If the number of heliostats, the trajectories of which are outside the permissible range, does not exceed
the admissable percentage over the given time period, then group control is effective, and thus, desirable. Use
of the group control principle permits a significant reduction in the mathematical complexity of the heliostat
field control system.

The operational efficlency of the solar power station is determined to a significant degree by the guality
of automatic equipment operation. Results of an economic analysis of construction of the 200-MW electrical
station indicate that the cost of the heliostat field can reach 50% of the cost of the entire plant, while the auto-
matic control systems are responsible for about 25% of the cost of the heliostat field. These data show the
desirability of further development of economically efficient automation measures for the solar power station.

NOTATION

B, z, azimuthal and zenith angles of normal to heliostat mirror surface; t, time; §, solar declination.
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METHODS FOR CALCULATION OF COMPRESSIBILITY
AND CRITICAL CHARACTERISTICS OF NORMAL LIQUID MIXTURES

L. P. Fillippov UDC 530.17:534.14

Rules for the concentration dependence of compressibility and critical parameters of mixtures
are established, and calculation algorithms are developed.

In [1, 2] analysis of empirical material by the thermodynamic similarity method established a relation-
1 /dv
ship describing the dependence of isothermal compressibility of normal nonassociating liquids Br=——;( d—p)
T
on temperature and pressure in terms of a function of one variable, the reduced volume ¢ =V/VC. In 3, 4]
the possibility of extending this principle to the case of mixtures was noted. We will consider this question
in detail below, commencing from a new formula

B,RT
v

which approximates the function in question for ¢ values from 0.28 to 0.44. A method of calculating mixture
compressibility will be formulated on this basis. Data were analyzedfor 10 systems from [5-10]. It developed
that the V¢ values for the mixtures, determined with Eq. (1) for varlous temperatures andpressures, were ac-
curate to tenths of a percent. As an {llustration, Table 1 presents values of V of the hexane—hexadecane syé—
tem [6]. The mean-square scattering of the data in this example is 0.4%, which corresponds to 3% uncertainty
in BT. The V¢ values determined in this manner will now tentatively be termed critical volumes. We cannot
identify them with experimental values of critical volume, since the latter are known only with very high un-
certainty. At the same time, it cannot be said that these values found characterize the true critical volume,
and not some "pseudocritical” value. In fact, in Eq. (1) instead of ¢ some other reduced volume, such as V/VO,

P= — 120 ¢*, (1)

M. V. Lomonosov Moscow State University. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol, 42,
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TABLE 1. Values of Vi (cm¥mole) Found with Eq. (1) Using
Data for Various States at Different Temperatures (°K) and
Pressures (MPa)

=303 K T=413 K
x Mean
P=0,1MPa | 44MPa 0,1 MPa | 250 MPa

0 985 . 989 977 978 982 ,4

0,2 855 855 850 856 853,6

0,4 727 729 723 724 725,9

0,6 601 602 596 598 598,8

0,8 478 478 476 474 476,86

1 360 362 364 366 362,5

TABLE 2. Parameters & and vy
No. System o v No. System o v
I | CeHg—CysHs, 0,2 |3 1 | CeHu—CrHeg | 0,26 | 3,8
9 | CeHe—CioHag 0,2 |34 12 | CeHi—CHay | 0,26 1 3,8
3 | CHe—CyHyo - 0,2 3.8 13 | CHyg—CopHyg | 0,27 | 3.8
4 | CeHg—CysHy, 0,23 |3,9 14 | CHy~CuHy{ 0,28 | 3,8
5 CgH;33—CyoHgs 0,27 3,7 15 CoHyg—Ci2Hog 0,26 3.8
6 | CoHyg—CysHa 0,29 |3,9 16 | CHie—Ciglss| 0,25 | 3,8
7 | CeHp— - 13,8 17 | CeHyg—CygHaa | 0.25 | 3.8
C,H;, (neopentane) :

8 CsHyo—CroHa, 0,27 |3,8% 18 | CgHye—CygHyy | 0,29 3,8
9 | CHi—CyeHsy 0,27 |3,8 19 | CgHpp—CyyHyo | 0,28 3,8
10 CsHyy—CroHas 0,26 3,8

*Here and below 3.8 is taken as the value of .

TABLE 3. Values of Excess Isothermal Compressibil-

ity (calculations and experiment)

pE . 10~1 TPa™?

No, System
. cale. { expt, ‘calc, [12]

1 CeHyy—CysHay —8 —8 —7
2 C,Hyg—CieHay —5 —5 —4
3 CgHy—CsH; +1 +3 +1
4 Ce¢Hy—1,2 dibromoethane 0 —1 0
5 CeHie—1,2 dibromoethane | —! 0 —3
6 C¢He—1,2 dichloroethane 0 +1 0
7 SiCl4—SnCly —5 —3 —3
8 | cCl—snCl, 12 12 0
9 | CH,—CCly +2 +1 0

10 CCl,—SiCly —b —0,5 —2

may be used, where V is the volume extrapolated to the point T =0, whereupon the principles found below con-
cerning V., would relate to V, instead.

The concentration dependence of the V¢ values is close to additive; deviations from additive V, values,

even for systems in which V of the components differ by a factor of 4, do not exceed 2- 3%, but are of a sys-
tematic character. The best approximation is given by

Ve = Voutd + Voox + 2Vitys.

This equation can also be written in the form

We will use the form of Eq. (3):

Ve = VA Vet + Voo — 2Vial ity

ad
= XX = Ve — AV,

(2)
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Fig, 1. Isothermal compressibil-
ity of the hexane—hexadecane mix-
ture (curves, calculation; points,
from [6]): 1) T=303°K, P =0.1
MPa; 2) 303, 40; 3) 413, 0.1; 4)
413, 250.

where V=(Vg; +V,)/2; 6 =(Vgy — Vg,)/2.
Assuming that V,, is expressed in terms of the component critical volumes as

ryl/n 1/n\n
Vm:(ﬁLgﬁa), (5)

the value of the parameter o must be constant and equal to

. (6)

Values of a for systems in which the difference in critical volumes is sufficiently large so that o can be deter-
mined are shown in Table 2.

Another fact established by analysis of the concentration dependence of compressibility on the basis of
Eq. (1) is the relative smallness of deviations from additiveness of the reduced density ¢ and the possibility
of describing the function ¢(x) with a single formula for a wide class of mixtures

ad (s — @o)* ad 7
=" —p——————xl=¢ —Agp, ‘ (N
(1 - @)/2

analogous in structure to Eq. (4). The parameter v in this equation proves to be close in value for various
systems (see Table 2).

Simultaneous examination of Egs. (4) and (7) permits us to obtain a relationship relating the excess volume
VE AV, and Ag:
VE AV, Ap  qadyad

= — 1. 8
Vad + V:d - (pad Vad (8)

Equation (8) establishes the relationship between the parameters « and y. Table 2 shows the results of «
determination by Eq. (8) for a constant value of ¥ =3.8 for normal alkane mixtures (data on VE taken from
[11p.
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The close similarity of the ¢ values for the alkane mixtures (Nos. 6-19 in Table 2) is quite remarkable.
At the same time, similar calculations for mixtures with benzol and cyclohexane lead to negative o values, on
the order of magnitude of 1-2 (one can see the same tendency to lower « values in systems No. 1-4 of Table 2).
Positive deviations from additiveness for these mixtures can be explained by the "noncompactness" of the mole~
cules of these materials. When the packed molecules interact with each other in the pure materials, a greater
density is achieved due to parallel orientation of the molecules with respect to each other. The same factor
manifests itself in the excess volumes of the mixtures VE. For alkane mixtures negative VE volumes are char-
acteristic ("compression"), while for mixtures with benzol and cyclohexane the values are, as a rule, positive.
It is obvious that a more detailed study of the parameter « at the molecular level is called for.

The quite general equation (7) can be taken as a base for a method of calculating isothermal compressibil-
ity of mixtures with the use of Eq. (1). Calculations can then be performed knowing only the properties of the
components, since the V value of the left side of Eq. (1) can be approximated well by the additive value, Cal-
culations by this method provide completely satisfactory agreement with experiment. Thus, for the hexane—
hexadecane system the mean-square deviation comprises 5% for the temperature range 303-412°K at pressures
to 250 MPa. The results of calculation reproduce such "fine" detail of the compressibility concentration de~
pendence as the ~-shaped character of deviations from additiveness for the benzol—hexadecane system.

Even better agreement with experiment can be obtained by using a formula refined with respect to Eq.
(7) by considering asymmetry of deviations from additiveness:

ad 19 (@) — o)? - 19 7 _) |
S T Ty e e el — ) ()
v 5 ((Pi -+ ch)/Q ke [ 3 ((P1 ‘P_)( 1 _)J

Results of compressibility calculations for the hexane—hexadecane system using Eq. (7') are shown in
Fig. 1. The calculation results differ from experiment by 2%. Figure 2 shows the results of calculations for
a benzol~hexadecane mixture; here the nonmonotonic character of the ST deviation from additiveness can be
clearly seen.

In accordance with the above, we shall formulate a calculation method using the procedure of [2]. To be
determined is the concentration dependence of isothermal compressibility S(x) of a mixture of normal liquids.
Data available are the values of ST and V of the components. The calculation method is based on Egs. (1), (7).
Equation (1) is used to find the values of the component reduced volumes ¢, and Eq. (7) is then used to calculate
the reduced volume of the mixture. The value of V for the mixture is determined by additive calculation, and
the isothermal compressibility B of the mixture is calculated with Eq. (1).

500
Br 167 TPa=? e
aa ‘Jr g 400
o]
AD
o
° 200
49
A—1 200
o —2 10z.. CH, Ar
N
2 :
96 ) < W X
Fig. 2 Fig. 3

Fig. 2. Isothermal compressibility of benzol—hexadecane mixture
at T =298°K: curve, calculation; 1) from [7]; 2) [8].

Fig. 3. Mixture critical temperature: curves, calculation; 1)
[14]; 2) 115}; T, °K.
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Fig. 4. Critical temperature of the
benzol —cyclohexane system: curve,
calculation; points, from [14]; T, °K.

Since calculations by this method can be performed at different temperatures and pressures, they provide
knowledge of the isotherms of the dense liquid over the entire concentration range. A somewhat different ap-
proach to the same question is connected with the so-called excess compressibility BE:

BE =P, — Br b1 —Bro¥e (9)

where 3 =(Vi/V)xj are volume fractions. This particular definition of excess compressibility is used because
BE is then simply related to the pressure derivative of the excess volume:

E
v =— T (10
Commencing from Eq. (1), we obtain for gE
‘ 120 V2q8 + V2¢8
E o LT1 272
=7 [V 5 : (11)

Using Eq. (7) for ¢, we have the ability to determine BE. We will formulate the calculation algorithm. To be
determined is the value of the excess compressibility of the mixture (or the pressure derivative of the excess
volume). The data available are the compressibility and density of the components and the excess density
of the mixture VE, The calculation method uses Egs. (1), (7). The values of 5y and V of the components to-
gether with Eq. (1) are used to determine the reduced volume ¢4 of the components. The mixture density is
determined additively with correction of _VE . Calculation of ¢ for the mixture is performed with Eq. (7), and
values of ,BE are found with Eq. (11).

Results of BE calculations for equimolar mixtures are presented in Table 3. Data from [12] were used
in the calculations. Also shown are BE calculations by the method used in [12].

The quality of the calculations by the proposed method and the Liebermann method are about the same;
however, the latter requires knowledge of the component expansion coefficients.

We will now consider the question of mixture critical temperature further. The basic principle which
can be established here is the additiveness of the quantities:

VT;VC = VT V1 + VT oV % (12)

c= C
The meaning of Eq. (12) can be understood from the following considerations. The quantity ToV% has the di~
mensions of the dispersion Van der Waals constant C in the expression defining the attractive force potential:

u = — Clr8. (13)
Moreover, for such substances these quantities will be proportional to each other
T.V¢ ~ f2C. (14)

For the class of normal liquids the quantity 2 is a universal function of one parameter, the thermodynamic
similarity number A [2]. Thus,

VTV, =f(AC. (15)
The function f(A) is approximated well by
f(A) = 0,709 — 0,35831g A. (16)

As was shown in [13], the gquantity V'€ can with good accuracy be represented in the form of the sum of the mo-
ments v¢; describing interaction of atoms of the i~th sort with each other:
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Vé: EVZni! (17)

i

where n; is the number of atoms of the i~th sort in the molecule. The existence of such a simple relationship
is in turn the result of very good satisfaction of the combination rule

ey =cl/?all?, (18)
where cik is a constant characterizing interaction of atoms of the i~th and k-th sort.
Application of the same considerations to mixtures leads to a formula analogous to Eq. (17):
VC=VCux + VCyxs (19)
Combination of Egs. (19), (16), (15) leads to Eq. (12), if for the concentration dependence of A we have

Vé—ixilg A+ Vc_zxz lg 4, (20)
Vi VCyxy ’

Equation (12) permits calculation of mixture critical temperatures. This is done most simply for mix-
tures of alkane type hydrocarbons, for which Eq. (4) can be used with an identical coefficient @ =0.268. Re-
sults of such calculations are shown in Fig. 3, and compared with experimental data of [14, 15]. Good results
are obtained even with mixtures whose atoms have low atomic numbers. Calculations by this method show the
main characteristic peculiarities of the function T¢(x), e.g., the almost linear behavior of the function for the
N,—CH, system, and the intense deviations from additiveness for CH,—C;H,,.

IgA =

In the general case, to calculate critical temperatures the parameter o can be determined on the basis
of Eq. (8) as was described above. The benzol—cyclohexane system can serve as an example (@ =—1.8) (Fig. 4).
The calculations here reproduce the characteristic minimum in Tg(x) to the accuracy of a fraction of a degree
(experimental data from [16]).

In accordance with the above we will formulate the calculation method. To be determined is the concen-
tration dependence of critical temperature and volume of the mixture, Data available are the values of compo-
nent critical temperatures and volumes (these, in turn, can be determined from more accessible data by the
methods of [2]) and excess mixture volume V153 at one point (for the mixtures of alkane series hydrocarbons
and their mixtures with low atomic number gases this information is not necessary). The method of calcula-
tion is based on Eqgs. (12) and (4). The method proceeds as follows. Equations (8), (7) are used to determine
the value of AV, which in turn is used to determine o from Eq, (4) (for alkane mixtures we may take o =0.268).
The critical volume is calculated with Eq. (4). Critical temperatures are found from Eq. (12).

NOTATION

R, ideal gas constant; T, absolute temperature; V, molar volume; Ve, critical volume; Tg, critical tem-
perature.

LITERATURE CITED

1. L. P. Filippov, "Compressibility of liquids,” Zh. Fiz. Khim., 17, No. 8, 1941-1945 /1973).
L. P. Fillipov, Similarity of Material Properties [in Russian], Moscow State Univ. (1978).
3. L.P. Fillipov, "Study of liquid and gas properties at Moscow State University," in: Heat and Mass Trans-
fer in Chemical Technology [in Russian], KKhTI, Kazan (1979), No. 7, pp. 17-19,
4. L, P. Fillipov, "Calculation and prediction of material properties," in: Physics and Physical Chemistry
of Liquids {in Russian], Moscow State Univ. (1980), No. 4, pp. 19-24.
5. Yu. P. Blagoi et al., "PVTx and ultrasound studies of the thermodynamic properties of liquified gases,"
Preprint FTINT, Kharkov (1975), pp. 1-36.
6. V.V, Varetskii, "Studies of the equations of state and elastic properties of molecular liquids," Candidate's
Dissertation, Kiev (1977). T
7. M. D. Pena and J. N, Delgado, "Compresibilidad de mezlé{s," Amn. Quim., 72, 593-596 (1976).
8. M. D. Pena, "Isothermal compressibility of benzene +n-undecane, +n-dodecane, + n-tetradecane, and n-
hexadecane,” J. Chem. Therm., 11, 951-957 (1979).
9. K.D. Lucks, H. T, Davis, and J. P. Kohn, "Isothermal compressibility of the liquid mixtures neopentane +
n-hexane and n-hexane +n-decane at low pressures and 298.15°K," J. Chem. Therm., 7, 311-318 (1975).
10. J. C. Houck, "High-pressure measurements of the density, velocity of sound, and bulk moduli of pentane
and 2-methylbutane and their mixtures," J. Res. NBS, 78A, No. 5, 617-622 (1974).

Do

o
%)
7]



11.
12.
13.
14.
15.

16.

E. Liebermann, "Onthe thermodynamics of liquid mixtures of two n-alkanes," Zs. Phys. Chem. Neue
Folde, 115, 1-6 (1979).

E. Liebermann, "Prediction ofthe excess compressibility of binary liguid nonassociated mixtures from
data of the pure components," Ber, Bunsenges. Phys. Chem., 83, 712-714 (1979).

L. P. Fillipov, "Prediction of liquid and gas properties," Inzh.~-Fiz. Zh., 38, No. 4, 729-754 (1980).
Landolt-Bornstein, Zahlenwerte und Funktionen (1971).

A, Kreglewski and W, B. Kay, "The critical constant of conformal mixtures," J. Phys. Chem., 73, No.
10, 3359-3366 (1969). '

E. J. Partington, J. S. Rowlinson, and J. F. Weston, "The gas—liquid critical temperatures of binary
mixtures," Trans. Faraday Soc., 56, No. 4, 479-485 (1960).



