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The results of an experimental and theoretical study of the thermal 
conductivity of binary, ternary, and multieomponent solutions are 
presented. A probable mechanism of heat conduction in solutions is 
proposed and calculation formulas are obtained. 

The thermal  conductivity of b inary  solutions is the 
subject  of papers  [1-8]. The max imum e r r o r  of the 
conductivity m e a s u r e m e n t s  did not exceed 2-3% in 
[1-3,  51 and 1% in [4, 6-81. 

Several  equations have been proposed for ca lcula t -  
ing the thermal  conductivity of b inary  solutions.  These 
include the equations of Fi l ippov and Novoselova [1], 
Bondi [1Ol, and Bar ra t  and Nettleton [91. We have pro-  
posed two equat ions--one for solutions of organic l iq-  
uids [7] and another [8] for aqueous solutions of o r -  
ganic Iiquids in the t empera tu re  in terval  0-100 ~ C. 

Cecil  and Munch [11] r ecommend  using the addit iv-  
ity ru le  for computing the thermal  conductivity of th ree -  
component solutions.  

An analys is  of these equations shows that for many 
solutions they give ser ious  e r r o r s ,  are  purely  e m p i r i -  
eal in charac te r ,  and do not re f lec t  the physical  e s -  
senee of the phenomena of heat t r anspor t  in solutions.  

The p resen t  r e s e a r c h  was intended to supplement  
the exist ing exper imenta l  ma te r i a l  with new data on 
the thermal  conductivity of solutions.  A p roposedmech-  
an i sm of heat conduction in solutions of nonelect rolytes  
is also discussed.  

Binary  solutions.  The thermal  conduetivit ies of 15 
solut ions were measu red  at 40 ~ C on the apparatus de-  
scr ibed  in [12]. The solut ions were p repared  d i rec t ly  
before the exper iment  f rom chemicaI ly  pure reagents .  
The conductivity measu r ing  e r r o r  did not exceed 1%. 

F igure  1 p resen t s  the exper imenta l  data on the con- 
ductivity of the invest igated solut ions as a function of 
the mole concentrat ion.  For  all  the aqueous solutions 
invest igated and most  of the solut ions of organic l iq-  
uids the conductivity tends to be less  than predicted 
by the additive law (negative deviation). However, it 
is c lear  f rom Fig. 1 that a posit ive deviation is also 
poss ible ,  e . g . ,  for isqpropyl  a lcohol- t r ie thylene  gly-  
col and n-buty l  a leohol - t r ie thylene  glycol, while, with- 
in the l imi t s  of exper imenta l  accuracy,  the sys tem 
methyl  a lcohol - formamide  has a thermal  conductivity 
that obeys the addit ivity rule.  It is a common charae-  
t e r i s t i c  of all the solut ions that in aII eases  the ther -  
mal  conductivity of the solution l ies  between the va l -  
ues for the pure  components.  

To a large extent, the s t ruc tu re  and proper t ies  of 
l iquid solut ions a re  de te rmined  by two fac tors - - the  
in t e rmoleeu la r  forces  and the size of the component 
molecules .  
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We will consider  the effect of each of these factors  
on heat t ranspor t  in solutions.  This effect will be e s -  
t imated with respec t  to the deviation of the X =f(N) r e -  
lat ion f rom the additive law. 

This deviation may conveniently be charac te r ized  by 
the d imens ion less  quantity 5X/(X 2 - kl), where 5X is 
the difference between the exper imenta l  conductivity 
and that calculated f rom the additivity rule.  Obviously, 
the magnitude and sign of this deviation must  be de te r -  
mined by the physical  p roper t ies  as well as the con- 
cent ra t ion  of the components.  

F i r s t ,  we will consider  the effect of the in t e rmolec -  
u lar  forces  on the thermal  conductivity of solutions.  

Among the invest igated solut ions,  e . g . ,  organic  
liquids in water ,  it is poss ib le  to select  solutions in 
which the size of the molecules* of the organic com- 
ponents are  approximately the same,  though the i n t e r -  
molecular  forces  are different.  For  example,  the sys -  
tems n-propyl  a lcohol-water  and glycerol-watero Here,  
the in te rac t ion  between the molecules  of the pure com- 
ponents is bas ica l ly  de te rmined  by the hydrogen bond, 
but the in tens i ty  of this in terac t ion  is much grea te r  
between the glycerol  molecules ,  which have three OH 
groups,  than between the molecules  of n -propyl  alcohol. 
But the deviation of the conductivity f rom additivity in 
these solutions is a lmost  the same.  The same may be 
said about the sys tems  ethylene g lycol -water  and ethyl 
a lcohol-water ,  1 ,2 -propylene  g lycol -water ,  and iso-  
propyl alcohol=water. A s i m i l a r  pa t te rn  is  observed 
in solut ions of organic liquids. For  example,  in the 
sys tems  to luene-methyl  alcohol and n-hexyl  alcohol-  
methyl  alcohol the s izes  of the toluene and n-hexyl  a l -  
cohol molecules  are  a lmost  the same,  but the in t e rmo-  
leeular  forces  are much more  intense between the a lco-  
hol molecules .  The in te rac t ion  between the different 
molecules  in the to luene-methyl  alcohol sys tem is de-  
t e rmined  by the re la t ive ly  weak d i spers ion  forces,  
while in n-hexyl  a lcohol-methyl  alcohol sys tems  the 
in terac t ion  between molecules  of the same and different 
kinds is s imi l a r  in na tu re - -bas i ca l ly  the hydrogen bond 
super imposed on the van der  Waals forces.  But for 
these solut ions the dev ia t ionf rom additivity is the same.  

In order  to c lar i fy  the effect of molecular  assoc ia -  
tion on the thermal  conductivity of solutions,  we se -  
lected sys tems  in which the component molecules  form 
complexes without there being any signif icant  compen-  
sat ing effects. 

*We will cha rac te r i ze  the size of the molecules  in 
t e rms  of their  mola r  volumes.  
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Fig. 1. Thermal conductivity of binary solutions of organic liquids as a 
function of concentration at 40 ~ C (k, W/re. deg; N, mole fractions): 
1) n-butyl alcohol-glycerol; 2) n-butyl alcohol-triethylene glycol; 
3) isopropyl alcohol-methyl alcohol; 4) isooctane-n-octane; 5) methyl 
alcohol-formamide; 6) triethylene glycol-formamide; 7) isopropyl 
alcohol-formamide; 8) isopropyl alcohol-triethylene glycol; 9) for- 
mamide-water; 10) glycerol-water; 11) ethylene glycol-water; 
12) diethylene glycol-water; 13) triethylene glycol-water; 14) di- 

methylformamide-water; 15) pyridine-water. 
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Fig .  2. Deviat ion of t he rma l  conduct ivi ty  of solut ions  
f rom addi t iv i ty  as  a function of the r a t io  of the m o -  
l e cu l a r  volumes  of the components  at N = 0.5 and v a r -  
ious t e m p e r a t u r e s  (X, W/re .  deg; N, mole  fractions)." 
1 , 2 , 3 , 4 , 5 , 6 )  aqueous solut ions  at  0, 20, 40, 60, 80, 
and 100 ~ C, r e spec t i ve ly ;  7) so lu t ions  of o rganic  l i q -  

uids at  40 ~ C. 
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Fig .  3. T h e r m a l  conduct ivi ty  of mul t icomponent  solut ions  
as  a function of concent ra t ion  at 40 ~ C (k, W/m.  deg; N, 
mole  f rac t ions)  : 1) (0.424 fo rmamide -0 .576  methyl  a lcohol) -  
water ;  2) (0.165 t r i e thy lene  glycol-0 .835 methyl  a lcohol ) -  
water ;  3) (0.404 t r i e thy lene  glycol-0 .596 methyl  a lcohol ) -  
water ;  4) (0~ t r i e thy lene  g lycol -0 .314 methyl  a lcohol ) -  
water ;  5) (0.518 i sopropy l  a lcohol-0 .482 n-buty l  a lcohol ) -  
water ;  6) (0.4437 ethylene glycol-0 .365 water-0 .19113 

f o r m a m i d e ) - i s o p r o p y l  alcohol.  
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In a pyr id ine -wa te r  solution, for example,  a s so -  
ciated py r id ine -wa te r  complexes are  formed due to the 
hydrogen bond between the component molecules .  In 
this case [13] there is a cons iderable  reduct ion in the 
rota t ional  mobil i ty  of the molecules  and an inc rease  
in re laxa t ion  time~ The viscos i ty  of the pyr id ine  solu-  
tion is roughly three  t imes  g rea te r  than that of the 
pure components~ S imi la r  effects are  observed in a d i -  
methyl  fo rmamide-wa te r  solution~ However,  there is 
no anomaly in the the rmal  conductivity of these solu-  
l ions as compared with solut ions in which no molecu-  
la r  associa t ion  takes place.  

Thus,  despite the cons iderable  d i f ferences  in the 
in t e rmolecu la r  in te rac t ions ,  we were unable to es tab-  
l ish a re la t ionship  between 6X/(Xx - X l) and these i n t e r -  
act ions,  which obviously indicates  that this factor does 
not have much influence on the deviat ion of the the rmal  
conductivity f rom additivity. 

In [4, 6 ,7 ,8]  13 aqueous solutions and 31 solut ions 
of organic l iquids were invest igated to de te rmine  the 
effect of the d imens ions  of the component molecules  on 
thermal  conductivity.  The difference in the size of the 
molecules  was charac te r ized  by the rat io of their  mo-  
lecu la r  volumes.  

An ana lys i s  of these solut ions showed that as the 
difference in the molecu la r  volumes of the components  
i nc reases ,  so does the deviation of the solution con- 
ductivity f rom additivity. 

In Fig.  2 the re la t ion  between 6X/(X z - X l) and the 
molecular  volume rat io  is shown for 44 solutions in 
equimolar  concentra t ions .  Along the axis of absc i s sas  
unity has been taken as the coordinate  or igin  with va l -  
ues of V1/V2 plotted on the r ight  and values  of Vz/V 1 
on the left (when V1 < V2). The graph indicates  a good 
cor re la t ion  between the deviat ion f rom additivity and 
the ra t io  of molecu la r  volumes.  As the difference be-  
tween molecu la r  volumes i nc r ea se s ,  the deviat ion 
f rom addit ivity i nc r ea se s ,  f i r s t  rapidly (up to about 
VI/V 2 = 2.2), and then more  slowly, tending in the l i m -  
it to a constant  value. 

For  aqueous solut ions we always have X2 > Xl and 
V2 < Vlo However,  for soIutions of organic  l iquids 
when X 2 >X 1 it is  poss ib le  to have V a < VI, Vz >V1, or 
V~ = V 1. 

In the f i r s t  case the conductivi ty has a negative de-  
viation f rom additivity,  in the second a posit ive devia-  
tion. Systems with a posi t ive deviat ion include iso-  
propyl a leohol - t r ie thylene  glycol (Fig. 1), fu r fu ra l -  
acetone [7], i sooc t ane -n - t e t r adecane ,  n - o c t a n e - n - h e p -  
tadecane, and n -hep tane -n -hexadeeane  [6]. 

When V2 = V1, the X =f(N)  re la t ion  is additive. 
Methyl a lcohol - formamide ,  d ieh loroe thane- fur fura l  
[7], etc.,  a re  examples  of such solutions.  

Thus,  heat t r anspor t  in b inary  solut ions is impor -  
tantly affected by the geometr ic  factor ,  i . e . ,  the r a -  
tio of the s izes  of the component molecules .  

In [14] it  was shown that heat t r anspor t  in l iquids 
depends chiefly on col l is ions  between molecules  v ib ra t -  
ing in their  equi l ib r ium posi t ions ,  only a smal l  pa r t  
of the heat being t r ansmi t t ed  by self-diffusion.  In this 
case it may be assumed that the the rmal  conductivity 

of a liquid X a at given t empera tu re  is propor t ional  to 
the col l is ion frequency 

~. = a'~. (1) 

In the solution each molecule  is in the company of 
molecules  of the same type and molecules  of the other 
component. Hence two types of col l is ions  are  poss i -  
ble, i . e . ,  between molecules  of the same and different  
kinds, and the probabi l i ty  of col l is ions  of the f i r s t  type 
is reduced.  Then the thermal  conductivity of a compo- 
nent  of the solution Xap changes and can be found f rom 
the formula  

)~, = av W. (2) 

If the solution is b inary ,  its thermal  conductivity 
will be composed of the the rmal  conduetivi t ies  of the 
components,  i. e . ,  

= ai'vlWl+ a~v~ W~ = ~lW1 + ~W2. (3) 

If V1 = V2, then, a ssuming  a completely random 
dis t r ibut ion,  the probabi l i ty  of molecules  of the same 
kind eoll iding will depend only on the concentra t ion and 
is numer ica l ly  equal to 

then 

W 2 ~ N 2 and W i =  1 - - W ~ =  1 - - N ~ = N i ,  (4) 

~, = ~,iNi+ ~,~N2. (5) 

When Vl >V2, the probabi l i ty  of the sma l l e r  mo le -  
cules colliding with each other will be 

W= = 1 (6) 

! + ( 2  v~V~--I) N~Na ' 

while for the molecules  of the other component 

2 V-AL - - 1 )  N1 

Wi = 1 - -  W 2 = V~ N~ (7) (2 V -l) l+ \  v, 
Then when V I > V2 

)~ : ~2 N: + 
N 2 + (  2 v,V-A~I --1) 

~,.(2 V i - - 1 )  N1 
+ V2 (8) 

N" + (2 V~--I )  

When V 1 < V 2 

~ =  Vi _~_ 

N1 + (2 V1 

~,i Ni + 
( V~ I ) N1 -b 2 V--~- 

(9) 
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F r o m  an analys is  of Eqs. (8) and (9) it is c lear  that 
the fo rmer  gives a negative deviation from additivity 
and the la t ter  a posi t ive deviation, a g rea te r  rat io of 
molecular  volumes cor responding  to a g rea te r  devia-  
tion f rom additivity. 

However, for all solutions of organic l iquids,  in 
view of the smal l  values of k and (k z - kl), the accuracy  
of the exper imenta l  data should be higher than 1%. 

The equations obtained also give a good descr ip t ion 
of the t empera ture  dependence of the thermal  conduc- 
tivity of the solutions.  Thus,  for aqueous solutions of 
organic liquids we calculated values of the thermal  
conductivity on the in terval  f rom 0 to 100 ~ Co The mean 
deviation of the calculated values was 2% for the data 
of [4] and 1.6% for our data. 

Fo r  solut ions of organic liquids the mean deviation 
of the exper imenta l  values from those calculated f rom 
Eqs. (8) and (9) was 1.2%. 

Thus,  using s imple  physical  notions of the heat 
t r anspor t  mechan i sm in solut ions,  we have obtained 
re la t ions  that ref lec t  the exper imenta l ly  establ ished 
facts quant i ta t ively  as well as quali tat ively.  

Mult icomponent  solutions.  The above approach can 
be applied to mul t icomponent  solut ions also. 

The probabi l i ty  of col l is ions  between molecules  of 
the k- th  component of a solution containing n compo- 
nents  is then 

Vk - - 1 )  Nk x ~v~=(2 v , . .  N,. 

x + IN ,  + 2V--- ~ -  i N t o + . . .  

v - 2 -  , = 

Am~ Nk 
= Nm (10) 

n 

1 + E A~ Nz 

Nm 
i ~ l  
i 4~rn 

The thermal  conductivity of the 
tion 

n-component solu- 

~.1(2 V1 1) N, 
X = V,n N,~ q_ 

1 + 2 V,--~- N,~ 
i ~ l  
i ~ t n  

+ 

~(2 "V~ --1) N~ 
Vm Nm + . .  

~ m  

V., N.~ 

n (2 V~--1) N, 
1+~__~ \ Vm N~ 

i ~ t n  

(11) 

It is clear from (i0) that if the molecular volumes 
of all the components are equal, the collision proba- 
bility for any component is equal to its concentration. 
Then, in accordance with (ii) ,  the concentration de- 
pendence of the solution conductivity will be additive. 
With increase in the difference of molecular volumes 
and the thermal conductivity of the pure components 
the deviation of the solution conductivityfromadditivity 
increases and may reach large values. 

In order to test the equation obtained we conducted 
experiments on 16 three-component, 2 four-compo- 
nent, and 2 five-component solutions. 

Data on the thermal conductivity of some of ~hese 
solutions are presented in Fig. 3 as a function of mole 
concentration. Values of the conductivity of the pure 
component are plotted along one of the vertical axes, 
and along the other axis values of the conductivity of 
the two- or three-component solution of given constant 
composition, whose mean molecular mass was deter- 
mined from the formula 

I 
M mean - -  (12)  

Mole f ract ions  of the components  are  plotted along 
the horizontal  axis. 

This  graph makes it poss ib le  to t race  the concen-  
t rat ion dependence of the the rmal  conductivity of mul -  
t icomponent solutions by analogy with binary sys tems .  

For  some sys tems  we p repared  b inary  solut ions of 
different concentrat ions .  There fore  severa l  curves  
on the graph may cor respond to the same th ree -eompo-  
nent solution. 

The exper imenta l  values were compared with those 
calculated from (11). The mean  deviation for 20 solu- 
tions was 1.1%, while the max imum deviation did not 
exceed 5.2%. 

Using our data, we tested the equation recommended  
by Cecil  and Munch for computing the the rmal  conduc- 
tivity of three-component  sys tems .  The deviat ion f rom 
the exper imenta l  values may reach 30% or more  for 
aqueous solutions.  

In conclusion we note that in der iv ing  Eqs. (8) and 
(11) we assumed a completely random dis t r ibut ion of 
the molecules .  F u r t h e r  r e s e a r c h  should aim at a fu l l e r  
and more  comprehensive  allowance for the in t e rmolec -  
u lar  forces  and the s t ruc tu re  of the solution. 

NOTATION 

is the thermal  conductivity of the solution; k 1, k 2, 
and Xn denote the thermal  eonduct ivi t ies  of components;  

Nt, N2, and N n are  the mole f rac t ions  of components;  
V1, V2, and V n are  the molecu la r  volumes of compo- 
nents; Pi is the mass  f rac t ion of components;  M i is 
the molecular  mass  of components;  6X is the difference 
between the exper imenta l  value of the thermal  conduc- 
tivity of the solution and the value computed f rom the 
additivity rule; a is the propor t ional i ty  factor;  v is the 
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molecu la r  col l is ion frequency; W is the probabi l i ty  of 
col l is ion of molecules  of the same type; Ami = (2Vi/ 
/V m - 1) is a d imens ion les s  quanti ty weakly dependent 
on tempera ture ;  m is the subscr ip t  denoting eompo- 
nent with leas t  mola r  volume. 
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