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Introduction. The primary goal of food processing equipment manufacturing is to create highly efficient
process equipment that can increase labor productivity while reducing energy costs. Improving existing and creating
new high-performance equipment for food production is one of the main trends in the development of modern
mechanical engineering. The term “homogenization” literally means “increasing uniformity”. In the context of
emulsions, homogenization refers to the process of treating emulsions, which leads to the fragmentation of the
dispersed phase. Homogenization is the process of grinding liquid or mashed foods by passing it at high speed
and pressure through narrow annular slots. The authors propose to use cam-type mechanisms for homogenization.
Cam-type mechanisms allow for a more efficient allocation of the time for the product suction and injection. The
homogenization process benefits from the potential to reduce the speed during product injection. The purpose of
the work is to reduce power consumption during homogenization. The research methods are based on the theory
of machines and mechanisms. These methods enabled developing a methodology for synthesizing the homogenizer
drive mechanism and designing a machine that ensures its operation in accordance with the proposed cycle diagram.
Results and discussion. The synthesis of mechanisms is executed with consideration for the workload, which was
calculated for existing domestic machines in the production of processed cheese. Thus, with a given production
capacity of 550 I/h and a plunger diameter of 28 mm, the technological force is F = 12315 N. In accordance with the
authors’ proposals, the design of the homogenizer is modified by introducing cam mechanisms. In the design of this
drive, a novel cycle diagram is proposed, enabling an increase in product injection time and a reduction in suction
time. According to the novel cycle diagram, 280° is proposed for product injection and 80° for suction. In this case,
the power on the drive shaft is equal to P = 2.5 kW instead of 3.5 kW for the existing design, driven by a crank
mechanism. The power consumption is decreased by 26 %.
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Introduction

The primary goal of food processing equipment manufacturing is to create highly efficient processing
equipment that can increase labor productivity while reducing energy costs. Homogenization machines
are among the many types of process equipment used in food industry enterprises [1-9]. Among the many
critical features of contemporary processing machines, the equipment’s performance, technical condition,
and product quality are the most important [10—-19].

Enhancing existing and developing novel, high-performance equipment for food production is a
key trend in modern mechanical engineering. As dynamic stresses and operating speeds increase, more
stringent demands are placed on the design of individual components and assemblies, such as the drives
that ensure intermittent motion of the machine’s working parts [7, 12—14, 16-22]. A significant requirement
for modern machines is that the follower movements accurately correspond to a specific motion profile.
Therefore, the use of cam-type mechanisms is proposed for food processing machines, as they allow for
efficient control of the timing for product suction and injection. The motion profiles of cam mechanisms
can be synthesized in a wide variety of ways, making them easily adaptable to the kinematic and dynamic
requirements specified by the developer. Furthermore, the technology for obtaining the required cam profile
as been firmly established ensuring accurate follower motion [23-35]. The homogenization process can
benefit from the ability to reduce speed during product injection [36, 37].

The term “homogenization” literally means “increasing uniformity”. In the context of emulsions,
homogenization refers to the process of treating emulsions that results in the fragmentation of the dispersed
phase. More specifically, homogenization is the process of grinding liquid or mashed foods by passing them
at high speed and pressure through narrow annular slots. The homogenization process is widely used in the
food industry, particularly in the dairy industry, for example, in the manufacture of processed cheese.

Processed cheese is a food product that has undergone melting and homogeneous distribution of its
components. It is produced from specific mixtures formulated with a clear, specific recipe that details the
ingredients: the components of milk, cream, butter, cheeses, melting salts, stabilizers, as well as flavors and
additives. The technology for manufacturing processed cheese includes several stages. First, the cheese or
cottage cheese is crushed and mixed. The mixture is then melted and emulsified, and special additives that
aid in achieving the product’s desired consistency and texture, such as structurizers or emulsifying salts,
may be used.

According to analysis, homogenizer designs most frequently utilize crank mechanisms. Preliminary
research [1-7, 12, 13, 36] suggests that laminar flow invariably results in a threefold increase in the degree
of dispersion of fat globules compared to turbulent flow. Cheese is produced using specialized machines
called homogenizing machines, and their indicator diagrams can be viewed in detail in [36]. The constituent
elements of the diagram include the moments of product suction and injection through the annular slot.
Product suction occurs at a pressure lower than atmospheric one, while injection through an annular slot
occurs at a pressure of 20 MPa or higher.

In conventional designs, the operation of the crank mechanism is divided into two sections: the first
section is suction, which takes up half the distance traveled by the crank, and the second section provides
injection, taking the second half of the distance. The disadvantage of such designs is their high power
consumption. Therefore, we believe that replacing the crank mechanism with a cam mechanism is a
promising, relevant, and timely task.

The purpose of the work is to reduce power consumption during product homogenization

To achieve this purpose, the following tasks were addressed.:

— the technological load during homogenization was determined;

— the feasibility of replacing the crank mechanism with a cam mechanism was analyzed;

—the necessary parameters for synthesizing of the cam pair were selected, and the synthesis was
performed;

—anovel cycle diagram of the device operation was proposed;
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— the resistance forces torque has been determined, both for each camshaft individually and for the total
torque;
— the power required for homogenization with the proposed new drive was determined.

Research methodology

The first step in this research involved determining the technological load during the homogenization
process in processed cheese manufacturing. According to [37], the operating pressure in the cylinder cavity
at the moment of liquid injection is 20 MPa. With a plunger diameter of d =28 mm and a production capacity
of 550 L/h, and a main shaft rotation speed of n = 180 min !, the required force exerted by the plunger on
the liquid in the homogenizing head’s passage section was determined to be F = 12,315 N. Kinetostatic
analysis of this mechanism indicated that the required power consumption for this case is 3.8 kW.

The details of the cam-driven homogenizer design proposed by the authors are presented below. Fig. 1
illustrates the locations of the drive cams and pushers driving the plungers. Functionally, all other elements
operate in the same manner as in drives with crank mechanisms. Detailed information about the design of
the homogenizer can be found in [37].

Fig. 1. The proposed design of a cam-driven homogenizer

Numerous motion laws are applicable to cam mechanisms in mechanics. To select an motion law, we
propose considering three common types:

— simple harmonic motion law;

— double harmonic motion law;

— cycloidal motion laws [7, 12, 13-27, 31-35, 38—41].

The design scheme for the cam mechanism is shown in Fig. 2. The following parameters were considered
as variables: profile angles B; phase angles of motion for ascent and descent — @, @,, @5, @,; the maximum
displacement of the pusher is § ; current value of the cam rotation angle @. Due to the fact that all
calculations were performed using a mathematical software package, the following notation was adopted
for clarity: displacement s(¢); velocity v,(@); acceleration a,(¢);and torques on the working shaft M (@),
M (9), M (9), corresponding to the three cams involved in the design; coefficients for the harmonic motion

S . o . .
law & = %, k3 = —=Smax workload forces during product injection and suction, F,, F,, which were

6 .
2
03

assumed to be F, = 12,315 N and F, = 2,500 N, respectively.
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Fig. 2. Cam mechanism of the homogenizer

The results of this study indicated that simple harmonic motion law is the most suitable one, as its
maximum velocity values were 25 % and 30 % lower than those of double harmonic and cycloidal motion
laws, respectively. The analytical expression for simple harmonic motion law is given by:

_Smax (4_ i
s(¢p) = ) (1 cos(n BD, (1)

The kinematic characteristics for simple harmonic motion law were calculated using the Mathcad
software package, with the listing shown in Fig. 3.

ki -£~cos(n-%}'f0£¢s¢l

ol
0ty <6<y +y
= _ 2
@ k3-{1—2-%}#¢1+¢2§¢£¢1+¢2+% @
|05 ¢y + ¢y + d5 < ¢ < 360 deg,
The speed is defined as:

4] lonsvss

0ifdy <o <y +¢y (3)
ey [0 (& w)]-[r%}m Sl <OSh iy

0if ¢y + & + 5 < ¢ < 360 deg,

V(@) =

Fig. 3. Listing of a program for determining kinematic characteristics

Displacement was calculated as the integral function of the velocities, using Equation (3):

¢
5(9) = [ v(9) - do. @)
0
The torque acting on the first cam was determined using a program developed within the mathematical
software package. The program listing is shown in Fig. 4.
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Km-ﬁ-sminﬁ)ﬁ}mg¢s¢l

0ifp <6< + by
" {@¢—q+@ {hﬁl%fﬂﬂ]5#q+@fwsq+@+% ?
|0 (& + ¢ + d3) < ¢ < 360 deg
Fig. 4. Listing of the program for determining the torque on the cam shaft
The torques for the second and third cams can be expressed as follows:
M (9) = My(d+v2), ©

M3(0) = My (¢ +v3),

where M, and M, are the torques for the second and third cams; y,, y, are the phase displacement angles
for the cams on the drive shaft.

The torques on the drive shaft (cam) were determined based on the phase shift magnitudes of the
angles y, and profile angles Bi. The total torque M, on the drive shaft was determined as the sum of the
component torques M;, of which there are three in this case:

3
M, => M. (7)
i=1

The power consumption applied to the drive shaft can be expressed as [34]:
P =M naxo, 3

where M, is the maximum value of the total torque.

The proﬁle angles |3 were determined iteratively using the programs shown in Figs. 3 and 5. As a result,
by identifying the minimum velocity value from the family of curves, we selected simple harmonic motion
law with profile angles p: = 280° and B. = 80° and initiated the design of the cam mechanism according to
the specified parameters [12].

Furthermore, the pressure angles were determined using the following Equation:

3 v(9) + el
3(¢p) = atan (—sh p (¢)j )

To achieve this, it was necessary to find the cam’s minimum radius, R, .. A graph was constructed in
v(s) coordinates using the calculated position functions s(¢) and velocity analogs v(¢) (Fig. 6) during the
ascent and descent phases. The only difference in this process was the use of numerical velocity values.
The resulting scheme is shown in Fig. 7. The velocity vectors are indicated by points from 4, to 4. The
ascent phase is represented by points from 4, to 4, and the descent phase, from 4, to 4. The minimum
cam radius vector was determined to be R, . = 90 mm.

The next step in determining the design parameters of the mechanism is to determine the roller radius.
This can be found using an algorithm that calculates the radii of curvature for the cam profile based on its
rotation angle. The curvature radius values, p_ ., can be calculated using a general formula applicable to

any cam type [23]:
3/2
2
2,(4p
{p +(dsj}

Peur = : (10)

2 2

2 dp dp
p +2£J P
dp?

where p is the radius vector of the theoretical profile; f is the profile angle.

©)
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i :=0.5..180 — Discrete angle values

LT . . . .
flil =il -—— — Conversion of angles from degrees to radians in section 1

180
v, =V(flj)~Velocity analog in section 1
Vimax = max(vl) — Maximum velocity analog in section 1

Vimax = 0.01—Velocity analog value in section 1

Vigy = 0.019 — Maximum velocity analog value in section 1 at ¢ = 90°

Sty = s(f1;1) — Displacement of the driven link in section 1
St max = $(90deg) — Maximum displacement of the driven link in section 1
St max = 0.015 — Maximum displacement value of the driven link in section 1

s3 max— sl max

— Angle value in section 2
vl max— v3 max

gy =a tan[

g3 = (g} —8dop + €2 — Angle value in section 3

g =2-8dop — Angle value in section 1

e =131 -sin (8dop) — (vl max) — Eccentricity in section 1
sy, 1131 cos(8dop) — sl max— Roller center displacement
s, =0.014 — Roller center displacement value

i3 :=180..360 — Discrete angle values

f3i3 =13 % — Conversion of angles from degrees to radians in section 3

V3, = [v(f3;3)| - Velocity analog in section 3

V3max = —max(v3) — Velocity analog value in section 3

V3max = —0.014 — Maximum velocity analog value in section 3

V3o = 0.014 - Velocity analog value in section 3 at ¢ =70°

83,3 = s(f3;3) — Displacement of the driven link in section 3

S3max = 8(270deg) — Maximum displacement of the driven link in section 3
S3max = 0.015 — Maximum displacement value of the driven link in section 3

- |v1 max— v3 max|

Iy = cos(®2) — Difference between maximum velocity values in section 3 -1 of the profile

g4 = (gj —ddop — €2 — Angle value in section 4

sin(e4)

sin(el)

I3 =134 — Difference between maximum velocity values in section 3 -1 of the profile

31 = 0.033 — Difference value between velocity analogs in section 3 -1

Fig. 5. Listing of a program for determining pressure angles 0

Fig. 6. Graph of analog speeds of the cam mechanism’s
roller center
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Fig. 7. Diagram of determining the minimum
radius vector for a mechanism with a pusher

When writing a program to determine the minimum curvature radius, it is necessary to consider the
interpolation of the radius vector values for the displacements of the cam mechanism’s roller center [12].
A listing of the program for determining the cam surface curvature is shown in Fig. 8.

k = 0..360 deg— Discrete angle values

Je =k ~%— Conversion of angle from degrees to radians

Vi, = B(fy ) —Velocity analog in the k™ section along the x — axis

Vy, = p(fx) — Velocity analog in the k™ section along the y — axis

R = cspline(vx,vy) — Spline processing of the velocity analog value array
Jir(x) = interp(R, vx,vy) — Interpolation of the radius vector R array value
df;(x) = % fir(x) — First derivative of the f;; (x) function

2
d2fi(x) = da;—z fir(x) — Second derivative of the f, (x) function

(02 + dfy )

fit(x)2 +2- dfit(x)2 —d2 fi(x) - fi; (%)
of the cam profile
ii =0..280deg— Discrete angle values

Peur (X) = — Formula defining the radii of curvature

flil =0 -&—Conversion of angle from degrees to radians
Peurtyy = Peur(J1;,) — Radius of curvature of the cam profile in section 1

min(p,,,1) = 0.03 — Minimum radius of curvature of the profile in section 1

Fig. 8. Listing of a program for determining the curvature of the cam surface

Results and Discussions

Analyzing the obtained power consumption values, we concluded that it is 3.8 kW for a crank mechanism.
For a simple harmonic motion law, it is 3.8 kW; for cycloidal and double harmonic motion law, it is 4.5 kW
and 4.3 kW, respectively. These values were calculated at equal profile angles p = 180°. The authors suggest
that the new cycle diagram of the cam drive operation should provide a significant reduction in torque for

Vol.27No. 12025 G
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the follower and, consequently, lead to a decrease in power consumption. Using the calculation algorithms
shown in Figs. 4, 5, and 8, and setting the phase angles for suction and injection in 20° increments, we
obtained values for the pressure angles. One calculation option is presented below.

Option 1. The phase angle for the injection and suction moment is 180°. The graphs for this option are
shown in Fig. 9.

Fig. 9. Graph of pressure angle variations

As can be seen from the graph, the pressure angle values at 70° and 310° exceed acceptable limits.
Therefore, this option is not viable for the homogenizer design. Subsequently, five more options were
proposed (Table 1). Of the family of curves presented in Table 1, only one satisfies the requirement: the
pressure angles throughout a full rotation (360°) do not exceed the permissible value of 30°.

This curve has phase angles of 280° for the injection period and 80° for the suction period. Subsequently,
using these parameters as a basis, we initiated the cam synthesis. For preliminary calculations during
synthesis, the following cycle diagram parameters were used: 80° was allocated for suction, and 280° of
the full cam rotation was allocated for liquid injection. Formula (5) was used to determine the torque on
the cam. The numerical values of the forces at the injection and suction moments were assumed to be F,
= 12,315 N and F, = 2,500 N, respectively. For one variant, graphs of the torques at phase displacement
angles y, = 170° and y, = 340° are shown in Fig. 10. The total torque acting on the drive shaft is indicated
in purple. The data for the remaining options are summarized in Table 2.

Only Option 5 (also depicted in Fig. 10) exhibits the lowest total torque value on the camshaft, as
evident from the table above.

Following a thorough analysis of the available options, the cam mechanism synthesis can begin with
the following specifications: 280° and 80° for injection and suction, based on the cycle diagram; a pusher
stroke of 30 mm; and a minimum curvature radius of 90 mm.

Table 1
Options for investigating pressure angles
Phase angles
No Values of maximum pres-
: 0, degrees P, 'deg.rees sure angles, degrees
(suction) (injection)
1 200 160 32
2 220 140 33
3 240 120 32
4 260 100 31
5 280 80 25

% Vol. 27 No. 1 2025
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Torque values on the drive shaft

OBRABOTKA METALLOV %

Table 2

Phase angles .
Torque values on the drive
No. ¢, degrees ¢, degrees shaft. N-m
(suction) (injection)
1 120 240 185
2 140 260 186
3 160 280 185
4 180 300 186
5 170 340 137

Fig. 10. Graphs of torques with a phase displacement angle y, = 170
and y, = 340:

— total torque on the drive shaft;

— torque for the second cam;

— torque for the first cam;

— torque for the third cam

The displacements and velocities were determined according to the listing in Fig. 3 and Equation 4. The
displacements are shown in Fig. 11, and the cam profile is shown in Fig. 12.

Fig. 11. Graph of displacement variations

Vol.27No. 12025 G
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Fig. 12. Cam profile

Conclusion

The primary objective of this research was to reduce the power consumption of the homogenizer.

Using the analytical relationships (1-4) and setting specific numerical values for the cam mechanism
parameters, we selected the most efficient pusher motion law in the form of a simple harmonic curve.
This law exhibits the minimum velocity values among the considered family of mathematical curves. The
amplitude values of the velocity analogs were 0.012 m in the positive region and —0.03 m in the negative
region. The pressure angles for this curve do not exceed the permissible value of & = 30° across the entire
studied angle range. The presented torque dependencies on the drive shaft indicate the appropriateness of
setting their displacement angles to y, = 170° and y, = 340°. In this configuration, the total torque was
137 N'm, and the power on the drive shaft was P = 2.5 kW, compared to 3.8 kW for the existing design
driven by a crank mechanism. This represents a 34 % decrease in power consumption.
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