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Using the method of equivalent equations we obtain improved (''true') values
for the parameters of the spherical shell potential for n-pentane.

As is well known in the problem of extrapolating empirical equations of state beyond
the limits of the original experimental data, which was used to determine the coefficients
of the equation of state, the most effective method is the use of theoretically sound equa-
tions. These are equations which contain a minimum of adjustable parameters, where the
parameters are constants of the model intermolecular potentials, and have definite physical
interpretations.

Limiting our treatment to the first two terms of the virial expansion in the density
(this can always be done by choosing the interval of approximation such that the contribu-
tions of the higher virial coefficients can be neglected) we have for the compressibility:

z =14 B*(T*) byp + c* (T*) b20*, (1)
where z = P/pRT; B* = B/by; C* = C/b? are the reduced virial coefficients; b, = (2/3)uNpo3;
T* = T/e*; €% = e/k, €%, 0 are constants of the model intermolecular interaction potential.

Values of the reduced virial coefficients are tabulated for many of the model potential
functions (see, for example, [7-9]). We chose the spherical shell potential. As shown in
[10, 11] the spherical shell potential best reflects the nature of the interaction of many-
atom molecules. In [4] the reduced virial coefficients for the spherical shell potential
{8, 9] were approximated by the expressions

7 7
Br= ¥ a %" C*= eT*". (2)
i=1 i=1

The values of ajy and cj are given in [4].

From (1) and the differential relations of thermodynamics, we obtain for the heat capa-
city at constant volume

(Cy—Cu)/R = — (2BF + B¥) bop—1/2(2CF +- C¥) bip?, (3)

where B * = T% (9B%/3T*%); B,* = T*2(32B/aT*?); C,% = T*(3C%*/3T*); C,* = T*2(32C*/0T*2). The
quantities B;*, B,*, C,*, and C,* can be calculated by applying the relations (2).

Similarly, using the differential equations of thermodynamics, one can obtain the expli-~
cit dependence of the thermodynamic quantities on the parameters of the model interaction
potential. The nonequilibrium properties, such as the viscosity and thermal conductivity,
are also determined from the values of these parameters [2, 6].

For the spherical shell potential we have substituting the approximate reduced virial
coefficients (2) into (1) and (3), expressions for the compressibility and heat capacity at
constant volume, where the only unknown parameters are the spherical shell potential para-
meters %, b,. The effective values of these parameters are usually determined by the mini-
mization of a quadratic functional for each property of the gas:

N M )
S, b)) =3 3 WAUAR (Th o0 —vhi (%, bo Tur 041 (4)
l

j=1 k=
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Fig. 1. Histograms showing the scatter

of the calculated values of the heat
capacity at constant volume and the pres-
sure of n-pentane. a: T = 573,15°K, V =
10 em®/g; b: T = 473.15°K, V = 12 cm3®/g.
1) Values obtained from different equi-
valent equations; 2) values for the
averaged potential parameters; 3) experi-
mental values of [21]. C,, kJ/kg-°K, P,
MPa.
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where ij is the weight of the k-th experimental point for the j-th property; Y§§P, Yﬁal
are the experimental and calculated values of the j-th property for the k-th experimen%al

point.

Hence, it follows from (4) that the effective values of the spherical shell potential
constants can be obtained on the basis of different thermodynamic (z, Cys Cp, 87, etc.)
and transport (n, A, D) properties by separate or joint analysis of all of these properties.
For example, in [1] the parameters of the potential function were found from compressibility
data, in [4, 5] data on the heat capacity at constant volume was used, and in [3] data on
the isothermal Joule —Thomson effect was used. As shown by the analysis of different au-
thors, the values e* and b, obtained from the analysis of different thermodynamic and trans-
port properties may not be the same. Therefore, in [2, 6, 12] joint analysis methods were
used to obtain unique values of the potential parameters, and hence also consistent equa-
tions of state, viscosity, thermal conductivity, and compressibility.

However, the method of joint analysis of different kinds of data may not always be
effective. First of all, this method requires reliable and mutually consistent experimental
data on all of the properties; secondly this data may not always be obtained for the same
state variables (for the same interval of T and p), which is essential for the method.

In order to obtain unique parameters (the "true" values of €* and b,) for n-pentane on
the basis of compressibility data only, we used the method of equivalent equations, as de-
veloped in [13-15].

Because of the fact that the values of the parameters e* and b, are determined from a
set of random quantities, these parameters themselves are random. Therefore, as in the case
of the empirical equations of state of [13-15], for the same P—p—T data it is possible to
find a large number of model potential parameters (e;%*, by;) which will describe the original
P-p—T data with the same mean-square error, but will not be equivalent in the description
of the caloric properties, in particular the C,—p—T properties. In the absence of reliable
calorimetric measurements, the "true' values of the effective potential parameters can be
found, according to {13-15], by averaging all of the obtained values of e;* and byj:

N N
e*= N efIN, b= X buil, (s)
i=1 i==1

where €;% and by; are the effective values of the potential parameters corresponding to the
i-th equivalent equation of state.

This method of finding the "true' values of the spherical shell potential parameters
(e*, by) from P—p—T data was applied to the case of n-pentane. On the basis of new experi-
mental studies of the P—p—T properties of n-pentane vapor in the temperature interval
378.15 to 658.15°K and in the density interval 4.6-116 kg/m®, and including about 120 points
[6], we determined the parameters e* and b, of the spherical shell potential. The program
FUMILI {17] was used to minimize (4) for the P—p—T data in the interval mentioned above.
The weight of the experimental points was specified according to the method of [1§] with
the formulas for the propagation of errors taken into account.

Our research, and also that of other authors [4, 19] shows that the density interval
0 < p <116 kg/m® (0.5 py) is reliable for the virial equation of state (1) with two virial
coefficients.
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A set of values of the spherical shell potential parameters e;* and b,; corresponding
to different equivalent equations of state (1) was achieved by variation of the lower 1li-
mit of the approximation interval in the density, variation of the weight of the experi-
mental points, choice of the method of minimization of (4), variation of the number of co-
efficients in (2), the use of different forms of (2), etc. Equation (4) was minimized using
various nonlinear least squares methods (the methods of Rosenbrok, Nelder —Mid, Newton, Hooke,
Jivsa, etc.) [20]. N = 68 different equations of state were considered and therefore we ob-
tained 68 different values of the spherical shell potential parameters e* and b,; which is
less than the experimental error. As evident from Fig. 1, the scatter of the Cy values for
different values of the parameters e£;% and b,; is about 20-257, even though the scatter of
the calculated values of the pressure does not exceed the experimental error.

The "true' values of the spherical shell potential parameters, which according to [13-
15] correspond to the mean values of the set of N = 68 different values ei* and by, and
which reproduce the mean values of the thermodynamic functions are:

e¥=717.38+0,12 K, b;=23.635-=0.0017 cm3/g. (6)

The third spherical shell potential parameter r * = (d/o) = 1.6 (d is the diameter of the
spherical shell) can be determined from structure data and the known length of the n-pentane
molecule. We note that d can also be determined using the method of [10} through the simi-
larity criterion A. The values of the potential parameters (6) can, within experimental
error, be used to calculate the heat capacity at constant volume and the other caloric pro-
perties [21].

In {4, 5] the spherical shell potential parameters of n-pentane were calculated from
Cy—p—T measurements [21] in the vapor phase from the relations (2). These values are g% =
661.9 £0.14°K, b, = 4.04 +0.0013 cm3®/g and are close to the mean values (6) obtained with
the method of equivalent equations. On the one hand, this indicates further that the aver-
age values of the potential parameters (5) obtained by the method of equivalent equations
can be taken as estimates of the '"true" values of the parameters obtained from the P—p-—T
measurements. On the other hand, it indicates that the caloric measurements allow one to
select in advance the optimum equivalent equation from the system of all possible equivalent
equations with respect to the P—p—T data.

The values of the potential parameters obtained in (6) for n-pentane can be used to
calculate and extrapolate the thermodynamic properties of n-pentane in the vapor phase.

NOTATION

P, presure; p, density; T, temperature; z, coefficient of compressibility; B, C, second
and third virial coefficients; Ny, Avogadro's number; R, the universal gas constant; K, the
Boltzmann constant; €, o, the constants of the spherical shell potential; Cy, C,, the heat
capacities at constant volume and constant pressure; S, quadratic functional; W, weight of
the experimental points; 8p, isothermal compressibility; n, A, D, coefficients of dynamical
viscosity, thermal conductivity, and diffusion; N, number of equivalent equations; Y S%P,
ijcal, experimental and calculated values at the k-th point; d, diameter of the spherical
shell.
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RADIATION TRANSPORT IN A SCATTERING MATERIAL EXPOSED
TO A DIFFUSE FLUX OR ONE DIRECTED AT A CERTAIN ANGLE

S. G. Il'yasov, N. I. Angersbakh, UDC 536.3
and A. K. Angersbakh

Absorbed flux densities have been calculated for a scattering material ir-
radiated from one or both sides by a diffuse flux or a flux directed at a
certain angle.

Considerable importance attaches to radiation transport in scattering material (polymer
films, paint coating, textiles, paper, plant materials, etc.) on account of the need to des-
cribe heat and mass transfer during heat treatment and drying produced by diffuse or di-
rected radiation fluxes [1-4].

To calculate the energy transport in a scattering material as affected by irradiation
conditions, it is necessary to have data on the following major characteristics [1]: in
diffuse irradiation, on the averaged absorption coefficients k), the effective attenuation
L) and the two-hemisphere reflectivity of an infinitely thick layer Rj; with collimated
radiation, one needs information on k;, L), Rjy», as well as on the absorption coefficient
k), the extinction coefficient ¢, and the Dantley parameters C, and C,, which incorporate
the angle of incidence © for the collimated flux, the optimal characteristics, and the
scattering indicatrix x;(y).

We have examined the scattering indicatrices of plant materials for this purpose. A
scattering material has an indicatrix elongated in the forward direction [1], such as that
shown in Fig. 1 for plant materials. The shape of the indicatrix can be incorporated by
means of the coefficients 65 and 8¢, which are numerically equal to the proportions of the
flux scattered backwards and forwards by an elementary volume or layer on exposure to a
flux in the solid angle w' < 27 having an angular intensity distribution BA(O, w')y 8¢ and
8¢ vary over the ranges 0 < §g < 1 and 0 < 8§ < 1, but the sum is always one: 85 + &¢ = 1.
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