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TEMPERATURE DEPENDENCES OF THE PECLET NUMBER
IN SUBLIMATION PROCESSES OF SIMPLE SUBSTANCES
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The results of calculating the Peclet number Pe =wr/(pD) (where D is the diffusion coefficient; w is the
evaporation rate of the substance; p is the density of the substance; r is the size factor) in sublimation processes of
simple substances with high values of vapor pressure (= 1 mm Hg and above at the melting temperature): As, Gd,
Tm, Lu, Cr, Yb, Sm, Mg, Ra, Ca, Sr, Ni, Co, Eu, Mn, Ba. It is shown that the nature of the temperature dependence
Pe(T) is determined by the properties of the components of the sublimated system “base—impurity” (including the
diffusion activation energy Q of impurity). For each substance for given Q and r, the dependence Pe(T) is
monotonic. A decrease in the process temperature can improve the purification of a substance from one of several
impurities, accompanied by deterioration in the purification from another impurity.

INTRODUCTION p=0.1
Sublimation is one of the methods for obtaining a ~ ° [T
number of high-purity substances, in connection with 09 1F e
which there is an interest to the theory and practice of 08 [i——" >
the method [1-9]. The advantage of the method over 07 [ £ s
crystallization and distillation refining is the lower o6 ./ L | 1  |.. Pe=10000
temperature of its implementation and, as a result, less & { / ---- Pe=1000
contamination of the product by the container material. ~ © / I -~ -Pe=100
In this case, a special role in this method is played by e / - Pesl0
the diffusion of impurities in the refined material. 03 & LT / :EZ;;l
A method was developed for calculating the el e S '
sublimation refining of a substance, taking into account 0.1 "/”"" / I
the diffusion of impurities, in which the efficiency of 0.0
the process with vyield g is determined by two 0.0 0.2 04 0.6 0.8 10
parameters (that depend on the temperature T): the g
separation coefficient B(T) and the diffusion Peclet a
number B=0.01
10 mmm——————m—————=
Pe(T) = w(T)r , (1) 05 e A L
PD(T) os
where D is the diffusion coefficient; w is the rate of '
evaporation of the substance from a unit surface; p is the 07 ;
density of the substance; r is the dimensional factor of ~ .%¢ | / [ N Pe=10000
the material (for example, the initial radius of the 05 | 1‘;'_:;1330
evaporating sphere) — Figure [10]. The cleaning 04 - - =Pe=10
efficiency of the substance increases with a decrease in 03 |4 pe | — -pe=1
the Pe number. (For the same substance and at the same 0.2 / //”7 l —Pe=01
sublimation temperature, Pe ~ r). At Pe = 0, the C/Cy 01 [ IR 3 2 ]
dependence has the form of a distillation equation with 00 Eezzool L
ideal mixing of the evaporated liquid [10]: 0.0 0.2 0.4 g 0.6 0.8 10
C _1-(-9)" b

Co g Dependence of C/Cy on the product (condensate) from

Also, a technique was developed for calculating the
temperature dependence of Pe(T) and examples of
calculating Pe(T) for some simple substances (Mg, Cr,
Sm, Eu) in small temperature ranges near the melting
point T, are given [11].
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yield g at different values of the Pe number and p:
a-p=0.1;b-p=001/[10].
(C/Cy is the ratio of the average impurity concentration
in the condensate to the initial impurity concentration)
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Numerical determination of Pe values at temperature
T for a material in the form of a ball with an initial
radius r, cm was carried out according to the formula:

1/2
0.058 p(MJ r
T

TR
orenl3lr 1)

where T is process temperature, K; T, is the melting
point of the substance, K; p is the vapor pressure of the
substance, mm Hg, at temperature T; M is the atomic
mass of the substance, at. mass unit; p is the density of
the substance, g/cm®; Q/R is the ratio of the activation
energy of impurity diffusion to the universal gas
constant, K (for most impurities in simple substances,
the Q/R values are in the range from 0.5:10* to 3-10*K
[11]); D* is the diffusion coefficient, cm?/s, of the
impurity in the sublimated substance at temperature T,
(For most impurities in simple substances at a
temperature near T, the diffusion coefficient of an
impurity in a liquid is Dn~ 10®° cm?s, and in a solid
D* ~ 10°° cm?s [11]).

Meanwhile, it is of interest to examine in more detail
the temperature dependences of Pe(T): for a larger
number of substances (allowing sublimation refining for
practical purposes) and in an extended temperature
range — to reveal patterns. This was the purpose of the
work.

PERFORMANCE OF CALCULATIONS

The Peclet number in the processes of sublimation
refining of simple substances with a vapor pressure of
~1mm Hg and above at the melting temperature T,
(i.e., substances were considered, the sublimation of
which can be carried out at a sufficiently high rate) was
calculated. The temperatures at which the vapor
pressure of the substance is greater than 0.001 mm Hg
(when a practical interest in the process remains) were
considered. The calculation of the Pe number in a solid
at a temperature near T, (at which the diffusion
coefficient is D* and the order of its value is known)
was carried out using formula (1). To calculate Pe at
lower temperatures, formula (2) was used. The data on
the vapor pressure of substances at temperature T were
found from the monograph by Nesmeyanov [12]. For
comparability of the results, the calculations were
carried out at r = 1 cm, and the results were denoted as
Pe;. As in [11], the calculations were carried out at a
value of D* = 5-10°cm?s and three values of the
activation energy of impurity diffusion. A computer
program was used to perform the calculations.

RESULTS AND DISCUSSION
The calculation results are presented in Tables 1-3
(for arsenic, it is taken into account that its vapor
consists mainly of As, molecules; for comparison,

Pe(T) = ! @)
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Table 1 shows the calculated Pe; values for some
substances with low vapor pressure and for two
complex substances: for ice [13] and naphthalene [14]).
The data in Tables 1 and 2 can be compared with the
graphs in Figure.

At a temperature near T, for substances with a
p~1mm Hg and higher, Pe;~10%..10° and for
substances with a low p, Pe; = 0 (see Table 1).

As can be seen from the Table 2, the nature of the
temperature dependence Pey(T) is determined by the
nature of the components of the sublimated system
“base—impurity”. In each considered system “base—
impurity” at a given value of Q/R, the dependence
Pey(T) is monotonic.

Table 1
Pe, for substances in the solid phase at a temperature
near T, (D = D* ~ 10 cm?s)

Substance T K p, mm Hg Pe,;

As 1090 ~10° ~10°
Gd 1586 189 ~10°
Tm 1818 180 ~10°
Lu 1936 19.1 ~10°
Cr 2130 7.7 ~10°
Sm 1350 4.4 ~10°
Yb 1097 3.1 ~10°
Mg 923 2.8 ~10*
Ra 1233 2.5 ~10*
Ca 1112 2.0 ~10*
Sr 1042 1.9 ~10*
Ni 1726 1.8 ~10?
Co 1768 1.4 ~10°
Eu 1099 1.1 ~10*
Mn 1517 0.9 ~10°
Ba 1002 0.8 ~10°
Fe 1812 ~10? ~1
Cu 1357 ~10" ~10?
Al 934 ~10° ~10°
In 430 ~10" ~10"
Ga 303 ~10% ~10%

CuoHs 353 8 ~10"
H,0 273 5 ~10*
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Table 2
Dependence Pey(T) for various substances and

End of Table 2

Pe
impurities with different values of the diffusion Sub- T, D at different vallues of QIR
activation energy (T, K, of the substance is indicated stance K ImmHg =50 ook [310°K
near the chemical symbols) Ni 1300 107 2 o5 165
s | T » _ Pe, 1726 | 1400 | 9-10° | 9 36 138
stance K mm i—lg at (lelfferent \Zalues of %/R 1500 0.06 37 89 213
1-10°K [2-10°K |3-10"K
As 600 015 | ~10° | ~10° | ~10" 1?88 22 ézltg éi;; iig
1090 | 7 7 ~10° | ~10° | ~10% 07
00 3 06 08 0 . Co 1300 | ~10 4 33 250
800 1213 ~106 ~107 ~108 1768 | 1400 | 9-10° 11 47 208
900 ~10 ~10 ~10 ~10
1000 | -10* | ~10" | ~10" | -10° 1500 | 01 | 1% | 26 | 46
Gd 1000 0.01 328 1-10° 5-10° 1700 0.7 396 496 622
1586 | 1200 1 4-10431 3~1o;1 2-102 Eu 900 0.02 137 110° | 810°
1300 5 1-104 4'104 2-105 1099 | 1000 0.2 428 1-110° | 3-10°
1400 20 2:10 5-10 1-10 ~10°
1500 | 67 | s510* | 7:10° | 9-10° 1'\5?{]7 1588 0183 380 gg 32?
Tm | 1100 | ~10° | 102 | 410° | 1.410° 1400 | 0.2 110 | 190 | 330
1818 | 1200 | 0.05 414 7-10° | 1.2:10° 1500 0.8 264 284 306
1300 0.3 1-10° | 1-10* | 1.1-10°
1400 s w10* | 210t | L0108 Ba 900 0.01 40 124 385
. 10t 9 0 1002 1000 0.1 125 128 130
1500 6 9:10 : :
1600 | 21 | 2:10* | 410° | 810° _ _ Table3
1700 62 410 5.10% 8-10* Comparison of Pel(_O.STm) and Pgl(Tm)_at d|_ffere_nt
1800 180 7.10* 810 8-10% values of the activation energy of impurity diffusion
Lu | 1400 | ~10° | 18 131 947 Sub- Pe,(0.5Ty)/Pey(T )
1936 | 1500 | 004 | 73 | 326 | 1.510° || stance| = Tm |~ 0-5Tm| _atdifferent values of Q/R
1600 | 02 | 232 | 685 |2.010° LIOR | 210K | 310K
1700 | 07 | 545 | 1-10° | 23-10° || AS | 1000 [ 600 | ~107 | -~10 | -10°
1800 > 110° | 2:10° | 2.910° || 8¢ | 1500} 800} ~107 PP B
1900 7 3.10° 3-10° 4'103 Tm 1800 | 900 ~10 ~10 ~1
- Lu | 1900 | 1000 | ~10° | ~10" ~0.1
Cr 1600 ~10 9 33 154 Cr 2000 | 1000 ~107 ~10° ~10*
2130 1700 0.03 28 91 298 sm 1300 | 700 ~108 ~0.1 ~102
1800 0.1 65 153 362 YDb 1000 700 _,10-2 ~1 _,102
AR A R o
-~ _4 -~ -~
sm | 1000 | ~10° | 78 [ 1-10° | 1-10° EZ ﬁgg 288 ig-“ ~0%1 ~11(§)3
1350 | 1100 | 0.09 289 | 2:10° | 810° Sr | 1000 | 500 | ~10" ~1 ~10*
1200 0.9 1-10° | 3-10° | 810° Ni | 1700 | 900 | ~10" | ~10®° | ~107
1300 3 2:10° | 3-10° | 410° Co | 1700 | 900 | ~107 | ~10° | ~10°
Yb 800 | ~10° 91 |[2710° | 810 Eu | 1000 | 600 | ~10° ~0.1 ~10°
1097 900 0.06 321 | 2.410° | 2:10° Mn | 1500 | 800 | ~10° | ~10" ~0.1
1000 | 05 834 |2.010° | 510° Ba | 1000 | 500 | ~10° ~0.1 ~10*
Mg 700 | ~10° | 281 9-10° | 810°
923 800 0.2 1-10° | 7-10° | 410" CONCLUS'ON_S
900 1.7 3-10° 3-10% 4103 The F_’eclet number (Pe) was c_onsn_:iered as one of the
Ra 800 ~10° 442 4-10° 9-10° two main parameters of sublimation refining (the
1233 900 0.05 1-10°3 3-10° 5.10° purification efficiency inc_reases with a decrease in the
1000 0.4 3-10°3 .10 1-10° Peclet number). At various values of the process
1100 2 6-10° 2.10% 4-10¢ | temperature and the activation energy of the impurity
1200 7 110 | 110° | 2-10% diffusion, the Peclet numbers were calculated for a
Ca 300 107 56 510° c10° number of simple substances with high vapor pressures
1112 900 0.01 131 1103 9-10° (1 mm Hg and higher at the melting point of the
: 3 3 | substance): As, Gd, Tm, Lu, Cr, Yb, Sm, Mg, Ra, Ca,
1000 0.1 4103 1'104 3'104 Sr, Ni, Co, Eu, Mn, Ba. For comparability of the results,
1100 6_3 910 1'103 1'104 the calculations were performed for a material in the
Sr 800 ~10 224 4'103 7'104 form of a ball with a unit initial value of the radius at a
1042 900 0.1 6583 3'103 1'103 given value of the diffusion coefficient of an impurity in
1000 09 | 210° | 310° | 410" | asolid near the melting point D* = 5-10° cm?/s. It was
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found that the nature of the Pe;(T) dependence is
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determined by the properties of the components of the
“base—impurity” system (including the activation energy
of impurity diffusion): a decrease in the process
temperature can improve the purification of a substance
from one of several impurities, accompanied by a
deterioration in the purification from another impurity.

A simple possibility of estimating the Peclet number
for materials in the solid phase at a temperature near the
melting point when Pe = wr /(pD*) is noted — Table 1.

In the general case, to clarify the dependence of
CIC, from T in the sublimation process with given g, it
is necessary to take into account both B(T) and Pe(T).
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TEMIIEPATYPHBIE 3ABUCUMOCTH YUCJIA TIEKJIE B CYBJIMMALIMOHHBIX
MHNPOLNECCAX PAOUHUPOBAHUA ITPOCTBIX BEIIECTB

A.H. Kpasuenko, A.U. Kyros, O.A. /layenxo

IMpencraBnensl pe3ynbTaThl Borumcienuit yucna Ilekme Pe = wr/(pD) (tme D — koadduipent auddysun; w —
CKOPOCTh HCIIAPEHHs BEIIECTBA, p — IUIOTHOCTh BEINECTBA; I' — pa3MepHBIN (GakTop) B Mmporeccax CyOauMaIiuu
IIPOCTHIX BEIIECTB C BBICOKMMHM 3HAYEHUSAMH JIaBJICHUS Hapa (< 1 MM pT. CT. ¥ BBIIIE [IPU TEMIIEPaType IIaBICHUS):
As, Gd, Tm, Lu, Cr, Yb, Sm, Mg, Ra, Ca, Sr, Ni, Co, Eu, Mn, Ba. Iloka3aHo, 4To XapakTep TeMIepaTypHOH
3aBucuMocTH Pe(7) ompeznensercss CBOWCTBAMH KOMIIOHEHTOB CyOIMMHUPYEMOH CHCTEMBI «OCHOBa—IIPUMECH)
(Bxirouast sHepruto akTuBanmu anddysnn Q npumecn). s KaXkaoro BelecTsa NpH 3aaHHbIX Q M ' 3aBUCHMOCTb
Pe(T) MoHOoTOHHa. CHM)XEHHE TEeMIEpaTypbl IpOLEcca MOXKET YIy4llaTh OYKHCTKY BELIECTBA OT OJHOU U3
HECKOJIBKMX TIPHIMECEH, COITPOBOXKIAsICh YXYIIIEHHEM OUYUCTKU OT APYTOi IIPUMECH.

TEMITEPATYPHI 3AJIEXKHOCTI YU CJIA TEKJIE B CYBJIIMAIIIMHUX ITPOIECAX
PA®IHYBAHHS NPOCTUX PEYOBUH

O.l. Kpasuenko, O.l. ZKykos, O.A. /lauyenxo

[pencraBneno pesyipratn obuncnens yncna [exe Pe = Wr/(pD) (ne D — xoediuienT nudysii; W — IIBUAKICTH
BUIIAPOBYBAHHS PEYOBHMHH; P — IIUIBHICTH PEYOBHHH, I — pO3MipHHUH (akTop) y mpomecax cyOmimanii mpocTux
PEYOBHH 3 BUCOKMMHM 3HAUYCHHSIMH THUCKY MapH (= 1 MM pT. CT. 1 BHIIEe Ipu TeMmeparypi miasieHHs): As, Gd, Tm,
Lu, Cr, Yb, Sm, Mg, Ra, Ca, Sr, Ni, Co, Eu, Mn, Ba. IToka3aHo, 1110 xapakrep TemreparypHoi 3anexnocti Pe(T)
BH3HAYAETHCS BIACTHBOCTSIMH KOMITOHEHTIB CHCTEMH «OCHOBa—IOMIIIKay (BKIIOYAIOUN €HEPTif0 akThBamii Tudy3ii
Q mowmimikn). Jliast KOKHOI pedoBHHM TpH 3amanux Q i r 3amexHicTe Pe(7) MOHOTOHHA. 3HIKEHHS TEMIIEPATypH
MpOIleCy MOKE TIOKPAllyBaTH OYMIINEHHS PEYOBHMHM BiJ ONHI€E] 3 KIUIBKOX JOMIIIOK, CYIIPOBODKYIOUHCH
MOTiPIICHHSAM OYHIICHHS Bif 1HIIOT JTOMIIIKH.
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