
If the number of heltostats,  the t ra jec tor ies  of which are outside the permiss ib le  range, does not exceed 
the admlssable percentage over the given t ime period, then group control is effective, and thus, desirable.  Use 
of the group control principle permi t s  a significant reduction in the mathematical  complexity of the heliostat 
field control system. 

The operational efficiency of the solar  power station is determined to a significant degree by the quality 
of automatic equipment operation. Results of an economic analysis of construct ion of the 200-MW elect r ical  
station indicate that the cost of the heliostat field can reach 5070 of the cost of the entire plant, while the auto- 
matic control sys tems are  responsible for  about 2570 of the cost of the heliostat  field. These data show the 
desirabil i ty of fur ther  development of economical ly efficient automation measures  for  the so lar  power station. 

N O T A T I O N  

fi, z, azimuthal and zenith angles of normal  to heliostat m i r r o r  surface;  t, t ime; 6, so la r  declination. 
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M E T H O D S  F O R  C A L C U L A T I O N  O F  C O M P R E S S I B I L I T Y  

A N D  C R I T I C A L  C H A R A C T E R I S T I C S  O F  N O R M A L  L I Q U I D  

L .  P. F l l l i p p o v  

M I X T U R E S  

UDC 530.17 : 534.14 

Rules for the concentration dependence of compress ibi l i ty  and cr i t ical  p a r a m e t e r s  of mixtures 
are  established, and calculation algori thms are  developed. 

In [1, 2] analysis of empir ica l  mater ia l  by the thermodynamic s imi lar i ty  method established a re la t ion-  
1 [dv~ 

ship describing the dependence of i sothermal  compress ib i l i ty  of normal  nonassociat ing liquids ~ r = - - v ( ~ ]  T 

on tempera ture  and p res su re  in t e rms  of a function of one variable,  the reduced volume ~0 =V/V c. In [3, 4] 
the possibi l i ty of extending this principle to the case of mixtures was noted. We will consider  this question 
in detail below, commencing f rom a new formula 

P ~_ ~r RT -- 120 q~s, (1) 

which approximates the function in question for ~o values f rom 0.28 to 0.44. A method of calculating mixture 
compress ibi l i ty  will be formulated on this basis .  Data were ana lyzedfor  10 sys tems f rom [5-10]. It developed 
that the V c values for the mixtures,  determined with Eq. (1) for  var ious t empera tu res  andp re s su re s ,  were ac -  e 
curate to tenths of a percent .  As an illustration, Table 1 p resen t s  values of V c of the hexane-hexadecane  s y s -  
tem [6]. The mean-square  sca t ter ing of the data in this example is 0.4%, which corresponds  to 370 uncertainty 
in fiT- The Vc values determined in this manner will now tentatively be t e rmed  cr i t ical  volumes.  We cannot 
identify them with experimental  values of cr i t ical  volume, since the lat ter  are known only with v e r y  high un- 
certainty.  At the same time, it cannot be said that these values found charac te r i ze  the t rue cr i t ical  volume, 
and not some "pseudocri t ical"  value. In fact, in Eq. (1) instead of q~ some other  reduced volume, such as V/V0, 
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T A B L E  1. V a l u e s  o f  V c ( e m 3 / m o l e )  F o u n d  w i t h  E q .  (1) U s i n g  

D a t a  f o r  V a r i o u s  S t a t e s  at  D i f f e r e n t  T e m p e r a t u r e s  (~ and  

P r e s s u r e s  (MPa)  

0 
0,2 
0,4 
0,6 
0,8 
1 

T=303 K 

P=o,IMPa 4~MPa 

985 989 
855 855 
727 729 
60! 602 
478 478 
360 362 

T=413 K 

o,~ MPa 25oMPa 

977 978 
850 856 
723 724 
596 598 
476 474 
364 366 

Mean 

982,4 
853,6 
725,9 
598,8 
476,6 
362,5 

TABLE 2. Parameters a and y 

} 

No. System ~ v No. System 

C6H6~CnH~ 0,2 3 11 
C~H~--C~zHz6 0,2 3,4 12 
C~H~--Cx~Hao 0,2 3,8 13 
C~Hs--Cx~Ha~ 0,23 3,9 14 
CsHI~--C~0H~ 0,27 3,7 15 
C~H~--ClsHa~ 0,29 3,9 16 
C~H~-- " 3,8 17 
CaH~= (neopentane) 
C~Hlz--C~oHe~ 0,27 3,8* 18 
C~Hx~--Ca~Ha~ 0,27 3,8 I9 
C~HI~I~CloH~ 0,26 3,8 

* H e r e  and  b e l o w  3 .8  i s  t a k e n  as  t h e  v a l u e  of y .  

8 
9 

I0 

%Hl~--C12H2~ 
C~Hx~--Ct6Ha~ 
C6H,4--C~H~ 
CGHn--C2~Hso 
C~H16--C12Hz6 
CTH1G--C16Ha4 

CsHls~CI~Ha4 

CsHls--Ca6Hr4 
CgH2o--CzaHso 

0,26 3,8 
0,26 3,8 
0,27 3,8 
0,28 3,8 
0,26 3,8 
0,25 3,8 
0,25 3,8 

0,29 3,8 
0,28 3,8 

TABLE 3. Values of  Excess Isothermal Compressibil- 

ity (calculations and experiment) 

No. 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 

System 

C6Hx4--CI~H3r 
CvH16--C,6Ha, 
C6Haz--C~H~ 

C6H6--1,2 dibromoethane 
C6H12--1,2 dibromoethane 
C6HG--1,2 dichloroethane 
SiC14--SnCI i 
CCI4--SnCI4 
C6H12--CC1~ 
CCIa--SiCI4 

calc. 

--8 
--5 
+1 

0 
--1 

0 
--5 
§ 
+2 
--5 

BE I0-~ Tpa'I 

expt. 

--8 
--5 
+3 
--1 
0 

+1 
--3 
+2  
+1 

--0,5 

calc. [121 

--7 
--4 
+1 

0 
--3 

o 
--3 

0 
0 

--2 

m a y  be  u s e d ,  w h e r e  V 0 i s  t h e  v o l u m e  e x t r a p o l a t e d  to  t h e  p o i n t  T == 0, w h e r e u p o n  t h e  p r i n c i p l e s  found b e l o w  c o n -  

c e r n i n g  V c w o u l d  r e l a t e  to V 0 i n s t e a d .  

T h e  c o n c e n t r a t i o n  d e p e n d e n c e  of  t h e  Vc  v a l u e s  i s  c l o s e  to  a d d i t i v e ;  d e v i a t i o n s  f r o m  a d d i t i v e  V c v a l u e s ,  

e v e n  f o r  s y s t e m s  in w h i c h  V c of  t h e  c o m p o n e n t s  d i f f e r  by  a f a c t o r  of  4, do not  e x c e e d  2-3%,  but  a r e  of  a s y s -  

t e m a t i c  c h a r a c t e r .  T h e  b e s t  a p p r o x i m a t i o n  is  g i v e n  by  

vo = Ve:~X~ + Yo~x~ + 2 V , ~ .  (2) 

T h i s  e q u a t i o n  c a n  a l s o  be  w r i t t e n  in t h e  f o r m  

vo = v ~  d -  Ii~c, + vc~ - 2v,~l , , ~ .  (3t 

W e  w i l l  u s e  t h e  f o r m  of  E q .  (3): 

tz6 z ad 
v = v a~ V x,x~. = vc - AVe, (4) 
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~ T.IO-3 TPa -I 

; 

T'[O-3 TPa'l / I  

X 

Fig.  1. I s o t h e r m a l  e o m p r e s s t b i l -  
i ty of the h e x a n e - h e x a d e c a n e  mix -  
t u re  (curves ,  caIcula t ion;  points ,  
f r o m  [6]): 1) T=303~ P =0.1 
MPa;  2) 303, 40; 3) 413, 0.1; 4) 
413, 250. 

whe re  V---- (Vcl + Vc2)/2; 5 = (Vcl - Vc2)/2. 

A s s u m i n g  that  V12 is e x p r e s s e d  in t e r m s  of  the component  c r i t i c a l  vo lumes  as 

/l]l/n__171/n\n 
= ) ,  

the value of the p a r a m e t e r  c~ mus t  be cons tant  and equal to 

n - - 1  ~ - . (6) 
" n  

Values of  c~ fo r  s y s t e m s  in which the d i f f e rence  in c r i t i c a l  vo lumes  is suf f ic ien t ly  l a rge  so that  c~ can be d e t e r -  
mined  a r e  shown in Table  2. 

Another  fact  e s tab l i shed  by ana lys i s  of the concen t ra t ion  dependence  of  c o m p r e s s i b i l i t y  on the bas i s  of 
Eq. (1) is the re la t ive  s m a l l n e s s  of devia t ions  f r o m  addt t iveness  of the r educed  dens i ty  ~ and the poss ib i l i t y  
of  de sc r ib ing  the funct ion q)(x) with a single f o r m u l a  fo r  a wide c l a s s  of  m i x t u r e s  

(P : q)ad y (q~t-- rP2)2 .v, i x  ~ = (9 a d -  Aq% (7) 
(~t 4- %)/2 

analogous  in s t r u c t u r e  to Eq. (4). The p a r a m e t e r  y in this  equation p r o v e s  to be c lose  in value  for  v a r i o u s  
s y s t e m s  (see Table  2). 

Simul taneous examina t ion  o f  Eqs .  (4) and (7) p e r m i t s  us to obtain a re la t ionsh ip  r e l a t ing  the excess  vo lume 
V E, AVc, and A~. 

V ~ AV c Am ~advad , 
+ + = - 7 r a -  - , .  (s)  

C 
Equat ion (8) establ ishes the re la t ionsh ip  between the parameters  (~ and 3' �9 Table 2 shows the resu l ts  of c~ 
de terminat ion  by Eq. (8) f o r  a constant value of 7 =3.8 fo r  no rma l  alkane m ix tu res  (data on V E taken f rom 
[11]). 
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The close similarity of the a 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 a values, on 
the order of magnitude of 1-2 (one can see the same tendency to lower a values in systems No. 1-4 of Table 2}. 
Positive deviations from addltiveness 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 V E. For alkane mixtures negative V E volumes are char- 
acteristic ("compresslon"), 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. (I). Calculations can then be performed knowing only the properties of the 
components, since the V value of theleft side of Eq. (i) 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~ 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-hexadeeane system. 

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

q) = q)ad 19 (%__ %)a [ 19 ] 
5 (% -~ %)/2 x~x2 1 + -~- (% -- %)(xi -- x2)j �9 (7') 

Results of compressibility calculations for the hexane-hexadecane system using Eq. (7') are shown in 
Fig. I. 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 fiT deviation from addltiveness 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 /~T(X) of a mixture of normal liquids. 
Data available are the values of fiT and V of the components. The calculation method is based on Eqs. (i), (7). 
Equation (1) is used to find the values of the component reduced volumes (p, 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 ~T of the mixture is calculated with Eq. (I). 

I +_ ,s 

300%u-- if ~ ,~ 

200 ~ 

0,8 x Ioo' x ' ' 

Fig. 2 Fig. 3 

Fig. 2. Isothermal compressibility of benzol-hexadecane mixture 
at T =298~ curve, calculation; I) from [7]; 2) [8]. 

Fig. 3. Mixture critical temperature: curves, calculation; I) 
[141; 2) [151; T, ~ 
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m 

555 ....... ! 
C6H,. 2 ~ Z  Carte 

Fig.  4. Cr i t ica l  t e m p e r a t u r e  of the 
benzo l - cyc lohexane  sys tem:  curve,  
calculation; points,  f r o m  [14]; T, ~ 

Since calculat ions by this method can be p e r f o r m e d  at different  t e m p e r a t u r e s  and p r e s s u r e s ,  they provide  
knowledge of the i so the rms  of the dense liquid over  the ent i re  concentrat ion range.  A somewhat  different  ap-  
p roach  to the s ame  question is connected with the so -ca l l ed  excess  compres s ib i l i t y  fiE: 

where  r  =(Vi/V)xi a re  volume f rac t ions .  This p a r t i c u l a r  definition of excess  compres s ib i l i t y  is used because  
fie is then s imply  re Ia ted  to the p r e s s u r e  der iva t ive  of the excess  volume:  

OVe (10) 
V f ~ e = - -  Op 

Commencing f rom Eq. (1), we obtain for  fiE 

VI(Pl + V2q% ] (11) ~ 120 2 s 2 s 
= RT----V V2(p 2 " 

Using Eq. (7) for  ~0, we have the ability to de te rmine  fiE. We will fo rmula te  the calculat ion a lgor i thm.  To be 
de te rmined  is the value of the excess  compres s ib i l i t y  of the mix tu re  (or the p r e s s u r e  der iva t ive  of the excess  
volume).  The data avai lable a re  the compres s ib i l i t y  and densi ty  of the components  and the excess  densi ty  
of the mixture  V E. The calculat ion method uses  Eqs.  (1), (7). The values of f~r and V of the components  to-  
ge ther  with Eq. (1) a re  used to de te rmine  the reduced volume go i of the components .  The mixture  densi ty is 
de te rmined  addit ively with co r rec t ion  of V E.  Calculation of ~ for  the mix tu re  is p e r f o r m e d  with Eq. (7), and 
values  of fie a r e  found with Eq. (11). 

Resul ts  of fie calculat ions for  equ imola r  mix tures  a re  p re sen ted  in Table 3. Data f r o m  [12] we re  used 
in the calculat ions.  Also shown a re  fiE calculat ions by the method used tn [12]. 

The quality of the calculat ions by the p roposed  method and the L i ebe rmann  method a re  about the same;  
however ,  the l a t t e r  r equ i res  knowledge of the component  expansion coeff ic ients .  

We will  now cons ider  the question of mix tu re  c r i t i ca l  t e m p e r a t u r e  fur ther .  The basic  pr inc ip le  which 
can be es tab l i shed  here  is the addi t iveness  of the quanti t ies:  

= v ,x, + (12) 

The meaning of Eq. (12) can be understood f rom the following cons idera t ions .  The quantity Tc V2 has the di-  
mensions  of the d i spers ion  Van der  Waals  constant  C in the express ion  defining the a t t r ac t ive  force  potential:  

u = - -  C / # .  (13) 

Moreover ,  for  such substances  these  quantit ies will be propor t iona l  to each o ther  

T c V~ ,,., f2C. (14) 

Fo r  the c lass  of no rma l  liquids the quantity f2 is a un iversa l  function of one p a r a m e t e r ,  the the rmodynamic  
s imi l a r i t y  number  A [2]. Thus,  

VTcV c = f (A) C. (15) 

The function f(A) is approximated  wel l  by 

f (A) = 0,709 - -  0,35831g A. (16) 

As was shown in [13], the quantity ~ can with good accu racy  be r ep re sen ted  tn the f o r m  of the sum of the m o -  
ments  ~/5 i descr ib ing  in teract ion of a toms of the i - th sor t  with each other:  
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Vr ~ V~, (17) 
i 

where  n i is the number  of a toms of the i - th  sor t  in the molecu le .  The ex i s t ence  of such a s imple  re la t ionship  
is in turn  the resu l t  of v e r y  goocl sa t i s fac t ion  of the combinat ion  ru le  

c~ k = c~/2 c~/2, (lS) 
where  e lk  is  a constant  c h a r a c t e r i z i n g  in te rac t ion  of a toms of the i - th  and k- th  so r t .  

Appl icat ion of the same cons ide ra t ions  to mix tu re s  leads  to a fo rmula  analogous to Eq. (17): 

Combination of Eqs.  (19), (16), (15) leads  to Eq. (12), if for  the concen t ra t ion  dependence of A we have 

lgA = V~x~lgAi-~ V~x~lgA2 (20) 

Equation (12) p e r m i t s  ca lcu la t ion  of mix tu re  c r i t i c a l  t e m p e r a t u r e s .  This  is  done most  s imply  for  mix -  
t u r e s  of alkane type hydroca rbons ,  for  which Eq. (4) can be used with an ident ica l  coeff icient  ~ =0.268. Re-  
sul ts  of such ca lcu la t ions  a re  shown in Fig .  3, and c o m p a r e d  with e xpe r i m e n t a l  da ta  of [14, 15]. Good r e s u l t s  
a re  obtained even with mix tu re s  whose a toms  have low atomic  n u m b e r s .  Calcula t ions  by this  method show the 
main c h a r a c t e r i s t i c  p e c u l i a r i t i e s  of the function Tc(x), e .g. ,  the a lmos t  l i n e a r  behav io r  of the function for  the 
N2-CH 4 sys t em,  and the in tense  devia t ions  f rom add i t iveness  for  CH4-C10H22. 

In the genera l  case ,  to ca lcula te  c r i t i c a l  t e m p e r a t u r e s  the p a r a m e t e r  a can be de t e rmined  on the bas i s  
of Eq. (8) as was d e s c r i b e d  above.  The b e n z o l - c y c l o h e x a n e  s y s t e m  can s e r v e  as an example  ((~ =-1 .8 )  (Fig.  45. 
The ca lcu la t ions  he re  r ep roduce  the c h a r a c t e r i s t i c  min imum in Tc(X) to the a c c u r a c y  of a f rac t ion  of a degree  
( exper imen ta l  data f rom [16]). 

In accordance  with the above we wil l  fo rmula te  the ca lcu la t ion  method.  To be de t e r m i ne d  is the concen-  
t r a t ion  dependence of c r i t i c a l  t e m p e r a t u r e  and volume of the mix tu re .  Data ava i lab le  a re  the values  of compo-  
nent c r i t i c a l  t e m p e r a t u r e s  and volumes  (these.  in turn,  can be de t e rmined  f rom more  a c c e s s i b l e  data by the 
methods of [2]) and exces s  mix tu re  volume V E at one point (for the mix tu re s  of alkane s e r i e s  hydrocarbons  
and t h e i r  mix tu re s  with low atomic  number  gases  th is  in format ion  is not n e c e s s a r y ) .  The method of ca l cu l a -  
t ion is based  on Eqs.  (12) and (4). The method p r o c e e d s  as fol lows.  Equations (8), (7) a r e  used to de te rmine  
the value  of AVc, which in turn  is used to de te rmine  a f rom Eq. (4) (for alkane m i x t u r e s  we may take  (~ =0.268). 
The c r i t i c a l  volume is ca lcu la ted  with Eq. (4). C r i t i c a l  t e m p e r a t u r e s  a r e  found f rom Eq. (12). 

NOTATION 

R, ideal gas constant; T, absolute temperature; V, molar volume; Vc, critleal volume; Te, erltlcal tem- 
perature. 
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