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There is known equipment for mixing of heterogeneous food mixtures analyzed in this article. Some
part of this equipment provides qualitative mixing at macro-level (mixing of large portions of processed
material), for example, paddle, propeller, turbine, anchor, screw, gravitation and drum mixers. Another part
of mixing machines on the contrary, allows to achieve of effective micro-level mixing (mutual movements of
adjacent particles of material) — vibratory and centrifugal mixers. In some cases there is important to provide
well mixing both at macro- and at micro-level, when it is accompanied by thermal, diffusion or chemical
processes and from its efficiency depend energy expenses and qualitative characteristics of product. Therefore,
a task of elaboration of schemes of improved apparatuses for effective macro- and micro-mixing of dry and
liquid multi-component food materials is resolved in the article. Authors are proposing to create these
apparatuses at the base of well known equipment — gravitation and screw mixers by way of their additional
equipping with serial electromagnetic vibro-exciters of ultrasonic oscillations. As a result, a main drive of a
base mixer will provide working process at macro-level and an additional drive — micro-level movements of
material particles. The proposed apparatuses have a simple and reliable construction, don’t consist of original
parts and at the same time, provide necessary efficiency of working process. Equations of movements of
processed components particles in course of their different loading stages, with examination of physical-
mechanical properties of the components are also presented in the article. These equations can be used as a
base for further creation of methods of design calculation of proposed apparatuses.

Key words: heterogeneous food mixtures, mixing at macro- and micro-level, electromagnetic vibration
exciter, ultrasonic oscillations.
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1. Problem formulation

Mixing processes of heterogeneous dispersed systems are wide spread in food and processing
industries. A lot of attention is paid for rationalization of these processes in order to raise their productivity, to
reduce energy consumption, to increase the degree of uniformity of the final mixture. There is a large number
of known equipment, that provides effective mixing at the macro-level (movement of large and medium
volumes of processed material): paddle, propeller, turbine, frame, anchor, screw, gravitation and drum mixers.
At the same time, vibratory and centrifugal mixers realize effective working process mainly at the micro-level
(mutual movements of adjacent particles of the mixture of some volumes portion). Therefore, the actual task
is to increase efficiency of an equipment for mixing of heterogeneous dry and liquid food mixtures both at the
macro- and micro-level.

2. Analysis of last researches and publications

Most wide spread and universal equipment for macro-level mixing is presented at the fig. 1 [1, 2]. The
paddle mixers (fig. 1, a) have simple and reliable construction, but do not provide sufficient mobility of
processed components particles in an axial direction.

The propeller mixers (fig. 1, b) can create not only radial, but also an axial movement of processed
components particles in the apparatus corpse. Their shortcomings are: complex and non technological form of
executive element and insufficient mixing of particles at micro-level. The same shortcomings have turbine
mixers (fig 1, ¢).
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The anchor mixer (fig. 2, a) [2, 3] provides relatively low productivity of working process and intended
mainly for preparation of liquid mixtures in course of their simultaneous heating.

dﬂr A-A

b)
Fig. 1. The executive elements of paddle (a), propeller (b) and turbine (c) mixers
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Fig. 2. Schemes of anchor (a), screw (b) and cage (c) mixers:
1, 3 - bandage; 2 — flat blade; 4 —figured blade

The screw mixers (fig. 2, b) [2] are one from most effective, reliable, universal types of equipment for
mixing of liquid and dry heterogeneous dispersed systems. Their shortcomings are: availability of a non
technological in manufacturing and repair executive element — a screw, which realizes macro-level working
process mainly in central axial layers of processed components.

The cage mixers (fig. 2, ¢) [2] provide higher, than two previous types of mixers productivity of
working process at macro-level, but have more complex construction.

At the fig. 3 [2] are presented construction of a modern equipment for continuous mixing of
heterogeneous dispersed systems. There is obvious, that executive elements of this equipment have enough
complex configuration, high price, besides these elements are sensitive to abrasive wear and to overloading.
General destination of this equipment is macro-level mixing of liquid heterogeneous dispersed components.

At the fig. 4 are presented constructions of gravitation mixers [2], which by our notion belong to one
from most prospective type of an equipment for continuous macro-level mixing of heterogeneous dry dispersed
systems, owing to its design simplicity, high reliability and productivity. The main advantage of this
equipment, by our notion, is absence of energy expenses for realization of working process.
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Fig. 3. Construction of modern equipment for continuous mixing of heterogeneous dispersed systems:
a — tape mixer; b — «Léodige» mixer; ¢ — two-shaft mixer; d — executive element of «Miinch Edelstahly
mixer; e — executive element of «Uni-Mix» from «Skiold»; f— mixer HPB from «Sprout-Matador»;

g — drum mixer
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Fig. 4. The schemes of the gravitation mixers: a — chute; b — bunker; ¢ — blow-distributive
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A wide spread equipment for micro-level mixing are vibration (fig 5, a) [2] and centrifugal (fig 5, b)
[2] mixers. Their general shortcomings are: low productivity and complex construction. This equipment is
intended mainly for preparation of dry heterogeneous dispersed mixtures. In an unbalanced drive of the
vibration mixer absents possibility of separate independent regulation of frequency and amplitude of apparatus
body oscillations, that limits technological possibilities of such mixers [4, 5]. Their unbalanced vibration
exciters are source of noise of increased level and of intensive wear of bearing units.

Fig. 5. The schemes of the vibration (a) and the centrifugal (b) mixers

Working process in centrifugal mixers (fig. 5, b) demands of significant energy expenses.

At the basis of above conducted analysis we are coming to conclusion, that the most prospective
prototypes for elaboration of an equipment for macro- and micro-level mixing of dry heterogeneous dispersed
systems are gravitation mixers (fig. 4, ¢) and for effective preparation of liquid mixtures — screw mixers
(fig. 2, b).

3. Aim of research

The aim of the research is to intensify the processes of mixing dry and liquid heterogeneous dispersed
systems by developing, researching and introduction of an equipment with a combined mechanical and
ultrasonic drive.

To achieve this aim, the following tasks were solved:

- taking into account the advantages and disadvantages of the known mixing equipment to offer
schemes of apparatuses with combined drives for mixing dry and wet food mixtures at the macro- and micro-
level, which allow simultaneously with mixing to carry out highly efficient heat transfer, diffusion and
chemical processes;

- get dependencies that connect main design and operating parameters of the proposed apparatuses.

4. Results of research

The proposed scheme of an apparatus of combined gravitational-vibration action for mixing of dry
food mixtures at the macro- and micro-level is presented at fig. 6. Components of mixture are fed in the
apparatus through the sockets 1 of the body 2. Then they slide over chutes 3 and get on the upper conical
diaphragm 8. In this way is provided preliminary macro-level mixing of system components. Open flow area
of the upper conical diaphragm can be regulated with help of the gate 5 with electromechanical drive. Value
of the open flow area of the diaphragm is regulated in such way, that to provide filling of the upper conical
diaphragm up to its upper cross section. There are four electromagnetic ultrasonic vibration exciters 4 installed
in two vertical longitudinal sections of the upper conical diaphragm. Advantages of this type of vibration
exciters are: relatively low price, compact dimensions, high efficiency and reliability, provision of possibility
of independent wide range change of frequency and amplitude of executive element oscillations, wide range
of power of serial industrial vibration exciters. The vibration exciters provide intensive oscillations of the
conical diaphragm and particles of mixture components on it. This promotes to periodical uniform distribution
of particles on the diaphragm surface with their mutual slippages, turnings, more tight pilling [5] and effective
mixing at micro-level. Then mixture particles go through the upper conical diaphragm openings and fall on
the surface of the oscillating cone 6, connected with the electromagnetic ultrasonic vibration exciter 11. It
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provides additional micro- and macro-level mixing of components particles. After that mixture particles go
through partition openings 7 and fall on the middle conical diaphragm 8, which has same construction and
operation principle as the upper conical diaphragm. The diaphragm 8 provides second macro- and micro-
mixing of mixture components and more even distribution of its particles over a volume. The third stage of
macro- and micro-mixing is realized on the lower conical diaphragm 13, which also equipped with the
electromagnetic ultrasonic vibration exciters. Prepared mixture is fed out through the socket 14 in the lower
part of the body 2.

Fig. 6. The proposed scheme of the apparatus of combined gravitational-vibration action for
mixing of dry food mixtures at the macro- and micro-level:
1 — loading sockets; 2 — body; 3 — inclined trays; 4, 11 — electromagnetic ultrasonic vibration
exciters; 5, 9 — adjustable gate with electromechanical drive; 6, 10 — oscillating cones; 7, 12 — partitions
with openings; 8, 13 — conical diaphragms; 14 —unloading socket

The advantages of the proposed apparatus are: simple and reliable design, high productivity, absence
of energy expenses for realization of macro-mixing, utilization in mixer design of serial details and units.

There are calculating schemes of mixture particle movement over a conical diaphragms surface under
impact of driving force F, and nearby particles, relatively of coordinates axes x and y are presented at fig. 7.

There are parameters, designated at the schemes (fig. 7):

my, d, — mass and diameter of a mixture particle with middle dimensions (in course of modeling we
are taking assumption, that particles have right spherical form [4, 5]);

Cp, up — coefficients of rigidity and dry friction of the particle in course of its movement relatively
nearby particles;

e — coefficient of dry friction of the particle over the surface of the conical diaphragm;

op — yield point of the particle [6];

B —angle of the conical diaphragm;

ho — high of the cylinder part of the diaphragm;
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Xp.n— Movement of the particle in course of a n-cycle of vibro-blowing loading of the particle, in course
of stages of movements of executive element of electromagnetic vibration exciter from an initial position in a
top position (I stage) and from the top position in the initial position;

lea, le2, lcs — length of areas of the conical diaphragm surface between of surfaces of executive elements
of electromagnetic ultrasonic vibration exciters (see fig. 7, b);

dv — diameter of the executive element of the electromagnetic ultrasonic vibration exciter.

b)
Fig. 7. The calculating schemes of mixture particle movement over the conical diaphragms surface

Differential equations of particle movement relatively axis x and y over the surfaces of the executive
elements of the electromagnetic ultrasonic vibration exciters, in course of the | stage of the n-cycle of exciter
executive element movements are:

n-1

. w-d? .
mp(g 'Smﬂ_ 5(.p.n)—i_ (yp.n +d 'COSﬁX/up +:ue)pp 4p|:h0 +Smﬂ[§xp.i +xq.pj:| +Cpxp.n +O_p = thgﬂ;
mp(Yp.n +d 'COS,B)'Fprp_,, +O_p = Fd;

n-1 n-1
I S[ZXW +xp.,1js I +d,; 1+l +d, < (pr.i +xp.,,] <lyg+l,+2-d,; o<t Si,
i=1 i=1 2-v (1)
where p, — middle density of the mixture particle;
v — circle frequency of executive element oscillations [5, 6].
Differential equations of particle movement relatively axis x and y over the surfaces of the executive
elements of the electromagnetic ultrasonic vibration exciters, in course of the Il stage of the n-cycle of exciter
executive element movements are:

) . ) 7-dp s,
- mp(xp_n +g-sin ,6’)+(yp.n +0 -cosﬂ)yppp 4{h0 +sin ,B(Z Xp.i +xp_nﬂ —CpXp, —0, =0;

B mp(yP-” +9 -COS,B)—prp.n -0, =0
n-1

n-1
I, s(pr_i +xp'"j <lg+d,; 1+, +d, S(pr.i +xp'”JS I, +1,+2-d,;
i=1 i=1

<t££.
2-v L)

Differential equations of particle movement relatively axis x and y over the conical diaphragm surface
between of the surfaces of executive elements of the electromagnetic ultrasonic vibration exciters, in course
of the | stage of the n-cycle of exciter executive element movements are:
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Differential equations of particle movement relatively axis x and y over the conical diaphragm surface
between of the surfaces of executive elements of the electromagnetic ultrasonic vibration exciters, in course
of the 11 stage of the n-cycle of exciter executive element movements are:

2

o . .. 7Z'-dID ) n-1
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i=1 2-v v (4)

There is a proposed scheme of an apparatus of combined mechanical-vibration action for preparation
of liquid food mixtures at the macro- and micro-level, presented at the fig. 8.

The components of mixture are continuously loaded through the hopper 3 and then they are caught up
with the screw mixer section 4, that is brought in rotation from the electric motor 1 through the reducer 2. The
sections 4, 7, 9 of the apparatus provide macro-level mixing of components. The electromagnetic ultrasonic
vibration exciters 6, 8 are fastened on internal body surfaces (no less than 4 vibration exciters in each body
cross-section). The exciters realize mixing working process at micro-level. Ready mixture in continuous
regime is unloaded from the apparatus through a socket in lower right part of its body.

Advantages of the proposed mixer (see fig. 8), as for the previous scheme (see fig. 6), are: simple and
reliable design, checked by practice, high productivity, possibility of creation of the mixer at the base of a well
known and distributed equipment.
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Fig. 8. The proposed scheme of the apparatus of combined mechanical-vibration action for
mixing of liquid food mixtures at the macro- and micro-level:
1 — electric motor; 2 — reducer; 3 — loading hopper; 4, 7, 9 — sections of the screw mixer; 5 — mixer
body; 6, 8 — electromagnetic ultrasonic vibration exciters

There are calculating schemes of mixture particle movement along of an internal surface of the
apparatus body under the impact of the screw mixer and nearby particles, relatively coordinates axes x and y
are presented at the fig. 9.

There are parameters, designated at the schemes (fig. 9):

mp, dp — mass and diameter of a mixture particle with middle dimensions;

Cn, ap up— coefficients of rigidity, viscous damping and dry friction of the particle in course of it
movement relatively nearby particles;

1 — coefficient of dry friction of the particle over the body internal surface;
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op — Yield point of the particle;

B — incline angle of the screw turn [7];

Fs, Fv — driving forces, which impact on the mixture particle from the screw mixer and from an
executive element of an electromagnetic ultrasonic vibration exciter;

le1, le2, Ica — length of areas of an internal surface of the mixer body between of the surfaces of the
executive elements of the electromagnetic ultrasonic vibration exciters (see fig. 9, b);

dv — diameter of the executive element of the electromagnetic ultrasonic vibration exciter.

b)
Fig. 9. The calculating schemes of the mixture particle movement along of the internal
surface of the apparatus body under impact of the screw mixer and nearby particles,
relatively coordinates axes x and y

Differential equations of particle movement relatively axis x and y between of the surfaces of executive
elements of the electromagnetic ultrasonic vibration exciters are:
—my¥, — X, —Cox, — o, — Fysin Blu, + u, )= F; cos B;
|-m, 3, —a,y, —Coyp — o, — Folu, + 11 )Jcos B = Fysin B 0< x, <ly; 5)
lg +dy <X, <lgg +lgp +dy5 I+, +2-d, <X, <l +1ep +1e3+2-d,,.

Differential equations of particle movement relatively axis x and y over the surfaces of the executive
elements of the electromagnetic ultrasonic vibration exciters, in course of the | stage of the n-cycle of exciter
executive element movements are:

1
o . : 0t ——
—myE, — @i, —Cpx, — o, —(F, — F,)sin Blu, + u,)= Fycos g; 0<t<5—

(6)
I, < X, <l +dy; g+, +d, < X <ly+l,+2-d,,

where v — circle frequency of executive element oscillations.

Differential equations of particle movement relatively axis x and y over the surfaces of the executive
elements of the electromagnetic ultrasonic vibration exciters, in course of the Il stage of the n-cycle of exciter
executive element movements are:

1 1

|._mpJ’p —apYp —Cpyp =0y _(Fs_Fv)(:“p +:”b)JCOSﬁ: Fsinfg—F; 2.y <t_V @)

I <%, <My +dy; g+ +d, <%, <y +1g, +2-d,.

5. Conclusions

1. A known equipment for mixing of heterogeneous dry and liquid food mixtures has in most cases
insufficient universality in realization of working process both at macro- and at micro-level, that is especially
important when the mixing is accompanied with thermal, diffusion or chemical processes. Besides the most
part of modern industrial mixing machines have not enough simple and reliable construction.

2. Authors of the article are proposing schemes of improved mixing apparatuses, which can be created
at the base of industrial mixers by way of their additional equipment with serial electromagnetic ultrasonic
vibration exciters and which provide effective working process at macro- and at micro-level.

3. There are differential equations of a mixture particle movements in a working chamber of the
proposed apparatuses relatively two coordinates axis and in course of different stages of oscillation cycle of
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executive elements of the vibration exciters are presented in the article. These equations can be used for
elaboration of methods of design calculation of the proposed apparatuses.
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THTEHCU®IKAIIA 3MIIITYBAHHS HEOJJHOPIJTHUX XAPYOBUX CYMIIIEM I
BILJIMBOM Y.JbTPA3BYKOBOI BIBPAIIII

Y ecmammi ananizyemocs gioome obnaonanms 0ns nepemiugy8ants HeOOHOPIOHUX XAPHUOGUX CYMILUEl.
Yacmuna ybo2o 0o1a0HanHA 3a0e3neyye AKiCHe NepeMiuy8aHHs HA MAKPO-PIGHI (3MIULYBAHHS GETUKUX NOPYili
06pobI08an020 Mamepiany), HANPUKILAO, JIONAmesi, nponeiepri, MmypoiHHi, AKIPHI, 26UHMOBI, epasimayiini i
oapabanmi smiwyeaui. Inwa yvacmuna 3miuty8arbHUX MAWUH, HAGNAKU, 0036015€ OOMOSMUCS eQeKMUEHO20
nepemiuly8anus Ha MIKpo-pieHi (83a€mHi nepemiujenHs CYCIOHIX uacmuHox mamepiany) - eiopayiuni i
8I0YeHmposi 3miutygayi. ¥V desxux aunaoxax 6axciugo 3adesneuumu 000pe nepemiuysanis K Ha MaxKpo-,
Max i Ha MiKpo-pieHi, 0COOIUBO, KOIU BOHO CYNPOBOONCYEMBCS MENIOBUMU, OUPYIIIHUMY aDO XIMIYHUMU
npoyecamu ma 6i0 1020 eQeKmMUSHOCMI 3a1eNcamy eHepeosUMpPamu i AKICHI Xapakmepucmuxu npooyKmy.
Takum wunoM, 6 cmammi GUPIWYEMbCA 3A60aHHA PO3POOKU CXeM BOOCKOHANEHUX YCMAHOBOK Ol

88



Ne4 (111) /2020 TexHika, eHepreTHka,

AIIK
E - % TPaHCHOPT

Vol. 111, No 4 /2020

ehekmueHo20 MaKkpo- i MIKpo-nepemiuty8amnHts cyxux i piokux 6azamoxoMnoHeHmHux mamepiaiis. Aemopu
NPONOHYIOMb CIMEOPIOBAMU Yi YCMAHOBKU HA 0a3i 8i00M020 0ONAOHAHHA - 2pAGiMAayiiHux ma WHEeKoBUX
3MIUY8AYI8, WIAXOM iX 000AMKOB020 OCHAWEHHS CEPIlIHUMU eNeKMPOMAZHIMHUMU 8i0p030YOdxCcysaiamu
VIbMPA38YKOBUX KOIUBAHL. B pezynemami eonoenuti npusio 6asosozo 3miuiyeaua Oyde 3abesneuysamu
PpoboUULl npoYeC HA MAKPOPIBHI, a 000AMKOBUL NPUGLO - NEPEeMIeHHsl YACMUHOK MAMePIany Ha MIKPO-DIGHI.
Ilpononosani ycmanosku mMaroms npocmy ma HaoiiHy KOHCMPYKYII, He MICMSMb OPUSTHAIbHUX Oemaell i, 8
moii Jice wac, 3abesneuyoms HeoOXioHy edhekmuericmv pobo1020 npoyecy. Y cmammi makoic npedcmasieti
DIBHAHHA PYXY YACMUHOK 00POONII08AHO20 MAMEPIANY HA PI3HUX emAanax U020 HaBAHMANCEHHS 3 8PAX)8AHHAM
Qizuxo-mexaniunux enacmusocmetl mamepiany. Lli pieHAHHA MOK*CYmMb OYMU SUKOPUCTNAHI SIK OCHO8A OJIA
nOO0ANbLULO20 CINBOPEHHS MEMOOUK NPOEKMHO20 PO3PAXYHK)Y NPONOHOBAHUX YCIMAHOBOK.

Knrouoei cnosa: HeoOHOpIOHi xapuosi cymiwii, nepemiuly8auHs HA MAKpo- mMa MIKpOPIGHI,
eNeKMpPOMAcHIMHULL 6i0OP030YOHCYEaAY, YIbMPA3EYKOBI KOIUBAHHSL.

@. 7. Puc. 9. Jlim. 8.

HUHTEHCUD®UKAIINSA CMEIINBAHUSA HEOJJHOPO/IHBIX MMUIIEBBIX CMECEM IO/
BO3JEVCTBUEM YJIbTPA3BYKOBOM BUBPAIIUM

B cmamve ananusupyemcs uzeecmmnoe 060pyoosanue 015 hepemMeuusanus HeOOHOPOOHbIX NUWEBbIX
cmecei. Yacmov dannozo obopyoosanus obecneuugaem KaueCmeeHHOe nepemeuiuéanue Ha MaxKpo-yposHe
(cmewusanue 6onbwUXx nopyuii obpabameieaemo20 Mamepuana), Hanpumep, JONACMHble, NPoneiiepHule,
mypoOunHsie, AKOPHble, BUHMOBblE, 2pPABUMAYUOHHbIe U OapabanHble cmecumenu. Jpyeas uacmo
CMeCUmenbHbIX MAWUH, HanpPoOmue, no360Jsem 00OUMbCs IPPHeKkMmueHo20 nepemeuu8anus Ha MUKPO-yposHe
(83aumHble nepemewyenus coceOHUX Yacmuy Mamepuana) - 6ubpayuoHHvle u yenmpoodedxcHvie cmecumenu. B
HEeKOMOPbIX CYUASAX 8ANHCHO 0Decneuums Xxopouiee nepemeuiusanue KaKk Ha Makpo-, max u Ha MUKpo-ypogHe,
6 0C0OeHHOCMU, K020d OHO CONPOBOACOACMCSL MENI08bIMU, OUPDYIUOHHBIMU UNU XUMUYECKUMU NPOYeccami
u om e20 ¢hpexmusHOCMU 3A8UCAM IHEP2O3AMPAMbL U KAYeCmEeHHble XapaKkmepucmuku npooykma. Taxum
obpazom, 6 cmamve pewiaemcs 3a0a4a paspaboOmKu CXem YCOBEPUIEHCHBOBAHHBIX VCMAHOBOK OJiA
aphexmuenoco Maxkpo- u MUKpo-nepemeumusanusi CyXux u HCUOKUX MHOLOKOMNOHEHMHbBIX MAmepuaos.
Asmopbl npednazarom coz0asams dmu YCMAHOBKU HA 6a3e U38eCMHO20 000PYO08AHUSA - SPABUMAYUOHHBIX U
WHEeKOBbIX cMecumenel, nymem ux OONOIHUMENbHO20 OCHAWEHUS CePUiHbIMU  INeKMPOMASHUMHBIMU
8UOPOBO30OYOUmMeENAMU YIbMPA36YKOGLIX KoNebanul. B pesynomame enasnuiii npugod 6a306020 cmecumeis
byoem obecneyusams paboyull npoyecc HA MAaxKpo-yposHe, a OONOTHUMENbHbIN NPUBOD - NepemeujeHusl
yacmuy mamepuana Ha MUKpo-yposue. Illpednacaemvie YCMAHOBKU UMEIOM NPOCMYVIO U HAOEHCHYIO
KOHCIPYKYUIO, HE COOEePA’CAm OPUSUHAIbHLIX Oemanell U 8 mo dice epems obecneuugarom HeobXo0umyo
apghexmusnocms pabouezo npoyecca. B cmamve maxowce npeocmasnenvl YpasHeHUs. OBUICEHUs HACTNULY
06pabamuleaemo20 mamepuana Ha Pa3IUYHBIX DMANAX €20 HASPYHCEHUS C YYemoM PUIUKO-MEXAHULECKUX
ceolicme mamepuana. Smu ypasHeHus Mo2ym Oblmb UCNONb308AHbI KAK OCHO8A OJiA OaNbHelue20 co30aHus
MemoOuK npoeKmHo20 paciema npeonazaemulx yCmaHo8ox.

Knroueevie cnosa: HeoOHopoOHble nuujegvle cmecu, nepemeuiueanue Ha Makpo- u MUKpo-yposHe,
INEKMPOMASHUMHBLU BUOPOBO30YOUmMeNb, YIbIMPA38YK0O8bIE KONeOAHUS.

@. 7. Puc. 9. Jlum. 8.
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