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Substitution of equations for evaluation of energy
consumption in rotor-stator mixers
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Abstract. In the presented publication, an attempt to develop the theory of mixing by considering rotor-stator mixers from the stand-
point of mechanical mixing devices was made.

The results of the research on energy consumption are given in the form of analytically substituted expressions for determining power
and pressure difference as well as a flow rate in a stage of rotor-stator mixer composed of a pair of the perforated rotor and stator
elements with a gap between them, depending on the features of the design, dynamic characteristics of the rotor and flows. The inter-
relationships between power, pressure difference, and flow rate in the stages of rotor-stator mixers are established. This makes it
possible to define the characteristics of mixers, carry out their calculations and reasonably accept the rational design and processing
parameters. The peculiarities of the components in obtained equations are indicated. Partial cases of the equations for power con-
sumption in stages of rotor-stator-mixers operated in pulse and impulse modes are considered. The invariant form of obtained equa-
tions would help to ease the scaling of rotor-stator mixers.

Keywords: rotor-stator mixer, power, pressure, flow rate.

Introduction

Rotor-stator mixers (RSM), effective equipment for
fluent media processing, are widely used in industry, con-
stantly gaining new implementations in the latest technol-
ogies and modernization of existing production facilities.
This leads to steady scientific and practical interest in the
improvement of the design and development of the theory
of these devices, as well as the processes carried out with
their use [1-5].

Evaluation of energy consumption is an important
part of RSM calculations. One of the most useful solu-
tions for this is to divide the energy supplied by the rotor
to the processed media into rotational and pumping com-
ponents and also an additional component related to the
specificity of mixing apparatus design and operation (e.g.
energy losses in the end gap between the rotor and the
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body, energy losses at the entrance and exit, in bearings,
etc.) [1, 2, 5]. This approach has become increasingly
widespread and has recently been successfully applied to
various designs of rotor-stator devices [6, 7].

A fairly known example of the implementation of
the mentioned approach is demonstrated with equation (1)
proposed in [8], according to which for the RSM stage,
composed of a pair of perforated rotor and stator elements
with a gap between them, the power consumption can be
found as:

N = CRe | 51%% * E % 515, %x
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where C, B, o), O.,, 04, 0, are empirical coefficients

in equation (1); Re is Reynolds number
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Fig. 1. RSM assembly: a) — longitudinal section; b) — cross-section of the RSM stage

p and p are density and dynamic viscosity of processed

medium; n and w are rotation speed and peripheral ve-
locity of the rotor; D is mean diameter of the gap between
the rotor (diameter D;) and stator (diameter D,);
a, and a, are width of slots in rotor and stator; z, and z,
are number of slots in rotor and stator; 6 is width of the
gap between rotor and stator; s, and s, are wall thickness
of rotor and stator; 4 is effective height of slots; S is cy-
lindrical surface with a height 4; Q is volumetric flow
rate. (A schematic representation of the in-line variant of
RSM with the designation of sizes used in the description
is shown in Fig. 1).

In equation (1) the power consumption on hydrody-
namic friction in the end gap between the rotor and the
body of the apparatus, as well as consumptions, not directly
related to the RSM stage are not taken into account.

Substitution of equations

Now let us express the solution for equations of fluid
motion in functional form according to the theory of mix-
ing in application to mechanical devices [9, 10], using gen-
eralized variables:

Eu = f(Re, Ho, Fr), )

where Eu, Re, Ho, Fr are Euler, Reynolds, homochro-
nism, and Froude numbers.

Energy consumption in the RSM stage is determined
by properties of the processed medium, dynamics of the
rotor, design features of rotor and stator, and their layout.

Since the rotor is the only moving element in the
RSM stage, it is possible to take its velocity as a character-
istic parameter that influences the dynamics of fluid mo-
tion. Having determined the diameter of rotor (D) which

faces the gap between rotor and stator as a characteristic
size, we can replace this velocity with a proportional value

w~Dn. 3)

Significant rotor velocities, relative smallness of
spaces in the RSM stage, and flow redistribution in the
stage lead to a considerable decrease in the influence of
gravity force on the motion of processed media, which
makes it possible to exclude the Froude number from the
equation (2).

Let us suppose that in the RSM stage the power trans-
mitted to processed media (N) is equal to the sum of the

rotational (Ng ) and the pumping (N,) components:
N=Nqg+Ng. )
We may say that the rotational component of the
transmitted power is:
NQ =F w,
where F' is the force used to provide the given rotor ve-
locity.

According to [9], the pressure difference can be re-
placed by a proportional value:
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where § is the surface on which the force F' is distributed
(for cylindrical surfaces S ~ Dh).

Considering (3) and (5), let us express the Euler
number as follows:

N
Eug =—2—, (6)
° pn3D4h
whence
Ng =Eugpn’D*h . (7)

To determine the pumping component of the transmit-
ted power, according to the theory of centrifugal pumps [11],
we will write the pressure difference as follows:

N

ApQ Z?Q.

Thus, as in the case of equation (6), the Euler number can
be expressed as

E . ®)
Uy, =——7"-—,
0 pnz D? 0
whence
Ny =Eu, pn°D?*Q. ©9)
By substituting (7) and (9) into (4) it can be found
that
Eu,
N =Eu, 1+—Qi2 pn’D*h . (10)
EUQ nD h
EuQ o
If we denote that Eug =A and =B, itis pos-
Uo
sible to transform (10) to:
N=A[1+¥)pn3D4h. (1)
nD"h
Equation (11) includes a dimensionless complex:
A(1+ Bg jEKN, (12)
nD”h

which is equivalent to the power number.
Then from (11), it is possible to write power consumption as

(13)

The equations (10)—(12) have been obtained by their reduc-
tion to Eug, . Analogous equations can be written by reduc-

N=Kypn’D*h.

ing them to Eug, .

Using (3) and taking D as a characteristic size, it is
possible to write the Reynolds number as

2
e:ﬂ.
u

R (14)

The peculiarity of using the homochronism number
in the proposed solution is the following. Although the
RSM stage operates in stationary mode (except for the start
and stop periods), the processed media is subjected to sys-
tematically changing influences due to alternating passage
of solid and flowing parts while the rotor with its rotational
speed is passing solid and flowing parts of the stator. Let
us take this into account by determining the time scale as

4514z

nD> (15

With (15), the homochronism number can be pre-
sented as

_4n%%

Ho D2

=Ip. (16)
Obviously, (16) does not include any of the dynamic pa-
rameters. Thus, the homochronism number turns into a

complex geometric similarity (I'y), which characterizes

the effect of variable flowing of the RSM stage during the
steady motion of the rotor on processed media.

When deriving equations (11), (14), and (16) we did
not take into account the distance between rotor and stator
(gap width &) and thickness of their walls (generally de-
noted as s). We need to consider these parameters by in-
troducing simplexes of geometric similarity

Is _ 3 and Fs:i.
D D

Using equations (12), (14), (16) and simplexes I's
and Iy the derivation of equation (2) in final form can be

written as

Ky =CRe* TT T, (17)

where C, o, 0,, 03, 0, are empirical coefficients
in (17).

Obtained equation (11), as well as (13) or (17),
makes it possible to determine the power consumed in the
RSM stage.

In some cases, it can be useful to determine pressure
difference (Ap) for flow passing through the RSM stage.

For this, taking into account (8), Ky can be written as

ApQ
Ky=A+ ) (18)
N pn3D4h
whence
34 34
n"D*h n"D*h
Ap=(Ky~A)P o =Ky 5
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where K,, =(Ky—A).

Equation (19) in an analytical form shows the pres-
sure-flow characteristic of the RSM stage.

If there is a need to estimate the flow rate in the RSM
stage, the values necessary for this can be obtained from
(18) or from (12).

Certainly, the use of the obtained equations for ap-
plied calculations requires the experimental determina-
tion of empirical coefficients.

Results and discussion

1. Peculiarities of the obtained equations parts.

Ky number. Considering the similarity of operation

of RSM to centrifugal pumps, it can be accepted O ~ nD>
[11], then from (12)

Ky = A(1+B§j . (20)
At the same time, the dynamic parameters of the rotor (7)
and flow (Q) are excluded from the expression Ky, which

makes the equation simpler, but also less informative.
If h=D, then the equation for K turns to

Ky :A(1+B—Q3j,
nD
from (12), or to
Ky =A(1+B), (21)

from (20).

Since the right part of the equation (21) includes
only constants, the equation for power consumption could
be turned into a form, as it is usually presented for mechan-
ical mixing devices ([9, 10], and others):

N=Kyprn’D’.

Actually, in general, RSM # differs from D and ex-
clusion of /# must be taken into account, for example, by
entering into the right side of (17) the simplex

as an additional power multiplier. However, such an ap-
proach complicates the equation and requires more data to
obtain empirical coefficients. At the same time, it is worth
noting that the specifics of the design and dynamics of
flows in RSM allow us to assume a more or less uniform
distribution of flows along the effective height within the
limits of media motion in local regions of the RSM stage.
Thus, it would be preferable to use /4 as a part of the equa-
tions for Ky .

K,, number can be found as shown above or may

p
be directly expressed as a function of the same parameters

as Ky number. When K, evaluated in both ways its val-

ues will coincide with the accuracy of the accepted as-
sumptions and approximations.

Re number retains its expression and essence of
modified Reynolds number in the theory of mixing in ap-
plication to mechanical mixing devices [9, 10].

Complex I'. For the case of rotor and stator per-

foration with slots (as in Fig. 1), it is possible to write
Ip =kyky 5
where k;; and k,; are linear perforation coefticients of ro-
tor and stator:
_a5

k,=—— and k,, =
1 I 21 3

a2y

>

where [, =nD, and [/, =nD, are rotor and stator circum-

ferences.
I'y generalized for different types of perforation of

rotor and stator can be presented as follows
Iy =kshys,

where k¢ and k,g are surface perforation coefficients of

rotor and stator.
Simplex I'; takes into account the impact of the gap

on the hydrodynamics of the RSM stage, which is appeared

as a redistribution of flows, changes in their velocities and

pressures, and energy dissipation in processed media.
Simplex I is introduced in a general form: it can be

written separately for rotor and stator, or only for the rotor.
From (1), I’y could be presented as

_Sits

I 5

which can be especially useful for describing RSM with
only one stage.
In some cases I' can be excluded from the equa-

tion. Thus, for the RSM which operates in pulse mode, it is
recommended to enter this simplex [1], while for the RSM
which operates in impulse mode the influence of I'; is not

considered significant [2]. In general, it can not, probably,
be taken into account in the case of small thicknesses of the
rotor and stator walls, significant pumping of liquid
through the RSM stage, and in individual cases of perfora-
tion distribution also as other specifics of the rotor and sta-
tor design. However, this issue requires further research.

I1. Some partial cases of the resulting equations for
power consumption.

From (11)
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A= N (22)

(1 + BQJ pn*D*h

nD*h
It is possible to present A as a function of dimensionless
parameters, similarly to (17), as follows

A =CRe* T%THT% (23)

where C, o, o,, 05, O, are empirical coefficients

for equation (23).
Then from (22) and (23)

N=CRe" TRTeTY (1 +¥] p’D*h.  (24)
nD"h
The resulting equation (24) is similar to (1).
Use of D or D as characteristic sizes in equations
(1) or (24) does not change its expressions in essence, so
any of them can be taken as the appropriate justification.
For RSM operating in impulse mode [2], if we ne-
glect the power component N, and the influence of the

wall thicknesses of the rotor and stator, from (24) it is pos-
sible to obtain
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where C, o, O, , 05 are empirical coefficients for equa-
tion (25).

Equation (25) is similar to that proposed in [12],
which was obtained for the case of the same number of iden-
tical slots in the rotor and stator. In this case I' , will be

az
FD =B,

where a and z are numbers of slots in the rotor or stator.

Conclusions

The resulting dependencies complement the theory
of mixing, making it possible to consider RSM from the
standpoint of mechanical mixing devices. Their use allows
you to determine the main hydrodynamic parameters, com-
pare characteristics and carry out scaling of devices with
an arbitrary number, shape, and location of perforation in
rotor and stator. This opens up additional opportunities for
theoretical and experimental research aimed at improving
the design and increasing the efficiency of the RSM.

[1]  M.A. Balabudkin, Rotorno-pul'sacionnye apparaty v himiko-farmacevticheskoj promyshlennosti, Moscow: Medicina, 1983.
[2]  M.A. Promtov, A.Yu. Stepanov and A.V. Aleshin, Metody rascheta harakteristik rotornogo impul'snogo apparata, Tambov:

FGBOU VPO “TGTU”, 2015.

[3] V.A. Atiemo-Obeng and R. Calabrese, “Rotor-stator mixing devices,” in Handbook of Industrial Mixing, E.L. Paul, V.A.
Atiemo-Obeng and S.M. Kresta, Eds., Hoboken, NJ, USA: Wiley, 2004. ch. 8, pp. 479-505.

[4] V. Vashisth, K.D.P. Nigam and V. Kumar “Design and development of high shear mixers: Fundamentals, applications and
recent progress,” Chem. Eng. Sci., vol. 232, article 116296, Mar. 2021, doi: 10.1016/j.ces.2020.116296

[5] J. Zhang, S. Xu and W. Li “High shear mixers: A review of typical applications and studies on power draw, slot pattern, energy

dissipation and transfer properties,” Chem. Eng. and Process.: Process Intensification, vol. 57-58, pp. 2541, Jul.-Aug. 2012,

doi: 10.1016/j.cep.2012.04.004.

[6] T.P.John,J.S. Panesar, A. Kowalski, T.L. Rodgers and C.P. Fonte “Linking power and flow in rotor-stator mixers”, Chem. Eng.
Sci., Vol. 207, pp. 504-515, Nov. 2019, doi: 10.1016/j.ces.2019.06.039.

[7]  B.A. Minnick, J.W. Kim, D.I. Ko, R.V. Calabrese “Flow and power characteristics of an axial discharge rotor-stator mixer”,
Chem. Eng. Res. and Design, Vol. 136, pp. 477-490, Aug. 2018, doi: 10.1016/j.cherd.2018.05.015.

[8] M.A. Balabudkin, “Calculation of power consumption in rotary-pulsation apparatuses,” Khimiko-Farmatsevticheskii Zurnal,

No. 3, pp. 124-128, 1977.

[91  A.G. Kasatkin, Osnovnye processy i apparaty himicheskoj tekhnologii, Moscow: Himiya, 1973.

[10] Z. Shterbachek and P. Tausk, Peremeshivanie v himicheskoj promyshlennosti, Leningrad: Gosudarstvennoe nauchno-tekhnich-

eskoe izdatel'stvo himicheskoj literatury (In Russian), 1963.

[11] V.A. Zimnickij, A.V. Kaplun, A.N. Papir and V.A. Umov Lopastnye nasosy: spravochnik, Leningrad: Mashinostroenie, 1986.

[12] M.A. Promtov “Analysis of basic parameters of radial types of pulsed rotary equipment,” Chem. and Petroleum Eng., No. 9,

pp. 13-15, 2009.



Mech. Adv. Technol. Vol. 6, No. 2, 2022 129

OOrpyHTYBaHHS PIBHSIHB /ISl OLiHKM BUTPAT €HePril y pOTOPHO-IYJIbCalliiHUX
amaparax

0.0. Cemincbkuii

Anomauia. YV npeocmasneniti nyonikayii 3p001eHo cnpo6y po3euHymu meopiio nepemiuly8anHs po3eisHy8ul pOmMopHO-NYIbCayitii
anapamu 3 nO3uYiti anapamis 3 MeXaHiuHUMU nepemiuly8aIbHUMU NPUCPOAMU.

Hageoeni pezynomamu 00Cniodcents: umpam enepeii, 6Upaiceti y aHarimuyHo 00IPYHMOBAHUX 6UpaA3ax OJisl GUSHAYEHHS HOMYICHO-
cmi 1 3MIHU MUCKY, a Makodc 00 ’emHoi eumpamu y cmyneni anapama (nio K010 po3ymMiemvcsi napa 3 nepgoposanux eiemenmis
pomopa i cmamopa, wjo Ymeopioms Mixe coboro padianbHull 3a30p), 8 3a1eiCHOCHi 80 0COOIUBOCMEN KOMNOHY8AHHS KOHCIMPYKYIL,
OUHAMIYHUX XAPAKMEPUCMUK POMOPA | NOMOKIE 8 anapami. Bcmanoeneno 63aemo36 si3Ku Midic NOMYACHICIIO, 3MIHOIO MUCKY ) CIY-
newi i gumpamoro mexKyuo2o cepedosuiyd, Wo 0036014€ OYOY8amu XapaKkmepucmuky CmyneHie, npogooumu ix po3paxyHku, 06IpyHmo-
8AHO NPUUMAMU PAYIOHANLHI NApAMempY KOHCMPYKYIU i pedcuMHi napamempu ix pobomu. 3a3HaueHo ocodau80Cmi cKiadosux y eu-
pazax. Pozenanymo yacmunni unaoku 00epicanux upasie Oiisl BUSHAYEHHs NOMYIHCHOCI Ol anapamis, AKi npayooms 6 nyisea-
yitiHoMy ma iMnyabCcHoOMY pedcumax. Ineapianmua opma 00epocanux 8upasie nore2ulye Macumady8ants pomopHo-nyabCayiiHux
anapamis.

Kniouogi cnosa: pomopno-nynvcayitinuti anapam, nomysiCHiCmb, MUcK, umpama.
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