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A flow m o d e l has been proposed of a mixing vessel with a screw impeher and a draught tube. 
The v o l u m e of the mixed batch has been divided into a non- ideal ly mixed part, a so-cahed laminar 
distributor, and a stagnating vo lume. Convect ive exchange of mass takes place by recirculation 
of l iquid between the non- ideal mixer and the laminar distributor. By the Laplace transform 
of the frequency funct ions for both regions and their summat ion , the t ime dependence has been 
determined of the local change of concentrat ion in an arbitrary pos i t ion within the system. 

U s i n g results of measured pumping capacities and mixing t imes, relationships have been 
obta ined between the mode l parameters and simplexes of geometrical similarity of the mixing 
system. 

Theore t ica l predic t ion of the course of h o m o g e n a t i o n process in a mixed highly 

viscous b a t c h encounte rs the p r o b l e m of insufficient knowledge of the velocity field. 

This ques t ion has been discussed a l ready in the earlier p a p e r s ' 

An al ternat ive way to tackle this p r o b l e m in a simplified m a n n e r is the use of a sui­

table flow mode l . F r o m the s t andpo in t of this work as interest ing appea r models 

appl icable to h o m o g e n a t i o n in a mixed ba tch , i.e. a d icon t inuous a r r angemen t of the 

mixed system. 

N u m e r o u s mode l s pertain to clearly turbulent flows and low-viscos i ty h q u i d s * " ' " . Only 
the papers of O'Shima, Y u g e " and Takamatsu and S a w a d a " ' ' ' ^ have proposed mode l s de­
scribing mixing of highly v i scous l iquids. In both c a s e s " ' " t h o u g h the impellers used were 
i l l-suited for h o m o g e n a t i o n mixing. These condi t ions of mixing and the character of the flow 
in the batch were then reflected in both mode l s in that a substantial role in the h o m o g e n a t i o n 
was played by molecular d i f fus ion ' ' ~ " . In all papers m e n t i o n e d * ^ " one of the principal para­
meters of the mode l s was the pumping capacity of the impeller, or the v o l u m e flow rate through 
the impeller. 

A n attempt to solve the prob lem of h o m o g e n a t i o n in a vessel with a screw impeller and 
a draught tube has been m a d e by Chavan and c o w o r k e r s ' * . Their approach has been based 
on the theory of laminar mixing. The required degree of segregation, according to this s o l u t i o n ' * , 
is achieved by repeated (recirculatory) shearing of the mixed l iquids. The result of the so lut ion 
was , however , only a relation expressing indirect proport ional i ty between the t ime of h o m o g e n a ­
t ion and the frequency of revolut ion of the impeller. 
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ANALYSIS OF THE PROBLEM 

Rota t ion of a screw impeller in an immobi le d raugh t tube induces recirculatory 
flows of highly viscous ba tch in the mixing vessel. A relatively intensive mixing 
takes place in the region of the screw channel , par t ly also below and above the 
impeller, where the flow possesses all three velocity componen t s . L o w intensity 
mixing prevails in the annu l a r space, where the flow is essentiafly unidirect ional , 
namely in the axial direct ion with a s t rong velocity profile^. The " c o r n e r s " of the 
mixed system near the b o t t o m a n d the level are off limits of the flow and the very 
slow concent ra t ion equal iza t ion is control led by molecular diffusion' . F r o m the 
s tandpoin t of exper imental technique of detect ing the course of homoge na t i on the 
lat ter region may be regarded as an unmixed region. 

The above analysis of the condi t ions of mixing in a vessel with a screw impeller 
(Fig. l a ) provided guidelines for the division of the mixed ba tch in to three regions 
entirely different as far as their intensity of mixing is concerned (Fig. lb). These 
regions are referred to as : The non-ideal mixer (m), the laminar d is t r ibutor (d) 
and the s tagnan t region (s). 

It mus t be no ted tha t by mixing it is unders tood only axial mixing. The model 
assumes that perfect homogenei ty has been achieved in the lateral direct ion. 

Limit ing cases of axial mixing a re : The ideal mixer and the p lug flow'"'. Their 
frequency function of the residence t imes, o r the probabi l i ty density of the residence 
t ime, E(t) or E{s) (in the Laplace t ransform) are generally k n o w n ' ' ' ' * . Also for the 
case of the laminar flow in a tube the hyd rodyna mic dis t r ibut ion functions are 
a v a i l a b l e N u m e r o u s al ternat ive models have been p roposed in the litera-
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FIG. 1 

Sketch of the mixing system, A: screw impeller with a draught tube; S screw; D draught tube; 
V mixing vessel, fa: mixing regions; M non-ideal mixing; D laminar distributor; s stagnating 
region 
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^yj.gi5,16,19-27 describe a non- idea l mixer. F r o m the analysis of individual solu­
t ions it follows tha t the frequency d is t r ibut ion funct ion, which for the given systems 
m a y be t aken to be l inear s ta t ionary opera to r s of the examined regions, are most ly 
fairly compl ica ted funct ions. Their use of the solut ion of the given system with re­
circulat ion would b r ing a long considerable computa t iona l difficulties even with the 
a id of a compu te r . This fact has lead us to a n u m b e r of s implicat ions in the flow 
scheme of the mixed ba tch . 

The scheme of such a m o d e l is shown in Fig . 2. The non- idea l mixing in the region I 
is represented by a cascade of ideal mixers, where j8 is an arb i t rary n u m b e r greater 
t h a n uni ty . The frequency d is t r ibut ion funct ion of such a system ( l ) is expressed 
in the Laplace s p a c e ' ' " ' " as 

1 

(1 + sz^y 

The t ime cons tan t may be expressed in terms of the vo lume of the non- idea l 
mixer, F ^ , and the p u m p i n g capaci ty of the screw impeller, V 

{2) 
T h e frequency d is t r ibut ion funct ion of the non- idea l mixer of the given type is of the 
following f o r m ' ' - ' " 

( 3 ) 

T o express the frequency dis t r ibut ion function of the l aminar d is t r ibutor , two 
p lug flow regions connec ted in paral lel are considered. The frequency dis t r ibut ion 
funct ion of this region (II) is given as a sum of b o t h frequency functions ( summat ion 
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FIG. 2 

Scheme of the flow model of h o m o g e n a t i o n 
o f a highly viscous batch. I non-ideal mixer; 
II Laminar distributor; III stagnating region 
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1 - K,(XO 
^ 2 1 - ar 

Here T p is the mean residence t ime in the laminar d is t r ibutor 

O n in t roduc ing the pa ramete r s and fc, into Eq. (4), the expression for Ea(s) m a y be 
ar ranged to give 

E,{s) = a o k . exp + {I - exp ^^'^^^^ • (9) 

The frequency dis t r ibut ion function of the vo lume Vg need no t be searched for as the 
exchange of mass between this region and the remaining par t s of the batch is t aken 
to be zero. 

The initial condi t ion for the solut ion is given by the m a n n e r of feeding the t racer 
into the mixed sys t em ' . The inlet pa r t of the non-ideal mixer of vo lume V^JJI is 
is fed at the t ime f = 0 the a m o u n t of the sample AV of concent ra t ion C M A X - Then 
we may write 

, = 0 co(0) = ^ ^ ' A x ^ ^ ^ . (70) 

C o l l e c t i o n C z e c t i o s l o v a k C t i e m . C o m m u n . [ V o l . 47] [1982] 

of the probabi l i ty of passage) 

£ D ( S ) = ^ exp ( - stpO + ^ exp ( - sf^^) , (4) 

where fp^, fpj are m e a n residence t imes in the respective p lug flow regions. This 
division in to two subsystems agrees to some extent wi th the measurement of h o m o ­
genat ion in the mixed s y s t e m ' : a small po r t i on of the overall flow ra te passes t h rough 
the p r o b e located in the proximi ty of the m a x i m u m of the velocity (fast recircula­
t ion) . The greater por t ion of liquid flows outs ide the p robe while the t ime of recircula­
t ion is here substantiafly longer. After in t roduc ing the paramete rs and by 

. o ^ - i i . i - i i ^ ( 5 ) 
V V 
I'D 

K = ^ (6) 
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7 1 , = ^ - ' ( ' « - J) + a - 1 ) ' - (16) 
K, 1 - K,A.O J 

a n d X'(n,-i) is the b inomia l coefficient of the (m — l ) - th order . 
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The t ransient change of the out le t concen t ra t ion is given, wi th the knowledge of the 
opera tors £ , , 1 , E Q , by the convolu t ion integral of the Laplace t r a n s f o r m " ' ' ' * 

Ce(s) = E(s) C-is). (11) 

In the so lu t ion for the system with a recycle a n d two regions of inixing with the 
cor responding functions E^{s) and EQ{S), the response . C^, of the first region repre­
sents the inlet function for the second system, Cj . 

The response of the non- ideal mixer in the first recycle is given by 

Clis) = £ M ( S ) CO(0) (12) 

and in the m- th recycle by 

CZ{S) = C,{0)E^XS)E--\S). (13) 

The resuh ing concent ra t ion is given by the sum of par t ia l concen t ra t ion for the 
given region in the first up to the m-th recycle ( summing of the probabi l i ty functions) . 
After subst i tu t ing from Eqs (l) a n d (9) one may wri te , for instance, for the non- ideal 
mixer the following relat ion 

CM(S ) = c o ( 0 ) | ^ a o f c . e x p ( ^ - ^J'"' + (I - a./c.) exp ^- ^ ^ J " ' / 

/ ( I + ."M)"^^ • (14) 

The cor respond ing t ime dependence of the outlet concen t ra t ion from the non-ideal 
mixer CYI(T). was found by the inverse t r a n s f o r m ' * ' ^ ' . The resul t ing re la t ionship 
is as follows 

UT) = E i „ r p ~ ^ # T T t { K , „ . - . M - K ^ - -OKY-' T - R ) -
m=i V 'R(MP) j = l 

• e x p - ( ^ ) . H ( T „ j ) . (15) 

The t ime variable T^̂ j is given by 
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In spite of all the simphfications the n u m b e r of parameters is m u c h t oo large: 
K VD, VM, P> "DJ ^ T - F o r the investigated mixed system with a screw impeller and 
a d raugh t tube the following assumpt ions have been in t roduced: l) The recycle 
flow rate Kequa l s the p u m p i n g capaci ty of the screw impeller. 2) The volume of the 
laminar dis t r ibutor , F^, equals the vo lume of the annu la r space of the length equa l ­
ling the height of the d raugh t tube . 3) The values of and fc., depend on the velocity 
profile of the flow in the l aminar dis t r ibutor . A large change of bo th values causes 
only a m i n o r change of the overall ra te of homogena t ion . T a k e n : = 0-33, k., = 1-9 
(expresses fast recirculat ions of liquid, usually detected by the conductivi ty p r o b e ' ) . 
4) The s tagnat ing volume as a fraction of the tota l volume, VjV, depends on the 
relative size of the impeller only. 5) The degree of non- ideahty fi in the volume F ^ 
depends only on the shape of the impeller (not on its size). 

Given the geometr ical configuration of the mixed system, including the frequency 
of revolut ion of the impeller and on tak ing the volume of the ba tch , F, as the sum 
of the vo lume of the non-ideal mixer, the laminar d is t r ibutor and the s tagnat ing 
region, the volume F D and the p u m p i n g capacity V may be compu ted in advance^. 
The remaining p rob lem is to find two remaining parameters of the mode l F^ and />. 

T H E RESULTS OF CALCULATION OF TIME VARIATION OF THE CONCENTRATION 

The basis for the calculat ion of the t ransient change of the concent ra t ion at the exit 
from the non-ideal mixer were Eqs (15) and (76) and the assumpt ions 1 - 3 . 

F o r the given geometr ical configuration of the system with the screw impeller 
and a d raugh t tube and the given size of the system [D = 0-29 m) we have compu ted 

FIG. 3 

Transient deve lopment of mixing in a vessel 
of 7 ) = 0 - 2 9 m at K = 6 . 1 0 " ' ' m ' s " ' 
( / ? = 8 ) . 1 K M / K = 0 - 2 7 7 7 K J F = 0 - 3 1 8 

( ) ; 2 K M / K = 0 - 4 7 1 K . / K = 0 - 2 3 9 
( ) ; 3 K M / K = 0 - 8 7 7 K ; / F = 0 - 0 7 2 
( ) 
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T A B L E I 

M e a n mixing t imes t (s) in the creeping flow region (according to re f . ' ) at the p u m p i n g capacity 
o f the screw impeller K = 6 . 1 0 " * m ' s " ' 

Did s/d c* = 0-2 c* = 0 1 c* = 0 0 5 

1-59 0-93 47-0 69-8 86-3 
1-98 1 0 0 61-7 69-1 77-5 
2 0 0 1 0 0 5 4 0 65-9 85-9 
2-13 0-93 47-8 6 3 0 79-1 
2-16 0-93 62-6 72-4 81-4 
2-20 0-93 49-7 63-6 77-5 

2-30 0-33 26-6 33-4 47-0 
2-30 0-46 33-6 36-6 54-5 
2-30 0-60 32-6 55-9 63-9 
2-30 0-75 4 0 0 51-6 65-7 
2-30 1 0 0 34-7 47-1 61-5 
2-30 1-33 30-1 47-4 64-8 
2-30 1-50 31-5 40-3 56-2 
2-69 1 0 0 40-2 49-7 62-9 
2-73 1 0 0 48-5 71-3 8 5 1 
3-14 1 0 0 58-9 77-9 95-8 
3-19 1 0 0 47-6 61-5 77-4 
3-37 1 0 0 47-3 61-3 69-3 

C o l l e c t i o n C z e c h o s l o v a k C h e m . C o m m u n . [ V o l . 47] [1982] 

the vo lume of the l aminar d is t r ibutor (see assumpt ion 2). F o r all calculat ions we t o o k 
a cons tan t value of the recirculat ing flow ra te F = 6 x 1 0 " * m ' s " ' (in view of the 
a s u m p t i o n 1, this value should be different for var ious configurat ions, impeller 
d iameters a n d speeds of r evo lu t ion ' ) . This way we have fixed also the value of the 
t ime cons tan t (see E q . (8)). 

The shape of the curves cji^t) was considerably influenced especially by the rela­
tive size of the non- idea l mixer, F ^ / F , see Fig. 3. The courses of all dependences 
display oscil latory behav iour ; the effect of the var iable pa ramete r s shows in the 
change of the " a m p l i t u d e " , spacing of the peaks and cor responding " s i m u l a t i o n " 
mixing t imes *o,2> ^o,i, 'o.os-

F o r the geometr ical configurat ion of the mixed system used for the h o m o g e n a t i o n 
t e s t s ' we have c o m p u t e d s imulat ion mixing t imes as functions of the mode l pa r a ­
meters F j F and p. 

As the basis for the evaluat ion of the re la t ionship between the mode l pa ramete r s 
a n d the simplexes of geometr ical similari ty served the experimental ly found mixing 
t i m e s ' . These d a t a were "unif ied" by the cons tan t p u m p i n g capaci ty for all geo-
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metrical configurat ions: F = 6 x l O ' ^ ^ m ' s " ' . Thus found values of the mixing 
times are shown in Table I. 

Us ing the simphfying assumpt ions 4 and 5 and on the basis of compar i son of the 
s imulat ion and exper imenta l mixing t imes fo,2, h,\ and to ,o5, statistical me thods 
were applied t o evaluate the dependence = / ( s / c / ) and VsjV = /[Djd). These 
dependences are p lot ted in Figs 4 and 5. 

The course of the function shows tha t the value of the simplex sjd (keeping 
Djd cons tan t ) affects ht t le the degree of non-ideal i ty. At the same t ime the m e a n 
values of P r ange between 7 and 10, which indicates tha t longi tudinal mixing in the 
non-ideal mixer is far from the ideal mixing. 

T h e d iagram 5 shows tha t the fraction of the s tagnat ing vo lume strongly increases 
with the decrease of the relative size of the screw impeller in the vessel. O n the con­
t rary, the effectively mixed fraction of the ba tch markedly diminishes. A r o u n d 
Djd — 3 the fract ion of the s tagnat ing volume a m o u n t s t o a b o u t 2 5 % . The depen­
dence in Fig . 5 may be expressed by (j9 = 10-1) 

d. 

FIG. 4 

The degree of nonideal i ty ^ as a function 
o f the relative lead of the screw impeller 
sId at VJV== 0 1 2 5 (corresponds to D/rf = 
= 2-3). O c* = 0-2; • c* = O'l; @ c* = 0-05 

D/d 

FIG. 5 

Fractional vo lume of the stagnating region 
K j / K a s a function of the relative size of the 
impeller Djd at p = lOT (corresponds to 
sjd = 1 0 ) . O c* = 0-2; • c* = 0-1; ® c* = 
= 0 05. O n the ax x is m ' . 1 0 " ^ 

C o l l e c t i o n C z e c t i o s l o v a k C h e m . C o m m u n . [ V o l . 47] [1982] 
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T A B L E I I 

A compar i son of the mixing t imes c o m p u t e d from the flow model ( F M ) with the experimental 
data ( E X P ) for the screw impeller with a draught tube in the creeping flow region (taking 
K = 6 . 1 0 ~ " * m ' s " ' ) 

Configuration ?o_2' ^ ' o , i ^ ' o , 0 5 ' ^ 

Did sId F M E X P . F M E X P . F M E X P . 

2-30 0-33 23-4 26-6 36-3 33-4 48-9 47-0 
2-30 1 0 0 35-2 34-7 48-1 47-1 60-9 61-5 
1-59 0-93 45-3 47-0 61-3 69-8 65-8 86-3 
2-00 1 0 0 42-2 54-0 5 9 0 65-9 73-3 85-9 
2-69 1 0 0 35-7 40-2 42-5 49-7 59-4 62-9 
3-37 1-00 41-0 47-3 62-6 61-3 77-4 69-3 

C o l l e c t i o n Czectiosloval< C t i e m . C o m m u n . [Vo l . 47] [1982] 

At the same t ime the degree of inhomogenei ty c* practically does n o t affect the magn i ­
tude of the s tagnat ing region, n o r the degree of non-ideal i ty in the non- ideal mixer. 

DISCUSSION 

With the aid of the graphica l dependences for the pa ramete r s j3 and VjVof the flow 
mode l (Fig. 4 and 5) and after in t roduc ing the a s sumpt ion 2 we were able to calculate 
f rom Eq . (75) the mixing t imes for the selected degrees of inhomogenei ty c* = 0-2; 
0-1 and 0-05 for the geometr ical configurat ion from the earlier p u b h s h e d w o r k ' . 
These values were c o m p a r e d with the exper imenta l da ta . A compar i son of the com­
p u t e d a n d exper imenta l values of the mixing t imes related to the cons tan t p u m p i n g 
capaci ty V = 6 x 10~* m ' s " ' is furnished in Table I I . 

The exper imenta l values agree relatively wefl with those c o m p u t e d for the degree 
of inhomogene i ty c* = 0-2 and 0-1. Somewha t higher deviat ions occur for c* = 0-05 
and the configurat ion with the ra t io Djd < 2. I t may be therefore concluded that the 
p roposed inodel and the re la t ion of its pa ramete r s t o the simplex of geometr ical similar 
ity of the mixing system satisfactorily describe the concent ra t ion change at the exit 
f rom the non- idea l mixer. 

H igh values of the pa r ame te r p, and hence also the deviat ion from ideal mixing, 
indicate tha t the supphed p o w e r for the mixing is pr imari ly used for the lateral 
mixing. 
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D laminar distributor 
M non-ideal mixer 
P plug flow region 
e exit 
i inlet 
o initial value 
M A X m a x i m u m value 
1 fast recirculation 
2 s low recirculation 
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The magn i tude of tlie vo lume of the s tagnat ing region significantly increases with 

growing ra t io Djd. This increase is even higher t han the relative decrease of the 

vo lume of the screw impeller. 

The results of this s tudy m a y therefore be summar ized into the following findings: 

— the relative magn i tude of the impeller considerably affects the magni tude of the 

fraction of the fraction of the s tagnat ing region 

— longi tudinal mixing in the non- idea l mixer is low and also little affected by the 

shape of the screw impeller 

— the energy supplied for mixing is used up pr imari ly for lateral mixing. 

L I S T O F S Y M B O L S 

c* degree of inhomogene i ty 
c concentrat ion of mixed c o m p o n e n t 
C Laplace transform of concentrat ion c 
D internal diameter of vessel 
D' internal diameter of draught tube 
d impeller diameter 
E(s) Laplace transform of the frequency function 
E{t) frequency function (operator) 
H height of l iquid level in vessel 
Hit) Heavis ide unit function 

mode l parameter given by Eq. ((5) 

A',„ ,_ i ) binomial coefficient of the ( /«—l) - th order 
in number of recycles 
s lead of screw impeller 
.V Laplace variable 
r „ j t ime variable defined by Eq. {16) 
t t ime 
V vo lume 
A K added vo lume of solut ion 
V v o l u m e flow rate, pumping capacity of the screw 

mode l parameter, given by Eq. (5) 
li mode l parameter expressing the degree of non-ideality of mixing 
T mean residence t ime 

Subscripts 
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