
Prediction of Specific Heat 
of Organic Liquids 

A theoretical equation is presented for predicting the specific heat at constant volume 
and constant pressure of organic liquids as a function of temperature from data on the 
velocity of sound, infrared and Raman spectra. By use of this equation, the average devia- 
tion of the calculated from the experimental values of specific heat for 100 organic liquids 
at 68'F. is &IS%. 

An alternate correlation for hydrocarbon liquids based on a modified statement of the 
theory of corresponding states is also presented. Based on it, the average deviation of the 
calculated from the experimental values for 100 points representing the entire temperature 
range is &0.97c. 
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Heat transfer calculations require, in ad- 
dition to other physical properties, specific 
heat data. Rcliable experimental data (9) 
are scanty, particularly for organic liquids 
other than hydrocarbons, and the data for 
hydrocarbon liquids are mostly for tempera- 
tures below 86°F. Although considerable 
progress has been made toward an under- 
standing of the liquid state, it is still diffi- 
cult to derive results of any practical value. 

The specific heat of a liquid at its boiling 
point has been related to that of its vapor 
by thermodynamic expressions. This method 
is tedious and its practical value limited. 

Chow and Bright (8) have related the 
specific heat of a liquid with its parachor 
and molar refraction. Tho method has little 
theoretical foundation and is applicable only 
to homologous series of liquids. 

Tho problem of predicting the specific 
heat of a liquid is solved here by considera- 
tion of a simplified model of liquid state and 
uae of data on the velocity of sound, infrared 
and Raman spectra. The resulting equation 
is applicable over large intervals of tempera- 
ture. An alternate method of correlation 
baaed on a modified statement of the theory 
of corresponding states has been applied to 
hydrocarbon liquids. 

PART I 
The prediction of the specific heat of a 

liquid is somewhat complicated in view of 
the fact that the liquid state is not so well 
understood as 3re the gaseous and solid 
states. Attempts have been made to 
predict liquid properties by use of models 
approximating the liquid to a highly 
compressed gas or a quasicrystalline solid. 

Owing to the large intermolecular forces 
existing in the liquid state, only a small 
fraction of the total energy is transferred 
by individual molecules over relatively 
long distances. Rather, the greatest part 
of the energy transfer takes place by the 
action of neighboring molecules, much 
in the same way that mechanical motion 
is transferred from point to point along 
a vibrating network of spheres connected 
by springs. The success obtained by 
using such a model for the prediction of 

thermal conductivity of liquids (7) 
suggests that the translational motion of 
a molecule in the liquid state may be 
considered as a harmonic oscillation about 
a mean position. I n  this way the liquid 
behaves as a quasicrystalline solid. 

The different types of motion of a 
molecule may be classified into an 
acoustical branch and several optical 
brunches. The acoustical branch consists 
of all vibrations in which the molecule 
moves essentially as a whole. The optical 
branches consist of the motion of atoms, 
or groups of atoms, with respect to each 
other. 

The internal energy of a molecule is 
present in .kinetic and potential forms 
that result from the motion and attractive 
forces of the molecules, atoms, and com- 
ponent groups (5).  

A nonlinear molecule consisting of n 
number of atoms possesses 3n degrees of 
freedom, or independent modes of motion. 

CONTRIBUTION TO SPECIFIC HEAT OF 

ACOUSTICAL BRANCH 

Translational Motion 

A nonlinear molecule possesses three 
degrees of freedom for translation. The 
contribution to the specific heat of these 
degrees of freedom will be evaluated by 
assuming that the translational motion 
is actually a harmonic oscillation about 
a mean position. 

The vibration of the molecules will 
have a broad distribution of frequencies 
which are determined by the velocity of 
sound in the medium. The contribution 
to heat capacity at constant volume can 
be evaluated by means of a Debye 
function (5).  

where v, = U.(3iV@/4nM)1fJ. The 
Debye function f D  has been evaluated (6) 
as a function of hv,/kT. As compared 
with the solid, however, there can be no 
transverse waves in the liquid and U, 
is simply the velocity of sound in the 
liquid. 

For liquids a t  temperatures of 300°K. 
and higher fD - 1 and C., - 3R, or R 
for each degree of freedom. 

External Rotation 

In  the liquid state, with the exception 
of molecules of very small moments of 
inertia, the frequency of rotation charac- 
teristic of the isolated molecule is less 
than the frequency of collision with other 
molecules. Free rotation is so restricted 
that infrared and Raman spectra do not 
show bands corresponding to external 
rotational motion. As a result the rotation 
may be considered as a torsional motion 
and its contribution to the heat capacity 
evaluated by treating it as a harmonic 
oscillation having a certain fundamental 
frequency. 

The fundamental frequency of the tor- 
sional oscillation cannot be observed aa 
such, but, being of the same order of 
magnitude as the frequencies of trans- 
lational motion, it can be evaluated from 
the velocity of sound in the liquid. For 
this reason this contribution was included 
in the acoustical branch of energy 
transfer. 

The contribution to the heat capacity 
at constant volume should be evaluated 
by means of an Einstein function (6). 

- 3Rfs  (2) 
u'e" 

C., = 3R (e" - 1)' - 
where u = hv/kT. The Einstein function 
fn has been evaluated (5) aa a function 
of u. 

On the basis of the considered model 
of liquid state, calculation of u would 
require use of velocity of sound and 
X-ray diffraction data. 
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The Einstein and Debye functions, 
however, yield the same result to a close 
approximation, and, to avoid use of 
X-ray diffraction data, the Debye func- 
tion will be used to evaluate the contri- 
bution to  the heat capacity due to the 
external rotation also. Hence 

c,, = 3 R f D  (4) 
The total contribution to heat capacity 

at constant volume of the acoustical 
branch is 

c a ( t ~ r )  = ( C R ) . f D  (5) 

CONTRIBUTION TO SPECIFIC HEAT OF 
OPTICAL BRANCHES 

It is well known that the internal 
motions of polyatomic molecules take 
place in the liquid and solid state without 
appreciable change. The observed charac- 
teristic vibrations are substantially inde- 
pendent of temperature and of the mole- 
cule in which they occur. 

The constancy of group frequencies in 
different molecules was a t  first established 
by observation and later explained theo- 
retically on the basis of the constancy of 
bond force constants. The observation of 
the characteristic frequencies has led to  
the concept that for every bond in a 
molecule there exist a vibration in which 
the bond is stretched and another one of 
much smaller frequency in which i t  is 
bent. 

Hence, to a good approximation, gen- 
eralized average values of the stretching 
and bending frequencies may be assigned 
to a given bond. The contribution to the 
specific heat of the internal rotating, 
stretching, and bending vibrations can 
be evaluated by treating the motions as 
harmonic oscillations having the assigned 
fundamental frequencies. 

This general procedure for organic 
vapors was developed by Bennewitz and 
Rossncr ( I ) ,  modified by Dobratz (S), 
and extended by Stull and Mayfield (8). 
In  Table 1 are given the two character- 
istic fundamental frequencies of various 
bonds expressed in wave numbers as 
given by Herzberg. Additional frequencies 
were obtained from the values of Stull 
and Mayfield (8). Most values were 
checked with experimental data and 
slight changes made. As was previously 
mentioned, the values of the frequencies 
are also applicable to liquids. 

Internal Rotation 

The internal rotation contributions to 
the specific heat in large molecules are 
difficult to  evaluate. These contributions 
result from the rotation of groups of 
atoms about single bonds. -4s the com- 
plexity of the molecule increases, the 
contributions change. Internal rotation 
about a multiple bond is highly restrained 
and the rotation is treated as a harmonic 
oscillator. 

The large intermolecular forces in 
liquids possibly restrict internal rotation 

TABLE 1 
Stretching, 

w,, cm-1 

2 ,  '360 

3,020 

3,300 
900 

1 , G50 
2.050 

Bending, 
~ 6 ,  em.-' 

1,450 

1,000 
1,450 

1.100 
700 
370 

600 

c-o 
c=o 
c-s 
c=s -c=s 
C-S 
C=S 

3C--F 
3c-Cl 

5c-I 
0-H 

;N-H 
X-0 
K=O 
K-S 
S-H 
s-s 

3C-Br 

1,030 
1,700 

900 
1,620 
2,250 

650 
1,550 
1,100 

(5.50 
560 
500 

3,400 
3,350 
1,030 
1,700 

990 
2,570 

500 

205 
390 
370 
5-13 

330 
530 
530 
330 
280 
260 

1.150 
1,320 

205 
390 
390 

1,050 
260 

to a greater extent. As an approximation 
all internal rotations will be treated as 
harmonic .oscillations and their contri- 
butions evaluated by Debye functions. 

where 

n,' = number of single bonds about 
which internal rotation of groups 
can take place, e.g., C-C. 

csr. = n , t R f D  (6) 

Stretching and Bending Vibrations 

These vibrations are essentially har- 
monic oscillations and their contribution 
is evaluated by Einstein functions using 
the fundamental bond frequencies as- 
signed from spectroscopic data. For a 
given bond two characteristic funda- 
mental frequencies, one stretching and 
one bending, are used, each representing 
one degree of freedom. The total contri- 
bution due to stretching and bending 
vibrations is obtained by summing up 
the atomic contributions. 

where 

jEv i  = contribution to the heat capacity 
from the stretching vibrations of 
bond i 

jsai = contribution to  the heat capacity 
from the bending vibrations of 
bond i 

xqi = total number of bonds in the 
molecule 

In  addition to the considered contribu- 
tions there are 

3n - G - n,. - 2 X qi 

degrees of freedom to be accounted for. 
Assuming that the remaining degrees of 
freedom make the same contribution to  
the heat capacity that the known bending 
vibrations do, their contribution is added 
to that of the bending vibrations as 
folloms 

The contribution to heat capacity a t  
constant volume of the optical branches is 

The complete expression for the heat 
capacity of a liquid at constant volume 
becomes 

(9) 

PREDICTION OF SPECIFIC HEAT OF LIQUIDS 

Equation (9) was used to predict the 
specific heat a t  constant volume of a 
number of liquids. Since very few values 
of the specific heat at constant volume 
for liquids are available, and further since 
the specific heat at constant pressure is 
more useful, the ratio of the specific 
heats at constant pressure and constant 
volume was used as a check of Equation 

The velocity of sound in a liquid can 
be expressed in terms of the adiabatic 
and isothermal compressibiiity 

(9). 

Given the coe5cient of thermal ex- 
pansion, 0, of a liquid the following 
thermodynamic relation may be used: 

Vol. 2, No. 1. . . . -. A.1.Ch.L Journal Page 89 



10 

09 

0 8  

a7 

S 
0 6  

0 5  

0 4  

OS4O 60 M I00 I20 Iu) 160 180 Mo 220 
Molecular  We8phl 

Fig. 1. Correction factor, S, vs. molecular weight. 
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Fig. 2. Correction factor, S, vs. molecular weight. 

TARI.E 2. COYPARISOS OF SOME EXPERIXIEXTAL VALUES OF SPECIFIC HEAT WITH 

VALCES CALCULATED BY THEORETICAL EQIJATIOS AT 68°F. 

Liquid 

n-Hexane 
n-Dodecane 
Pentenel 
BIIethyl penttine 
2,2,3-Trimethy1 butane 

2-licthyl butadicnc 
Ethyl cyclohesane 
1, 2, 4-Trimcthyl bcnxrne 
n-Propyl acetate 
Ethyl n-butyrate 

Ethyl benzoate 
Acetone 
+Methyl cyclohcxanonc 
n-I'ropyl alcoliol 
Benzyl alcohol 

Caproic acid 
Aniline 
Phrnetole 
Chlorohenzcne 
Iodobcnzene 

CP,,,., S G",,,, 7 

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

0.531 0.655 0.534 
0.521 0.957 0.521 
0.521 0.524 0.523 
0.533 0.655 0.523 
0.497 0.582 0.,ilO 

0.530 0.652 0.533 
0.446 0,795 0,452 
0.420 0.952 0 418 
0.459 0.742 0.451 
0.457 0.807 0.456 

0.387 1.000 0.389 
0.517 0.568 0.513 
0.439 0.920 0,445 
0.503 0.985 0.566 
0.481 1.470 0.469 

0.533 I .  235 0.530 
0.496 1 ,430 0.487 
0.446 1 ,240 0.453 
0.318 0.925 0.319 
0.186 1 .000 0.183 

70 Dev. 
B.t.u./ 

(Ib.)("F.) 

0 
0 

-0.2 
-1.9 
+2.6  

+ 0 . 6  
$1.3 
-0 .5  
-1.7 
-0 .2  

+0.5 
-0.8 
4-1.4 
+0.5 
-2 .5  

-0.6 
-1.8 
+1.6 
+0.3 
-1.6 

Substituting Equation (11) in (12) and 
dividing by C. results in 

(13) 
7'P'Z -"* C, /C ,  = 1 + ~ c ,  

Henre t.he ratio of the specific, heats can 
be r i i l d a t e d  indepcndently from the  
velocity of soiind and uscd t o  (:heck that  
calculated from Equation (9). The pro- 
cedure x a s  RS follows 

1. C ,  was c:alcul:tted from 1':qriation 
(9) and, given C,, the  ratio CJC, was 
determined. 

2. Given C,, 8, and Ca, the  ratio C',,/C* 
was calculated from Equiition (13). 

3. Next the ratio R of the C,,,/C. values 
cslculatcd from Equntions (9) and (13) 
was taken. 

If ISquat,ion (9) is correct, the ratio R 
would be unity. The resiilts showed tha t  
the rat.io varied a maximum of f 2 5 7 ,  
from unity. 

This tlcviatioii pro1)ably resu1t.s from 
the fact that  (1) in the calculation of the 
contribution t o  the heat cnparity of the 
remaining degrees of freedom, t.he arbi- 
trary assumption was made that  their 
contrihution is the same as thnt  of the 
bending vibrations and evaluated by the 
ratio 

or (2) tha t  all internal rotations are 
possible : m i  contributc to  the same 
extent to  the specific heat. 

S e x t  the calculated C, from Equation 
(9) was :ttljiisted in  such ,z way as to  
makc R equal to  unity. The adjustment 
WRS matlc by multiplying the term by 
an appropriate factor S. This f:ictor will 
correct tlie contribution t o  the specific 
heiit of the remaining degrees of freedom. 
Further, as a good approxiniation, the 
Debye f:ictor fi, was taken as 1 .O in these 
calculations. 

h s  expected, it n-as found that  this cor- 
rection factor was a simple function of 
molecular weight, or actually riiolecular 
mass. Plots of S as a function of niolecular 
weight arc' given in Figures 1 arid 2. 

Procedure for Calculating the Specific Heat of 
a Liquid 

The firi:il equation for calculating the 
specific hcat :it coristmt volumc of a 
liquid is 

c, = (6 + n,*)R + zt Q I S B Y ,  

The specific heat at constant pressure 
of a liquid may be ev:tluated as follows: 

1 .  Calcu1:tt.c the specific heat at  con- 
s tant  volume, C,,  from Equation (14). 
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2. Calculate the ratio C,/C, as a function of C, from Equation (13). 
3. Substitute C. from Equation (14) in Equation (13) and solve for C,. 

An example follows. 

Calculation of Specific Heat at Constant Volume and Constant Pressure for Ethyl Butyrate at 
68°F. 

Mol. wt. = 116.16 
p = 6.57 x 10-4 110~. 
U, = 3874 ft./sec.* 
T = 528"R. 

Bond qt Y qi6 '4t '''at f E v f  f E v f  qt.fEo, qtfE6i 

12 2960 0.0002 0 \ -,C-H 

6 1450 0 0829 0 498 \ A H  
/CY H r ,  .. . .,H 

'H 
A C  -H 6 10.90 0.3610 2.167 

c-c 4 4 900 370 0.482 1.522 1.928 6 058 
C--0 2 2 1030 206 0 329 1.829 0.65s 3.658 
C=O 1 1 1700 390 0.033 1.476 0.033 1.476 

2.619 13.887 

u = 2.585 X 370/528 = 1.816 
Read fE6  f r o m  Figure 3. 

f E a I R  = 0.7652 at 
f E a  = 1.987 x 0.7652 = 1.522 B.t.u./ 

*The velocity of sound in the li uid may'be ob- 
tained from reference 6 or estimate8 by the method 
given in reference 7. 

+Frequencies were read from Table 1. 
tThe contributions to the heat capacity of the 

stretching and bending vibrations are calculated as 
follows: u = 2.585w/T 

= le816 

for C C  bending (lb. mole)('F.) 

Number of atoms in molecule, n = 20 
Number of bonds about which internal rota- 
tion is possible, n,' = 4 (C-C). 

TABLE 3. VARIATION OF SPECIFIC HEAT Total number of bonds in molecule, 
WITH TEMPERATURE zqi = 19 

The curves of Figures 1 and 2 cover a 
large range of molecular weights and 
chemical types of organic compounds. 
This method of calculation was used to 
predict the specific heat a t  constant 
pressure at 68°F. for 100 liquids. A 
sample of the results is given in Table 2. 
The average deviation of the calculated 
from the observed values of the specific 
heat for the 100 liquids was found to be 
=!=1.5%. The maximum deviation was 
f4.0'%. It must be emphasized that this 
method must not be used with the Jirst one 
or two members of the series, or small mole- 
cules, since the generalized frequencies 
apply mainly to the higher members. 

Variations of Specific H e a t  with Temperature 

The specific heat of a liquid at  a 
temperature other than 68°F. may be 
calculated also by use of Equations (13) 
and (14). The method of calculation is 
the same. Results for seven liquids for 
which reliable values of the specific heat 
are available (9) are given in Table 3. 

It will be noted that the agreement 
between the calculated and observed 
values is good. The agreement is better 
a t  the higher temperatures than a t  the 
lower. In  these calculations the factor S 
was taken to  be the same as at 68°F. 

TABLE 4. COMPARISON OF SOME EXPERI- 
MENTAL VALUES ' OF SPECIFIC HEAT WITH 
VALUES CALCULATED BY CORRELATION 
BASED ON THEORY OF CORRESPONDING 

Low Temperatures 3n - 6 - nrl  - zp.1 
T, OF. C,,,,., C,,,.,,., % Dev. STATES 

B.t.u./ R.t.u./ 
T, c,,,,., C P 0 * l . . ,  % Dev- 

(3)(20) - B.t.u./ B.t.u./ 
- 

- l9 = 1.630 
n-Heptane = c  19 1 (lb.)("F.) (lb.)("F.) 

(lb.)("F.) (Ib.)("F.) 

-94 0.481 0.460 -4.3 Read S factor from Figure 1. n-Pentane 
0.345 0.468 0.465 -0.6 
0.456 0.485 0.485 0 

14 0.504 0.505 $0.2 
50 0.518 0.520 -0.4 S = 0.807 a t  M = 116.16 

1,2-Dimethyl transcyclohexane 
-94 0.365 0.359 -1.6 

14 0.411 0.418 +1.7 
50 0.430 0.435 +1.2 

Ethyl acetate 
-94 0.435 0.402 -7.6 

14 0.445 0.434 -2.5 
50 0.454 0.443 -2.4 

2,2-Dimethyl pentane 
-94 0.430 0.459 $6.7 

14 0.485 0.502 +3.5 
50 0.507 0.514 +1.4 

High Temperatures 
p-Xylene 

68 0.406 0.406 0 
194 0.460 0.463 f0 .7  
266 0.495 0.489 -1.2 

Benzene 
68 0.412 0.399 -3.1 

122 0.433 0.419 -3.2 
149 0.446 0.428 -4.0 

Iodobenzene 
68 0.1857 0.1830 -1.45 
86 0.1866 0.1851 -0.81 

113 0.1884 0.1898 +0.74 

C, = (6 + 4) 1.9872 + 2.62 + 1.630 X 

0.807 X 13.89 (14) 

C, = 40.782 B.t.u./(lb. mole)("F.) 

C, = 0.351 B.t.u./(lb.) ( O F . )  

Use Equation (13). 

TO2 Us2 
32.174 X 778.16 X C, C,/G, = 1 + 

cp/c, = 1 
528 x (6.57 x lo-*)' X (3874)' 

32.174 X 778.16 X c, 4- 

0.1368 C,/C" = 1 + ___ 
C P  

0.0480 C, = 0.351 + ___ 
C P  

Solve for C,. 
Amwer C ,  = 0.351 (B.t,.u./(lb.)("F.) 

Cp = 0.456 (B.t.u./(lb.)("F.) 

The observed value of the specific heat a t  
constant pressure is 0.457 B.t.u./(lb.)("F.) 

0.605 

0.384 
0.500 

0.375 
0.599 

0.364 
0.469 
0.542 

0.511 
0.569 
0.600 

0.294 
0.495 

0.350 
0.461 
0.626 

0.350 
0.498 
0.638 

0.536 0.536 0 

0.489 0.488 -0.2 
0.523 0.525 +0.4 

0.428 0.432 +o. 9 
0.525 0.527 +0.4 
2,2,4-Trimethyl pentane 
0.403 0.394 -2.2 
0.452 0.454 +0.4 
0.489 0.496 +1.4 

n-Nonane 

2,a-Dimethyl butane 

Benzene 
0.409 0.407 -0.5 
0.431 0.431 0 
0.444 0.445 +0.2 

0.354 0.354 0 
0.424 0.414 -2.3 

Ethyl benzene 

Pentene-1 
0.443 0.446 + O .  7 
0.464 0.464 0 
0.526 0.525 -0.2 

2 Methyl butene-2 
0.451 0.446 -1.1 
0.474 0.476 +0.4 
0.522 0.531 +1.7 
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Fig. 3. Einstein function vs. u. 

The results show that the correction 
factor S is independent of temperature. 

SUMMARY 

An equation for predicting the specific 
heat of liquids a t  constant volume and 
pressure from molecular structure is 
proposed. The different types of motion 
of a molecule were classified into an 
acoustical branch and several optical 
branches. The contribution to the specific 
heat of the optical branches is evaluated 
by means of generalized frequencies as- 
signed from spectroscopic data. The con- 
tribution to the specific heat of the 
acoustical branches is evaluated on the 
basis of a simplified model of liquid state 
and data on the velocity of sound in 
liquids. The total specific heat is evalu- 
ated by summing all contributions. 

The equation has been tested on 100 
organic liquids of all chemical types at  
68°F. The average deviation of the 
calculated from the observed values of 
specific heat at  constant pressure is 
f1.5%. The equation has also been 
tested on seven liquids over wide tem- 
perature ranges. 

PART II 
An alternate correlation of specific-heat 

data for liquids based on a modified 
statement of the theory of corresponding 
states is possible. This method of correla- 
tion was applied successfully to thermal 
conductivity data (7). Essentially, a t  
the same reduced temperature T,, it 
involves consideration of corresponding 
behavior between the same members of 
two different series to the same other 
members of their respective series. The 
reduced pressure is omitted from the 
correlation since a t  1 atm. the effect of 
differences in P,  on specific heat is very 
small. 

0 30 050 060 

Fig. 4. Branch contribution to C, vs. T,. 

Fig. 5. Branch contribution to C, vs. T,. 

DEVELOPMENT OF CORRELATION 
The correlation was limited to hydro- 

carbons, as reliable data of specific heat 
as a function of temperature over a large 
temperature range, for other types of 
compounds, are not available. The 
specific-heat data on hydrocarbons were 
obtained from reference 9. 

As a first step the specific hertt of normal 
aliphatic hydrocarbons was plotted as a 
function of reduced temperature with the 
number of carbon atoms as a parameter. 
Smooth curves were drawn through the 
points and it was noted that a family of 
parallel curves was obtained. This set of 
C U N ~ B  is shown in Figure 4. The differ- 

ence in specific heat between one curve 
and another a t  a given reduced tempera- 
ture represents the contribution of a 
-CH2- group. This difference was found 
to be independent of chain length, and 
its variation with reduced temperature is 
shown in the insert of Figure 5. 

Next the effect of branching in the 
chain was determined by taking the 
difference in specific heat between a 
branched alkane and the normal alkane 
with the same number of carbon atoms 
at the same reduced temperature. This 
contribution was found to be independent 
of chain length, and its variation with 
reduced temperature for three main types 
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of branching is shown in Figure 5. The 
contribution for two types of branching 
in the same molecule may be taken as 
the sum of the component contributions. 

dure for determining the effect of the 
double bond was the same as that for 
the effect of branching. It was found that 
the contribution of one or two double 
bonds in the molecule is -0.020 B.t.u. 
(lb.)("F.) a t  all temperatures. The few 

Estimazed C,  = 0.523 B.t.u./(lb.)("F.): 

Observed '% = 0.523 B.t.u./(lb.)("F*) 

hydrocarbons at constant pressure BS 8 
function of temperature has been de- 
veloped. Contributions to the specific 
heat of chain length, different types of 

ated. The correlation was tested on B 
total of 100 points selected to cover the 
entire range of temperatures. The average 
deviation of the calculated from the 
observed values of specific heat was found 
to be +0.9%. The method of calculation 
is simple and rapid. 

Figure 4 

For the olefinic compounds the proce- pentane b. Estimate at 70,,F. the specific heat Of 3-ethy1 branching, and unsaturation were evalu- 

TG = 973.4%. 
T, = 53o/g73.4 = 0.544 
Number of carbon atoms in molecule = 

cv, n-hePtane at T r  = 0.544, = 0.528 
B.t.u./(lb.)("F.): Figure 4 

H 

Fig. 6. C, vs. T, for benzene. 

available data show that the effect of 
branched group 

C 

one 

in an olefinic hydrocarbon is negligible. 
The aromatic hydrocarbons were 

treated the same way as the normal ali- 
phatic hydrocarbons, and their behavior 
was found to be similar. I n  Figure 6 is 
shown the specific heat of benzene as a 
function of reduced temperature. The 
curve has been extrapolated by use of the 
data of p-xylene. The effect of adding one 
or more -CH2 or -CHp- groups to the 
benzene ring is shown in the insert of 
Figure 5, which applies also to the ali- 
phatic hydrocarbons. 

Procedure for Calculating Specific Heat 

bons: Figure 4. 

carbons: Figures 4 and 5. 

carbons: Figure 4, also 

One or two 
double 
bonds 

1. Normal saturated aliphatic hydrocar- 

2. Branched saturated aliphatic hydro- 

3. Normal and branched olefinic hydro- 

Contribution to C,  

-0.020 B.t.u./(lb.)("F.) at  all T, 

C& 0 
4. Aromatic hydrocarbons: Figures 5 (in- 

The method of calculation will be illus- 
sert) and 6. 

trated by a few examples. 

I 
I 

Type of branching A,  C-C-C 

c-c 
Effect of branching, at T, = 0.544, = 

-0.010 B.t.u./(lb.)("F.): Figure 5 
Estimated C, = 0.428 - 0.010 = 0.518 

B.t.u./(lb.) ("F.) 
Observed C, = 0.519 B.t.u./(lb.)('F.) 

c. Estimate the specific heat of transpen- 
tene-2 at  - 163.O"F. 
T, = 848.5"R. 
T, = 297/848.5 = 0.350 
C,,, n-pentane a t  T, = 0.350, = 0.466 

Effect of double bond = -0.20 B.t.u./(lb.) 

Estimated C, = 0.466 - 0.020 = 0.446 

Observed C, = 0.444 B.t.u./(lb.)("F.) 

at 257°F. 
T, = 1,108.8"R. 
T, = 707/1,108.8 = 0.638 
Number of -CH3 groups on ring = 2 

Contribution of each -CHa group, at 

B.t.u./(lb.)("F.): Figure 4 

(OF.) 

B.t.u./(lb.) ( O F . )  

d. Estimate the specific heat of p-xylene 

T, = 0.638 = 0.0125 B.t.u./(lb.)("F.) 
(Insert Figure 5) 

C,, benzene at  T, = 0.638, = 0.466 B.t.u./ 
(lb.)("F.): Figure 6 

Estimated C, = 0.466 + 2 X 0.0125 = 
0.491 B.t.u./(lb.) (OF.) 

Observed C, = 0.486 B.t.u./(lb.)("F.) 

Figures 4 to 6 were constructed from 
400 individual points picked at random 
from a total of over 1,000 points. The 
accuracy of the correlation was tested 
on 32 liquids, or a total of 100 points 
selected in such a way as to cover the 
entire range of temperatures. A sample 
of the results is shown in Table 4. 

The average deviation of the calculated 
from the observed values of specific heat 
at constant pressure for the 100 points was 
found to be -10.9%. The maximum devia- 
tion was f2.7%. Propane and butane 
show somewhat higher deviations. There 
are no data on ethane. 

NOTATION 

C, = specific heat at constant pressure 
C. = specific heat a constant volume 
fD = Debye function 
fI: = Einstein function 
h = Planck's constant 
Kad = adiabatic compressibility 
K;, = isothermal compressibility 
k = Boltzmann's constant 
M = molecular weight 
n = number, number of atoms in 

molecule 
No = Avogadro's number 
P = pressure 
q = bond 
R = gas constant 
R = ratio 
S = factor 
T = absolute temperature 
U, = velocity of sound in liquid 
u = hv/kT 

Greek Symbols 

B 
6 = bending 
v = stretching 
v = frequency 
p = density 
w = wave number 

= coefficient of thermal expansion 

Subscripts 

c = critical 
m =maximum 
r = external rotation 
r = reduced 
r' = internal rotation 
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