
m; H length of  the prof i l e  fin, m; d, ou te r  d i am e te r  of the cooling channel; m; H, shield length, m. Indices: 
ext, outer ;  c, Shield cell;  in, inner  fin; out, outer  fin; ch, cooling channel; en, en t rance  sur face  of the cell. 
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�9 A l inear  dependence is  obtained between the t h e rm a l  r e s i s t ance  and the t e m p e r a t u r e s  for  the 
monocrys ta l l ine  f luor ides  CaFa, SrF2, BaF2, and MgF 2. Anisotropy in MgF 2 has been dis-  
covered.  

Thermal -conduc t iv i ty  m e a s u r e m e n t s  are  an efficient  method of studying the s t ruc tura l  and energy 
p r o p e r t i e s  of the c rys ta l  la t t ices  of  a c lass  of ion l a s e r  compounds (the alkali ea r th  fluorides) which are  im-  
por tant  in the p rac t i ca l  aspect.  

Monoerys ta l s  of the alkali ea r th  f luor ides  a re  cha rac t e r i zed  o v e r  the range 80-300~ by a l inear  de- 
pendence of  t h e r m a l  r e s i s t ance  on t e m p e r a t u r e :  

IV = A1T + A S (1) 

with a negative value of the constant t e r m  A a ( see  Fig. l a ,  b, where  data of the m easu rem en t s  are  given with 
an e r r o r  of 5% with r e spec t  to s t eady-s t a t e  p r o c e d u r e  [1]). It is  supposed that the negative quantity A 2 is the 
resu l t  of  par t ic ipa t ion  in heat  t r a n s f e r  of optical  b ranches  evolved in the complex s t ruc tu re  of fluorite.  The 
coefficient  of t h e r m a l  conductivity can be  r e p r e s e n t e d  in the form 

B 1 B~ 
~, ---- IV-* --~ ~'ac - Xopt ~' -7-  q T- 7 , (2) 

where 
B~ = AT ~, B~ = lAd. (A1)-'. (3) 

The  second t e r m  in Eq. (2) desc r ibes  the four-phonon sca t te r ing  p r o c e s s e s  of the optical  mode, since t h r ee -  
phonon p r o c e s s e s  for  these  modes  a re  suppressed  because  of l imitat ions due to the laws of conservat ion of 
energy  and momentum [2]. The numer ica l  values  of the coefficients  A1 and A2 for  var ious  f luorides with 
the  s t r uc tu r e  of f luori te  in the  sequence CaF2, SrF2, and BaF 2 are:  A1 = 0.38 �9 10-a; 0.42 �9 10-3; and 0.6" 10 -3 
m / W ;  A 2 = - 1 4 . 5 - 1 0 - 3 ;  - 1 8 "  10-3; and -21 .5 "  10 -3 m - d e g / W .  The m e a s u r e d  values  of the rma l  conductivity 
in CaF2, BaF2, and SrF2 a re  higher  by approximately  5% than the resu l t s  of [3, 4], which probably is due to 
the  h igher  pur i ty  of the  samples.  

In cont ras t  to f luorides  with the f luori te  s t ruc ture ,  MgF 2 has the anisotropic s t ruc tu re  of rut i le  [5-7]. 
Anisotropy in the d i rec t ions  I and II to the optical  axis C[001] is  mani fes ted  by m easu rem en t s  of the e lec-  
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t r i c a l  conductivity [9, 12]. It is c l ea r ly  exp re s sed  also in t he rma l  conductivity: data I and II to the direct ion 
of c rys t a l  growth differ  by 40-50% (see  Fig. 2a, b). Values of the rma l  conductivity for  monocrys ta l s  of MgF 2 
lie much h igher  than the values r e f e r r e d  to a pe lycrys ta l l ine  substance [8] and are  descr ibed  by Eq. (1) when 
A l (1 )  = 0 .215.10 -8 m/W and A s ( l )  = - ( 9 . 5 5  �9 3.6) .10 -8 m" deg /W (1 to the direct ion of growth). Pa ra l l e l  
to the d i rec t ion  of growth, the r e s i s t ance  to t he rm a l  flow is  decreased :  A1 (11) = 0 .14 .10-  ~ m / W  and A2 (!l) = 
- 6 "  10 -3 m" deg/W,  i .e . ,  Al(tl) = 0.65 A t ( 1 ) .  

S imi lar  to the la t t ice  of rut i le ,  MgF 2 can be r ep resen ted  as a dense hexagonal packing of f luorine ions, 
in par t  (one-half) of the oc tahedra l  voids of which a re  disposed magnesium cations. Octahedra  of MgF6 form 
chains extending along the C axis and have up to two common edges with o ther  octahedra.  For  uncontami-  
nated c rys ta l s ,  identif icat ion of the  crys ta l lographic  alignments shows that the direct ion of growth deviates 
f rom the C axis by no~ m o r e  than 5 ~ The high degree  of anisotropy of MgF2 c rys ta l s  is caused by the differ-  
ence in the anharmonic cha rac t e r i s t i c s  of the in te ra tomic  bonds in the direct ions  I and tl to the C axis 
(which is  a screw axis of the fourth order) .  

In the anisotropic  la t t ice  of rut i le ,  the thermal -conduct iv i ty  t ensor ,  reduced  to the pr incipal  axis, com- 
p r i s e s  two independent components [2] : kx = ky = klC and k z = XIIC. In matrix form, the Fourier equation 

for  thermal flow is 

= - -  ~. grad T, (4} 

where  ~ is  the ma t r i x  of the thermal -conduct iv i ty  coefficients.  By measur ing  the the rma l  conductivity under 
adiabatic conditions ( thermal  flow, pe rpend icu la r  to the direct ion of measuremen t ,  equal to zero} along a 
d i rec t ion  which deviates f rom the axis C by an angle q, we have 

[ s in~  ] - ' .  IQI = cos*~ § (5) 
j grad T I ~l!c ~ c  

The m e a s u r e d  the rma l  r e s i s t ance  depends on q, and so 

AI(~) = 0.14- 10-8(I ~- 0,55.sin2 qD) (m/w). 

Comparison of the t he rma l  conductivity of CaF 2 with the Le ib f r i ed -Sch lemann  formula  [10], der ived  
in [3], when T = 0 d gives 

3 I/3 MODVo (6) 
7 z 

Fig. 1. T e m p e r a t u r e  dependence of  t he rma l  conductivity k, W/m ~ 
deg (a) and the rma l  r e s i s t ance  W, m-  deg /W (b) of pure  c rys ta l s  of 
the a lka l i -meta l  f luorides" 1) MgF 2 (11); 2} MgF 2 (• 3) CaF2; 
4) SrF2; 5) BaF~; 6) PbF  2. 
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Fig. 2. T e m p e r a t u r e  dependence of t he rma l  conductivity k, 
W/m"  deg (a) and t h e r m a l  r e s i s t ance  W, m" deg /W (b) of c r y s -  
ta l s  of  MgF2 with CaF2 impur i ty :  1) MgF 2 (l[); 2) 0.1 mole  % 
CaF2 (il); 3) 0.5 mole% CaF2 (ll); 4) 1 m o l e %  CaF2 (]0; 5) MgF 2 
( •  6) 0.1 m o l e %  CaF2 ( 1 ) ; 7 )  0.5 mo le% CaF2 ( 1 ) ;  8) 1 mole  
% CaF 2 (I). 

In this ease, the numerical coefficient in formula (6), according to Klemens estimates for alkali halide crys- 
tals, was decreased by a factor of four, and the quantities M and V0 are related, respectively, to the aver- 
age atomic weight and the average atomic volume of the particles constituting the lattice. The value of kT = 
3.5.103 W/m, obtained in [3], satisfies the test quite well (when T = 0 d = 508~ The use of the Leibfried- 
Seklemann formula ,  with the value occur r ing  in it  as d iscussed  above, impl ies  that  CaF 2 is  cons idered  as a 
monatomic  c rys t a l  with a ce r t a in  average  atomic mass .  In this  case,  the whole of the spec t rum of the c rys ta l  
is  taken  into account equally in heat  t r ans f e r .  However,  with the p r e sen ce  of six optical  b ranches  (out of 
nine) with a low d ispers ion  [11, 12], in the descr ip t ion  given by the L i eb f r i ed -S ch l em an n  formula  only 1/3 of 
the spec t rum shou/d be included and, consequently,  the r ight-hand side of Eq. (6) should be mult ipl ied by this 
number.  As a resu l t ,  XT = 4 .2 .10  3 W / m  is also lfigher than the exper imenta l  values  for  the acoustic  com-  
ponent in Eq. (2). The poss ib le  contribution of sca t te r ing  to the optical  fluctuations should reduce  the value 
of XT. It must  be noted that ,  concerning the values  of the numer ica l  coefficient  in Eq. (6), t he re  is  no agree-  
ment  in the l i t e ra tu re .  In [13], the r ev i sed  value of this  coefficient is  l ess  by a f a s t e r  of 2.1, but in the recent  
pape r  by Klemens  [14], it  i s  l e ss  by a fac to r  of 14 than in Eq. (6). Moreover ,  it is  p roposed  in [14] to in t ro -  
duce into Eq. (6) a fac to r  l~cl/3 into la t t ices  with complex cel ls ,  where  N c is  the number  of atoms in an e le -  
men ta ry  cell  (basis  a toms) .  The  exper imenta l  values  of the numer ica l  coefficient lie between these  found 
theore t i ca l ly  in [10] and [14] (they differ  mainly  because  of the d i f ference  in es t imate  of the constant of an- 
harmonism) .  

F o r  c ry s t a l s  with unknown p a r a m e t e r s  of anharmonic i ty  and Debye t em p e ra tu r e s ,  the use of Linde-  
mann ' s  ru le  can be  r ecommended  ( for  es t imat ing 0d). Then Eq. (6) reduces  to the form suggested by Keyes 
[2]. Assuming that the constant coefficient  in Keyes '  fo rmula  va r i e s  weakly in s t ruc tura l ly  s imi la r  c rys ta l s ,  
we can calculate  the rat io of the product  kT ~ T3m//~ D2/3M -7/6 for  the alkali ea r th  f luorides:  

~,lic T (MgF2) : ~ c  T(MgF2) : ~T (CaF,) : ~T (SrF~) : kT(BaF z) = 1.2 : 1.2:1 : 0.7 : 0.5 (2.75 : 1.7 : 1 : 0.92 : 0.65). 

Here ,  in the bracke ts ,  the exper imenta l  values  a re  given of the ra t ios  of the "pure ly  acoustic" coef-  
f ic ients  B1 = A] 1. These  ra t ios  a re  c lose to those  calculated for  c rys ta l s  with the f luori te  s t ruc tu re  and a re  
significantly o v e r e s t i m a t e d  for  the MgF2 anisotropic  lat t ice.  The co r re l a t ion  between the values  of the t h e r -  
mal  conductivity and the la t t ice  energ ies  of the corresponding substances may be  noted also. 
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Monocrystalline samples of PbF 2 were also investigated in the experiment, for which the law W = 
(2.15T + 50) �9 10 -3 m" deg/W was found. The high angular coefficient (At = 2.15 T �9 10 -3 m- deg/W) confirms 

the lowering of the elasticity in the bonds. The PbF 2 is a crystal with a relatively high electrical conductiv- 

ity with respect to the anion sublattice [15] and a low melting point (Trap = 855~ Obviously, the inherent 
imperfection of the lattice and the residual impurities (the crystal is grown h~m chemically pure material} 
give rise to the appearance of a constant component of the thermal resistance. The anharmonic component of 
the thermal resistance is well recorded in the fluorite series (for verification by Keyes' formula, see above): 
XT (CaF 2 ) :XT (PbF 2 ) = 1 : 0.2 (I : 0.18 ). The theoretical estimate is outside the brackets and the experimental 
value is inside the brackets. Although the low-temperature form of PbF2(o~-modification) belongs to the 
rhombic system, in contrast to the 3-form of fluorite (above N200~ [17], it is probable that the struc- 
tural and energy deviation from the latter is small. 

What has been said above refers to uncontaminated samples. Because of the unusualness of the thermal 
conductivity of MgF2, the problem was raised of studying the effect of an added impurity on the lattice heat 
transfer in rutile. The production of impure crystals of MgF 2 is accompanied by large technological difficul- 
ties, and the nominal content of impurity in the mixture may be strongly different from the actual content - 
in monoerystalline samples. In the experiment, some crystals with a nominal concentration- 0.i, 0.5, and 
1 mole% CoF~ -were investigated. The closeness of the radii of Mg 2+ (r =0.74 A) and Co 2§ (r = 0.78 A) al- 
lows one to suppose a high degree of substitution in the lattice and a predominantly isotopic nature of the 
additional extrinsic thermal resistance. For subsequent estimates, we sh~l use the expression for the ad- 
ditional extrinsic thermal resistance WN, caused by the change of mass of the substituting ion (NI I-< i, W N < 
AIT ) [2] : 

w N - ~ - .  ~vT- tr . (7) 

Having determined 0d by LindemamlTs rule, we obtain from Eq. (7) that W N = 5.10 -2o (AM/M)2N 
m" deg/W and, consequently, for the mass defect corresponding to the Co 2§ impurity, we have WN(Co 2+) = 
1.7" 10 -~" N m" deg/W. Crystals with 0.1 and 0.5 mole % CJ  + give l inear thermal  resis tance dependencesp 
paral lel  with the corresponding dependences for pure crystals  (II and I to the axis C). If we consider an 
increment of the ordinates of thermal  resis tance of the samples, oriented along the direction of growth, then 
estimates of the impurity concentrations according to the isotopic law for WN( Co 2+) give 0.035 mole % (for a 
nominal content of 0.1 mole go) and 0.1 mole % (for a nominal content of 0.5 mole go). For crystals  oriented 
pel:pendicular to growth, the experimental values of the extrinsic thermal  resistance are high by a factor of 
1.25 to 1.5. Since W N ~ 0~ [see Eq. (7)], and A1T ~ {)~)3 [see Eq. (6)1 , it can be assumed that 

Wte (d_c ) ~. f A~ ( •  ) ),/a= 1.25. 

This coincides fairly well with experiment. Because of rotation (up to 40 ~ } of the axis C relative to the 
direction of growth (to the direction of measurement) ,  a crystal  with a nominal content of impurity of 1 mole 
go changes the thermal  resis tance according to a l inear law, intermediate between the dependence of W(T) for 
t-~vo mutually pe rpend ic~ar  directions of uncontaminated samples [close to W( 1C)]. 

NOTATION 

X, thermal conductivity; W, thermal resistance; kac, thermal conductivity due to acoustic oscillations; 
kopt, thermal conductivity due to optical oscillations; Q, thermal  flux; M, molecular weight; ~D, Debye tem- 
perature;  Vo, atomic volume; 7, G ~ e i s e n ' s  constant; D, density; Trap , melting point; WN, additional ex- 
t r insic  thermal  resistance;  AM, change of mass  of substituting ion; v, propagation velocity of long-wave lat- 
t ice oscillations; NI, concentration of impurity in molar  fractions; N, concentration of impurity in mole %. 
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E L E C T R I F I C A T I O N  

F L O W  AND A D I E L E C T R I C  

S U R F A C E  P R O P E R T I E S  

V. N. V e r e v k i n ,  R. A. 
a n d  B.  G. P o p o v  

OF  A P N E U M A T I C  T R A N S P O R T  

P I P E  W I T H  H O M O G E N E O U S  

Y a i l i y a n ,  UDC 621.867.8 

The basic parameters  of contact electrification are established for the interaction of a dispersed 
flow with the lateral surface of a pipeline; methods of determining the parameters  experiment- 
ally are indicated, together with their  practical application. 

The formation and separation of contacts between systems of dispersed particles and the surfaces of 
industrial apparatuses, machine parts,  transporting equipment (conveyers), bunkers, and silos take place in 
the course of many widely employed processes and commercial operations. After each contact a charge 
density ~0 is created on the area of contact between the dispersed particle and the wall (solid surface); its 
value depends on the physicochemical properties of the surfaces in contact [1-3]. In systems in which the 
l inear dimensions of the spot are 0.05 mm or under [4], no gas discharge occurs in the space between the 
separating surfaces. Electric exchange between the particle and the Wall remains basically governed by the 
invariance of the parameters  of the electric double layer: its thickness, the difference in work function cor- 
responding to the t ransfer  of ions or  electrons from one phase to the other, and the electric induction vector. 
The particles in the flow touch the dielectric wall, ~vhich already bears a charge density a ( Pig. 1). Under 
the influence of the external field E due to the exchange charge density of the flow and as a result of the 
polarization of the particle, the contact area develops the following charge density [5] : 

'~z = c~E. ( 1 )  

The polarization coefficient c~ depends on the material ,  shape, and position of the particle at the moment of 
contact with the wall. The total induction vector in the electric double layer is governed by a, ~i, and the 
charge density ar associated with the formation of  the electric double layer: 

% = ar + ~ § ~. (2) 

If electric exchange between the system of dispersed particles and the surface occurs as a result of contact 
between particles obeying Eq. (2), the following electrification current density will flow in each section of the 
surface: 

i - -  ~a, = 13 (( ,o - a E  - -  a ) .  ( 3 )  
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