») 

Translation 
I   IS TMOMIIt fPBR MMM, UM«* MIIMI, IMI MMM) "~ 

Vargaftik, N, B.; Filippov, L. P.; Tarzimanov, A. A., and 
Yurchak, R. P. 

o 
»«, TOTAi. NO. OF »*•■• 

184 2^ 
M. eoNTHACT en «RANT NO. 

t. »KOJCCT NO. 

M. OOIOINATON*! MI»ORT MUMOIIMII 

FTD-MT-24-133- 
M. äfMiN MKPOMT NO<M SJ; > ri«r •*•*' •M ikat aar k« •• *i#i«d 

■^      DIA Task No.  T6q-04-Q 
10. OltTIUOUriON tTATOMINT 

Approved for public release; distribution unlimited. 

ii. nmnvf 

K. •»ONtOHIM 

Foreign Technology Division 
Wright-Patterson AFB, Ohio 

This reference book represents a systematized and critical sui'vey 
of the basic experimental data for the most widely studied sub- 
stances in liquid and gaseous states (for helium, neon, argon, 
krypton, xenon, hydrogen, nitrogen, oxygen, air, carbon dioxide, 
ammonia, ten hydrocarbons, carbon tetrachloride, ethyl alcohol 
and water). Tables of the most reliable values of the thermal 
conductivity of all the cited substances in a wide range of 
temperatures and pressures have been compiled. The book is in- 
tended for a wide circle of engineers and scientific workers cf 
various branches of technology, and also for students and graduate 
assistants. Orig. art. has: 70 tables, 61 illustrations. 

DD rORM 
I MOV tl 1473 UNCLASSIFIED 

Security Clactiricaiion 



UNCLASSIFIED 

«IT  «•«•■ 

Liquid Helium 
Liquid Nitrogen 
Liquid Hydrogen 
Liquid Oxygen 
Thermal Conductivity 

blNH « 

M*bl 

biMN • 

«•k« •T 

(.INK  C 

«•kB 

UNCLASSIFIED 
Ecwity Oa««inc«iiofi 


