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Balance equations for the second moments of the velocity and temperature fluctua- 
tions are used to examine the effects of turbulent natural convection on the uni- 
formity of impurity distributions in crystals. 

A crystal grown from the melt with fluctuations in growth rate R shows a periodic impur- 
ity distribution [i, 2]. There may be various reasons for growth-rate fluctuation, one of 
which is turbulent natural convection. Here we consider the concentration profile for the 
crystal formed in that case. 

The maximum deviation of the impurity concentration in the solid phase from the mean 
corresponding to growth at a constant rate R 0 is [2] dependent on the amplitude and frequency 
of the fluctuations in R, and if those fluctuations are due to turbulent convection, then the 
effects are related to the extent of the temperature and speed fluctuations in the melt. We 
restrict consideration to a crystal growing from a melt by directional crystallization in a 
horizontal boat. We assume that the gradients in the average temperature in the transverse 
directions are negligible by comparison with that in the growth direction. Then the balance 
equations for the second moments of the velocity and temperature fluctuations are as follows 
on the assumption that the density of the melt is a function of temperature only [3-5]: 
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Fig. i. Dependence of the fluctuation fre- 
quency ~T (sec-1) on the axial temperature 
gradient 8T/3x (K/m); curve from theory, 
points from experiment [7]. 

V < OVi OVi > b E 3/2 
_ _  - -  _ _  6i: , 

Oxk Oxk 3 l 

br E 1/2 a < OT' OT' > _ < T :  >, 
Oxk Oxh 1 

( Ov~ Or) ] k El~2( <V:V; > 2 E6i,), 
Oxj + Ox~ / > = l - - - 3 -  ' 

p ' OT' k T ( - -  > - -  - -  E 1/2 < o~T' ) . 
9 Oxj l 

The x axis is perpendicular to the front, while the z axis is vertically upward. We solve 
(i) to get 
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The scale ~ of the turbulence is l= 2 ~ 2 0.4 tdt := 0,I do, where do = y~0z0/~, while Y0 and 
do J 

z 0 are the transverse dimensions of the boat. We put b/k = 0.125, bT/k = 0.2, kT/k = 0.9, 
k = 1.12 on the basis of data on wall turbulence to get that ~l = 0.583 and mE = 4.69. Then 
we have the following expressions for the turbulent energy E and the amplitude of the tempera- 
ture fluctuations sT, which is sT = <T~>: 

~r -- O.16do(OT/Ox), E = O.047d~g(OT/Ox). ( 3 )  

The frequency of the turbulent fluctuations containing the most energy is [6] given by 

e r = Vs = 0.22 ]/~g(OT/Ox). ( 4 )  

Figure 1 compares calculations from (4) with experimental data [7] on the growth of 
tin crystals in horizontal boats under conditions of turbulent natural convection. The bulk 
expansion coefficient for tin was taken as $ = 0.95.10 -4 I/K. 

The relative amplitude in the growth rate s = (R 0 - R)/R 0 can be found from the Stefan 
condition q* = q + rpR, where q* and q are the axial densities of the heat fluxes at the front 
from the solid and liquid, respectively. With q = q0 + XET/~, q0, q* = const, we have 

- rORod~ %. (5)  

In accordance with [2], the maximum deviation of the impurity concentration ~ in the 
solid phase from the mean is determined by the reduced frequency of the growth-rate fluctua- 
tions ~ = ~TD/R02; for ~ >> i, the expression for %becomes 
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and for ~ << i 

"~ (0 & ~ /~0 0)2 
q~=( l - -ko)  2 (o" ~" 

k o +  (2ko+ 1) (7) 

On substituting (4) and (5) into (6) and (7), we get 
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These expressions show that the inhomogeneity in the impurity distribution increases 
in all cases with the temperature gradient, because the amplitude of the turbulent tempera- 
ture fluctuations increases with 8T/Sx, and the same therefore applies to the amplitude of 
the growth-rate fluctuations. 

The frequency dependence of ~ varies with m; for example, ~ ~ ~-~/2 for m >> i, whereas 
= ~ for m << i according to (7), while for ~ << i and k 0 + 0, the degree of inhomogeneity 

ceases to be dependent on frequency, which in turn means that the inhomogeneity in the distribu- 
tion decreases as the frequency of the turbulent fluctuations increases for m >> i, while 
it increases on the other hand for ~ << I. The only exception is represented by the case 

<< i and k 0 + 0. 

In conclusion we note that one can obtain a more uniform impurity distribution over the 
length for m >> i by conducting the process at high g, i.e., in a centrifuge. On the other 
hand, using a centrifuge for ~ << 1 would increase 9. 

NOTATION 

a, thermal diffusivity; do, characteristic size; co, Cm, mean and maximum impurity con- 
centrations; D, diffusion coefficient; k, kT, b, bT, constants; k0, impurity partition coef- 
ficient; s turbulence scale; g, gravitational acceleration; p, pressure; r, latent heat of 
fusion; R, R0, instantaneous and mean growth rates; T, melt temperature; Vx, vy, vz, projec- 
tions of the melting rate vector on the coordinate axes x, y, z; 8, volume expansion coeffi- 
cient; %, p, v, thermal conductivity, density, and kinematic viscosity of the melt; eT, ~T, 
amplitude and frequency of turbulent pulsations; g, m, reduced amplitude and frequency of 
fluctuations in growth rate; ~, degree of nonuniformity; ', pulsation. 
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