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Theoretical assiimptions on the eff ect oj particle size clistribution 
on apparent viscosity oj the system were verijiecl experimentally by 
measuring the viscosity oj polymethyl methacrylate microbeads in 
glycerine-ethanol mixture and that oj grouncl gypsum in water at various 
proportions oj two 01· three monodispersional jractions, ancl at various 
total concentrations. In terms oj proportions oj the two particle size 
jractions, viscosity oj a bimodal system exhibits a shm·p minimum at 
otherwise equal total concentration. The effect in question is becoming 
more pronoiincecl at increcising concentrations. The reduction oj viscosity 
is still more marked with systems comprising tll/l'ee particle size 
jractions. The course oj viscosity vs. composition ancl the viscosity 
minimiim position establishecl experimentally were in good agreement 
with the values computed. Mixing oj more than three particle size 
jractions was shown to bring about no substantial clecrease in viscosity. 
The finclings can be utilized parctically j or improving the worlcability 
oj suspensions, above all mortars, plasters, etc. 

INTRODUCTION 

The e:ffect of particle size distribution on rheological properties of suspen­
sions has not so far been dealt with in any great detail. A number of authors 
studied the problem from various limited aspects only. For instance, Berens 
and Hoppe [l] found considerable deviations when measuring the viscosity 
of lime pastes, and ascribed them to varying particle size distributions. 
According to Ridge [2], particle size distribution has the greatest e:ffect on 
the workability of gypsum hemihydrate pastes. The_ e:ffects of p_§l,rticle size 
distribution and particle shape were dealt with by Satava and Skvára [3]. 
According to their measurements on a and 6-hemihydrate and gypsum, 
particle size distribution has a considerable e:ffect on the course of apparent 
viscosity in terms of suspension concentration. The viscosity increases with 
increasing monodispersity of the system at equal concentration, and the 
"workability" interval is likewise increasing. Bee [-1] found that the viscosity of 
glass beads-glycerine suspensions decreases with increasing polydispersity. 

The e:ffect of size distribution of spherical particles on viscosity of 
dispersion systems is dealt with in a theoretical paper by Farris [5]. This 
is based on the assumption that in suspension, small-size particles behave 
to the larger ones as a liquid. It is further presumed that no interactions 
between particles of di:fferent sizes occur ( collisions between particles, forma­
tion of structures). According to Farris, this assumption is complied with when 
the ratio of the grain sizes in question is sufficiently large (at least :five-fold). 
These assumptions then allow to calculate viscosity of a suspension composed 
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of particles having n sizes. For relative viscosity ?Jr of a multimodal system 
one can derive equation 

11 

?Jr = TI H(<Pt) (1) 
i=l 

where H(<P1,) is a densification factor, 
and total volume concentration <Pc is given by equation 

11 

1 - <Pc = TI (1 - <P,) (2) 
i=l 

where <P1, is volume concentration of i-th particle size. Farris derived the 
following equation for a multimodal system on the assumption of zero 
interaction between the particles: 

(3) 

Solution of equation (3) can be found when each member of the system is 
equal to zero. This assumption holds when 

and 
<P1 = <P2 = <P3 = ... = <Pn (4) 

(5) 

Solution of equation (3) shows that a suspension of particles having n sizes 
eshibits a minimum viscosity at a given concentration and at a certain 
particle size distribution. 

The present study was concerned with further extending and verification 
of the theory of the effect of particle size distribution on the viscosity of 
a dispersion system. 

EXPERIMENT AL 

The effect of particle size distribution on viscosity of a dispersion system 
was first studied on a model suspension [8]. This model was composed of 
spherical particles suspended in a liquid of equal density, so that the 
suspension was of virtually Newtonian character. The model comprised 
polymethyl methacrylate beads in a mixture of glycerine and ethanol. 
The viscosities were measured of suspensions comprising very narrow bead 
particle size fractions; their mean diameters were 17 (J., 100 µ, 120 (J. and 
290 µ, respectively. The beads were always introduced into the liquid gra.du­
ally, starting with the smallest ones. Viscosity of the suspensions was 
measured by means of a rotary viscometer with co-axial cylinders (visco­
meter RN made in German Democratic Republic) at a constant temperature 
of 23 °C. The error of viscosity measurement did not exceed ±5 3/o. 

Viscosity measurements on the model suspensions showed that they were 
practically Newtonian up to a concentration of <Pc

= 0.55. The effect of 
flow limit appears at higher concentrations (Fig. 1). The dependence of 
suspension viscosity on concentration was measured for 100 (J. particles 
(Fig. 2). Fig. 2 also shows a plot of viscosity concentration according to 
relations suggested easlier (cf. Appendix 2). 
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At concentrations <Pc = 0.3 - 0.6 the suspension viscosity was measured at 
various contents of fine (17 µ) and coarse (120 µ) particle size fractions. 
Theoretical viscosity courses were computed for the same contents of fine 
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Fig. 1. Velocity gradient and stress in suspensions oj P1"\IINIA spheres in glycerine-ethanol 
rnixtiwe at various volurne concentrations. 
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Fig. 2. Relationship between relative viscosity and volurne concentration jo1· susP,ensions 
oj P .l\llMA beads in glycesine-ethanol mixture; • - experimental values, curve according 

to 1 - Einstein 2 - Brinkm.an, 3 - Farris, 4 --:- Lee 1, 5 - Lee 2. 

Silikáty č. 1, 1973 11 



F. Skvára, Nl. Vančurová:

and coarse fractions ( cf. A ppendix 1; Fig. 3). The viscosities of trim o dal 
systems were measured at concentration <Pc = 0.5 (:fine fraction 17 µ, 
mean fraction 100 µ, coarse fraction 280 µ). With this volume concentration 
the lowest viscosity was found at a composition of 34 % by vol. of :fine, 
40 % by vol. of medium and 26 % of coarse fraction. The region of minimum 
viscosity thus found was in good agreement with the computed viscosity 
values (Fig. 4). 

The lowest viscosities found at concentration <Pc = 0.5 for bimodal and 
trimodal systems were compared with theoretically computed values. The 
calculation of theoretical minimum viscosities was likewise carried out for 
suspensions comprising 4 to 6 grain size fractions. 

Table I 

Relationship between relative viscosities of aqueous 
suspensions of gypsum and particle size compositin of the solid 

Particle size Viscosity [P] 
fraction 

Coarse 
I 

Fine 50 % by vol. 
I 58 % by vol. 

10% 90% Suspension is Suspension is 
20 80 strongly strongly 
30 70 dilatant dilatant 
40 60 
50 50 
60 40 19.1 29.8 
70 30 14.2 16.l
75 25 9,2 12.3
80 20 5,8 7.5 
90 IO 9.4 14.2 

The results obtained by measuring the viscosity of the model system were 
supplemented by measuring the viscosity [17] of gound gypsum in water. 
Aqueous suspensions of ground gypsum also represent a model system which, 
however, is more similar to real suspensions. The pa.rticles of ground gypsum 
are not spherical, being corpuscular, and their density is different from 
that of water. The suspension ceases to settle only a.fter a.ttaining a certain 
concentration of the solid which forms a certain internal structurn. The 
rheological character of gypsum suspensions is strongly un- Jewtonia.n. The 
apparent viscosities were also measured with a rotary viscometer. However, 
viscosity is very difficult to measure at very high concenti-ations of solids so 
that qualitative data can only be obtained. The results gained from measure­
ments of gypsum suspensions can be applied to hemihydrate suspensions 
which are difficult to measure (setting of the suspension). 

In the oase of gypsum suspensions, apparent viscosity of bimodal systems 
(fine fraction 5-20 µ, coarse fraction 100-120 µ) and of trimodal ones (fine 
fraction 5-20 µ, medium fraction 63-100 µ, coarse fraction 160-200 µ) 
was measured. With bimodal systems, similarly to the model suspension the 
viscosity minimum was found at a composition of 20-30 % by vol. of fine 
fraction, and 80-70 % of coarse fraction (Ta,ble I). At this grain size 
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distribution it is still possible to process suspensions containing 63 % by 
vol. of solid. The viscosity minimum for trimodal system was established 
at a composition of about 46 % by vol. of coarse fraction, 32 % by vol. of 
medium fraction and 22 % by vol. of fine fraction. At this composition it is 
still possible to . process aqueous gypsum suspensions containing 66 % by 
vol. of solid phase. At other particle size compositions such suspensions 
cannot even be prepared. 

A series of programs in the Algol and Fortran languages has been worked 
out for computing the theoretical viscosity of optimum suspensions. The 
computing proper was carried out with computers NCR Elliot 4120 [10], 
Hewlett-Packard 2116 B [9], and Tesla 200 [11]. 

DISCUSSION 

The experimentally established relationship between relative viscosity 
and volume concentration for a monomodal system of polymethyl metha­
crylate beads in glycerine-ethanol mixture was compared with several similar 
relationships described in literature. At low volume concentrations of solid 
phase one can observe a very good agreement of all the suggested equations 
with experimental data. At higher concentrations there appear substantial 
deviations. The values measured agree best to the equation suggested by 
Lee [4] (cf. Appendix 2, equation Lee 2). This equation was taken as basis 
for reading the viscosities of the individul fractions. 

The relationship between relative viscosity and composition of suspension 
in the case of bimodal suspension of methyl methacrylete beads in gly­
cerin-alcohols mixture, as well as in that of aqueous gypsmn suspensions, 
shows a marked decrease in viscosit yat a given concentration. The sharpness 
of the minimum increases with increasing concentration. Fig. 3 shows that at 
total concentration <I>c = 0.55 a mixture of two fractions at a ratio of 30 % 

Fig. 3. Plot oj relative viscosity vs. particle size com­
position of the solid in binary system; A - coarse par­
ticle size jmction, O - fine particle size fraction, 
• - experimental values (PMMA beads in glycerine­
-ethanol mixture), - theoretically computed values.
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by vol. of fine and 70 % by vol. of coarse, has virtually the same viscosity 
as a suspension of one fraction at lower volume concentration ({)c = 0.45. 
Mixtures having a high content of solid phase (({) > 0.6) can be pasted only 
at certain proportions of particle size fractions only. At higher concentrations 
the values determined experimentaly are also shifted with respect to computed 
viscosity values. This shift is probably due to a failure to comply with the 
assumption of zero interaction between particles in suspension, as well as 
dne to the non-Newtonian character of the suspensions. The experimental 
data obtained for the bimodal system (Fig. 3) show a shift of minimum 
viscosities towards a lower percent content of fines at higher total concentra­
tions of solids. The relative viscosity minima in a bimodal system roughly 
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Fig. 4. Relative viscosity vs. particle size composition oj the solid in a trimoclal system 
at total volume concentration 0.5; A - coarse particle size jraction, B - micldle jraction, 
O -fine particle size jraction, * - viscosity minimmn, o - region oj experimentally 

1.., 1.i">.:J .,. tli\: I.k, establishecl viscosity minimiim . 

comply with the theory of combining maximum density solids [18]. This 
theory assumes that the gaps between primary (large) spheres are filled by 
secondary (small) spheres. This theory does not hold accurately for the 
system in question as it does not allow to explain the shift of minimum 
viscosity when total concentration of the suspension is increased. 

With trimodal systems a still higher decrease in viscosity is attainable 
at the same total concentration. Increasing concentrations of the suspensions 
bring about increasing sharpness of the viscosity minimum, as shown by 
comparison between Figs. 4 and 5. Increasing concentration causes the 
viscosity minimum to be shifted towards a lower content of fines. The 
position of minimum viscosity regions is in good agreement with the values 
computed. In the case of aqueous gypsum suspensions the authors succeeded 
in preparing a workable suspension at a solid phase content approaching 
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the theoretical water coefficient for hemihydrate suspensions, by m1xmg 
three grain size fractions at proportions corresponding to the viscosity 
minimum. 

The viscosity of optimalized suspensions decreases with increasing number 
of particle size fractions. The theoretical viscosity values approach a limit 
value with the increasing number of grain size fractions (Fig. 6). Raising the 
number of fractions above 3 brings about no further decrease in viscosity 
of the optimalized syatém. In addition to this, perfect mixing of more than 
three fractions is not always feasible in actual practice. 

The experiments as well as computations have borne out the assumptions 
of viscosity reduction at suitable granulometrie ·composition. The assumption 
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Fig. 5. Relationship between relative viscosity and particle size comJJosition oj the solid 
in a trimodal system at total volume concentration 0.66; A - coarse particle size fraction, 

R - micldle fraction, O -fine particle size fraction, * - viscosity minimum. 
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Fig. 6. Minimum relative viscosity in optimalized systems vs. the nmnber oj solicl particle 
size fractions (n); x - experimental viscosity values for Stt,Spensions oj PMMA beads in 

glycerine-ethanol mixture. • - theoretically established values. 
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of zero interaction between particles of various size is met at low concentration 
of the solid only. At higher concentrations the computed viscosity values 
comply with experiments to a qualitative degree only. However, a decrase 
in viscosity was found to take place at a suitable particle size composition of 
the solid not only in the case of spherical-shaped particles, but also with 
non-spherical ones. By selecting a suitable composition of solid it is possible 
either to improve workability of the suspension at a given concentration 
of the solid, or to increase the content of the solid in suspension at a certain 
consistency of the suspension. 

CONCLUSION 

Rheological properties of suspensions are frequently of decisive significance 
in technological utilizations, where a minimum viscosity is often sought 
while the highest possible content of solid is simultaneously required. 
These contradictory requirements are usually met by a conpromise, i.e. 
use is made of a suspension with the highest proportion of solids, still 
exhibiting acceptable consistency. Workability of a suspension does not 
depend on the vol ume ratio of the solid only, but also on a number of further 
parameters determining the "structure" of the suspension, in particular with 
respect to shape, size and size distribution of the solid particles. By adjusting 
suitably these magnitudes it is possible to achieve an optimum workability 
while maintaining the given volume ratio of the solid in suspension. 

Increasing the share of solids in mortars is of considerable practical 
significance for increasing the strength of hardened suspensions. The principle 
of suitable granulometry [12] for preparing materials of high strength is 
applicable for suspensions of gypsum hemihydrate, protland cement, etc. 
The findings can also be utilized in the conveying of slurries or sludges where 
a minimum water content and maximum fluidity of the suspension are 
required. 

APPENDIX 1 

Equations (1) and (2) were derived on the assumption that in a supension 
of sherical particles the fines behave to the coarse particles as a liquid does. 
Viscosity of fine particles in a liquid can be defined as follows: 

'!Jr = !l!._ = H( <l>1) 
'/}o 

where '!Jo - is viscosity of the liquid 
'!Jr - is relative viscosity 

H( <l>1) - is the densi:fication factor. 
The suspension is thickned (densified) when coarse particles are added to 

a suspension of fine particles. The factor of densification due to the coarse 
particles is defined 

H(<l>1t) = '/}h 
'!Ji 

where 'IJ h is vis cosi ty of suspension corriposed of coarse particles 
'IJ1 is viscosity of suspension composed of fine particles. 
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The densification factor is in fact the contribution of relative viscosity of 
the particle size fraction added to the suspension. Relative viscosity of 
a mixture of fine and coarse particles in suspension in a liquid can be defined 
by the expression 

'Y/r = H(<l>1i) .  H(<l>1) 
Generally, a system composecl of particles having n sizes is defined 

" 

'f/r = TI H(<J>i) 
i=l 

where the particle size increases with increasing i1�dex from 1 to n. 
Volume concentration -of fine particles in suspensions <J>1 is defined 

<1>1= V1
Vo+ V1 

where V 1 is the vol ume of fine particles 
Vo is the volume of the liquid. 

Volume concentration of coarse particles in a suspension of coarse and fine 
particles in a liquid is 

<l>1i = v ft 

V1i + V1 + Vo 
Generally, the following equation holds for a system of particles having n 
sizes: 

where <Pi is the concentration of n-th size particles 
<l>c is total concentration. 

From equations (6) it follows that 
n 

(1 - <l>c) = U (1 - <l>i) 
i= 1 

( 6) 

(7) 

Equation (7) and conditions (4) and (5) allow to compute the composition 
of a multimodal system which has a minimum viscosity at given total 
concentration <l>c . In that case, equation (7) is solved for the given n at 
the given total concentration. 

Equation (7) was solved for n = 2 to 6 and for various <l>c using the 
method of gradual approximations. The volumes of optimalized composition 
were then computed according to equation (6). The relative suspension 
viscosity was computed according to relation (1). The relative viscosities 
of the individual particle size fractions, which are equal to densification 
factors H ( <J>i), were read off the experimental dependence of relative 
viscosity on concentration (Fig. 2). Reading of relative viscosities from 
the dependence of 'Y/r on concentration with a monodispersion system for 
various sizes of spherical particles is possible because the relation between 'f/r 
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and concentration is independent of the size of spherical particles [4, 5, 
13-16].

The above relationships also allow to compute relative viscosities of
suspensions at given particle size compositions. Known volumes Vt and Vo 

at known <I>c permit the respective <l>t to be calculated easily, and by de­
termining relative viscosity for the computed <l>t from relationship between 'Y/r 

and concentration, to compute the relative viscosity of the suspension. This 
method was used in computing isocomes for a bimodal and a trimodal system 
at various total suspension concentrations. 

APPENDIX 2 

A number of equations have been suggested for the relation between 
relative viscosity 'Y/r and volume concentration <I>. The following equations 
were employed in the present study: 

'Y}r = 1 + 2 . 5 . <I> 
'Y/r = (1 - <I>)-2. 5 

'Y}r = (1 - <I>)-3 

Einstein [6] 
Brinkman [7] 
Farris [5] 

'Y/r = 1/(1 _ <I>) (2. 5 + 1. 92. ,r, + 7. 739. (Jl') 

rJr = 1/(1 _ <f>)(2 . 5 + 3. 25. ,[> + 12. 253 . (Jl') 
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VLIV ROZDĚLENÍ VELIKOSTI čASTIC NA ZDANLIVOU 
VISKOZITU DISPE RZNÍH O SYSTÉMU 

František Škvára, Miroslava Vančmová 

Společná laboratoř vro chemii a technologii sililcátť1, ČSA V a VSCHT, Praha 

Teoretické předpoklady o účinku rozdělení velikostí částic na zdánlivou viskozitu 
systému byly _experimentálně prokázány měfoním viskozity suspenzí dentakrylových 
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kuliček v glyceririalkoholu a mletého sádrovce ve vodě. Měfoní byla prováděna pí-i 
různém poměru dvou nebo tí-í monodisperzních frakcí a při různé celkové koncentraci. 
Viskozita v bimodálnín.1 systému vykazuje v závislosti na poměru obou frakcí ostré 
minimum při stejné celkové koncentraci. Se vzrůstající koncentrací je tento efekt 
výraznější. Snížení viskozity je ještě znatelnější u systému složeného ze tří frakcí. 
Průběh viskozit v závislosti na složení a poloha minima viskozity zjištěné experimentálně 
byly v dobré shodě s vypočtenými hodnotami. Teoreticky bylo prokázáno, že smíšení 
většího počtu frakcí než tl'.-i nepl'.-ináší další podstatné snížení viskozity.· Získaných 
poznatků je možno prakticky využít pro zlepšení zpracovatelnosti suspenzí maltovin 
i jiných suspenzí. 

Obr. 1. Závislost rychlostního gradientu a napětí suspenzí dentakrylových kuliček v glycerin­
alkoholu při rťtzných objemových koncentracích. 

Obr. 2. Závislost relativní viskozity na objemové koncentraci pro suspenzi dentakrylových 
kuliček v glycerinalkoholu; • -experimentální hodnoty, křivka 1 -Einstein, 
2 - Brinkman, 3 -lJ'arris, 4 -Lee 1, 5 -Lee 2. 

Obr. 3. Závislost relativní viskozity na složení pevné látky v bimodálním SlJStému; A -hrnbá 
frakce, O -jemná frakce, • -experimentální hodnoty (dentakrylové kuličky v gly­
cerinalkoholit, - teoreticky vypočtené hodnoty. 

Obr. 4. Závislost relativní viskozity na složení pevné látky v trimodálním systému při 
celkové objemové koncentraci 0,5; A -hrubá frakce, B -střední frakce, O -jemná 
frakce, * -minimum viskozity, o - oblast experimentálně nalezené minimální 
viskozity. 

Obr. 5. Závislost relativní viskozity na složení pevné látky v trimodálním systému při celkové 
objemové koncentraci 0,66; A -hrubá frakce, B -střední frakce, O -jemná frakce, 
* - minimitm viskozity.

Obr. 6. Závislost minimální relativní viskozity v optimalizovaných systémech na počtu 
frakcí pevné látky (n); x -experimentální hodnoty viskozit suspenzí denta­
krylových kuliček v glycerinalkoholu, • - teoreticky vypočtené hodnoty. 

BJI HHHHE PACITPE,I(EJIEIHIH qACTI!I� ITO PA3MEPY 
HA „RAtH:YllfYIOCH" BH3R OCTb ,I(HCITEPCHOil CHCTEMbI 

c:DpaHTHllleR lliHaapa, M11pocJJaaa BaHqypoaa 

O6u1a.<i J1,a6opamopw1, xu .. ,,iuu u mexHoJ1,oeuu CUJ1,U1,a11ioa qCAH u XTH, llpaea 

Tcopen1•JeCRHe IlJ)Cj.\IIOJIO)l{eHHfl O Bm1HnHll pacnpej.\eJJCHHfl qaCTlll\ no paaMepy na Ha­
myll\yIOCfl Bfl3HOCTb CHCT0Mbl 6UJJl1 j.\Oirnaanu na ocnonanllll H3Mepemrn Bfl3HOCTb cyerreHCHH 
ii;eHTaHpHJIOBLIX wapm<OB D rJJHl\epnnamwroJJe JI ll3M0Jlb'Jennoro H3B0CTH.f1Ra D BOj.\e. 
Jtla�rnpemrn npOBOj.\11Jll1 rrpn pa3HOM COOTHOlll0HHl1 /.\BYX HJJJ.I Tpex MOHOj.\lICilepcHLIX cppaHl\Hli 
11 rrpH pa3HOň: o6JI(Cl1 HOHl \0HTpal\HH. B aaBHCHMOCTH 01' COOTHOlll0HHfl o6eHx cppamv1ň: 
H rrpu OJ�HHaIWBOH 06ll\eÍ1 HOHl\0IITpal\HH Bfl31WCTb D 6l1MOj.\aJJL HOH CI-ICTeMe j.\aCT pea­
HIIH MIIHHMYM, KOT0pb111 D 3aBIICHMOCTll OT HapacTaIOll\eÍÍ: IWHl\0H1'pal\HI-I CTflHOBllTCfl 
6oJJee BLipa3HTCJJLHLIM. B CJJyqae CHCTCMLI, COCTO/Ul\e:ií: 113 Tpex qipaHl\HH OKaIBeTCfl IlOHH­
memre Bfl3IWCTH 011\C 6oJJee BLipa3HT0JlLHblM. Xo}I B/13IWCTH D 3:-lilHCl1MOC.TH OT COCTaBa H MII­
HI1MYM Bfl3HOCTH, ycTaHOBJJeHHLie :mcnepnMeHTaJJL HLIM nyTCM, llUXOilflTťH B xopomeM 
corJJaCHH C pacc•mTaHHLIMH BeJJnq1,maMlf. TeopeTI1'JeCHH 61,JJIO ;�Ol(fJ:l[lHO, 'lTO CM0UJl!BílHHC 
ÓOJJLIIIero HOJJ ll'JeCTBa cJipaHI\HH, <JeM Tp11, ne BLI3LIBaeT }\aJJ bIIettlllee C yll\eCTil0lll!OC 110HH­
IBeHHe B/13HOCTH. IloJ1y•JeHHLie peayJJbTaTbl MOIBHO npar<n11iec1n1 HCilOJJL 30BaTL j.\Jl/1 yJ1y•1rue­
HJlfl TIOJ�ťOTOBJJeHHfl pUCTBOpOB H JWY!'HX cycneHCHH. 

Puc. 1. Baaucu,,iocmb apaíJuewna c1wpocmu u Hanp.<w1ceHu.<i cycneHcuii íJeH1nanpUJ1,06blX 
UUlJJUli0/J 6 8JH/.lfťJJUHllJ1,IW80J1,e npu paabiX /Wntfe wnpa lfll.<iX no 06'be.A1,y. 

Puc, 2, 3aaucu,,wcmb 011m.ocu11ieJ1,bHOii a,na,,ocmu om. 1,:oHlfeHmpalfUU no o6'be.My OJIJ/, cycneHcuii 
íJeH11t{l1ipUJ1,06blX 'llta}JUJW/J 6 8Jl,UlfepUH{lJl,J.080J1,e; • - BliCnept1.At,enmllJ1,bHbte 6eJ1,U'tUHb1-, 
1,puaa,<1, 1 - 8ií.mameiiH, 2 - Bpiut1..iian, 3 - </Jappuc, 4 - Jlu 1, 5 - Jlu 2. 
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Puc. 3. 3aeucu11wcmb om1-tocume.t1,b1-to1'í, e1ia1.ocmu om cocmaea meepaoeo aeufecniea a 6u11ioé 
1-tou cucmeMe; A - 1.pyn1-ta1i gi pai.l.(,u1i, C - .Me.t1,i.an gipai.l.(,un, • - ai.cnepu,1ie1-tm 
1-tbte ae.t1,u11,u1-tbt (ael-/.lna1.pu.t1,01J.bt e iuapui.u a e.t1,UlfepuHa.t1,i.oeo.t1,e), - meopemu" 
pacc11,umaH1-tbte ae.t1,u11,u1-tbt. 

Puc. 4. • 3aeucu11wcmb om1-tocume.t1,bHOll "ae.t1,U1tuHbt 1JRiJ1wcmu om cocmaaa maepaoeo aeu+e, 
a mpu,1waa.t1,b1-toz'í, cucme.o1ie npu o6ufea r.OHl.feHmpatfuu no 067,e.o1iy 0,5; A - i.py, 
gjpai.l.(,un, B - cpeaHn1t gipai.l.(,un, C - .o1tMr.an gjpai.zfun, = - .o1iunu,1iy.o1i a1ia1.o, 
o - 06.t1,aCmb ancnepu.o1te1-tma.t1,b rtbt.o\tU nyme.o1t Hlll/,aenHOll ,ltllHU.o\tll.!l,bHOl/, /JR81iOC/llU

Puc. 5. 3aeucu11tocmb om1-tocu,ne.t1,bHoz'í, BliiJnocmu om cocmaea meepaoeo eeilfecmea a mp 
aa.t1,b1-tou cucme,1te npu o6Ufez'í, J.OHl.feHmpatfuu no 067,e.o1iy 0,66; A - npymtan gjpa,r 
B - cpeaHnn gjpai.l.(,un, C - ,1ie.t1,1.an gjpai.l.(,uft, * - ,1tzmu,1ty,1i 1JRa1wc11u1. 

Pllc. 6. 3aeucu11toCl/lb MU1-/.U.o\ta.!l,bl-/.Ol/, Oll!HOCUl/le.!l,bl-/.011, B.'t8HOCmu /J onmu,1ta.t1,UiJOBllHHbiX CU 
.o1iax om i.o.t1,u11,ecmea gjpai.tfuu meepaoeo eeufecmaa (n); • - ancnepu11ien11ia.t1,; 
ae.t1,u11,mtbt llRiJnocmu cycne1-tczu'í, aeHma1.pu11,01JbtX uwpu,wa a Z.t1,UtfepuHa.t1,i.oeo.t1,e, 
meopemu11,eci.u pacc•iumaHHbte 1Je.t1,it•titHb1,, 

Adťesa a,utora: Společná laboratof pro chemii a technologii silikátú ČSAV a VŠC 
Suchbátarova 1905, Praha 6 
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