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TEOPETUYECKOE UCCJIEJOBAHUE DHEPI'O®®EKTUBHOCTH
N3MEJIBYUTEJIA POTOPHOI'O TUITIA

(<DKykaes X.C.', Acmankun E.M.!, Ymakos [0.A.!, Aoaiokaesa A.®.!, Haymos /I.B.?
'Openbypeckuii 20cy0apcmeeHHblil a2papHulil YHUSEPCUmenmn
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(<De-mail: kxamza@mail.ru

N3y4eHbl BO3MOXXHOCTH SHEProcOepeeHus mpu paboTe U3MENBUUTENs 3€pHA 3a CYET IMOBBI-
mieHus 3QPEKTUBHOCTH B3aUMOJIEHCTBUS ChIPbs ¢ paboYrMu opraHamu MamuHbl. [IpeanoxeH us-
MCJIBYUTEIIb POTOPHOI'O THIIA, B KOTOPOM YaCTHUIBI ChIPhA paspylIar0TCA UCKIIIOYUTEIbBHO YIapHBIMU
BO3/ICUCTBUSMH B TIPOIECCE MEPBUYHBIX YAApOB AIEMEHTaMH BPAIIAIOIIET0Cs POTOpa M MOCIeay-
FOILUX BTOPUYHBIX YIAPOB O HEMOABUKHBIE 3JIEMEHThI KaMephl. [Ipy 3TOM KOHCTPYKTHBHBIE Hapa-
METpBI YCTPOICTBa 00ECTIEYMBAIOT YaCTUI[AM KOHTAKTHI C TOBEPXHOCTAMHE YIaPHBIX DIIEMEHTOB IT0]T
yIJIaMU aTaku, OJM3KUMHU K TMPSIMOMY YTy, YTO 00ECIeYnBaeT BHICOKYIO 3((EKTUBHOCTD yaapa.
Takum 00pazoM, KakJast 4aCTHLA CHIPbSl B 30HE yAapa MCIBITHIBACT TOJBKO JIBA, CIACAYIOLUIUX JAPYT
3a IpyroM, KOHTaKTa ¢ yAapHBIMU JIEMEHTaMH, IT0CJIe Yero YacTUIbl TepepaboTaHHOIO MPOAYKTa
BBIBOJISITCA M3 30HBI yaapa. B Takol cxeMe BO37EHCTBHS Ha ChIphE DHEPrUs pOTOpa MCHOJIb3YeT-
cs1 HanOoJee paruoHanbHO. D(HHEKTHBHOCTL PabOTHI MIPEeAIaracMoro yCTponCcTBa paccCMOTpEHa Ha
OCHOBE MOTEPb KHHETUUECKOW AHEPrUU, KOTOPbIE MPOUCXOAAT HPU yAape YaCTHUL] O MOBEPXHOCTH
pabouux opraHoB. B3auMoIeHCTBYSI CHIPBS C 3JIEMEHTAMU POTOPa M AJIEMEHTAMH KaMepbl U3yUeHbBI
KAK €JIMHbII B3aUMOCBSI3aHHBIN IIPOLECC, @ COBOKYIHOCTh YAAPHBIX JIEMEHTOB POTOPA U KaMepbl
BbIJI€JICHbI B KOHCTPYKTHUBHYIO eHMIy. HalileHo anamuTruyeckoe BeIpakeHue, Onpeesstoniee 00-
€ SHEPIrCTUICCKUE 3aTparhbl, HCO6XO,ZII/IMBIC I peajin3alun yaIapHbIX BO3,ZI€I7[CTBPII71 B IIpe€aJiara-
eMOM ycTpolcTBe. Takke BBEICH KPUTEPUH, XapaKTepH3yIOmui 3PpPEKTUBHOCTS H3MEITBIUTENS B
MOTPeOJICHUN MEXaHHUECKOW SHEPTUH [Tl pa3pyIlIeHus ChIpbs YIapHBIMH Bo3aelicTBusMU. [1o BBe-
JICHHOMY KPHUTEPHIO BBHIIIOJHEHO cpaBHEHHE d(PPEKTUBHOCTU PaOOThI MPEIaraeMoro yCTpoucTBa
U LUEHTPOOEKHOH IPOOMIIKH, B KOTOPOW M3MENBYCHUE CHIPhSl TAKKE OCYILECTBISICTCS YAapHBIMH
BO3JIEHUCTBUSIMU.

KuioueBble ci10Ba: N3MENBUUTEND 3€PHA, YIap, TOTEPH YHEPTHH, dPPEKTUBHOCTH

THEORETICAL STUDY OF THE ENERGY EFFICIENCY
OF A ROTARY GRINDER
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The possibilities of energy saving in the work of a grain grinder by increasing the efficiency of
interaction of raw materials with the working bodies of the machine have been studied. A rotary

MexaHm3aIs, ABTOMATH3ALIIS, MOICTIPOBAHIC
1 HHPOPMALMOHHOE 00eCTIeYeHIE CubHPCKHii BECTHHK CEIbCKOXO3SHCTBEHHOMN Hayku * 2022 ¢ 52+ 6 103



Theoretical study of the energy efficiency of a rotary grinder

Kukaev Kh.S., Asmankin E.M., Ushakov Yu.A., Abdyukaeva A.F.,
Naumov D.V.

grinder, in which the raw material particles are destroyed solely by impact actions in the process of
primary impacts by the elements of the rotating rotor and the subsequent secondary impacts on the
stationary elements of the chamber, is proposed. In this case, the design parameters of the device
provide the particles with contacts with the surfaces of the impact elements at angles of attack
close to the right angle, which ensures high impact efficiency. Thus, each raw material particle in
the impact zone experiences only two successive contacts with the impact elements, after which
the processed product particles are removed from the impact zone. In this scheme of action on the
raw material the rotor energy is used most rationally. The effectiveness of the proposed device is
considered on the basis of the loss of kinetic energy that occurs when the particles hit the surface
of the working bodies. The interaction of the raw material with the rotor and chamber elements is
studied as a single interrelated process, and the set of shock elements of the rotor and chamber are
allocated as a structural unit. An analytical expression was found that determines the total energy
cost required to implement the impact forces in the proposed device. A criterion that characterizes
the efficiency of the grinder in the consumption of mechanical energy for the destruction of raw
materials by impact forces is also introduced. A comparison of the efficiency of the proposed device
and the centrifugal crusher, in which crushing of raw materials is also carried out by impact effects,
is performed according to the introduced criterion.

Keywords: grain grinder, impact, energy loss, efficiency
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INTRODUCTION

Among the machines used for grinding of
grain raw materials rotary grinders are wide-
spread. Their popularity is due to the following
advantages: simple design, reliability, versatil-
ity, ease of maintenance. Improvement of these
machines is an urgent task, especially in the as-
pect of reducing energy consumption [1-5].

One of the ways to improve rotary grinders
is to reduce energy consumption by increasing
the efficiency of interaction of raw materials
with the working bodies of the grinder' [6-8].
In the working chamber raw material grinding
occurs as a result of blows of rotating rotor el-
ements, as well as blows and abrasion of raw
material particles on the working surfaces of
the chamber elements. The peculiarity of work
of the rotary grinders is that impact action of
the rotor element not only loads the particle, but

also simultaneously gives it or the formed frag-
ments kinetic energy, which is then consumed
in subsequent interaction with the chamber el-
ements. The quality of interaction of the par-
ticle with the chamber element is determined
by how fully the stock of its energy received
from the rotor is used. In this aspect, a num-
ber of researchers note that the main reasons
for increased energy consumption are irrational
energy losses due to poor-quality impact on the
raw material, as well as its friction against the
chamber elements due to the circular motion.
[9, 10].

The authors proposed a rotary grinder, in
which the raw material particles, getting into
the work chamber, are destroyed in the pro-
cess of primary impacts by the elements of the
rotating rotor (beater) and subsequent second-
ary impacts on the stationary elements of the

"Denisov V.A. Calculation of power consumption of centrifugal-impact crusher. Scientific Proceedings. Mechanization and
automation of fodder preparation. MOSCOW: VIESH, 1986. vol. 66. pp. 106-122.
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chamber (plates) at the angles of attack, close
to 90°, which ensures high efficiency of impact
effects (see Fig. 1). In this case the raw mate-
rial is fed into the chamber perpendicular to the
rotor rotation plane, and after the interaction
with the plates the processed product particles
are removed from the impact zone. Thus, the
raw material particles in the impact zone expe-
rience only two contacts: with communication
of kinetic energy (when the beater strikes) and
with absorption of energy (when the particle
hits the plate). In this grinding method, there
is no friction of the raw material, and the par-
ticles are crushed exclusively by impact actions
with high efficiency. Consequently, the rotor
energy is used as rationally as possible. The
impact of the beater completely determines the
subsequent impact of the particle on the plate,
which makes it possible to consider and math-
ematically formalize these impacts as a single
process. In this case, the beaters and the plates
corresponding to them function as a single or-
gan, which can be called a shock-reflection pair
[11].

The purpose of the research is a theoretical
study of the energy efficiency of the proposed
grinder and an analytical expression describing
the energy consumption for the implementation
of the grinding process.

MATERIAL AND METHODS

It is known that the total kinetic energy of
the bodies after a collision is less than before
it>. The loss of energy is associated with a num-
ber of physical processes occurring during the
impact, including deformation of the bodies

™~
N

Puc. 1. PaGouune opraus! uzmensautens (/ — mia-
cTUHA, 2 — Onjo, 3 — pOTOp)

Fig. 1. Working bodies of the grain grinder (1 —
plate, 2 — beater, 3 — rotor)

and development in their volumes of defects
(cracks, etc.). If the aim of the collision is the
destruction of one of the colliding bodies, the
loss of kinetic energy indirectly shows the ef-
fectiveness of the collision. Then the ratio of
losses of kinetic energy to the total energy ex-
penditures for the implementation of the impact
can be used as a criterion of the effectiveness
of the device, which carries out grinding by an
impact.

In the interaction of raw materials with the
impact-reflection pair, the total loss of kinetic
energy can be represented as a sum of energy
losses in the interaction with the beater and in
the interaction with the plate. Let's assume that
all contacts of the particles with the surfaces of
the working bodies of the grinder occur at right
angles. In this case the loss of kinetic energy
AT can be found by the formula (see footnote 2)

(1

where m,, m, — the masses of colliding bodies,
kg; v,, v, — velocities of the bodies before colli-
sion, m/s; k — recovery factor.

Let's consider the interaction of a beater and
a particle. Let M be the mass of the beater in
kg, m be the mass of the particle in kg, v be the
beater's linear velocity, m/s. The initial velocity
of the particle before the impact is much less
than the velocity of the beater, so for simplic-
ity let's take it as equal to zero. Let's apply (1)
for the given case, then the kinetic energy loss
expression at the impact of the beater AT will
take the following form:

Mmy*?
ATs=(1-k) M+ m) -

my my(vy —v,)*

S T

2)

Since the beater is rigidly fixed to the rotor,
most of the rotor mass is involved in the contact
with the particle. Consequently, the mass of the
particle is much less than the mass of the beater
(m << M) and in the denominator of the expres-
sion (2) it can be neglected, and the mass of the
beater can be reduced:

ATy = (1 - k) ™2 3)

2Yablonsky A.A. Course of theoretical mechanics: textbook for universities. A.A. Yablonsky, V.M. Nikiforova. Moscow:

Integral-Press, 2006. 608 p.
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After contact with the beater, the particle
may survive or collapse into pieces. In the sec-
ond case, the fragments of the destroyed parti-
cle fly away from the beater, forming a bursting
cone. For simplification we will assume that the
fragments after the impact have the same veloc-
ity and move in the direction of the plate along
the central axis of the bursting cone. We will
also assume that the interaction of all the frag-
ments of the particle with the plate is equivalent
to the corresponding interaction of the particle
itself if it had survived.

The velocity u, which the particle acquires
after the impact of the beater, can be found us-
ing a well-known expression (see footnote 2)

my (v;—v,)
u=vy+(l+k)———F7-—"-- 4
2 ( ) (ml + m2) ( )
which, taking into account vi =v, v,= 0, m, =
M, m, = m, m << M will look like this:
u=(~+ k. (%)

Let's assume that the particle's velocity u is
conserved up to the moment of its contact with
a stationary plate of mass Mp. Let's apply the
expression (1) to find the loss of the kinetic en-

ergy AT, when the particle hits the plate
mM_ u?

2(m+ M)’ (0)

The plate is fixed to the body of the chamber,

therefore m << Mn and the mass of the particle
in the denominator can be neglected:

AT, =(1-k)

AT, = (1 k) ™. %)

It should be taken into account that the re-
covery factor in the general case depends on
many factors, including the impact speed. On
the basis of the experiments with different grain
crops S.V. Zverev proposed the following func-

tional dependence* *:
k=A—-Bv— Co, (8)

where A4, B, C — empirical coefficients, v —

impact velocity, m/s; ¢ — grain moisture, %.

According to the formula (5) the speed of
collision of a particle with a plate is greater
than that of collision with a beater and, conse-
quently, these contacts have different recovery
coefficients. Let us assume that the empirical
coefficients 4, B, C are constant and the grain
humidity ¢ is fixed.

Let's denote the coefficients of recovery at
contacts with the beater & and plate k,:

k=A4-Bv-Co;
{kZZA—Bu—C(p. ©)

In the second equation of the system let us
substitute formula (5) and the coefficient 4 ex-

pressed from the first equation. By performing
the transformations, we obtain:

ky =k (1 —Bv). (10)
Let's introduce the notation: d = 1 — Bv, then
k, = dk. (11)

Let us determine the loss of kinetic energy
ATn in contact with the plate, for which we
transform the expression (7), taking into ac-
count formulas (5) and (11):

gy sy U
AT,=(1-k) 55 = (1 - &%) 5
= (1= &k) - (1 + k2 =
_m? 27,2 2Y.
=T (=8 (1+2k+ k), (12)

ATH:’”TVZQ +2k + (1 - 3 — 280 — &K). (13)

Now let's find the total loss of kinetic energy
AT during interaction of the particle with the
impact -reflection pair. For this purpose, let's
add expressions (3) and (13) and after transfor-
mation we obtain:

2 2
AT=mv (1+ k- e - K (14

Energy expenditures, necessary for the re-
alization of contacts of the particle with the
working bodies of the impact-reflection pair,

3Zverev S.V. Zvereva N.S. Physical properties of grain and products of its processing: a textbook for students of higher edu-
cational institutions studying for a speciality 260601 (170600) "Machines and devices of food manufactures" of a direction of
preparation of the certified specialist 260600 (655800) "Food engineering". DeLi Print, 2007. 175 p.

*Glebov L.A. et al. Enhancement of the process of grinding components of mixed fodders. Moscow: Central Scientific and
Research Institute of the Ministry of Bread and Groceries of the USSR, 1988. 51 p.
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are equal to the expenditures of the mechanical
energy of the rotor during the interaction of the
beater and the particle. After the impact the ro-
tor energy is reduced by the value W, equal to
the sum of losses of the kinetic energy at impact
of the beater 4T}, and changes in the kinetic en-
ergy AE of the particle:

(15)

Prior to the contact with the beater the veloc-
ity of the particle is insignificant, let us assume
that it is zero. Then the change of the kinetic
energy is equal to the kinetic energy acquired
by the particle immediately after the impact:

W=ATs+AE.

mu’

o (16)

Taking into account expression (5), the fol-
lowing formula will look like:

(1+ k)2

AE =

2
- (17)

Let's substitute expressions (3) and (17) in
the formula (15) and, having performed the
necessary transformations, we obtain the final
expression determining energy costs associated
with the process of implementation of raw ma-
terial grinding in the shock-reflective pair:

AE =

W=m?(1+k). (18)

Let's introduce the notion of energy absorp-
tion coefficient (EAC) as a value equal to the
ratio of total losses of kinetic energy in impacts
to the energy input for their realization, and
denote by y. The EAC value shows the share
of the mechanical energy spent, which was
transformed into other types of energy, includ-
ing those related to the destruction of particles.
Accordingly, for a impact-reflection pair, 7y is
found as the ratio of AT to W:

_ AT
V=G (19)
Taking into account formulas (14) and (18),

the expression y for the impact-reflection pair

will be:
0k s O
(1+k—T—5k _T)

(1+4)

Y= . (20)

RESULTS AND DISCUSSION

Ratio (14) allows us to analyze the depen-
dence of total losses of kinetic energy on the
recovery coefficient during interaction of raw
materials with the impact-reflection pair A7(k).
Fig. 2 shows theoretical diagrams of A7(k), built
at different values of the beater's speed (30, 40,
50 m/s) per unit mass of raw material (m = 1
kg). The presence of extremums indicates that
at certain values of the recovery factor k, the
total loss of kinetic energy will be maximum
for a given beater speed. However, the recov-
ery factor is a function of speed [see expres-
sion (8)], so for a given speed corresponds to
a certain recovery factor, which determines the
value of total energy losses (marked by dots in
the graphs), and it does not correspond to the
maximum of the curve AT(k).

Expression (18) allows us to determine the
energy costs associated with the process of
grinding raw materials, and the EAC [see ex-
pression (19)] shows how effectively the energy
is used in this process. The notion of EAC can
be used as a criterion for comparing the effi-
ciency of devices that grind by impact method.

It is known that destruction of raw materi-
als by impact is also carried out in centrifugal
grinders, but in comparison with rotary grind-

3500
®

_

~ 3000
z v, =50 m/s
4 2500 —
2
& 2000 =
g / v, =40 m/\
g 1500
'SZ 1000 —— Vl — 30 m/S \

500 “
0 T T T T
0 0,2 0.4 0,6 0.8
k

Puc. 2. I'paduku 3aBUCUMOCTEH OOIIHMX TOTEPh
kuHeTndyeckoii sueprun AT (k) npu B3aumoeii-
CTBHH CBIPbsl C YAAPHO-OTPaKaTEIbHOU Mapou
Fig. 2. Graphs of dependences of the total losses of
kinetic energy AT(k) during the interaction of raw
materials with an impact-reflective pair
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ers, they are characterized by low energy con-
sumption® [12]. Let's define EAC for the cen-
trifugal grinder and compare it with the EAC
of the impact-reflection pair. In a centrifugal
grinder, raw material particles are accelerated
by an accelerating disc and thrown onto station-
ary baffle elements, where they are destroyed
by impact. Let the contact of the particles with
the surfaces of the baffle elements occur at right
angles. Then the loss of kinetic energy is de-

fined by the expression

2D

where m — respectively, the mass, kg; v —
particle velocity (m/s), accelerated by the disk.

The energy input for the impact in a centrifu-
gal grinder consists of the kinetic energy im-
parted to the particle and the work done to over-
come the friction of the particle on the blade of
the accelerating disk:

2
ATy = (1) 5,

_m?
W= —— 7 A.
If friction on the blade is disregarded, the
work to overcome friction is zero (4 = 0) and
the EAC expression for the centrifugal grinder

will be:

(22)

AT,
Yon =
oa
Analysis of expressions (20) and (23)
showed that for all possible values of the recov-
ery factor £ € [0,1] the inequality is true

=1

(23)

Y2 Voun (24)

Consequently, the impact-reflection pair
consumes mechanical energy more efficiently
than the centrifugal grinder even without taking
into account friction in the latter. Dependence
graphs of EAC of the impact-reflection pair
at different beating speeds (curves /, 2, 3) are
close to each other (see Fig. 3). It means that the
efficiency of impact-reflection pair does not de-
pend on the mode of operation. At k= 0 (inelas-
tic impacts), the EAC of the impact-reflection
pair and the centrifugal grinder without friction
on the blades (curve 4) are equal to the maxi-
mum possible value - unity. As & increases from

0 to 1, the EAC of both the centrifugal grinder
and the impact-reflection pair monotonically
decrease. The EAC of the centrifugal grinder,
in which friction costs are taken into account,
will obviously be less than that of the grinder
without friction at any value of & (curve J5).

Substituting formula (8) into the expressions
(20) and (23), the corresponding EAC depen-
dences on speed can be obtained: for the im-
pact-reflection pair y(v) and for the centrifugal
crusher ycg (v) without friction. Expressions of
functions y(v) and ycg (v) are not given here due
to their magnitude, but their theoretical graphs
are presented (see Fig. 4). They show the cor-
rectness of the relation

Y(V) 2 (V) (25)

for any values of the velocities realized in
practice. For example, calculations performed
at a beating speed v = 50 m/s show that the
difference between y(v) and ycg (v) is about
0.07 (7%). But taking into account friction,
the curve ycg (v) will be much lower than y(v),
and the difference between y(v) and ycg (v) will
become significant. It should be noted that the
shock-reflective pair is opposed to such a cen-
trifugal grinder, in which the speed of collision
of particles with the baffling elements is equal
to the speed of the beater of the shock-reflective

0r NS
Vo AN
0.5 4 - k

s -

0.4 o] BN

> ~
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k

Puc. 3. I'paduku 3aBucumocteit y(k) ynapHo-
otpaxkarenbHol mapsl (/ — 30 m/c, 2 — 40 M/c,
3 — 50 m/c) u nenTpobexkHoN TpoOHIKH Y, (k) (4, 5)

Fig. 3. Graphs of dependences y(k) of an impact-
reflective pair (/ — 30 m/s, 2 —40 m/s, 3 — 50 m/s)
and a centrifugal crusher y, (k) (4, 5)

*3onomapes C.B. YnapHO-IIEHTPOOSIKHbBIC M3MEIbUUTENN (DYpakHOro 3epHa (OCHOBBI Teopuu U pacuera). bapuaym: ['MIIIT

«Aunraiiy, 2001. 200 c.
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Fig. 4. Graphs of dependences of the energy
absorption coefficient for the impact-reflective pair
Y(v) and for the centrifugal crusher v, (v) without
friction

pair. In calculations and graphs (see Fig. 2-4)
empirical coefficients are used (see footnote 3):
A =0,66; B=0,0043; C = 0,009 for barley at
humidity ¢ = 13%.

CONCLUSION

The analytical expression for determining
the energy costs associated with the grinding of
raw materials in the working area of the impact-
reflection pair of the proposed grinder is found.
The criterion characterizing the efficiency of
the device in energy expenditures for the de-
struction of raw materials by impact actions
is introduced. The advantage of the proposed
grinder in energy efficiency in comparison with
centrifugal grinders, which, as a rule, are char-
acterized by low values of energy consumption,
1s shown on the basis of this criterion.
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