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The Properties of Pure Liquids 
H. S. nHENI 

Daniel and Florence Guggenheill1 Jet Propulsion Center, California Institute of Technology, Pasadena, Calif. 

By a sell1iell1pirical approach, a ll1ethod is found to cal
culate the specific heat of a norll1al pure liquid at constant 
pressure froll1 the specific heat of the gaseous state at the 
sall1e tell1perature. It is also found that the coefficient of 
therll1al expansion, the cOll1pressibility, and the velocity of 
sound of the liquid can be calculated accurately if the 
density, the ll10lecular weight, and the norll1al boiling 
tell1perature of the liquid at atll10spheric pressure are 
known. Finally, a ll1ethod of cOll1puting the therll1al con
ductivity of all liquids, except liquid ll1etals, froll1 COll1-
pressibility and density is developed. For norll1alliquids, 
the therll1al conductivity can again be deterll1ined if only 
the norll1al boiling tell1perature, the density, and the 
ll10lecular weight are known. 

I N ROCKET and jet propulsion engineering, because of the 
necessity of considering a very wide range of possible fuels 

and propellants, one often meets the situation that the physi
cal properties, such as heat capacity and thermal conduc
tivity, of liquid of interest are not listed in the handbooks. 
Naturally the question to ask is whether such physical proper
ties can be estimated from known simple quantities such as 
the boiling point, the molecular weight, and the density of the 
liquid. It is clear that such a correlation of liquid properties 
must come from the theory of the liquid state. Although 
there was no lack of work by physicists and physical chemists 
in this field, the agreement in the numerical values of theoreti
cal prediction and of experimental observation is usually very 
poor. Therefore it may be justified to say that there are only 
very few useful results in the engineering sense. The difficulty 
here is evidently due to the rather indefinite structure of the 
liquid state in comparison to other states of matter: For the 
gaseous state, the interaction between the molecules can be 
almost neglected, and the predominating feature of the state 
is the translational and internal motions of the individual 
molecules. For the solid state, the reverse is true. The pre
dominating feature is the interaction between the molecules 
or the atoms. For the liquid state of matter, the molecular 
interaction and the molecular motion are of equal importance. 
This fact leads to great complexities, and any theory of 
liquids, necessarily based upon a simplified model, is incom
plete and is predicated upon many assumptions. The diver
gences between the theoretical predictions and the experi
mental observations are thus to be exp~cted. 

In this paper a somewhat new approach to the subject will 
be attempted. The theory will not be used to predict the 
physical properties from the molecular and the atomic charac
teristics, but rather used as a framework to fit the experi
mental data. In other words, the theory only gives the 
parameters that will enter into a relation, while the exact 
form of the functional relation is to be determined by the ex
perimental data. Thus the approach here is that of "dimen
sional analysis" so successful in the older fields of engineering 
science, such as fluid mechanics and solid mechanics (1).2 
The two specific useful results of this investigation are a 
method to calculate the specific heats and a method to calcu-
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late the thermal conductivity of liquids. These methods are 
generally appli<:uble to the so-called normal liquids, but a more 
general form for the thermal conductivity is available to in
clude all liquids, normal or otherwise. 

Lennard-Jones and Devonshire Theory of Liquids 

One of the fairly successful theories of normal'liquids is that 
given by Lennard-Jones and Devonshire (2). It is a theory of 
the "free volume" type in that the liquid molecule is assumed 
to move within a. cage formed by the neighboring molecules. 
In this theory, the properties of the cage are determined by 
smoothing the bimolecular interactions of a face-centered cubic 
lattice where the nearest distance between molecules is a. 
The bimolecular interaction potential E is taken from the 
theory of gaseous states and is expressed as 

fer) = Em[ (~r2 - 2(~)1 ........... [1] 

where r is the distance between the molecules, r* the equi
librium distance, and Em is the magnitude of the potential at 
r = r*. 

The free energy F for an assembly of N molecules is found 
n this way to be 

N = - kT log (2""~~T)'j, - kT log j( T) - kT -

A* 11.2(~*r -O.5(~rt - kTlog (2.".,gV) ... [2] 
In this equation, k is the Boltzmann constant, T the absolute 
temperature, jeT) the internal partition function of the 
molecule. And furthermore 

A*=Zfm ..... ............ [3] 

where z is the coordination number and is 12 for face-centered 
cubic lattice, V is the volume per molecule, and V* is the 
characteristic volume. They are related to a and r* as fol
lows 

1 1 1 
V = -:ya3, V* = -:yr*3, , = -yIZ" .. [4] 

g is the following complicated integral 

rl, \ A* (V*)4 A* (V*)2 I 
g = Jo y'j, exp )- kT 17 ley) + 2 kT V m(y) ( dy 

where 
ley) = 1 + 12y + 25.2y2 + 12y 3 + y4 

(1 - y)lO 

....... [5] 

1, 1(0) = 0 ..... [6] 

1 + y 
m(y) = (1 _ y)4 - 1, m(O) = 0 ............ [7] 

Once the free energy is calculated, the thermodynamic 
properties of the liquid can be obtained by simple differentia
tions. For instance, the energy per molecule E/N is 

~ = _T2 oaT (F~N) .............. [8] 

The pressure P is 

p - a~ (~) .......... . ... [9] 
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Mathematically then, the most difficult task of the theory 
is the evaluation of the integral g in Equation [5]. Recently, 
R. H. Wentorf, R. J. Buehler, J. O. Hirschfelder, and C. F. 
Curtiss (3) have carried out this tedious integration by 
numerical method, together with some inconsequential im
provements in its formulation. Unfortunately, their exten
sive numerical tables are quite unsuitable for the present pur
pose of discovering the analytical functional relationships be
tween the different quantities. However, for liquid states at 
low or atmospheric pressures, the ratio V /V* is very nearly 
unity, while the ratio A * /kT is of the order of 20. It is thus 
appropriate to seek the asymptotic expansion of the function 
g for large values of A * /kT. This can be done as follows: 

Let 

8 = ~; (~*) 4 ••.•.•........•.•. [10] 

Then by expanding the functions ley) and m(y) in power series 
of y, one has I 

A*(V*)4 A*(V*)2 - - - ley) + 2 - - m(y) - - 8'71 -kT V kT V - -

- 8 [1 24 - 10 (;*rf y + 1200.2 - 28(;*r~y2 + 
11144 - 60(;*r~y3+ .... J .... [11] 

11 is thus the power series withiR the square bracket of Equa
tion [Ii]. By inverting this power series, it is found that 

y = am + a2T/2 + a3T/a + ............... [12J 

where 
1 

al = (V)2 
24 - 10 V* 

_ 200.2 _ 28 (;*)2 
a2 = 

l24 - 10 (;*rJ 

and 
aa = 

2 [200.2 - 28(~rJ ..:. [1144 - 60(~rl[24 -lO(~rJ 
[24 - 10 (0)"]" 

............ [13] 

At the lower limit of integration for g, y = 0, so 1/ = O. At 
the upper limit of integration, y = 1/4, so 1/ = l (1/4) 
- 2 (V /V*)2 m (1/4). l (1/4) is, however, approximately 90, 
m (1/4) is 2.95, and 8 is very large. Therefore it is correct to 
set the upper limit of integration in 11 as co. Then 

g '" al';' (00 e-S'~ [711/2 + ~ ~T/'f, + Z \~ + Jo 2 al 21al 

~ (~r~T/'f, + ... '}7I = ~1r (;)'f, X 

[1 + ;:; ~ ~ + ;:;:; 1 ~ + l (~) 2 ~ ~2 + ..... J ...... [14] 

By substituting the value of 8 from Equation [10), and the 
value of a's from Equation [13), the following expression for 
log g is obtained 

. v'ii 3· kT ( ~ r 
log g '" log 2 + 2 log r ( V ) 2J 

A* 24 - 10 -
'. V* 
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It is evident that the expansion of Equation [15 J is the ap
propriate one for large values of A * /kT. By combining Equa
tion [15] with Equation [2), the free energy of the liquid state 
can be obtained. Differentiation according to Equations [8] 
and [9] then gives the other thermodynamic quantities. 

Specific Heat at Constant Volullle 

E inl 

If N is the internal energy per molecule, i.e., 

Einl a . 
N = kT2 aT {log J(T)} . ............. [16] 

then Equation [8] gives . 

~ = ~nt + 3kT - A* 11.2 c;r -0.5 (~r~ -
3.5 200.2 - 28 (~ ) 2 (V) 4 kT 
2.2) (V)2~2 V* A*kT ... [17] 

,24 - 10 V* \ 

where terms of third power in T and higher are dropped. By 
differentiating Equation [17] once more with respect to T, the 
specific heat at constant volume can be determined. Let C. l 

be the molar specific heat of the liquid state at constant 
volume, and Cim be the molar specific heat ·of the internal 
energy alone, i.e., by taking N to be Avogadro's number 

Cint = a~ Eint ................. [18] 

Then 

. 3.5 200.2 - 28 (~r (V)4kT 
C.I=cm'+3R-2.2~ (V)'2~2 V* A*R .... [19] 

/24 - 10 V* \ 

where R is the universal gas constant or R = Nk. 
Equation [19] demonstrates the gratifying result that aside 

from the small correction of the third term, the specific heats 
at constant volume for the liquid state and the solid state are 
the same. This is in agreement with the concept that for 
pressures and temperatures below the critical pressure and 
the critical temperature, there are more points of similarity 
between the liquid state and the solid state than there are be
tween the liquid state and the gaseous state. The full classical 
value of 3R means the absence of quantal effects. This is of 
course generally true, as will be discussed in more detail in the 
appendix. . 

The molar specific heat at constant pressure C/ for the 
gaseous state can be calculated as 

Cpo = Cin' + ~R ... ................ [20] 

For molecules that are not excessively elongated as to restrict 
their rotational freedom in the liquid state, the molecular 
energy of the internal degrees of freedom must be the same in 
the liquid state as in the gaseous state. Therefore the values 
of Cin! in Equations [19] and [20] must be the same. Then 
Equation [19] can be also written as 

[ 
15 200.2 - 28 ( ~ r (V) 4 kTJ 

C.I=Cpo+R 0.5- 25 (V)2~2 V* A* .. [21] 
/24 - 10 V* \ 

.. [15J 
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Now since the third term to the right of Equation [21J is a 
small correction term, it would be all right to use the following 
approximations, true for liquid state at low or atmospheric 
pressures, i.e., at pressures much lower than the critical pres
sure. Furthermore 

kv;,V* '" 1 t .................. [22] 
A* '" 16.5 f 

where To is the normal boiling temperature of the liquid at 
atmospheric pressure. Then Equation [21 J becomes 

C.l = C:g~+ R[0.5 - 0.4 ~J ......... [23] 

Therefore the specific heat of liquids at constant volume can 
be easily calculated once the specific heat of the gaseous state 
and the boiling point are known. 

TherlTIal Expansion and COlTIpressihility 

The equation of state for the liquid can be determined by 
using Equation [9]. By using only two terms of the expansion 
for.g as given by Equation [15], one has 

A* 5 (v*)' (V*)2( kT
84 

- 20(~r 
p = V /2 V - 2.4 V 1 + V ( V) 2 " [24] 

12 - 5 V* 

Now the coefficient of thermal expansion a is defined as 

a = ~(~~t .................. [25] 

Then by differentiating Equation [24] with respect to T, 
keeping the pressure P constant, one has 

k84-20(~r 
V 12 - 5 (;*r 

However, the pressure P is very small in comparison with the 
size of both terms in the right of Equation [24], i.e., 

A* 5 (v*)' _ (V*)2( kT
84 

- 20 (~r ~ 0 
V /2 V 2.4 V \ + V ( V ) 2 -

. 12 - 5 V* 

Therefore the equation for the thermal expansion can be 
simplified to 

-[ "j8 (';)'- 48 (';n -

360 (~r ] _ k 84 - 20 (~) 
kT ) ( V)2 (2 - ( V)2 

(12 - 5 V* \ 12 - 5 V* 

By again using the approximations of Equation [22], one has 
finally 

0.554 
aTb = ----==-=----T- . ............... [26] 

3.2 - 0.445 Tb 

The compressibility {3 of the liquid is defined as 

~ = - ~ (~;) T •••••.•••••.•.•. [27] 

By following a similar procedure as outlined in the preceding 
paragraph for a, the compressibility is found to be 

RTb 1 
By;- = (T) ............. [28] 

52.8 - 7.35 To 

where R is again the universal gas constant, VI is the volume 
per mole of the liquid. ' 

Equations [26] and [28] give the coefficient of thermal ex
pansion a and the compressibility {3 according to the Lennard
Jones and Devonshire theory of liquids. Other theories of 
liquids give different formulas. For instance, the free volume 
theory of H. Eyring and J. O. Hirschfelder (4) gives 

and 

3 
aTb = ( T) .............. [29] 

94 - 4 -. To 

{3R~b = __ (_.::.I
T
-

b
- __ ) •••••••••••• [30J 

3.13 9.4 T - 4 

Such discrepancies between the theories probably indicate 

TABLE 1 COEFFICIENT OF THERMAL EXPANSION OF LIQUIDS 

Liquid Formula To, OK T, OK a X 10., °K-l T/To uTo 
Acetone (CH.)2CO 329.7 293.2 1.071 0.890 0.353 
Aniline C6H5NH2 457.6 293.2 0.855 0.641 0.382 
Arsenic trichloride AsCla 403.4 293.2 1.029 0.728 0.415 
Benzene C6H. 353.2 293.2 1.237 0.830 0.437 
Bromine Br. 332.0 293.2 1.132 0.883 0.376 
Carbon disulfide CS. 319.5 293.2 1.218 0.918 0.390 
Carbon tetrachloride CCI, 350.0 293.2 1.236 0.838 0.433 
Chloroform CHCla 334.5 293.2 1.273 0.877 0.426 
Ethyl ether (C.H6)20 307.8 293.2 1.656 0.953 0.510 
Ethyl iodide C2HoI 345.4 293.2' 1.179 0.848 0.407 
Trimethyl ethane CoH!2 301.2 293.2 1.598 0.973 0.481 
Phosphorus tribromide PBr, 446.1 293.2 0.868 0.657 0.387 
Phosphorus trichloride PCla 348.7 293.2 1.154 0.841 0.402 

1.211 0.422 
Phosphorus oxychloride POCIa 378.5 293.2 1.116 0.775 0.423 
Pentane CoH!2 309.4 293.2 1.608 0.948 0.498 
i-Propyl chloride C,H7Cl 308.6 293.2 1.591 0.950 0.491 
Isoprene C6Hs 307.2 293.2 1.567 0.955 0.481 
Silicon bromide SiBr, 426.2 293.2 0.983 0.688 0.419 
Silicon chloride SiCI, 330.8 293.2 1.430 0.886 0.473 
Stannic chloride SnCl, 387.3 293.2 1.178 0.757 0.456 
Tita»ium tetrachloride TiCl, 409.6 293.2 0.998 0.715 0.409 
o-Toluidine C7H 7NH2 473.0 293.2 0.847 0.620 0.401 
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that neither theory is really accurate enough for calculations 
of a and {3. But both theories give aTb and {3RTb/VI as func
tions of the temperature ratio T /Tb• Therefore it seems justi
fied to consider such functions as unknown theoretically, but 
to be determined by experimental data. Once determined, 
these functions are then universal and applicable to all normal 
liquids. 

Table 1 lists the values of the coefficient of thermal expan
sion at 20C 0 taken from the Landolt-Bornstein Tabellen for 
various normal liquids at atmospheric pressure. The non
dimensional quantity aTb is then plotted- against T /Tb in 
Fig. 1, where the relations specified by Equations [26] and 
[29] are also plotted. Although the theories do predict the 
increasing thermal expansion with temperature, a behavior 
contrary to that of the gaseous state, the experimental data 
lie between the theoretical curves and are grouped definitely 
around a different curve. This empirical curve is drawn as a 
heavy line in Fig. 1. Therefore the surmise that aTb is a 
function of T /Tb is now justified. By using this empirical 
curve, the thermal expansion of normal liquids can be calcu
lated to 10 per cent accuracy once the boiling point Tb is 
known. 

Table 2 lists the values of the compressibility of normal 
liquids at approximately atmospheric pressure taken again 
from the Landolt-Bornstein Tabellen. The nondimensional 
quantity {3RTb/VI is then plotted against the temperature 
ratio T / Tb in Fig. 2. The theoretical curves specified by 
Equations [28] and [30] are also plotted. It is seen that a 
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FIG. 1 a, COEFFICIENT OF THERMAL EXPANSION; T, TEMPERA-

TURE; T b, NORMAL BOILING TEMPERATURE. E-H, RELATION 

GIVEN BY EYRING AND HIRSCHFELDER (REF. 4), EQUATION [29]. 
LJ-D, RELATION DEDUCED FROM LENNARD-JONES AND DEVONSHIRE 

THEORY OF LIQUIDS, EQUATION [26] 

similar situation as for a exists. In fact, the empirical curve 
can be very closely represented by 

RTb 1 
~ v;-- =, ( T ) ............ [311 

101.6 - 82.4 T. 

Therefore the compressibility of any normal liquid can be 
calculated with 10 per cent accuracy if the boiling pqint T b, 

the liquid density, and the molecular weight are known. 

Specific Heat at Constant Pressure 

For many engineering calculations, what is desired is not 
the specific heat at constant volume Cv

l but rather the 
specific heat at constant pressure C/ According to the gen
eral thermodynamic laws, the difference between Cr} and C.z 
is given by 

a 2 

Cpl -C.l = fi VIT - - .............. [32] 

where a and (3 are the thermal expansion and compressibility, 
respectively. By combining Equations [23] and [32], the 
molar specific heat at constant pressure for the liquid state is 
related to the molar specific heat at constant pressure for the 
gaseous state as follows 

1 _ a _ f _ T.... (aTb)2~} 
Cp Cp 

c - R t 0.5 0.4 Tb + (~R~b) Tb -., - . [33] 

The relation given by Equation [33] can be compared with 
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UNIVERSAL GAS CONSTANT. E-H, RELATION GIVEN BY EYRING 

AND HIRSCHFELDER (REF. 4), EQUATION [30]. LJ-D, RELATION 
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LIQUIDS, EQUATION [28] 

TABLE 2 COMPRESSIBILITY OF LIQUIDS 

Molecular Density, ~ X 10', ~RTb 

Liquid Formula weight T b, OK T, "'K gr/cc atm-1 T/Tb VI 
Acetone (CHa)2CO 58.08 329.7 293.2 0.792 125.6 0.890 0.0464 
Benzene CoHo 78.11 353.3 303.2 0.868 98.5 0.858 0.0318 

333.2 0.836 116.4 0.944 0.0362 
Carbon disulfide CS2 76.13 319.7 303.2 1.261 102.0 0.948 0.0444 
Carbon tetrachloride CCI. 153.84 350.0 293.2 1.595 105.8 0.838 0.0316 
Chlorobenzene C,H,Cr 112.56 405.2 283.2 1.107 72 0.698 0.0226 
Chloroform CHCla 119.39 334.5 303.2 1.49 109.5 0.907 0.0375 
Ethyl ether (C2H')20 74.12 307.8 303.2 0.713 210 0.986 0.0510 
Ethyl bromide C2H,Br 108:98 311.2 293.2 1.430 120 0.942 0.0402 
Ethyl iodide C2H,I 155.98 345.4 313.2 1. 91 74 0.907 0.0257 
n-Heptane C7H1, 100.20 371.7 303.2 0.684 134 0.815 0.0274 
n-Hexane C,H,. 86.17 342.2 303.2 0.66 159 0.885 0.0343 
Nitrobenzene C,H,N02 123.11 484.1 303.2 1.1987 49 0.627 0.0190 
Nitromethane CHaN02 61.04 374.2 303.2 1.13 73.6 0.810 0.0419 
n-Octane CsHlS 114.23 399.0 293.2 0.704 101.6 0.735 0.0205 
Paraldehyde C,H120 3 132.16 397.6 291.2 0.994 88.2 0.733 0.0216 
Silicon bromide SiBr. 347.72 426.2 298.2 2.814 86.6 0.700 0.0245 
Silicon chloride SiCl. 169.89 330.8 298.2 1.483 165.2 0.902 0.0391 
Titanium tetrachloride TiCl. 189.73 409.6 298.2 1.726 89.8 0.728 0.0275 
Stannic chloride SnCl4 260.53 387.3 298.2 2.232 108.9 0.770 0.0296 
Toluene C,H,CHa 92.13 384.0 303.2 0.862 96.5 0:790 Q.0285 
a-Xylene C,H4(CHa)2 106.1fi 417.2 293.2 0.875 79.7 0.703 0.0224 
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the equation given by S. W. Benson (5) for the difference of 
molar specific heats at constant pressure for the saturated 
liquid and saturated vapor. Benson's relation is 

Cpl - C/ = nAEvap a + R 

where n is approximately 5/3 for a large number of sub
stances, !1Evap is the molar energy of evaporation, and a the 
thermal expa~sion coefficient defined by Equation' [25]. 
However, this relation, which requires a knowledge of nand 
f).Evap, seems to be less convenient to use than Equation [33] 
together with the semi-empirical information on the thermal 
expansion a and the compressibility {3. 

With the empirically determined relations for the coefficient 
of thermal expansion a and the compressibility {3, the right 
side of Equation [33] can be calculated as a function of the 
temperature ratio T ITb• This is carried out in Table 3. It 

TABLE 3 DIFFERENCE OF SPECIFIC HEATS OF LIQUID AND GAS 

T/Tb' aTb {3 RTb (aTb)2 ~ 0.5---D.41' Cpl - Cl 
Vz ({3~b)Tb Tb R 

0.6 0.392 0.0192 4.80 0.26 5.06 
0.7 0.398 0.0232 4.78 0.22 5.00 
0.8 0.410 0.0280 4.80 0.18 4.98 
0.9 0.445 0.0365 4.88 0.14 5.02 
1.0 0.525 0.0520 5.30 0.10 5.40 

is seen that except possibly near the boiling point, the dif
ference between the molar specific heats of liquid and gas at 
constant pressure is very nearly 5R, or 

Cpl - C/ = 10 calrC mole ............ [34] 

This is indeed a remarkably simple result. 
The comparison of the calculated specific heat of liquid 

using Equation [34] with the experimental data is exhibited 
in Table 4. Since the theory is developed for normal liquids, 
molecules containing hydroxyl group or amino group, and 
molecules that are excessively elongated should be excluded. 
The experimental data are taken also from the Landolt
Bornstein Tabellen. For diatomic molecules, the theoretical 
value of C/ without vibrational heat is used. This value of 
7 caIre is correct for the prevailing low temperature. For 
silver chloride, this value of C/ may be too low. The first 
half of the table shows excellent agreement between the calcu
lated and the experimental molar specific heat of liquid at 
constant pressure, with differences well within the experimen-

tal error. The only exception is carbon disulfide. This 
success of the theory is notable for the very wide range of 
temperature covered, from 120 ° K for nitric oxide to 763 OK for 
silver chloride. 

The second half of Table 4 indicates, however, considerable 
discrepancy between the calculated specific heat and the ex
perimental specific heat. The calculated values are too large 
by approximately 4 caIre. A similar discrepancy for 
Trouton's ratio, the ratio of heat of evaporation and the 
boiling temperature T b, also occurs for this group of liquids 
(6). Such differences are well outside the probable experi
mental error. Furthermore, the temperatures concerned, al
though low, are not low enough for the occurrence of quantal 
effects (see appendix). Nor is there any likelihood of a differ
ent molecular interaction than the first group of liquids in the 
table. This is shown by their similar transport properties in 
the gaseous state. The only possible explanation seems to be 
the association effects. For instance, oxygen tends to a&80-
ciate to 0 4 molecule in liquid state. If so, the molar specific 
heat of the liquid will be twice as large as listed in the table, 
or 25 caIre. The fictitious 0 4 molecule in gaseous state then 
should have a Cl of 15 caIre. This is an entirely reasona
ble value. 

From the foregoing discussion, it seems justified to use Equa
tion [34] for normal liquids at room temperature or higher 
when association and dissociation are absent. For normal 
liquids, the accuracy of present method is very much higher 
than the method, suggested by R. R. Wenner (7), based upon 
counting individual atoms in the liquid molecule. Of course it 
may be argued that when it is necessary to predict the specific 
heat of liquid, the specific heat for the gaseous state is gen
erally also not available, and then Equation [34] is of no 
practical utility. Fortunately, however, it is not necessary to 
depend on direct experimental determination of the specific 
heat of gaseous state. C/ can be very accurately calculated 
from the fundamental frequencies of the molecule determined 
by spectroscopy. Or C/ can be calculated with sufficient 
accuracy from the averaged frequencies for each type of 
chemical bonds, a method recently rendered more complete by 
R. V. Meghreblian (8). As an example of such a situation, 
one may consider the molecule eHel2Br, bromodichloro
methane. This molecule is not even listed in the well-known 
Handbook of Chemistry and Physics. But Meghreblian has 
calculated its molar specific heat C l at 27°C to be 16.2 cal/oe. 
Then according to Equation [34], the molar specific heat of 
the liquid Cp

l at the same temperature is 26.2 caIre. Since 
the molecular weight of this compound is 163.85, the specific 

TABLE 4 SPECIFIC HEAT OF LIQUIDS AT CONSTANT PRESSURE 

Molecular Cpu, calrC,' Cpl, caire, Cpl, calrc, 
Liquid Formula weight Tb, OK T, OK exp calc'd exp 

Ammonia NHa 17.032 239.8 213.2 8.0 18.0 17.9 
273.2 8.7 18.7 18.7 

Acetone (CHa)2CO 58.08 329.7 313.2 20.1 30.1 30.8 
Benzene C6H6 78.11 353.3 293.2 21.8 31.8 32.5 

323.2 23.3 33.3 34.3 
Bromine Br2 159.83 332.0 270.0 7.0" 17.0 17.1 
Carbon disulfide CS, 76.13 319.7 290.7 12.0 22.0 18.4 
Carbon tetrachloride CCI, 153.84 350.0 273.2 21.5 31.5 30.9 

293.2 20.7 30.7 31.8 
Chloroform CHCla 119.39 334.5 313.2 17.2 27.2 27.9 
Ethyl ether (C2H.)20 74.12 307.8 303.2 31 41 40.5 
Nitric oxide NO 30.01 121.4 120 7.0 a 17.0 17.3 
Silver chloride AgCI 143.34 1823 763 <7.0, >9.0 <17.0, >19.0 18.5 
Stannic chloride SnCI, 260.53 387.3 287-371 24.4 34.4 38.5 
Sulphur dioxide S02 64.06 263.2 273.2 9.9 19.9 20.4 

Argon A 39.944 87.4 85.0 5.0 15.0 10.5 
Carbon monoxide CO 28.01 81.1 69.4 7.0" 17.0 14.27 
Methane CH, 16.04 111.7 100 8.0 18.0 13.01 
Nitrogen N2 28.016 77.3 64.7 7.0 a 17.0 13.15 

72.8 7.0 a t7.0 13.33 
Oxygen O2 32.00 90.1 73.2 7.0 a 17.0 12.60 

a Theoretical value for diatomic molecules without vibrational heat. 
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heat at constant pressure of the liquid is 0.1598 caljgr °e, or 
0.1598 Btu/lboF. 

Liquid Metals 

Pure metal atoms do not associate into molecules. There
fore the specific heat of pure liquid metals should be correlated 
on the basis of one gram atomic weight. When this is done, 
pure liquid metals give a specific heat at constant pressure 
from 6.4 caIre to 8 caIre. Therefore it is reasonable to 
take as a first approximation 

Cpl = 7 calrC .................. [35] 

per gram atomic weight. Since the specific heat at constant 
volume should be close to 3R or 6 caIre, Equation [35] 
shows that the difference between Cp and Cv for liquid metals 
is only 1 caIre. This is very much less than the correspond
ing value found for normal liquids as discussed in the previous 
section. For the particular case of liquid mercury, a more 
detailed discussion has been given by J. F. Kincaid and H. 
Eyring (9). They have also pointed out that the difference in 
behavior of the liquid metals from that of normal liquids is 
due to the difference ih the interaction potential of the con
stituent particles. Since the interaction in normal liquids is 
the interaction between molecules, the interaction in liquid 
metals is the interaction between the metallic atoms. This 
difference is certainly expected. 

Velocity of Sound 

The velocity of propagation of small disturbances is gen
erally called the velocity of sound c and is a very important 
quantity in fluid dynamics. The general formula for com
puting this quantity is 

c2 = - v2d~P = - ~ (Vd~P) ..........• [36] 

where v is the volume for unit mass of the liquid, p is the 
density or l/v, and the derivative is to be computed according 
to the adiabatic process. . 

If the frequency of the sound wave is sufficiently low, or if 
the characteristic time of the small disturbance is longer than 
the relaxation time for reaching thermodynamic equilibrium, 
then it can be easily shown that 

2 _ ~ Cpe [37] 
C --: p{3 Cve ••................... 

where fJ is the compressibility defined by Equation [27]. For 
normal liquids, fJ is given by Equation [31], and according to 
Table 3, the difference between Cp and Cv is approximately 
9.6 caIre. Let M be the molecular weight. Then 

2 _ RTb (0 6 _ 82 T) Cpl [ ] 
C - MIL .4 Tb Cpl -9.6'" ..... 38 

The comparison between the calculated and the experi
mental values of the velocity of sound is shown in Table 5. 
it is seen that with the exception of carbon disulfide, Equa
tion [38] predicts the velocity of sound to within one per cent 
of the experimental value. This accuracy is perhaps expected, 
since Equation [38] already contains the empirically deduced 
relations for Cp - Cv and fJ. Nevertheless, the agreement is 
satisfying in that it indicates the inner consistency of the 
theory. The case of eS2 may be partially explained by the ex-

ceptionally low experimental value of Cpo Table 4 shows that 
the theoretical value for C pI of carbon disulfide is considera
bly high!=lr. If so, the calculated velocity of sound for eS2 

will be lowered and the agreement with the experimental data 
will be better. Therefore it is justified to say that Equation 
[38] gives a satisfactory prediction of the velocity of sound for 
pure normal liquids. Since Cp

l increases with temperature, 
Equation [38] shows that the velocity of sound decreases with. 
temperature. This behavior of normal liquid is contrary to 
that of gaseous state, for which the velocity of sound increases 
with temperature. 

Transport Properties 

The properties of liquids discussed in the preceding sections 
are all properties at thermodynamic equilibrium. Transport 
properties are properties of matter not at equilibrium, and 
the theory of transport properties is very much more complex 
than the theory of equilibrium properties. A "basic" ap
proach to the theory of transport properties of liquids was 
made by J. G. Kirkwood and by M. Born and H. S. Green. 
However, no useful result has yet been obtained by their 
theories. Here the method of simple model followed by fitting 
the theoretical relation to empirical data will be used. An 
example of this method applied to the transport properties of 
liquids is Eyring's theory of viscosity of liquids (10). 

According to Eyring's theory, the viscosity J1. of a liquid at 
temperature T is related to the energy of vaporization tlEvap 
per mole of the liquid as follows. 

hN 
J1. = VI exp (IlEvap /2.45RT) . ........... [39] 

where h is Planck's eon.stant, N Avogadro's number, and VI 
the molar volume of the liquid. For normal liquids, energy of 
vaporization is related to the normal boiling temperature Tb 
by Trouton's rule. That is 

IlEvap ~ 9.4RTb . ................. [40] 

By combining Equations [39] and [40], the viscosity in 
centipoises is given by 

J1. ~ 0.3
V
990 exp (3.83Tb/T) .. .......•.. [41] 

I . 

where VI is in cc per mole. 

Thermal Conductivity 

The elementary theory of heat conduction in gas gives (11) 
the thermal conductivity A of a gas as 

1 A = 3" clcv . .................... [42] 

where c is the velocity of sound, Cv the specific heat of the gas 
at constant volume per unit volume, and 1 is the mean free 
path of the molecules in the gas. In other words, 1 is the mean 
distance for which the molecules will maintain their indi
vidual velocities. 1. Estermann and J. E. Zimmerman (12) 
noted that if 1 is interpreted as the distance, a lattice wave in 
a solid will travel before scattering, then the thermal conduc
tivity of solid due to lattice oscillations calculated by R. E. B. 
Makinson (13) can be easily obtained from the relation of 
Equation [42]. This observation clearly shows the funda
mental character of Equation [42]. It should then be true 

• TABLE 5 VELOCITY OF SOUND 

Molecular Cpl, Cca.le X 10-6, Cexp
a X 10-6, 

Liquid Formula weight Tb, OK T, OK calrC em/sec em/sec 
Benzene C6H6 78.11 353.3 290.2 39.8 1.176 1.166 
Carbon disulfide CS2 76.13 319.7 288.2 18.2 1.350 1.161 
Chloroform CHCla 119.39 334.5 288.2 27.9 0.967 0.983 
Ethyl ether (C2H6)20 74.12 307.8 288.2 39.8 1.022 1.032 

a Taken from Smithsonian tables. 
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for all three states of matter, if the different quantities enter
'ing into it are properly identified. P. W. Bridgman (4), in 
fact, suggested such a correlation as early as 1931. How
ever, the following theory differs from that of Bridgman in 
important details, as will be explained presently. 

For liquids other than liquid metals, the heat must be con
ducted as oscillations of the molecules from its mean position, 
similar to the heat conduction in solid by "lattice waves." 
Therefore if Equation [42] will be used to calculate the ther
mal conductivity of a liquid, the c is the velocity of sound in 
the liquid. This is exactly what Bridgman proposed. It will 
not be correct, however, to compute c by Equation [37], be
cause the frequencies of the lattice waves are generally so 
high as to not allow the thermodynamic equilibrium assumed 
for Equation [37]. Therefore there are some questions in de
termining c. For lack of better information, let c be tenta
tively taken simply as 

c ~ l/VPi3 ................... [43] 

Thus the uncertain ratio of specific heats in Equation [37] is 
dropped. 

The appropriate mean free path l for the lattice waves in 
liquid must be the size of the local organization of the liquid 
molecules. This size of local organization is a few times the 
molecular spacing a. Therefore according to Equation [4] 

l ~ V'la . .................... [44] 

where V is the liquid volume per molecule. l is thus of the 
order of a few angstroms. 

Bridgman proposed to identify c. as the total heat capacity 
including the internal degrees of freedom. However, with l 
only of the order of 10-7 cm, and with c as large as 106 cm per 
sec, the characteristic time for the lattice waves must be of the 
order of 10-12 sec. This is much shorter than the known re
laxation time for the internal degrees of freedom of molecules. 
Then it is reasonable to suppose that the internal degrees of 
freedom of the molecule do not participate in the conduction 

of heat. Therefore for computing the thermal conductivity of 
liquids, the specific heat should be that of external degrees of 
freedom of the molecules only. The specific heat per mole is 
then approximately 3R. Or 

3R 
c. ~ VI ..................... [45] 

By combining Equations [43], [44], and [45], the thermal con
dt!lction of liquid can be written as 

1 1/ 3R 
A~-- V .-v'Pi3 VI 

The factor of proportionality of the above relation remains 
undetermined. To determine it, one has to introduce the ex
perimental data. This is done in Table 6 and Fig. 3. The 
compressibility data were taken from the Landolt-Bornstein 
Tabellen and the thermal conductivity from the Appendix of 
McAdam's book on heat transfer (15). These data include 
such "abnormal" liquids as water and alcohols. It thus seems 
that the great majority of experimental thermal conductivity 
falls within 20 per cent of the calculated value if one simply 
takes 

1 I/o 3R 1 (M ) '/0 3Rp 
A = v'Pi3 V VI = v'Pi3 Np llT"" ".[46] 

Therefore the factor of proportionality is just unity. By com
paring Equations [42] and [44], it is seen that mean free path l 
of the lattice waves is approximately 3 times the intermolecu
lar distance. The local structure of the liquid may be pic
tured as a cubic lattice having nearly 12 neighbors to the 
central molecule. This deduction is entirely in agreement 
with the adopted concept of the liquid state. Equation [46] 
shows that the thermal conductivity of all liquids, normal or 
otherwise, can be calculated satisfactorily if the molecular 
weight, the density, and the compressibility of the liquid are 
known. 

TABLE 6 THERMAL CONDUCTIVITY 

Tem- Aexp, 
hex", 

Molecular perature, Density, {3 X 10-5, (p{3)-Ij, X 10-6, V';' X lOS, V'la 3R cal/cm V'is 3R 

Liquid Formula weight °C gr/cc atm- l em/sec em v;;/3 VI °C sec Vp{3 VI 
Acetic acid CH.COOH 60.05 20 1.049 90.6 1.033 4.56 0.000491 0.000409 0.833 
Acetone (CH.)2CO 58.08 20 0.792 125.6 1.010 4.96 0.000407 0.000430 1.056 
Allyl alcohol C2H.CH2OH 58.08 20-30 0.855 75 1.257 4.83 0.000533 0.000430 0.807 
Amyl alcohol C.HuOH 88.15 17.7 0.814 90.5 1.172 5.65 0.000365 0.000392 1.075 
Aniline CsH,NH2 93.12 20 1.022 36.1 1.657 5.32 0.000577 0.000413 0.715 
Benzene CsHe 78.11 30 0.868 98.5 1.089 5.30 0.000382 0.000380 0.995 

60 0.836 116.4 1.020 5.37' 0.000350 0.000359 1.026 
Carbon dioxide CO2 44.01 13.3a 0.960 624.4 0.412 4.23 0.000246 0.000245 0.995 
Carbon disulfide CS2 76.13 30 1.261 102.0 0.888 4.64 0.000407 0.000384 0.945 
Carbon tetra-

chloride CCl, 153.84 20 1.595 105.8 0.775 5.43 0.000260 0.000392 1.510 
Chlorobenzene CsH,Cl 112.56 10 1.107 72 1.128 5.53 0.000336 0.000343 1.020 
Chloroform CHCIs 119.39 30 1.49 109.5 0.788 5.11 0.000299 0.000330 1.104 
Ethyl alcohol C2H.OH 46.07 20 0.789 112 1.071 4.59 0.000502 0.000434 0.865 
Ethyl bromide C2H,Br 108.98 20 1.430 120 0.769 5.01 0.000301 0.000289 0.962 
Ethyl ether (C2H.)20 74.12 30 0.713 210 0.808 5.56 0.0002580.000330 1.280 
Ethyl iodide C2H.I 155.98 40 1. 91 74 0.847 5.15 0.000318 0.000264 0.830 
Ethylene glycol (CH2OH)2 62.07 0 1.12 34 1.63 4.51 0.000790 0.000632 0.800 
Glycerine (CH2OH)2-

CHOH 92.09 20 1.260 22 1.912 4.94 0.000773 0.000678 0.877 
n-Heptane C7HIs 100.20 30 0.684 134 1.051 6.25 0.000268 0.000334 1.246 
n-Hexane CeH,• 86.17 . 30 0.66 159 0.983 6.01 0.000270 0.000330 1.220 
Hexyl alcohol CSHI20H 102.17 30 0.818 60 1.437 5.91 0.000405 0.000384 0.943 
Methyl alcohol CH.OH 32.04 20 0.7928 123.5 1.016 4.07 0.000609 0.000512 0.841 
Nitrobenzene CeH.N02 123.11 30 1.199 49 1.313 5.54 0.000422 0.000393 0.930 
Nitromethane CH.N02 61.04 30 1.13 73.6 1.104 4.47 0.000544 0.000517 0.950 
n-Octane CaH,s 114.23 20 0.704 101.6 1.190 6.45 0.000282 0.000347 1.230 
Paraldehyde CSHI2O. 132.16 18 0.994 88.2 1.075 6.04 0.000291 0.000355 1.220 
Toluene CsH,CH3 92.13 30 0.862 96.5 1.103 5.62 0.000347 0.000355 1.023 
Water H2O 18.02 30 0.996 47.9 1.457 3.104 0.001490 0.001470 0.987 
o-Xylene CeH.(CH.)2 106.16 20 0.875 79.7 1.207 5.87 0.000347 0.000372 1.070 

a At 87 atm. 
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FIG. 3 COMPARISON OF CALCULATED, Aeale., AND EXPERIMENTAL, 
Aexp., VALUES OF THE THERMAL CONDUCTIVITY OF LIQUIDS. THE 

UNIT OF A IS CAL/CM SEC °c. 

As a further check on Equation [46], the variation of the 
thermal conductivity of water with temperature is computed 
and compared with the experiments. Since the ratio of 
specific heats for liquid water is very nearly equal to one, the 
velocity 1/ V;;' for water is in fact the velocity of sound c. 
Thus for water, the ratio of thermal conductivity at two tem
peratures designated by subscripts 1 and 2, is given by 

~ = ~ (~)'/a 
Al C, PI 

This relation is compared with experimental data on A in 
Table 7 where 13°C is taken as the lower comparison tempera
ture. The ratios of conductivity at two higher temperatures 
of 19 and

c 

31°C check closely with the test values. Therefore 
Equation [46] can also predict satisfactorily correct tempera
ture variation of the thermal condu,ctivity. 

TABLE 7 THERMAL CONDUCTIVITY OF WATER 

Tem- Aexp, 

perature, C X 10-1 P cal/sec (~)..le (~)exp "C cm/seca gr/cc °C cm 
13 1.441 0.9994 0.001410 1.000 1.000 
19 1.461 0.9984 0:001431 1.012 1.015 
31 1.505 0.9954 0.001475 1.040 1.046 

a Taken from Smithsonian tables. 

For normal liquids, the compressibility {3 is given by Equa
tion [31]; then Equation [46] reduces to 

A = ;~a {~b (101.6 - 82.4 ~J ~ 1;' (if) '/a ..... [47] 

Therefore the thermal conductivity of normal liquid can be 
calculated once the molecular weight M, the boiling tempera-
ture T b, and the density are known. Since density decreases 
with temperature, Equation [47] shows that the conduc
tivity of normal liquids also decreases with temperature. The 
increasing conductivity of water with temperature shown in 
Table 7 indeed indicates the anomality of water as a liquid. 

Concluding Relllarks 

The properties of pure liquids studied in the preceding 
sections are properties at low pressures, i.e., at pressures below 
the critical pressure of the substance. Then the pressure of 
the liquid is not a parameter in the calculations. In fact, for 
normal liquids, the only essential parameter is the normal 

24 

boiling temperature of the liquid. This parameter, together 
with the density and the molecular weight of the liquid, then 
determines the coefficient of thermal expansion, the com
pressibility, the specific heat&, the velocity of sound, the 
viscosity, and the thermal conductivity. The required in
formation for calculating the properties is thus generally 
available in the handbook. 

From the point of view of physical mechanics of predicting 
macroscopic behavior of matter in bulk from microscopic be
havior of the molecules, the remaining task is then the de
termination of the liquid density and the normal boiling 
temperature from the knowledge of the molecular structure. 
Since both of these quantities are related to the bimolecular 
interaction, the missing link is then a method of calculating 
the molecular interaction from the structural formula of the 
liquid molecules. The well-known theory of molecular inter
action due to F. London and W. Heitler and others has un
fortunately not yet been developed into a form useful for this 
purpose. Here clearly is a field for future research. 

APPENDIX' 

Quantal Effects at Low Telllperatures 

S_D. Hamann (16) has investigated the quantal correction 
to the Lennard-Jones and Devonshire theory of liquids by 
approximating the spherical cage of the theory by a cube with 
a square-well potential. The size of the cube is determined by 
the diameter of the sphere within which the Lennard-Jones
Devonshire potential is negative. Let the ratio of this size to 
the molecular distance a be x. When V ~ V*, as is the case 
for liquid at low pressures, x ~ 0.2. Hamann showed that 
the temperature T for appreciable quantal effects is given by 
the equation 

27r;:.kT (4; v'2V ) '/aX2 ~ 1 
where m is the mass of a molecule, k the Boltzmann constant, 
h the Planck constant, and V the volume of liquid per mole
cule. For N2 molecule, if the density of the liquid is taken to 
be 0.8, this temperature for appreciable quantal effects is 
only 5.5 OK. Therefore it is certain that none of the anomalies 
in Table 5 can be due to quantum mechanical reasons. 
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