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Part I 
Values of thermal conductivity and temperature coefficients for fifty-three pure 

organic liquids, cjbtained with newly designed, extensively tested apparatus, are 
presented. Far thirty-one of these liquids values of thermal conductivity or tempera- 
ture coefficients have nut been previously reported. The statistically determined 
maximum error in the presented values of thermal conductivity of liquids is 2 1.50%. 

A method of correlating the thermal conductivity of liquids based on a modified 
statement of the theory of corresponding states is presented. Group contributions 
to the thermal conductivity were calculated. The thermal conductivity of liquids 
was predicted by this method and the average deviation of the calculated from 
the observed values for forty-seven liquids is 21.50%. The proposed method of 
correlation permits the calculation of the thermal conductivity of a series of liquidz 
at any temperature from a single known value. 

The thermal conductivity of 
liquids is  an important physical 
property, the value of which is re- 
quired in the solution of most heat 
transfer correlations. The accuracy 
of the various correlations predict- 
ing these heat transfer coelllcients 
cannot be better than the accuracy 
with which the thermal conductiv- 
ity is known. Until recently, never- 
theless, the available data were 
scanty and of doubtful accuracy. 
During recent years considerable 
effort has been expended in the 
experimental determination of the 
thermal conductivity of various 
liquids, but little progress has been 
made toward developing an ap- 
paratus that  yields dependable re- 
sults. 

This paper presents experimental 
results on fifty-three pure organic 
liquids obtained with a newly de- 
signed, extensively tested appara- 
tus. The results are correlated on 
a semitheoretical basis from a 
modified statement of the theory of 
corresponding states. An alterna- 
tive theoretical equation fo r  pre- 

dicting the thermal conductivity of 
liquids is given in Part 11. The two 
methods of correlation are mutual- 
ly supporting. 

APPARATUS 
The thermoconductimetric appara- 

tus was described in detail in an 
earlier publication ( 5 ) ,  where the re- 
sults of a number of tests were also 
presented. The design features were 
decided upon as a result of previous 
experimental and theoretical studies 
( & 5 )  on the various features of 
previously used apparatus. 

The apparatus (Figure 1) is of 
the steady state type. In  it lthe liquid 
layer is enclosed between two, 6-in.- 
diam. horizontal parallel steel bars 
and heated downward t o  eliminate 
convection currents. To establish 
isothermal surfaces, the top and bot- 
tom bars are heated and cooled re- 
spectively by large amounts of water 
drawn from and returned to con- 
stant-temperature baths. The water 
rate is great enough t o  eliminate 
much temperature change after the 
water circulates through the ap- 
paratus. Heat flows in series through 
the liquid layer and a 4-in.-thick steel 

bar. To improve the accuracy of 
measuring the heat flow, eighteen 
thermocouples were embedded in the 
steel bars in four layers at different 
positions from the center of the bars, 
and the heat flow was measured by 
means of the thermal conductivity of 
steel and the dimensions of the bar. 
The thermal conductivity of the piece 
of steel used in the apparatus was 
determined in a separate, specially 
constructed apparatus ( 5 ) .  Heat losses 
were minimized by enclosing the bars 
in a glass cylinder and providing 
thermal guarding. This feature also 
permitted visual observation of the 
liquid layer, the thickness of which 
can be varied and is measured by 
means of three micrometers. This 
makes it possible to study the pres- 
ence and effects of heat transfer by 
radiation across the liquid layer. The 
steel bars were nickel and chrome 
plaited, the metal surfaces in contact 
with the liquid layer being highly 
polished. 

Method of Calculation. In this ap- 
paratus the thermal conductivity of 
the liquid may be calculated by two 
independent methods, an  extrapola- 
tion method and an over-all-resis- 
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tance-to-heat-flow method. Tthe ex- 
trapolation method, used by most in- 
vestigators, is based on the equation 
for heat conduction involving the 
temperature drop across the liquid 
layer which is obtained by extrapola- 
tion. of the thermocouple readings to 
the metal-liquid boundaries. The equa- 
tion for heat conduction is 

This equation assumes that the sur- 
faces are perfectly plane and that 
there are no surface effects of any 
kind. In  practice this condition is 
simply not met. Even after careful 
plating and polishing, surface irregu- 
larities of about 0.0005 in. are com- 
mon. They introduce a considerable 
error in thin-liquid-layer apparatus. 

The over-all resistance to heat- 
flow method is based on calculating 
the resistance to heat flow due to the 
steel bars and the enclosed liquid 
layer. Hence 

where 

B ( A t )  = over-all temperature drop 
due to liquid layer and a known 
thickness of steel bars 

q = heat flow across liquid layer and 
bars 

R ,  = total resistance to heat flow (in- 
cluding effects due to surface 
irregularities and films) 

and 

xs RA = 

X L  R L = ~ - -  L A  

(4) 

(5) 

where 

R, = resistance to heat flow due to  
steel bars alone (including ef- 
fects due t o  surface irregulari- 
ties and films) 

R, = resistance t o  heat flow due to 
liquid layer 

The resistance to heat flow due to 
the steel bars alone, R,, is determined 
by making a run with the bars in 
direct contact. Subtracting this re- 
sistance from the resistance deter- 
mined for a given liquid thickness, 
R,, gives the resistance due to the 
liquid layer alone, R,, and the ther- 
mal conductivity of the liquid is cal- 
culated from Equation ( 5 ) .  

The over-all resistance method is 
considered more correct because it 
takes into account the effect of sur- 
face irregularities and films. It also 
makes it possible to study the pres- 
ence and effects of any convection 
currents or other extraneous factors. 

Precision of Measurements. The de- 
scribed apparatus was submitted to 
a number of tests to establish its 
accuracy and dependability. It was 
shown that, within the range of ex- 
perimental conditions, heat transfer 
by radiation across the liquid layer 
is negligible with no absorption tak- 
ing place. Evidence was also given to 
show the absence of convection cur- 
rents in downward heating. 

The described thermoconductimetric 
apparatus is used as a primary de- 
vice. The experimentally determined 
maximum error in the value of 
thermal conductivity of liquids is 
&l.EiO%, of which 21.0% is a statisti- 
cally calculated maximum uncer- 
tainty in the determined value of 
thermal conductivity of steel. 

RESULTS 

The experimental results are 
presented in Table 1. The  thermal 
conductivity of most liquids was 
determined at three temperatures 
equally spaced over t he  indicated 
temperature range, and t h e  tem- 
perature coefficient was calculated 
from the results. 

COMPARISON WITH LITERATURE 
VALUES 

An extensive l i terature survey 
has been made(3,6) and values of 
thermal conductivity for  numerous 
liquids have been collected, classi- 
fied, and evaluated. The more de- 
pendable results fall mainly into 
two groups differing consistently 
by about 5%. The first group com- 
prises t h e  results of L. Riedel and 
H. L. Mason, determined with a 
similar type of thin-film apparatus 
in the  period 1940 to  1954. They 
found low values of thermal con- 
ductivity and temperature coeffi- 
cients. The second group comprises 
the  results of 0. K. Bates et al. 
and T. K. Slawecki, determined 
with a thick- and thin-film type of 
apparatus respectively in the  peri- 
od 1933 to 1953. Their values of 
thermal conductivity a re  somewhat 
higher than  those of the first 
group. 

A comparison of some values of 
thermal conductivity determined by 
t h e  authors with values published 
by these two groups of investiga- 

Fig. 1. Thermoconductimetric apparatus. 
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tors was made, and it was noted 
that the values of thermal con- 
ductivity of other investigators 
calculated by the extrapolation 
method (group 1) agree in general 
with tkie present authors' values 
calculated by the same method but 
are about 5% lower consistently 
than the values calculated by the 
correct over-all-resistance-to-heat- 
ffow method. The difference is due 
to surface irregularities and films 
( 5 ) .  This effect may be evaluated 
also from the over-all resistance of 
the bars when in direct contact. 
The presence of surface irregu- 
larities and films would increase 
the resistance to  heat flow of the 
bars. Hence, i t  was found that if 
all the surface effects are due to  
surface irregularities, they are  of 
the order of 0.0008 in. Since the 
metal surfaces were carefully ma- 
chined, plated, and highly polished, 
at least to the same extent as in 
apparatus of other investigators, 
it is concluded that some of the 
best literature values of thermal 
conductivity are about 4 to 5% 
lower than the correct values. 

The apparatus used by Bates 
et al. is  a thick-film apparatus. The 
liquid-layer thickness was about 2 
in., and the temperature drop 
across a given liquid-film thick- 
ness was determined by thermo- 
couples placed within the liquid 
layer with their hot junctions lo- 
cated approximately 114 in. apart. 
The values obtained by Bates et al. 
agree well with the results of this 
investigation calculated by the cor- 
rect over-all resistance method, 
which was to be expected as the 
liquid-film thickness is determined 
directly within the liquid layer and 
therefore is free of surface irrepu- 
larities and films. 

Although the results of T. K. 
SIawecki were calculated by the 
extrapolation method they agree 
with the authors' results calcu- 
lated by the over-all-resistance-to- 
heabflow method, probably because 
the liquid-layer thickness, in the 
apparatus used by Slawecki, was 
determined by electrical capaci- 
tance methods, which should give 
a true average value. 

A comparison of the tempera- 
ture coefficients of thermal con- 
ductivity for some liquids with 
literature values was made, and i t  
waa noted that the temperature co- 
efficients of thermal conductivity 
determined in all thin-film types of 
apparatus are consistently lower 
than the values observed in this 
investigation; the values of Bates 
et al. are consistently higher. 

Liquid 

n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 
n-Decane 

n-Hexene-2 
n-Heptene-2 
n-Octene-2 
n-Octene-1 

TABLE l.-oBSERVED VALUES OF THERMAL CONDUCTIVITY 

Rat LOOOF., dk/dl  x lo-' 
B.t.u./(hr.) B.t.u./(hr.) Temp. 

(sq. ft.) (sq. ft.) range. Source, 
("F./ft.) ("F./ft.)/"F. "F. purity* 
0.0714 -1.40 91-135 9a 
0.0725 -1.30 91-170 7b 
0.0751 -1.15 93-170 9a 
0.0777 -1.30 92-171 9a 
0.0770 -1.40 106-169 7b 

0.0715 -1.60 100-131 9c 
0.0747 -1.30 91-170 9a 
0.0769 -1.40 92-171 9c 
0.0740 -1.40 103-172 9c 

2-Methyl pentane 
3-Methyl pentane 
2, 2-Dimethyl butane 
2, 3-Dimethyl butane 
2, 2.4-Trimethyl pentane 
2, 2, 5-Trimethyl hexane 

Methyl alcohol 
Ethyl alcohol 
n-Propyl alcohol 
n-Butyl alcohol 

n-Hexyl alcohol 
n-Heptyl alcohol 

n-Decyl alcohol 

i-Propyl alcohol 
i-Butyl alcohol 
tert-Butyl alcohol 

Ethylene glycol 
Propylene glycol 
Glycerol 
Depropylene glycol 

Methyl acetate 
Ethyl acetate 
Propyl acetate (n-) 
Butyl acetate (n-) 
Amy1 acetate (n-) 
Octyl acetate (n-) 
Methyl propionate 
Ethyl propionate 
Prop 1 propionate (n-) 
Am y7 propionate (n-) 
Ethyl butyrate (n-) 

n-Amy1 chloride 
1 -Chlorodecane 

n-Propyl bromide 
n-But yl bromide 
n-Amy1 bromide 
n-Hexyl bromide 

n-Propyl iodide 
n-Heptyl iodide 

Nitromethane 
Nitroethane 
1-Nitropropane 

n-Amyl alcohol 

n-Octyl alcohol 

1 Allied Chemical & Dye 
2. Brothers Chemical 
3. Carbide & Carbon 
4. City Chemical 
5. Eastman Kodak 
6. Fisher Scientific 
7. Matheson, Coleman & Bell 
8. Merck 
9. Phillips Petroleum 

10. US. Industrial 

0.0617 -1.00 87-121 9a 
0.0628 -1.00 89-128 9a 
0 O.%O -0 93 85-1 10 9a -. ---- 
0.0592 -0.80 S i 2 2  9a 
0.0560 -1.05 101-171 9a 
0.0623 -1.40 94-171 9a 

0.1187 -1.77 95-138 l b  
c) F)981 -1.20 95-167 lob - .  ---- 
0.0912 -0.95 95-168 6b 
0.0885 -1.02 94-170 l b  
0.0863 -0.91 94-170 5d 
0.0878 -0.93 94-170 5d 
0.0903 -0.81 95-169 5b 
0.0927 -1.00 95-170 7d 
0.0947 -1.18 95-170 5d 

0.0814 -0.95 94-171 8b 
0.0803 -0.81 94-170 5b 
0.0670 -0.75 93-171 5b 

0.1510 +0.36 97-169 7b 
0.1215 -0.35 %I69 4b 
0.1789 t-0.53 96-171 7b 
0.1OO7 -1.08 %169 3c 

0.0931 -1.92 96-120 7d 
0.0826 -1.62 106-145 6b 

-1.40 99-169 5b 
7b 

0.0796 
0.0795 -1.26 98-170 

-1.25 96-170 5b 
2b 

0.0782 
0 0815 -1.45 104-170 -. _ _ _ -  

--i.55 108-145 7b 
7b 

-1.34 108-170 5b 
7b -1.39 106-169 
5b 

0.0849 
0.08OO -1.55 107-168 
0,0795 
0.07% 
0.0781 -1.38 107-169 

-0.85 108-169 7b 
5b 

0.0676 
0.0754 -1.23 106-169 

-1.19 9E-136 5b 
5b 

0.0571 

-1.06 102-170 5b 
5b 

0.0599 
0.0614 -1.02 %169 

-0.90 105-170 5b 
5b 

0.0503 
0.0573 -0.98 102-169 

0.1170 -1.97 110-168 5b 
-1.55 108-168 5b 

5d 
0.0962 
0.0873 -1.44 110-169 

0.0581 -1.13 103-170 

a. Pure, 99 mole % min. 
b. Reagent, research, Eastman-highest purity. 
c. Technical, 95 mole min. 
d. P m c t d ,  95-98% 

The difference between the Val- ation across the liquid layer in the 
ues observed in this investigation apparatus used by Bates, which 
and those of Bates e t  al. is due to  amounted to about 7% of the heat 
the effect of heat transfer by radi- flow by conduction. Bates did not 
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correct for  this heat tragsfer by 
radiation. Since for a given liquid- 
film thickness the heat transfer by 
radiation is greater for the higher 
or hotter section of the liquid 
layer than for  the colder section, 
the calculated coefficient of thermal 
conductivity will be higher than 
the correct value, as noted. If the 
results obtained by Bates are cor- 
rected for  the heat flow by radia- 
tion across the liquid layer, it will 
be found that the published values 
of thermal conductivity are  about 
0.8% high. The corrected values of 
the temperature coefficient agree 
in general with the values observed 
by the authors. 

The low values of the tempera- 
ture coefficient obtained with all 
thin-film apparatus are  most prob- 
ably due to the thermal expansion 
of the copper cylinders. 

The accuracy of the results of 
this investigation, presented in 
Table 1, can also be shown indi- 
rectly by a comparison of the tem- 
perature coefficients for  the 5omo- 
logue members of the alcohol series, 
which were fairly pure liquids. It 
will be noted that  the temperature 
coefficients vary regularly from 
member to member, as expected. 
A plot of the temperature coeffi- 
cients as a function of the number 
of carbon atoms was made, and a 
smooth curve drawn through the 
experimental points. The maximum 
deviation of any point from the  
curve was noted to  be k0.08 X 1 0 - 4  
B.t.u./ (hr.) (sq.ft.) ("F./ft .) /"F. 
For  a temperature range of 74°F. 
covered in this investigation this 
corresponds to a maximum devia- 
tion of 20.65% in the values of 
thermal conductivity, including the 
deviation due to any impurities in 
the liquids. The temperature coeffi- 
cients for the same liquids deter- 
mined by other investigators vary 
irregularly from liquid to liquid. 

COiRRELATION OF RESULTS 

The basic conditions underlying 
the theory of corresponding states 
have been clearly stated(2). If all 
the conditions are met, it can be 
shown(2) that two systems should 
exhibit corresponding behavior if 
they are a t  the same reduced tem- 
perature and pressure or  volume. 
Most liquids actually do not meet, 
all the conditions; however, a cor- 
responding-states behavior could 
arise under some other circum- 
stances than those given, although 
the detailed behavior would be dif- 
ferent. 

Such a situation would arise 
when homologous members of the 

TABLE 2.-STRUCTURAL CONTRIBUTION TO THE THERMAL CONDUCT1VITY 
O F  LIQUIDS AT T, = 0.6 

dk, B.t.u./ 
(hr.) (sq.ft.) 

Aliphatic alcohols . . . . . . . . . . . . . . . .  -OH ("FJ f t . )  
//'O -0.0070 

Esters -C ............................ 
\ 0.- +0.0070* 

-c1 -0.0168 
-Br -0.0248 

Alkyl halides ..................... 
-1 -0.0310 0" 
-NO, Nitrated alkanes. . . . . . . . . . . . . . . . . .  

Isomerixation 

Bonding 

For 1 -CH,group -0.0060 
For 2 -CH, groups -0.0104 
For 3 -CH, groups -0.0142 

One double bond= 

Effective Number of Carbon Atoms, s 
Aliphatic hydrocarbons .............. Cn%n+2 

Aliphatic alcohols . . . . . . . . . . . . . . . . . .  C,H,,'+*OH 
Esters ............................ Cla*,,O, 
Alkyl halides ...................... C,H,,+ICI 

CnH21t +,Br 
C?aHz* +,I 
c*Hz,+,N 0 z Nitrated alkanes ................... 

+0.0010 

2 = n  
z = n  
z = n-2 

x = n+1 
5 = n+2 
x = n  

2 = n  

*The first members of associated series such, as alcohols and nitrated alkanes, have an abnormally 
high thermal conductivity; however, their relatlve values are conslsttnt wit21 the contributions given 
in Table 2. Hence any member of the alcohol series will differ from a correspondmg member of 
the nitrate alkane series by 0.0070 B.t.u./ (hr.) (sq.ft.) ('F(/ft.), illcluding methyl alcohol and nitro- 
methane. However methyl alcohol will differ by more than 0.0070 from the first member of the 
hydrocarbon series or methane. 

same series are considered. Hence 
the condition that  all molecules 
should be spherically symmetrical 
could be changed to mean a group 
of nonspherical molecules having 
the same shape factor. This changes 
also the condition that the poten- 
tial energy is a function only of 
intermolecular distance to  a con- 
dition in  which the potential 
energy has the same proportional 
dependence of potential on angular 
orientation. This permits the in- 
clusion of polar substances. Finally 
the potential function may have a 
different shape, but it will be ex- 
pected to vary uniformly. 

The theory of corresponding 
states may then be stated on a 
broad basis in a different form. 
The same members of two different 
series will exhibit corresponding 
behavior to the same other mem- 
bers of their respective series, pro- 
vided they are  a t  the same reduced 
temperature and pressure. Since 
the effect of pressure an thermal 
conductivity is relatively small (1) , 
the reduced pressure may be omit- 
ted from the correlation. Hence a 
plot of thermal conductivity as a 
function of number of carbon 
atoms, for the chain compounds, at 
the same reduced temperature 
should result in a family of curves 
of similar shape. Such a plot is 
shown in Figure 2. As predicted, 
the  curves a re  parallel and have 
the same shape. The contribution 

to the thermal conductivity of a 
given functional group or atom in 
the molecule was determined by 
taking the hydrocarbon series as a 
basis and obtaining the difference 
between i t  and other series. These 
contributions are  presented in 
Table 2. 

It will be noted that  the effective 
number of carbon atoms, x, is not 
the same for  all series. It is clear 
that  the size of the substituted 
atoms or functional groups, and 
the polarity of the molecule, which 
affect the shape factor and inter- 
molecular forces, determine the 
value of x. 

A theoretical equation for  pre- 
dicting the thermal conductivity 
of liquids will be derived in Part 
11. According to the theoretical 
equation 

k = C , U , p L  

Substituting an  empirical equa- 
tion for the velocity of sound in  
Equation (6) (Par t  11) results in 

Values of the variables involved 
a t  68°F. for members of the hydro- 
carbon and alcohol series a re  tabu- 
lated (Table 3) for  purposes of 
comparison. 
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It will be noted that the specific 
heat and the critical density are  
approximately constant for mem- 
bers of the same series; whereas 
the intermolecular distance, L, 
varies somewhat from member to  
member. At  the critical tempera- 
ture  Equation ('7) may be ex- 
pressed as follows, 

k = C Y  (8) 
where 

C = C ,  pO4, group constant for  a 

Y = R3 L I M S ,  group consisting of 
given series 

additive factors 

If the small variations observed 
are neglected, the function Y may 
also be taken as a constant for a 
given series. Hence i t  may be pre- 
dicted as a good approximation 
that at the critical temperature the 
thermal conductivity of a homolog- 
ous series will be a constant and 
the same for all the members of 
the series. A plot of thermal con- 
ductivity of a given series as a 
function of reduced temperature, 
with the number of carbon atoms 
as a parameter, will result in a 
family of curves converging to a 
point at T, = 1.0. Such a plot for  
the hydrocarbon series is shown in 
Figure 3. Only the last five mem- 
bers of the series were studied, the 
remaining members being used as 
a reference fo r  the other series. 
It will be noted that, as expected, 
the convergence points for both the 
normal and associated liquids are 
arranged in the order of their 
relative critical densities. The 
method of calculation may be shown 
by an example. 

Illustration. Calculate the thermal 
conductivity of i-butyl alcohol at 
100.0'F. 

Data: T, = 995.0'R. 
Effective carbon atom number x=n=4 
Structural contribution -OH 

+0.0070 
1 Isomerization -0.0060 

TABLE 3 
CW L x 10-9, Q G  Liquid B.t.u./(lb.) (OF.) ft. 1b.lcu.ft. 

n-Hexane ......................... 0.534 0.268 14.49 
n-Heptane ........................ 0.526 0.251 14.59 
n-Octane .......................... 0.522 0.245 14.69 
n-Nonane ......................... 0.521 0.230 14.59 
Ethyl alcohol ...................... 0.575 0.259 17.20 
n-Propyl alcohol ................... 0.563 0.230 17.02 
n-Butyl alcohol .................... 0.563 0.217 16.95 
n-Amy1 alcohol .................... 0.660 0.206 16.90 

The ratio R I M  has been calculated also for a few liquids: 
Liquid R I M  

n-Hexane .............................. 0.369 
n-Heptane 0.362 
n-Octane .............................. 0.358 
Ethyl alcohol ........................... 0.318 
n-Propyl alcohol ........................ 0.318 
n-Butyl alcohol ......................... 0.319 
Methyl acetate ......................... 0.273 
Ethyl acetate .......................... 0.280 
n-Propyl acetate ........................ 0.285 

............................. 

0 4  ' : I ! ' I A X ' €! ' ! ' b ' A I ,b I ,i 
Fig. 2. Thermal conductivity vs. effective number of 

carbon atoms. 

net +0.0010 

In Figure 3 locate the refprence point 
for butane, at T,=0.6 ,  0.0775. Add 
0.0010 and locate new point, 0.0785. 
Connect the new point with the con- 
vergence point for alcohols by a 
straight line. Read the value of ther- 
mal conductivity at T ,  = 0.563 
( lOO.O°F . ) ,  k = 0.0818 B.t.u./(hr.) 
(sq.ft.) ( OFJft.). The observed value 
a t  the same temperature is 0.0803 
B.t.u./ (hr.) (sq.ft.) ("FJft.). 

This method of correlation was 
used t o  predict the thermal conduc- 
tivity of the liquids tested in this 
investigation. Representative results 

are presented in Table 4. 
The average deviation of the calcu- 

lated from the observed values of 
thermal conductivity for the forty- 
seven liquids is +1.50oJ,. The maxi- 
mum deviation is about 26.0%. Con- 
sidering the purity of the liquids in- 
volved, the observed average devia- 
tion is satisfactory. It will be noted 
that the method of correlation was 
tested with respect both to the ther- 
mal conductivity and its temperature 
coefficient. 

A t  any one temperature the ther- 
mal conductivity appears both to in- 
crease and to decrease with increas- 
ing molecular weight, as in the case 

of the hydrocarbons and aliphatic 
alcohols respectively. At  the same 
reduced temperature, however, the 
thermal conductivity for all liquids 
decreases with molecular weight. 

This method of correlation permits 
the calculation of the thermal con- 
ductivity of a series of liquids at any 
temperature from a single known 
value for  one member. The conver- 
gence point may be established readily 
from its critical density. A straight 
line connecting the known experi- 
mental value with the convergence 
point will pass through the T,. = 0.6 
point, the effective value of x being 
determined from the structure of the 
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molecule. The value read a t  0.6T, presented in Part 11, in which case ture coefficients for  thirty-one of 
and the effective value of z will estab- these liquids have not been previ- 

ously reported. It is indicated that  lish the structural contribution of the 
Observed values of thermal con- the best literature values of ther- functional group in the series. The 

thermal conductivity a t  any tempera- 
ture, for any member of the series, ductivity and temperature co&- ma1 conductivity are most probably 
is then readily determined. The re- cients are presented fo r  fifty-three low, on account of surface effects 
quired single value may be calcu- pure organic Iiquids. Values of that were not considered in most 
lated from the theoretical equation thermal conductivity or tempera- investigations. 

no experimental data are needed. 

Conductlr i ly  of Liquldi d TR=0.6 

+ 0 W70 

- 0 0168 

- 0.0248 

E * t e f s  C n H 2 n + ~ C 0 2  " - 1  

AlhYl Halides cn H ~ ~ + ~  cl 

N i I r O A l l O n r l  '' 'ln+' I "+' c, HZncI nr "+I 

CnH2n+1 NO2 n 

A Icohok 

. NilreAlLmrr 

02 01) 0.4 05 0.6 0.7 0.8 0.9 1.0 
TR 

Fig. 3. Thermal conductivity of liquids vs. reduced temperature. 

TABLE $.-COMPARISON OF 

Liquid 
a-Heptane 
n-Nonane 
Heptene-2 
n-Propyl alcohol 
n-Hexyl alcohol 
Methyl acetate 
Amy1 acetate (n-) 
Ethyl propionate 
Ethyl butyrate (n-) 
1-Chlorodecane 
n-Hexyl bromide 
n-Propyl iodide 
Nit roethane 
2-Methyl pentane 
2, 2-Dimethyl butane 
2, 2,4-Trimethyl pentane 
i-Butyl alcohol 

SOME EXPERIMENTAL VALUES OF THERMAL CONDUCTIVITY WITH VALUES CALCULATED BY 

T,, OR. T, k,,,.+ &,.t % DevJ T ,  keaZe.t ko,,.i. % Dev.: 

CORRELATION BASED ON T H E  THEORY O F  CORRESPONDING STATES 

972.0 
1060. o* 
975. o* 
966.0 

1102.0* 
912.0 

1090. o* 
984.0 

1020.0 
1340.0* 
1210.0* 
1074.0* 
1004.0* 
895.0 
885,O 
980.0 
995.0 

0.567 
0.520 
0.565 
0.574 
0.502 
0.610 
0.510 
0.565 
0.555 
0.422 
0.460 
0.526 
0.566 
0.610 
0.616 
0.573 
0.555 

0.0738 
0.0785 
0.0755 
0.0922 
0.0867 
0.0935 
0.0782 
0.0807 
0.0768 
0.0745 
0.0613 
0.0510 
0.0945 
0.0637 
0.0590 
0.0575 
0.0825 

0.0737 
0.0787 
0.0759 
0.0917 
0.0884 
0.0939 
0.0788 
0.0808 
0.0771 
0.0747 
0.0618 
0.0498 
0.0950 
0.0630 
0.0574 
0.0559 
0.0808 

+O. 14 
+O .25 

1-0.54 
-0.53 

-1.92 
-0.43 
-0.76 
-0.12 
-0.39 
-0.27 
-0.81 
+2.41 
-0.52 
+1.11 
t 2 . 7 8  
+2.86 
+2.10 

0.648 
0.595 
0.646 
0.650 
0.571 
0.635 
0.578 
0.635 
0.616 
0.469 
0.520 
0.586 
0.625 
0.650 
0.644 
0.644 
0.632 

0.0637 
0.0691 
0.0651 
0.0840 
0.0807 
0.0887 
0.0695 
0.0703 
0.0683 
0.0683 
0.0544 
0.0445 
0.0860 
0.0591 
0.0560 
0.0507 
0.0757 

0.0634 
0.0685 
0.0656 
0.0847 
0.0813 
0.0893 
0.0695 
0.0699 
0.0686 
0.0669 
0.0544 
0.0440 
0.0857 
0.0596 
0.0551 
0.0486 
0.0746 

+0.47 
+0.87 
-0.61 
-0.83 
-0.74 
-0.67 

0 
+O .57 
-0.44 
+2.10 

0 
$1.13 
+O. 35 
-0.84 
+1.63 
+4.31 
+1.47 

*Estimated values. t k  = B.t.u./(hr.) (sq. ft .) (OF. !ft.) $Percentage deviation of calculated from observed values. 

Page 280 A.1.Ch.E. Journal September, 1955 



A method of correlating the 
thermal conductivity of liquids 
based on the theory of correspond- 
ing states has been developed and 
has been tested on a large number 
of liquids. The thermal conduc- 
tivity of a series of liquids may be 
determined from one known value, 
at  any one temperature, of one of 
its members. 
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NOTATION 
A = heat transfer area, normal to  

heat flow, sq.ft. 

C, = specific heat at constant pres- 
sure, B.t.u.1 (lb.) (OF.) 

C = group of constants 
k = thermal conductivity, B.t.p.1 

(hr.) (sq.ft.) ("FJf t . )  
L = mean available intermolecular 

distance, surface t o  surface, 
f t .  

M = molecular weight, lb. 
n = number of carbon atoms 
q = r a t e  of heat flow, B.t.u.lhr. 

R = resistance to  heat flow, (OF.) 
(hr.) /B.t.u. 

R = additive constant 
T = absolute temperature, OR. 
t = temperature, "F. 
U, = velocity of sound, ft./sec. 

x = effective number of carbon 

z =thickness, f t .  
Y = group of ,additive factors 
p = density, 1b.Icu.ft. 

atoms 

A t  = temperature drop, "F. 
Z ( A t )  = over-all temperature drop, 

OF. 

Subscripts 

c = critical 
L = liquid 
r = reduced 
S = steel 
T =total  
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Part 11 
An equation for predicting the thermal conductivity and its temperature coefficient of pure organic liquids has been eriyed 

on the basis of a particular molecular arrangement in the liquid. The equation is applicable to both normal and associated hqulds. 
Detailed methods and tables are given in the Appendix for predicting the variables involved where no data are available. The 
equation has been tested on forty-two liquids, and the average deviation of the calculated from the observed values of thermal 
conductivity is & 2.6%. 

In  Par t  I the values of thermal 
conductivity observed in this in- 
vestigation were correlated on the 
basis of a modified statement of 
the theory of corresponding states. 
This method requires at least one 
experimental value. This part of 
the series presents the results of 
an attempt to derive without ex- 
perimental information a simple 
theoretical equation for the predic- 
tion of thermal conductivity and 
its temperature coefficient. 

The equation is derived on the 
basis of a particular molecular ar- 
rangement in the liquid, consistent 
with the results of X-ray diffrac- 
tion studies in liquids. It has been 
tested on a large number of liquids 
(see Part  I) .  The success of the 
equation in predicting the thermal 
conductivity of liquids, both nor- 
mal and associated, justifies indi- 
rectly the assumptions made in its 
derivation and throws light on the 
mechanism of heat conduction in 
liquids. 

PREVIOUS WORK 
A number of equations, mostly em- 

pirical, for predicting the thermal 
conductivity of liquids have been pre- 
sented. None of the theoretical equa- 
tions appear to be satisfactory, as 
the predicted values of thermal con- 
ductivity vary widely from experi- 
mental data, and the empirical equa- 

tions relating the thermal conduc- 
tivity to other liquid properties are 
little better. The theory of the liquid 
state has not been developed to the 
point where a satisfactory equation 
for thermal conductivity may be 
arrived a t  without vitiating assump- 
tions. An equation with as  simplified 
a theoretical background as possible 
is therefore desirable. 

One such equation was developed 
in 1923 by P. W. Bridgman(l), who 
assumed that the liquid molecules 
were arranged in a cubical lattice, 
at a distance d f t .  apart, vibrating 
about centers, 

The total energy of a molecule was 
taken as 3RT/N(3/2RTIN kinetic 
energy and 3l2RTIN potential 
energy), or 1IZRTIN for each de- 
gree of freedom. This was assumed 
to be propagated along a row of 
molecules with the velocity of sound 
U,ft./sec. in the liquid. Bridgman 
obtained the equation 

RU, k = 3 -  
Nd2 

B.t.u./(hr.) (sq. ft.) (OF./ft.) 

Kardos(8) in 1934 modified Bridg- 
man's equation to avoid specifying 
the amount of molecular energy. He 
considered an energy drop between 

adjacent molecular surfaces and sub- 
stituted the distance L between the 
surfaces of adjacent molecules, in- 
stead of the distance d of their cen- 
ters. He arrived by a reasoning simi- 
lar to tha t  of Bridgman at the 
following relation : 

k = LU,pC, 

The difficulty in using th.is equation 
lies in the finding of suitable values 
for the variables involved. Kardos 
suggested that as  a first approxima- 
tion L be assumed constant and equal 
to 3.12 X 10-10 ft.  

The thermal conductivity qf twenty- 
eight liquids was calculated by use 
of Bridgman's and Kardos' equations. 
The average deviation of the calcu- 
lated from the observed values of 
thermal conductivity was found to  be 
2 1 5  and 2 2 3 %  respectively. The 
maximum deviation is -~_40% and 
kl04cJo respectively; hence it would 
appear that  the assumption of a con- 
stant L in Kardos' equation is not 
tenable if reasonably accurate values 
are required. 

The theoretical equation proposed 
by Kardos will be interpreted on the 
basis of recent developments, and 
methods for determining the vari- 
ables involved given. It will be shown 
that when the variables involved are 
properly evaluated the predicted 
values of thermal conductivity agree 
well with the values of thermal con- 
ductivity observed in this investiga- 
tion. 
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‘2 A B C D 
Fig. 1. Heat transfer mechanism with assumed molecular model. 

The derivation of an equation for  
thermal conductivity requires the use 
of a model of the liquid state and 
the assumption of a mechanism of 
heat conduction. The model of liquid 
state considered here originates from 
the results of X-ray-diffraction 
studies of liquids. 

BASIC CONCEPTS 
The liquid state differs from the 

gas state in that the individual 
molecules are affected considerably 
by the presence of their neighbor- 
ing molecules. It differs from the 
solid state in that the molecules 
have a certain degree of freedom 
on the macroscopic scale. The set- 
ting of a temperature gradient 
across a liquid layer should result 
in the formation of isothermal 
planes of liquid molecules having 
the same mean energy. This ar- 
rangement will cause the molecules 
to move in the direction of heat 
flow only. Owing to the large in- 
termolecular forces existing in the 
liquid state, only a small fraction 
of the total energy is transferred 
by individual molecules over rela- 
tively long distances. The greater 
part of energy transfer takes place 
by the distant action of neighbor- 
ing molecules, much in the same 
way that mechanical motion is 
transferred from point t o  point 
along a vibrating network of 
spheres connected by springs. Fur- 
ther, as a good approximation it 
can be assumed that on the aver- 
age the energy transferred in a 
given time by a molecule moving 
freely in the direction of heat flow 
is equal to that transferred by a 
molecule vibrating about a mean 
position during the same time. This 
simplified model is substantially in 
agreement with the “cybotactic 
state” proposed by G. W. Stewart 
and coworkers(l7) (see also 14) 
for isothermal conditions. G. W. 
Stewart attributes a “microcrystal- 
line” structure to a liquid by as- 
suming the presence of a large 
number of “cybotactic groups.” 
These groups are not permanent 
and do not have sharp boundaries 

as  in a crystal. Rather, over any 
appreciable time there are a great- 
er number of these groups than 
of groups having completely dis- 
ordered arrangement. The more 
elongated the molecule, as in a 
chain, the better the arrangement 
within the groups. The existence 
of a temperature gradient in a 
liquid layer should favor such an 
internal molecular arrangement. 

In the case of a long-chain-hy- 
drocarbon liquid, such as n-hep- 
tane (similar considerations apply 
to different-shaped molecules), the 
molecules in the liquid layer are 
oriented end to end on long chains 
in a two-dimensional pattern. The 
chains or layers repeat themselves 
throughout most of the liquid layer, 
some chains occasionally being dis- 
ordered by molecules assuming dif- 
ferent orientation; some groups 
may be broken up and new ones 
formed. 

The process of heat conduction 
may be visualized as shown in 
Figure 1. In step A the molecules, 
represented by shaded rectangles, 
are in an assumed starting posi- 
tion. In  step B molecule 1 moves 
toward a hotter molecule and mole- 
cules 2 and 3 move toward each 
other to collide. Molecule 1 on 
reaching the hotter molecule col- 
lides with it, picks up excess 
energy, and starts back. In step C 
molecule 1 collides with molecule 
2, gives up its excess energy, and 
bounces back toward the hotter 
molecule again. In  step D molecule 
2 collides with molecule 3, giving 
up its newly gained excess energy. 
Steps B and C are repeated indefi- 
nitely. There is little or no lateral 
motion as adjacent molecules have 
the same mean absolute energy and 
the container walls are well in- 
sulated. 

In  Figure 1 the cross-sectional 
area of the molecules is represented 
as a rectangle, but no molecule has 
such sharp-edged boundaries. X- 
ray diffraction studies of the in- 
ternal structure of molecules show 
that the carbon atoms in the mole- 

cule are arranged in a zigzag pat- 
tern at  definite angles and dis- 
tances apart, with the hydrogen 
atoms attached at  definite positions 
in the chain. If each atom is visual- 
ized not as a point mass, but as 
distribution of charges in space, 
the molecule will appear like a rod 
with rough edges. The space occu- 
pied by this rod cannot be pene- 
trated by any other molecule and 
represents the minimum volume o r  
molecular volume a t  absolute zero 
v,. For purposes of calculation i t  is 
easier to represent the minimum 
volume by a parallelopiped with 
height and width d equal to the 
diameter of the rod. The cross sec- 
tion of the molecule then may be 
represented by a rectangle, as in 
Figure 1. 

At absolute zero the molar vol- 
ume V ,  is simply the sum of the 
minimum molecular volumes, or 

N 

v, = p0 ( 1) 

As the temperature increases, the 
molecules begin to vibrate and the 
molar volume increases. The dif- 
ference between the molar volume 
V at  a given temperature and that 
a t  absolute zero is simply empty 
space within which the molecules 
move. As a consequence of the 
foregoing assumption that the 
molecules vibrate about fixed 
equilibrium positions, the available 
volume V ,  = V-V, will be dis- 
tributed around the minimum mole- 
cular volume, as shown in Figure 
1 by dotted lines. It is clear there- 
fore that according to the sug- 
gested mechanism of heat conduc- 
tion, the significant intermolecular 
distance is the available distance 
between the molecular surfaces L 
and not the molecular diameter d. 

DERIVATTON OF EQUATION 

An energy drop of 

-L(%)“T dx (2) 

per molecule along a row of mole- 
cules in the direction of heat flow, 
where x = d  f L, may be con- 
sidered. If it is assumed that heat 
is transmitted through the liquid 
with a velocity equal to the velocity 
of sound in the liquid U,, the total 
energy, passing a fixed point in a 
row of molecules per unit time, is 
the product of the energy dif- 
ference and the number of steps 
contained in a row U, ft. long, or 
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TABLE 1.-COMPARISON OF SOME EXPERIMENTAL VALUES OF THERMAL CONDUCTIVITY WITH VALUES CALCULATED BY 
THEORETICAL EQUATION (8) AT 68°F. 

Liquid 
n-Heatane 
n-Amy1 alcohol t 
Octene-2 
n-Octyl acetate 
Ethyl propionate 
Ethylene glycol 
Glycerol 
2,2-Dimethyl but 
i-Propyl alcohol 
n-Amy1 bromide 
n-Propyl iodide 
n-Amy1 chloride 

$ba.* CP. 

("F./ft.) (OF.) 

B.t.u./(hr.)(sq. ft.)/ B.t.u./(lb.) 

0.0767 0.526 
0.0892 0.560 
0.0814 0.503 $ 
0.0861 0.485 3 
0.0850 0.457 
0.1498 0.575 
0.1772 0.570 

.ane 0.0590 0.518 
0.0844 0.596 
0.0633 0.295 $ 
0.0532 0.205 j: 
0.0703 0.440 f 

us 
ft. /sec. 
3786 
4111 
3973 2 
4240 
3940 $ 
5490 
6249 
3320 3 
3900 
3720 2 
31903 
3885 1: 

P 
lb./cu. ft. 

42.60 
50.70 
45.00 
54.20 
55.50 
69.40 
78.60 
40.45 
49.00 
75.90 

109.00 
55.00 

L x 1G-9, 
ft. 

0.253 
0.218 
0.249 
0.207 
0.239 
0.181 
0.172 
0.231 
0.214 
0.207 
0.210 
0.216 

*Percentage of deviation of calculated from observed values of thermal conductivity. 
TFor methyl and ethyl alcohol, nitromethane and nitroethane, the molecular length is much smaller than the 

$Estimated values. 
iianieter, and a different molecular arrangement becomes necessary. 

The total energy transfer across 
unit area is the product of the 
energy transfer across a single row 
and the number of rows in unit 
cross section, or  

where yx = cross-sectional area cor- 
responding to the dimension x. 

The equation f o r  heat conduc- 
tion per unit area is stated as 

Substituting Equation (3) in (4) 
and solving for thermal conduc- 
tivity results in 

as by definition 

where M = molecular weight, Ib. 
C, = specific heat a t  con- 

stant pressure. B.t.u./ 
(lb.) (OF.) 

Also the molecular volume v is 

where p = liquid density, lb./cu.ft. 
Substituting Equations ( 6 )  and 
(7) in (5) and canceling terms re- 
sults in 

k = C , U , p L  (8) 

where Cp = specific heat a t  con- 
stant pressure, B,t.u./ 
(Ib.) (OF.). 

U, = velocity of sound in 
the liquid, ft./hr. 

p = liquid density, Ib./cu.ft. 
L = availabIe intermolec- 

ular distance, f t .  
k = thermal conductivity 

of liquid, B.t.u./ (hr.) 
(sq.ft.) ("FJft .)  

The significance of the intermolec- 
ular distance L will be shown by 
consideration of n-heptane. 

n-Heptane at 68°F. 

Data. k = 0.0767 B.t.u./ (hr.) (sq. 
ft.) ("F./ft.), value ob- 
served in this investi- 
gation 

C, = 0.526 B.t.u./ (Ib.) (OF.) 

U ,  = 1.364 X l o 7  ft./hr. 
g = 42.60 lb./cu.ft. 

Substituting the given data in 
Equation (8) and solving for L re- 
sults in 

L = 0.251 X lO-'ft.  
X-ray-diffraction studies by G. 

W. Stewart and coworkers have 
shown that the diameter of the 
heptane molecule a t  about 68°F. is 
1.77 X 10-9 ft.(5.40 A.) This di- 
ameter actually corresponds to the 
dimension x shown in Figure 1, or 

d + L = 1.77 x 10-'ft. 
It was stated above that the molec- 
ular volume for heptane may be 
taken as a parallelopiped, or 

N 

v =  zv (9) 
and 

M 
PN 

v = -- = (d + L)  YZ ( 7 ~ )  

kcIllc.* 
B.t.u./(hr.) (sq. ft.) / 

( O F .  ift.) % Dev.* 
0.0773 -1-0.8 
0.0916 +2.7 
0.0806 -1.0 
0.0831 -3.6 
0.0860 +1.2 
0.1428 -4.9 
0.1734 -2.2 
0.0579 -1.9 
0.0877 $3.9 
0.0621 -1.9 
0.0539 1-1.3 
0.0731 $4.0 

where, as 

z = x = d + L  

Substituting values in Equation 
(7a) results in 

- - 100.20 v = --- 
42.6 X 2.73 X 

8.61 x cu. ft. 

and 

8.61X10-27 - 
Y = - 

(1.77 X 10-9)z 

2.752 X 16' ft. 

It will be shown in the Appendix 
that the dimension y is actually 
equal to the molecular length 1, or 
in other words there is no avail- 
able volume between the ends of 
the molecules in a given layer, as 
if the molecules were arranged in 
a long continuous chain. If the in- 
termolecular distance L is the only 
available distance, it should be 
possible to calculate the minimum 
molecular volume a t  absolute zero 
as follows: 

IJ, = d2 1 (10) 

Hence 

-9 
d = 1.77 X lo-'- 0.251 X 10 = 

1.519 X 16' ft. 

~.=(1.519XlO-~)~ (2.752XId') = 

6.35 x lo-" cu. f t  
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If the density at absolute zero is 
available, the obtained answer can 
be checked ; however, the results 
can be checked by a different meth- 
od if the critical density is known. 
For n-heptane, po = 14.58 lb./cu.ft. 
The critical volume is next calcu- 
lated by Equation (7),  or 

- - 100.20 

14.58 X 2.73 X loz6 

25.2 X 1627 cu. ft. 

The ratio of the critical volume t o  
the volume a t  absolute zero is  

21, = 

6.35 X Id"' 
It is important to note that accord- 
ing to van der Waals' equation 

PI, = 3v0 

Further i t  is found experimentally 
that v, is more nearly equal to 4w0 
than 3v0, in agreement with the 
value calculated above. 
Berthelot's equation gives 

v,  = 4vo. 

It is clear then that, if the ratio of 
the critical volume to the volume 
at the absolute zero is known, the 
thermal conductivity of a liquid 
can be calculated by reversing the 
illustrated procedure. For the case 
of n-heptane the ratio m was calcu- 
lated by a method given in the Ap- 
pendix and found to be equal to 
3.98. By use of this value of m, 
the thermal conductivity of n-hep- 
tane was found to be 0.0773 B.t.u./ 
(hr.) (sq.ft.) ("FJf t . ) ,  o r  0.8% 
higher than the observed value. 

I t  should be emphasized that the 
value of L will vary from liquid 
to liquid and is a function of tem- 
perature, becoming zero a t  the 
absolute zero. Kardos erroneously 
assigned a constant value to it. 

Methods of calculating the vari- 
ables involved in Equation (8) are 
given in the Appendix. 

COMPARISON WITH 
EXPERIMENTAL VALUES 
Equation (8) was used to  pre- 

dict the thermal conductivity of 
the liquids used in this investiga- 
tion ( 1 6 ) .  The variables involved 
were calculated by the methods out- 
lined in the Appendix. Representa- 
tive results are shown in Table 1. 

I n  the calculation of the thermal 
conductivity of isomers i t  was 
noted that  a systematic deviation 
occurred. This was corrected as 
follows. 

For isomers where n = 1, v,/v* = 
wdv. [Equation (20) 1-0.23. (See 
Appendix, Table 4.) 

For higher values of n the cor- 
rection is probably 0.2312, but there 
are no substantiating data avail- 
able. The average deviation of the 
calculated from the observed values 
of thermal conductivity for  forty- 
two liquids was found to be +2.6%. 
The maximum deviation was about 
+6%. Considering the errors in- 
troduced by the necessity for  esti- 
mating two o r  more variables for  
some liquids, and the purity of the 
liquids involved, the observed aver- 
age deviation is satisfactory. The 
method of calculation is shown by 
an example: 

ILLUSTRATION 1. Calculate the ther- 
mal conductivity of propyl acetate 
a t  6,8"F. 

Data C, = 0.459 B.t.u.1 (lb.) (OF.) 
p = 55.40 1b.lcu.ft. 

T, = 988.5"R. 
M = 102.13 
U, = 3912 ft./sec. 
p, = 18.42 Ib./cu.ft. 
T, = 321.O"R. 

Calculation of ratio of critical to 
minimum molecular volume, v,/vo 

Of 
Pf = 7- P68"F. 

68'F. 

w j  = 0.1473 [Eq. (22)] 

w = 0.1298tEq. 22)] 
68'F. 

p. = 62.951b./cu. ft. 

p0/pc=2 1 1+ ( 6 2  -2-L- 95/2 - 18 42) 

( 988.5 -----)} 988.5 - 321 .O po/pc = 4.09 

18.42 

No correction for  isomerization. 
Calculation of minimum molecular 
volume, vo 

V ,  = ~ ~ ' 4 . 0 9  

- - M 102.13 2) =--= 

2.73x 1OZ6X 18.42 P a  

20.3X cu. f t .  

21, = 20.3 X 16'' / 4.09 = 4.952 X 

cu. f t .  

Calculation of intermolecular 
length, L 

x = 5.03i. = 1.650 X lO-'ft. 

(Table 4) 

I=--- = 2.480 X l6'ft. 
pNx2 

d =  ( -- ;)' = ( 4.952X102' )'= 
2.480X 16' 

1.415 X 16' ft. 

L = x - d  

L = (1.650 - 1.415) X lo-'= 

0.235 X lo-' ft. 

Calculation of thermal conduc- 
t ivity,  k 

k = CpU,pL (8) 

k = (0.235 X 10-9) (0.459) (55.40) 

k = 0.0841 B.t.u./ (hr.) (sq.fL) 

The observed value is 0.0841 B.t.u.l 
(hr.) (sq.ft.) ("FJf t . )  

(3912 X 3600) 

("F./ft.) 

TEMPERATURE COEFFICIENT OF 
THERMAL CONDUCTIVITY 
The thermal conductivity of a 

liquid a t  a temperature other than 
68°F. can be predicted by substi- 
tuting the appropriate values for 
the specific heat, velocity of sound, 
and density. The intermolecular 
distance increases somewhat with 
increasing temperature, but not SO 
much as would be expected from 
corresponding density changes. 
Since the coefficient of thermal ex- 
pansion for many liquids is about 
the same, the effect of temperature 
on the intermolecular distance was 
determined for  a few liquids from 
the known thermal conductivity, 
and the result applied to  other 
liquids. It was found that  

_- dL - - 0.0055 X ldllft./"F. (11) 
dt 
Calculated and observed tempera- 

ture coefficients of thermal con- 
ductivity for a few liquids, for 
which reliable values of the proper- 
ties involved are available, are p r e  
sented in Table 2. 
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TABLE 2.-cALCULATED AND OBSERVED G-221 and 558. The Department of 
TEMPERATURE COEFFICIENTS OF THER- Chemical Engineering and the En- 
MAL CONDUCTIVITY dkldtX10-4, B.t.u. gineering Experiment Station of L = liquid 

Louisiana State University provided 

f = freezing point 
G = gas o r  vapor 

/ (hr.) (sq.ft.) (OFJft.) / O F .  = absolute Calculated” Observed additional funds and facilities. p = pressure 

n-Hexane . . . . . -1.39 -1.40 NOTATION r = reduced 
Liquid 

n-Heptane . . . . . -1.44 -1.30 
n-Octane . . . . . . -1.22 -1.15 
n-Propyl alcohol -0.78 -0.95 
n-Amy1 alcohol. -0.78 -0.91 
Ethyl acetate.. . -1.22 -1.62 
2-Methyl pentane -1.05 -1.00 
2, 2, 4-Trimethyl 

Glycerol ... .. . . +1.00 +0.53 
Ethylene glycol. +0.27 +0.36 

hexane ...... -1.17 -1.05 

‘The efiect of tenil>crature on the intermolec- 
irlnr distance W:IS estimated by Equation (11) .  

The calculated and observed tem- 
perature coefficients agree fairly 
well. The coefficients f o r  ethylene 
glycol and glycerol a r e  positive 
owing to  the small negative tem- 
perature coefficient of t he  velocity 
of sound. 

Since the  density, velocity of 
sound, and specific heat vary linear- 
ly with temperature at tempera- 
tures sufficiently removed f rom the  
melting point, it will be expected 
tha t  in th i s  region the  thermal 
conductivity will also vary linearly 
with temperature. 

SUMMARY 
An equation for predicting the 

thermal conductivity of pure organic 
liquids and its temperature coefficient 
has been derived and has been tested 
oh a large number of liquids. Meth- 
ods are given for  predicting the vari- 
ables involved where no data are 
available. The equation is applicable 
to both normal and associated liquids. 
The only assumption involved in its 
derivation is a particular molecular 
arrangement in the liquid. I n  the 
calculation of the intermolecular dis- 
tance for chain compounds the as- 
sumption is made that the molecules 
are aligned, like rods in a bundle, 
perpendicular t o  the direction of heat 
flow. This arrangement is a good ap- 
proximation for long-chain molecules. 
For shorter molecules the disorder 
increases and the molecular arrange- 
ment changes. The method is applica- 
ble also to  other-shaped molecules. 
[For ring compounds see Part 111 
( I  6a) ] Although no data are given a t  
this time, the intermolecular distance 
for ring compounds is calculated on 
the assumption that the rings are 
stacked like coins with their thickness 
perpendicular to the direction of heat 
flow. This arrangement is verified by 
X-ray-diffraction data of liquids and 
solids. For very small molecules, such 
as carbon tetrachloride, methyl chlor- 
ide, and chloroform, the molecular 
volume is considered as a cube. Ih 
this case no X-ray-diffraction data 
are necessary. 
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A = heat  t ransfer  area, normal to  

a = a  constant 
b = a constant 

heat flow, sq.ft. 

C, = specific heat at  constant pres- 

d = mean intermolecular distance, 

cl = molecular diameter, f t .  

k = thermal  conductivity, B.t.u./ 

L = mean intermolecular distance, 

I = molecular length, f t .  
M = molecular weight, lb. 
m = r a t i o  of critical t o  minimum 

N = Avogadro’s number, 2.73X102s 

n = effective branching contribu- 

n = integer representing the  

Q =thermal  energy, B.t.u. 
q = rate of hea t  flow, B.t.u./hr. 

R = gas constant, 1.987B.t.u.l (lb. 
mole) (OR.) 

R = additive constant 
s = intermolecular distance, A. 
T = absolute temperature, OR. 
t = temperature, O F .  

t = molecular thickness, r ing  

sure, B.t.u./ (lb.) (OF.) 

center t o  center, f t .  

d t  =tempera ture  drop, OF. 

(hr.) (sq.ft.) ( O F . )  

surface t o  surface, f t .  

molecular volume 

molecules / 1b.mole 

tion 

order of diffraction 

molecules only, f t .  
U, = velocity of sound, ft./sec. 
V = m o l a r  volume at a given tem- 

perature, cu.f t. /lb.mole 
v = molecular volume at a given 

temperature, cu.ft./molecule 
5 = distance along X axis parallel 

t o  t h e  direction of heat flow, 
ft .  

x = sum of molecular diameter 
and mean intermolecular 
distance, d + L, f t .  

z = thickness, f t .  
y = distance along Y axis, paral- 

lel to the molecular length, 
perpendicular t o  the  direc- 
tion of heat flow, f t .  

z = distance along Z axis, perpen- 
dicular t o  the  molecular 
length, perpendicular to  the 
direction of heat flow, f t .  

Greek Letters 
Q = density, Ib./cu.ft. 
A = wavelength of incident radia- 

q~ = scattering angle at maximum 

o = expansion factor 

a = available 
c = critical 

tion, A. 

scattering intensity, degrees 

Subscripts 

Conversion Factor 
1A = 3.28 X 10-1O f t .  
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APPENDIX 
Calculation of Variables in Equation ( 8 )  

The use of Equation (8) re- 
quires reliable values of the vari- 
ables involved. As few values of the 
velocity of sound in liquids have 
been published, i t  was necessary to 
survey the literature to develop a 
satisfactory method f o r  predicting 
i t  where no values are available. 
The calculation of the available in- 
termolecular distance requires X- 
ray-diffraction data. These data 
are available but require interpre- 
tation for use with Equation (8). 
Finally a satisfactory method f6r 
calculating the ratio of the critical 
to the minimum molecular volume 
had to be developed. In  all in- 
stances i t  is important to  note that 
the methods of evaluating the 
variables involved have a theoreti- 
cal basis. 

Specific heat. Reliable values of 
the specific heat of liquids are diffi- 
cult to obtain. The most depend- 
able values for a number of liquids 
have been collected by J. Timmer- 
mans ( 2 0 ) .  For  other liquids the 
specific heat may be calculated 
from the specific heat of the ideal 
gas by the method proposed by 
Hougen and Watson (7) .  Chow and 
Bright ( 2 )  proposed an empirical 
method for predicting the specific 
heat of homologous series of 
liquids. A new method for calcu- 
lating the specific heat of liquids 
a t  constant volume and at constant 
pressure has been developed by the 
authors and will be published later. 

Density. Values of the liquid 
density at 68°F. are readily avail- 
able. For values a t  other tmpera -  
tures reference 20 may be con- 
sulted. Where no data are  avail- 
able, the method of generalized 
liquid densities proposed by Wat- 
son(23) is recommended. 

Velocity of sound. Few values of 
the velocity of sound in liquids 
have been published in handbooks. 
However a literature survey was 
made by the authors(l6),  and data 
on a large number of liquids were 
collected and classified and a num- 
ber of methods proposed by vari- 
ous investigators fo r  predicting 
the velocity of sound in liquids are 
also given. 

One of the simplest relations 
was proposed by Rao (25), who 
pointed out that  

TABLE 3.-sTRUCTURAL CONTRIBUTIONS 
TO THE VELOCITY OF SOUND 

Basic Radicals 
CHq 
Benzene 
Cyclohexane 
Naphthalene 

R 
9.50 

23.25 
27.50 
33.67 

Additional Radicals or Atoms 

-C-, --&€I-, -CH,-, -CHs 4.47 
I 

I 

//O 

\O- 
-C 6.25 

//O 

\H 
-C 

-C- 

6 
-NH- 
-NHa 
-C OzH 
-C i N 
-0- 
-OH 
- C1 
- Br 
-1, -NO1 
-s, =s 

Position 
0-  

m- 
P- 

2.30 

4.47 

3.27 
2.45 
4.83 
4.20 
1.40 
0.70 
3.13 
3.55 
4.58 
2.82 

-1.30 
-2.60 

0 
0.30 
0.60 

He indicated that R is  substantial- 
ly independent of temperature and 
that i t  is an additive function of 
the molecular structure, as in the 
case of the parachor. 

Calculations on a large number 
of liquids made by the authors in- 
dicated that the structural con- 
tributions to  the velocity of sound 
as given by Rao had to be modified 
if the relation was to hold at all. 
As a result, modified structural 
contributions were proposed (1 6 ) .  
Additional work has resulted in a 
different set of structural contri- 
butions to  the velocity of sound 
( see  Table 3 )  that  appears to cor- 
relate the data more satisfactorily. 
Each compound is considered as 
composed of a basic group which is 
modified by the substitution of 
other groups for  atoms comprising 
it. Hence all liquids having a chain 
structure are  considered as derived 
from methane. Similarly any com- 
pound having a ring is considered 

as derived from benzene, cylo- 
hexane, or naphthalene as the case 
may be. The contributions of the 
four basic groups are given in 
Table 3. The method of calculation 
will be shown by an illustration. 

ILLUSTRATION 1. Calculate the 
velocity of sound in m-chloroto- 
luene a t  68°F. 
Formula = m-CH3C,H,C1 
Mol. wt. = 126.58 

p = 66.75 Ib./cu.ft. 
Base group 

(benzene) . . 23.25 
-CH, ....... 1 X4.47 4.47 
-C1 ......... 1 X 3.13 3.13 
m-position . . . . 0.30 

R = 31.16 

+,A10 it./sec 
The value observed by Lagemann, 
McMillan, and Woolf ( 9 )  is 4,324 
ft./sec. 

The independence of the constant 
R with temperature will be shown 
for the case of n-heptane 

Temp ., F. Robs.* 
68 36.70 
86 36.70 

104 36.70 
122 36.72 
140 36.75 

*Calculated from the data of Freyer, Hub- 
bard, and Andrews (5). 

The velocity of sound for 135 
pure organic liquids of all chemical 
types was calculated by the au- 
thors, using the structural contri- 
butions given in Table 3, and i t  
was found that the average devia- 
tion from the experimental values 
was 22.6%. The maximum ob- 
served deviation was ~ 8 . 0 % .  Com- 
parison of experimental values 
showed that  the most reliable val- 
ues may vary by about 1 to  2%, 
extreme values vary by about 6%. 
It must be noted that Equation 
(12) is applicable to both normal 
and associated liquids. A semiem- 
pirical equation for predicting the 
velocity of sound for normal liquids 
only has been proposed by Tsien 
(21). 

Intermolecular distance. In  order 
t o  calculate the available inter- 
molecular distance L, the following 
variables must be known accurate- 
ly: z, equal to d + L; vo, critical 
volume; and vc/vo, ratio of critical 
to mini,mum molecular volume. 

DIMENSION x. The dimension z 
is  determined by X-ray-diffraction 
measurements. One method of ana- 
lyzing the results is by using the 
simple Bragg’s law 
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S X  = 2s sin 1/29 (13) 

The primary normal alcohols ex- 
hibit two scattering peaks. One of 
these has been identified as corre- 
sponding to the molecular length 1 
and the other as the molecular di- 
ameter x, or distance from c e n t a  
to center of adjacent molecules. 
Thus for  n-amyl alcohol s1 ~ 4 . 4 8  
A.; s2 = 13.10 A. 

The dimension s1 corresponds to  
the molecular diameter 2 and is 
observed to remain constant from 
member to member of the series, 
as expected. The dimension sp cor- 
responds to the molecular length 
and is observed to increase regu- 
larly as the number of carbon 
atoms increases. Actually t h e  di- 
mension s2 represents two mole- 
cular lengths, where the alcohol 
molecules appear to be arranged 
in pairs head to head. 

Strictly speaking, Bragg's law is 
applicable only when interference 
occurs over a large number of regn- 
larly spaced layers, as in a crystal. 
In the case of liquids the number 
of such layers that  may be con- 
sidered as regularly spaced is prob- 
ably not large. I n  the extreme case 
of only two diffracting centers i t  
has been shown(3) tha t  the dif- 
fraction maxima occur a t  

(,%) X = 2s sin 1/29 (14) 

This differs from Bragg's law by 
the factor (n + 1) In  and indicates 
that  for  a real liquid the correct 
formula will be intermediate be- 
tween Equations (13) and (14). 

An alternative method, applica- 
ble strictly to liquids which consist 
of spherical molecules, has been 
developed by Zernicke and Prins 
(2.4) and Debye and Menke(4). 
This method consists of determin- 
ing the radial distribution of mole- 
cules based upon the observed scat- 
tering intensity ; however, unless 
the data have been obtained with 
high precision over a large range 
of s values, it may be questioned 
whether a more reliable value of 
the spacing is obtained by the 
radial distribution method than by 
Bragg's law($). I n  any case the 
values found by the two methods 
differ by only a few per cent. 

Since for  the calculation of the 
thermal conductivity it is impor- 
tant to know the  molecular di- 
ameter x, a survey of literature on 
scattering of X rays by liquids was 
made by the authors. The pub- 
lishing data were recalculated on 
the basis of the equation 

TABLE 4.-MOLECULAR DIAMETER 2, A., OF PURE ORGANIC LIQUIDS 
FROM X-RAY-DIFFRACTION MEASUREMENTS 

at 68" F. 
I. Straight-chain molecules 

Acids 4.10 4.70 5.00 
Alcohols 4.30 4.60 5.09 
Aldehydes 4.45 5.01 
Amides 4.13 4.80 5.10 
Amines (mono, di) 5.03 
Esters 4.91 
Ethers 
Halogenated 

Hydrocarbons 

GI* c2 c8 

hydrocarbons 4.702 

c4 c g  cot ___f 

5.20 

5.20 
+ 
k 

5.20 
5.03 F 
5.29 

5.40 d 
Ketones 5.10 -+ 
Mercaptans 4.96 5.01 
Nitrated alkanes 4.60** 5.01 
Nitriles 4.43 4.84 

*The subscript indicates the number of carboa atoms in the molecule. 
tThe arrows indicate that the molecular diameter remains the same for all longer molecules. 
$Methyl iodide. 
**Nitromethane. 

11. Cyclic compounds (t dimension)* 
t ,  d 

Benzene, pyridine 5.30 
Naphthalene 5.81 
C yclopentane 5.50 
Cyclohexane, piperidine 5.73 
Cycloheptane 5.86 

'The rings are presumed to have disk shapes and to be arranged In stacks. 
The 1 dimension refer5 to the tbickness of the disk 

111. Branched contributions, straight-chain and cyclic compounds 
(Substitution of -CH, gxoup for  hydrogen A x = 0.42d) 

1. Chain compounds* 

b 
I 

I I 

I 

C 
I 

C 
I c-c-c c-c-c c-c-c 

C 
C 

C 

n = l  n = l  n = 2  

2. Cyclic compounds*f 

n = l  'n = 1 n = l  n = 2  n = 2  - 
'The osition of substitution is immaterial, 1- 2, 3 or 0, m-, p-, etc. 
?The fetter n refers to the number of substituent -kHs groups as shown in the i!lustrations. For 

example, if two -CHs groups are substituted in 2, 4- positions as in 2, 4-dimethyl pentane, 
the effective n is 1. since the molecule is presumed to be rotating, and the swept volume is the 
same whether one or two -CHs groups have been substituted. The same applies to the caso of 
2, 2, 4- dimethyl pentane. 

$The branched contribution should be added to the t dimension. 

IV. Substitutions* 

Substitution of hydrogen atom by ax,  Aoi. nx ,  
1. NHZ, CIlO 0.10 0.80 
2. F,I 0.10 
3. OH 0 0.20 
4. CN, 0 (ketone) 0 
5. NO2 0.50 0.75 

*For ring cornpounds the contributions should be added to the t dimension. 
?Single substitution. Substitution in combination with C1. Br, the position of substitution is im- 

$Substitution in o, and m-positions in combination with -CHO, -NHz, -OH. 
material. Substitution in combination with -CHO, -NH2 in +position. 
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1.14 X = 2s sin 1/24 (15) 

which is intermediate between 
Equations (13) and (14) for n = 1. 

Only the molecular diameter x 
was considered, since the remain- 
ing dimensions can be calculated 
from the geometry of the molecule 
and the liquid density. Actually 
many liquids, notably the hydro- 
carbons, show one diffraction peak 
only, corresponding to the x di- 
mension. 

It may be noted that  these di- 
mensions, determined from scatter- 
ing data, can be used to calculate 
the liquid density on the basis of 
the proposed molecular arrange- 
ment. For alcohols 

and from Equation (7a) 

M M 
Nv p = - - = - -  

N (s2/2)d 

For n-amyl alcohol 

state represents the minimum pos- 
sible length. This would mean that 
the molecules on melting came to- 
gether forming long chains, thus 
causing an increase in the dimen- 
sion x as a result of the redistri- 
bution of the available volume. 

The effect of temperature on the 
measured molecular dimensions has 
not been extensively investigated, 
but it is relatively small. The esti- 
mated accuracy of the values given 
in Table 4 is 20.05 A. 

CRITICAL DENSITY, pc. The criti- 
cal density for a number of liquids 
is given in reference(lb), and addi- 
tional values may be found in 20. 
For other liquids Watson's method 
of generalized liquid densities (23) 
is recommended. 

RATIO OF CRITICAL TO MINIMUM 
MOLECULAR VOLUME, v,/vo. A num- 
ber of empirical methods (6,10,18, 
29) have been proposed for deter- 
mining the molecular volume at 
absolute zero. The method pre- 

At the freezing point the density 
of the vapor is very small and may 
be neglected, and so Equation (16) 
reduces to 

(18) 
1 ~ ~ J = u - € J T  

At the critical temperature the 
density of the vapor and liquid is 
the same and Equation (16) re- 
duces to 

pc = a - bT, (19) 

Equations (17), (18), and (19) 
may be combined to eliminate the 
constants a and b. This results in 

P o l P C =  2 { 1 + (%y) (A)} 
(20) 

Equation (20) gives the ratio of 
the critical to  minimum molecular 
volume vc/vo from a knowledge of 
the critical density and tempera- 
ture, density at freezing point, and 
freezing temperature. 

In  these calculations the freezing 
density was determined by Wat- 
son's relation (23 )  

- 88.15 
P = - - ~  

2.73X (6.55X 1.14X3.28X 10-10)(4.48X 1 . 1 4 X 3 . 2 ~  

p = 47.0 Ib./cu. ft.  

The observed liquid density at 
68°F. is 50.7 1b.icu.ft. 

The bulk of the literature data 
is summarized in Table. 4 

The intermolecular distances de- 
termined from X-ray-diffraction 
measurements in pure liquids agree 
well with measurements on mono- 
molecular liquid films and with 
studies on the structure of micelles 
formed in soap solutions. They ap- 
proximate also values obtained 
from measurements on materials 
in the solid state. For example 

Liquid Solid 

Capric acid . . . . . . . . 5.21 4.79 
Lauric acid . . .. . . . . 5.56 5.04 
Palmitic acid . . . . . . 5.50 5.03 
Erucic acid . . . , . . . . 5.45 5.09 
Brassidic acid . . . . . 5.55 5.06 
Lauryl alcohol . , . . . 5.25 4.79 

x, A. x, A. 

If the effect of temperature is 
neglected, i t  will be noted that  the 
dimension 2 increased on melting. 
Since for the solid both the x and 1 
dimensions decrease as the tem- 
perature approaches absolute zero, 
i t  is possible that  the length of the 
molecules as measured in the liquid 

sented here is based on the law of 
rectilinear diameter, according to  

the densities of a pure unassoci- 
ated liquid and its saturated vapor The expansion factor was calcu- 
(orthobaric densities) is a linear lated by the equation(%?) 
function of the temperature. In 
equation form 

which the arithmetical average of 68°F. 

w =0.1745 - 0.0838 Tr (22) 

1 5 ( P L  + PG) = a - bT (16) 

Although not exact, this relation 
is accurate for many substances 
and provides a very useful method 
for calculating the critical density, 
a quantity not readily measurable. 

At absolute zero Equation (16) 
reduces to 

(17) 
1 
Z P O  = a 

for T,<0.65. Values of the critical 
temperature will be found in the 
same tables giving the critical 
density. Other values for hydro- 
carbons may be estimated by the 
method of Michael and Thodos (1.2). 
Values fo r  other liquids may be 
estimated by the method proposed 
by either Watson(22) or Meissner 
and Redding(l1). 

Equation (20) was found to be 
applicable f o r  both normal and as- 
sociated liquids. A few values will 
be given as an example: 

v c h o  calc. 

Liquid Method of Measurement V C / ~ O  obs. lEq. (zO)l 
n-Pentane Density* 3.80 3.82 
Ethyl alcohol Gas law 4.02 3.94 
Ethyl alcohol Compressibility t 4.10 3.94 
Ethyl ether Compressibility t 3.91 3.89 

'The lowest density measured was 47 9 lb./cu ft. at 246"R. This value was extrapolated to 0°K. 
?The volume at absolute zero may be'regarded as givm by the limiting volume of a liquid under 

In the case of liquids, at 68°F. 
Hence the density at 0"R. is obtained by 

68"F., 1 atm f 0.70. 

infinite pressure, which can be calculated from the compressibility. 
and 11,600 atm. the reduction in volume is about 30%. 

Presented a t  A.I.Ch.E. N e w  York meeting 
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