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Abstract: This article describes the design of a centrifuge for the separation of fat from meat–bone
slurry to produce fat-extracted animal feed. The characteristics of the main components of the
equipment and the principle of its operation were presented. The productivity of the centrifuge
depending on duration and speed of rotation was determined. Data were provided for different
drum speeds (1000, 1500, 2000, 2500 rpm) and centrifugation durations (5, 7, 10 and 15 min), with the
yield (output) of defatted slurry measured as a percentage. Among the various conditions tested, the
maximum yield of slurry was observed when the drum was rotated at 2000 rpm for 5 min, with a yield
of 68.97%, while the lowest yield was observed when the drum was rotated at 1000 rpm for 15 min,
with a yield of 55%. On the basis of modeling, a physical model including centrifugal separation with
simultaneous centrifugal filtration was presented in the form of a system of differential, algebraic,
and criterion equations.

Keywords: centrifuge; meat and bone residue; fat; separation; modeling

1. Introduction

One of the priority directions of development of medium and small meat-processing
enterprises in the Republic of Kazakhstan includes the development of technologies for
waste-free processing of raw materials. After the slaughter of farm animals and poultry
there remains blood, trimmings and separate organs, esophagus, rennet, furs (skin strip-
ping), kanyga (contents of pre-stomachs), meat–bone cracklings (after fat extraction), bones,
etc. All these can be used for animal feed after proper preparation [1,2].

After slaughtering animals, there are several options for what can be accomplished
with the bones. One common practice is to utilize the bones for various purposes rather
than disposing of them as waste. Some possible uses for animal bones include production
of glue and gelatin, fodder flour, meat–bone paste, and meat–bone flour. It is important
to note that the specific utilization of animal bones may vary depending on the scale of
the operation and the available resources. The goal is to maximize the use of bone raw
materials and minimize waste [3,4].

In the improvement of the waste-free technology of animal slaughter processing, the
production of dry feed is of great relevance. In the production of dry animal feeds, a
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centrifugation process is used to separate fat from the meat and bone meal [5]. The use
of the centrifugation process in the separation of fat from meat and bone meal produces
a significantly higher quality of the fat than that obtained by pressing and extraction
processes [6,7].

The technology for producing technical fats and feed meal includes the following
main operations and processes: preparation of raw materials, sterilization (heat treatment),
dehydration, separation and purification of fat (for fat-containing raw materials), and
crushing and sieving of feed product [8,9]. Thermal treatment of raw materials by dry
method consists of the following phases. The first phase—heating of raw materials up
to 130 ◦C. The second phase—sterilization. The beginning of the second phase should be
considered the achievement of 3 atm. steam pressure inside the boiler and a temperature of
130 ◦C. Sterilization continues for 30 min. The third phase—drying of slurry. The drying
lasts for 1–3 h in a vacuum inside the boiler of 500–600 mm Hg, 70–80 ◦C temperature, and
3–3.5 atm pressure in the steam jacket of the boiler. The duration of the drying process
depends on the type and quality of raw materials loaded into the boiler. After the end of
heat treatment mass (slurry) is unloaded into the strainer, where it is kept for up to 4 h at a
temperature of 75–80 ◦C. The fat is collected in a collection tank, and after decanting the
rind is degreased by pressing or centrifugation [10].

Among the advanced technological processes, the centrifugation operation is of special
importance in relation to homogeneous and heterogeneous systems. It is widely used not
only in the food industry, but also in chemical, medical, and other fields [11–13]. One of the
features of the centrifugation operation is the equipment used in the process of separation
of liquid heterogeneous systems consisting of several complex components of suspension
and emulsion [14,15].

Currently, filter-screw centrifuges, pulsating centrifuges, inertial centrifuges, vibrat-
ing centrifuges with sludge discharge, and settling-screw centrifuges are used in various
industries. These are the most efficient equipment used in the separation of liquid heteroge-
neous systems [16,17]. A pusher centrifuge, known for its continuous operation, employs a
unique mechanism with a stationary drum and a pusher advancing through it. High-speed
rotation forms a solid cake pushed by centrifugal force while liquids exit. Multiple stages
enhance separation quality. Centrifuging operations offer efficient continuous separation
of solids from liquids and are widely used in industries like chemicals and food [18].

When studying the process of separation of liquid heterogeneous systems, there are not
enough research papers that describe the centrifugation process while paying attention to
the technological features of production along with the geometric features of the equipment.
In research works, geometric dimensions are generalized and taken on the basis of average
value patterns. This cannot provide a completely precise description of the flowing process.
These conditions indicate that the process of separation of liquid heterogeneous systems in
centrifugal equipment still requires a lot of research [19,20].

Physical and mathematical models (descriptions) of the process of separation of fat
from solid residue are currently insufficient. Development of these models in the form
of analytical solutions to the corresponding centrifugation problems can be the basis for
the optimization and intensification of the method of separation of fat in raw materials.
Taking into account the needs of development and improvement to production, it is of great
importance to improve the process of separation of fat from solid residue on centrifugal
equipment, thereby reducing equipment power and increasing the volume of production.

The aim of this work was to develop the design of a centrifuge for obtaining tech-
nical fat from meat–bone slurry, study the effect of drum speed and centrifugation time
on the output of fat and defatted meat–bone slurry, and to mathematically model the
centrifugation process.



Appl. Sci. 2023, 13, 11808 3 of 13

2. Materials and Methods
2.1. Study Objects

The objects used in this study were cow bones (vertebral, rib, leg bones) obtained after
deboning and trimming at meat processing plants. The bones were transported in special
refrigerators KYODA (Guangzhou, China) to the laboratory, where they were chilled to
(−2)–(−5) ◦C. After chilling, the bones were crushed on a K7-FI2-S power-crushing machine
(Moscow, Russia) to a size of 8–10 mm.

2.2. Description of the Design of the Pilot Installation—Centrifuge

A filtering centrifuge with a vertically arranged filtering drum consisted of a casing
and a lid (Figure 1A). A screw discharge device was installed on the lid. Crushed bones
were transported from the receiving hopper by the screw of the feeder through the pipeline
and fed into the filtering drum rotating inside the casing. The feeder screw was connected
through a coupling with a gearmotor. The drive of the filter drum consisted of an electric
motor and a gear transmission.
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Figure 1. General view (A) and schematic diagram (B) of the centrifuge for separation of fat from
crushed bones: (1) casing; (2) filtering drum; (3) mesh; (4) feeder; (5) unloading pipe of liquid fraction;
(6) V-belt gear; (7) hopper; (8) screw of unloading device; (9) pipeline; (10) lever; (11) unloading
pipe; (12) moving scraper; (13) pinion gear; (14) motor of centrifuge; (15) motor of unloading device;
(16) centrifuge cover; (17) feeder screw; (18) gear motor of feeder drive; and (19) protective fence of
V-belt transmission.

The product, continuously flowing through pipeline, under the action of centrifugal
force from the center of the filtering drum was thrown to the walls of the drum. At this
moment the process of liquid fraction separation took place, forming a ring under the action
of pressure and inertia force. The separated liquid fraction discharged through the holes
of drum screen and was passed through the pipe for further processing. Solid fraction,
not passed through the holes of the drum screen, was removed by the movable scraper
mounted with the lever.
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The solid phase was redirected inside the discharge unit by a movable scraper. With
the help of a screw the discharge unit was fed into socket, after which it was sent for further
processing. The drive of the discharging unit consisted of a V-belt transmission enclosed by
a protective shield and an electric motor (Figure 1B).

The centrifuge was designed to separate animal fat from crushed bones through the
creation of centrifugal force during the rotation of the drum. Data is provided for different
drum speeds (1000, 1500, 2000, 2500 rpm) and centrifugation durations (5, 7, 10, and
15 min), with the yield of meat–bone cracklings measured as a percentage.

2.3. Determining the Power Required for Pressing

During centrifugation, the power (N) can be determined by the Formula (1) [21]:

N =
√

3·U·I· cos ϕ (1)

where

U—voltage indicated by the voltmeter, V;
I—current intensity indicated by the ammeter, A;
cosϕ—power factor.

2.4. Statistical Analysis

The results of measurements were analyzed using Excel-2007 and Statistica 12 PL soft-
ware (StatSoft, Inc., Tulsa, OK, USA). The differences between the samples were evaluated
using two-way ANOVA of whether drum speed and centrifugation time had a significant
effect. p-value < 0.05 was considered statistically significant.

The arithmetic mean was calculated using the formula:

x =
∑n

i=1 xi

n
(2)

where x—mean average, n—number of repetitions, and xi—variable values.

3. Results and Discussion
3.1. Determination of Centrifuge Capacity Depending on Centrifugation Duration and
Rotation Speed

According to the results of the experiments we plotted the dependences of the most
important parameters. The graphs below show the dependence of meat–bone crackling
yield on the processing time at different speeds: n = 1000 rpm, n = 1500 rpm, n = 2000 rpm,
n = 2500 rpm (Figure 2).

Among the various conditions tested, the maximum yield of defatted meat–bone
slurry was observed when the drum was rotated at 2000 rpm for 5 min, with a yield of
68.97%, while the lowest yield was observed when the drum was rotated at 1000 rpm
for 15 min, with a yield of 55% (Figure 2A). Generally, as the drum speed increases from
1000 to 2000 rpm, the cracklings yield also increases. However, at 2500 rpm, the yield
decreased compared to 2000 rpm, suggesting an upper limit beyond which the yield starts
to decrease. The centrifugal force created by the rotation of the drum played a significant
role in separating fat from cracklings. Higher drum speeds likely lead to better separation,
but there seems to be an upper limit beyond which the yield starts to decrease, as seen at
2500 rpm. This information is valuable for optimizing the operation of the centrifuge in a
meat and bone processing facility, allowing for the selection of appropriate conditions to
maximize the yield of cracklings, which can have economic and efficiency implications.

The centrifuge capacity, representing the output of defatted meat–bone slurry, was
the highest at 2000 rpm for 5 min (79.98 g/min) and the lowest at 15 min and 1000 rpm
(30 g/min). This aligns with the trend observed in yield. The higher speed likely enhanced
the separation efficiency, resulting in higher capacity. Longer durations generally decreased
the capacity, reflecting the impact of prolonged centrifugation on process efficiency [22,23].
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The power consumption for the centrifugation process increased with both the drum speed
and duration. At 2500 rpm for 15 min, the highest power input was recorded at 26.49 kW,
while the lowest was at 1000 rpm for 5 min with 10.33 kW. The correlation between power
consumption and drum speed is expected, as higher speeds require more energy. The
increase in power consumption with longer durations may be attributed to sustained
operation and maintenance of the centrifuge over time [24].
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The optimal conditions for both yield and capacity were observed at 2000 rpm for
5 min, indicating an efficient balance between speed and duration. Longer durations
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(15 min) generally resulted in lower yields and capacities, suggesting that extended cen-
trifugation may not be cost-effective.

3.2. Physical Modeling of the Process of Centrifugation of Meat–Bone Cracklings

Criteria equations, as a type of physical modeling, were obtained on the basis of the
theory of similarity. The complete similarity includes geometric, kinematic, and dynamic
types of similarity of natural object and physical model. We applied the method of di-
mensionality analysis, π-theorem, as well as the method of simplification on differential
equations of centrifugal filtration [25,26].

3.2.1. Derivation of the 1st Criterion Equation

The main task of optimization was to obtain the maximum productivity in terms of
meat–bone cracklings yield (G) at the optimal speed (n) of the centrifuge rotor. The method
of dimensionality analysis was applied [27]. Consider the desired productivity G as a
function of a number of arguments—physical parameters.

G = f (µ, ρ, n, D) (3)

where

G—specific mass productivity of the centrifuge for meat–bone cracklings, kg/s m2.
µ—dynamic viscosity coefficient of liquid fat raw material, Pa·s.
ρ—density of fat, kg/m3.
n—centrifuge drum speed, s−1.
D—inner diameter of the centrifuge drum, m.

According to the second similarity theorem [28], the functional dependence of physical
processes always has the form of an exponential equation. Here:

G = B·µx·ρy·nz·Dq (4)

B—numerical coefficient;
x, y, z, q—degree indices.

We have five variables. Therefore, according to the π-theorem, the number of criteria
will be determined:

Θ = 5 − 3 = 2.

Make a dimensional base of the quantities in Equation (4):
[G] = kg/s·m2 = kg·s−1·m2

[µ] = Pa·s = N·s/m2 = kg·m·s/s2·m2 = kg/s−1 m−1

[ρ] = kg/m3 = kg·m−3

[n] = s−1

[D] = m

Substitute the dimensions of the quantities into Equation (4):

kg·s−1·m2 = B·(kg/s−1·m−1)x (kg·m−3)y·(s−1)z·(m)q (5)

Convert (5):
kg·s−1·m−2 = B·(kg)x+y·(s)−x−z·(m)−x−3y+q

kg: 1 = x + y
s: −1 = −x − z
m: −2 = −x − 3y + q

Express all unknown indices through “x”.

y = 1 − x
z = 1 − x
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−2 = −x − 3y + q
q = x + 3y − 2 = x + 3·(1 − x) − 2 = x + 3 − 3x − 2 = 1 − 2x.

Substitute the indices into Equation (4). We obtain:

Gш = B·µx· ρ

ρx ·
n
nx ·

D
D2x

We obtain Equation (6):

G = B·
(

µ

ρ·n·D2

)x
·ρ·n·D (6)

Check the dimensionality of the individual complexes included in Equation (6).(
µ

ρ·n·D2

)
=

Pa·s
kg·1·m2

m3·s

=
N·s
m2

kg
m·s

=

kg·m·s
s2·m2

kg
m·s

=
kg

s·m
kg

m·s
= 1

Consequently, the inverse of the modified Reynolds criterion for centrifugation Recf
is obtained: (

µ

ρ·n·D2

)
=

1
Recf

Recf =
ρ·n·D2

µ
(7)

Recf characterizes the flow regime of the liquid fluid at centrifugation along with the
Froude criterion Fr = n2·D/1800.

|ρ·n·D| = kg·m
m3·s =

kg
s·m2

The left-hand side of Equation (6) is divided by the complex ρ·n·D:

| G
ρ·n·D | =

kg
s·m2

kg
s·m2

= 1 (8)

The obtained fractional expression (8) is a dimensionless complex—the criterion of
productivity P (in this case by squash). Here, the value ρ·n·D, the inverse of the specific
productivity, shows the resistance Rp to the value of productivity, which is proportional
to the density of the medium (ρ), the drum speed (n), and the determining geometric
dimension—the inner diameter of the drum (D) (Table 1).

P =
G

ρ·n·D =
G
Rp

(9)

Thus, the criterion equation of mass specific productivity is obtained:

P =
G

ρ·n·D = B·(Rec f )
k (10)

k = −x—degree index, depending on the mode and determined experimentally.
B—numerical coefficient depending on centrifugation intensity is also determined

from experiments.
Or in another form:

G = B·ρ·n·D·(Rec f )
k (11)

According to experimental data for the optimum frequency n = 2000 rpm we have a
drum diameter D = 180 mm.
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Average calculated area of deposition F = 0.0635 m2.

Table 1. Basic data for obtaining the parameters of the criterion Equation (11).

Centrifuge
Rotor Rotational

Speed
n, rpm

Optimal
Centrifugation

Time
τ, min

Loading of
Raw Materials

into the
Centrifuge

Gr, g

Reynolds
Number

Recf

Parameter
(kg/m2·s)

ρ·n·D
Coefficient

B

Degree
Index,
K = −x

Specific Calculated
Yield of Meat–Bone

Cracklings in
kg/s·m2

Gy

Maximum
Production Capacity

of the Squash,
g/min

G

1000 5 880 38,507 2995.0 1.73 1.155 0.0262 100.02

1500 5 870 56,989 4432.5 1.73 1.155 0.0278 106.02

2000 5 870 75,986 5910.0 1.73 1.155 0.1365 519.9

2500 5 580 94,982 7387.5 1.73 1.155 0.0970 369.6

Using the MathCAD program, we obtain: x = −1.155 and B = 1.73.
Here,

G = 1.73·ρ·n·D·(Rec f )
−1.155 (12)

Validation:

1. At 1000 rpm: G = 1.73 × 2995 × (38,507)−1.155 = 5181.35 × (1/38,507)1.155 = 5181.35 ×
5.055 × 10−6 = 0.02619 kg/s·m2

2. At 1500 rpm: G = 1.73 × 4432.8 × (56,989)−1.155 = 7668.25 × (1/56,989)1.155 = 5181.35
× 5.055 × 10−6 = 0.02681 kg/s·m2

3. At 2000 rpm: G = 1.73 × 5910 × (75,986)−1.155 = 10224.3 × (1/75,986)1.155 = 10224.3 ×
1.316 × 10−5 = 0.135 kg/s·m2

3.2.2. Deriving the 2nd Criterion Equation

The centrifugal pressure generated in the centrifuge was used to form the sludge and
move the cleared liquid (fugate) through the openings in the drum body [29,30]. Excess
elementary pressure of centrifugal force dp:

dp =
dP
F

=
Mω2dr
πDH

(13)

where

dP—elementary centrifugal force, N;
F—area of the inner side surface of the centrifuge drum, m2;
M—mass of slurry in the drum, kg;
ω—angular rotation speed, s−1;
dr—elementary radius of the drum, m;
D—inner diameter of drum, m;
H—height of slurry level in the drum, m.

This excess elemental pressure was applied to the filtering process:

dp = du·R (14)

where

du—elementary speed of filtered suspension, m3;
R—total resistance of sludge and perforation holes, kg/s·m2; (the numerical value is
selected from reference tables or calculated).

By equating Equation (13) to (14), we obtain the centrifugal filtration Equation (15):

dp =
Mω2dr
πDH

= du·R (15)
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The differentiation symbols are crossed out and converted for the steady-state equilib-
rium process of centrifugal filtration:

p =
Mω2r
πDH

= u·R (16)

Mω2r
πDH·u·R =

P
RΣ

= Kcf = 1 (17)

P
R∑

= Kcf = 1 (18)

We obtained a dimensionless complex, Kcf, which characterizes the balance of the ratio
of centrifugal force to filtration resistance force during the flow of suspension through
capillaries at the steady-state centrifugation process.

P = M·ω2·R—centrifugal force, N.
RΣ—is the total force of resistance to centrifugal filtration, N.
RΣ = πDH·u·R
Kcf—criterion for balanced centrifugal filtration.

It is often necessary to calculate the average centrifugal filtration velocity (u), which is
determined from Equation (16):

u =
Mω2r

πDHR
(19)

or in a criterion form:

u = K−1
cf

Mω2r
πDH·R (20)

3.2.3. Deriving the 3rd Criterion Equation

Let us use the basic equation of centrifugal filtration (21):

dp = dp1 + dp2 + dp3 (21)

where

dp—total centrifugal pressure, Pa;
dp1—centrifugal pressure providing separation of fat from solid residue, Pa;
dp2—centrifugal pressure ensuring sludge formation and capillary formation in it, Pa;
dp3—centrifugal pressure ensuring sludge thickening and passage of cleared liquid (fugate)
through the sludge layer, Pa.

Let us write Equation (21) in expanded form:

dp = ρ·ω2·rdr +
ρ·V2

4π2·h2·τ2·r3 dr +
µ·ρтв·V·Roc·(1− ε)

2π·h·τ·r dr (22)

Cross out the differentiation symbols and obtain:

p = ρ·ω2·r2 +
ρ·V2

4π2·h2·τ2·r2 +
µ·ρтв·V·Roc·(1− ε)

2π·h·τ (23)

or in general form:
p = p1 + p2 + p3 (24)

The left part is divided by the right part, resulting in

1 =
p1

p
+

p2

p
+

p3

p
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p1/p—specific fraction of centrifugal separation pressure.

p1

p
= K1

p2/p—specific fraction of centrifugal forming pressure.

p2

p
= K2

p3/p—specific fraction of centrifugal pressure of layer and sludge compaction and
passage of cleared liquid through capillaries.

p3

p
= K3

K1 + K2 + K3 = 1 (25)

K1, K2, K3—criteria for the relative spending of centrifugal pressure.
The expressions of the criteria are as follows.

K1 =
ρ·ω2·r2

p

K2 =
ρ·V2

4π2·p·h2·τ2·r2 (26)

K3 =
µ·ρтв·V·Roc·(1− ε)

2π·p·h·τ
Sum of relative pressures criteria (sum of fractions):

ρ·ω2·r2

p
+

ρ·V2

4π2·p·h2·τ2·r2 +
µ·ρтв·V·Roc·(1− ε)

2π·p·h·τ = 1 (27)

Equations (6) and (7) are determined for the physical interpretation of the centrifugal
filtration process, as well as for the calculation of comparative energy costs of the constituent
processes in centrifugal filtration. Such a calculation may be necessary to evaluate the
technical and economic costs of the process and the comparative efficiency.

Thus, the complete physical model including centrifugal separation with simultaneous
centrifugal filtration is represented as a system of differential, algebraic, and criterion
equations. The systems of Equations (28)–(35).

∂ρ
∂τ + 1

r ·
∂(ρ·r·vr)

∂r + 1
r ·

∂(ρ·vφ)
∂φ + ∂(ρ·vz)

∂z = 0

νr
r + ∂ν

∂r +
1
r ·

∂νφ

∂φ + ∂νz
∂z = 0

νr
r + ∂ν

∂r +
∂νz
∂z = 0

(28)

− ∂p
∂r + ρω2r = 0

− 1
r

∂p
∂φ = 0

− ∂p
∂z − ρg = 0

(29)

v2

2 + 1
ρ ·p−

ω2r2

2 − 2ω
∫

vφdr = 0

v2

2 +
p
ρ −

1
2 [
→
ω· →r ]2 = 0

(30)
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dp = Vc ·µ
2π·kc ·L ·

dr
r

p =
ρ·ω2·(r2−r0

2)
2

(31)

dΣб = 2π·r·dr
2π·kc ·L ·

ω2·r
g

∑ = F·Fr
(32)

dV
F·dτ = ∆p

µ·(Roc+Rφ.п.)

dV
dτ = 2π·r·h·w

C·dV = 2π·r·h·ρтв·d1− εedr

(33)

−dp = −dpц − dpк − dpтp

dpк = −ρ·
(

dV
dτ

)2
· dr
(2π·h)2·r3

dpц = ρ·ω2·rdr

−dpтp = ρтв·(1−ε)·Roc·µ
2 ·

(
dV
dτ

)
·
(

dr
r

)
−

r3∫
r2

dp = −ρ·ω2
r3∫

r2

rdr + ρ

(2π·h)2 ·
(

dV
dτ

)2
·

r3∫
r2

dr
r3 + ρTB ·µ

2π·h ·
(

dV
dτ

)
·

r3∫
r2

Roc·(1− ε)· dr
r

(34)

Π = Gш
ρ·n·D = B·(Rec f )

k

Gш = B·ρ·n·D·(Rec f )
k

Mω2r
πDH·u·R = Kcf = 1

ρ·ω2·r2

p + ρ·V2

4π2·p·h2·τ2·r2 +
µ·ρтв·V·Roc ·(1−ε)

2π·p·h·τ = 1

K1 + K2 + K3 = 1

(35)

4. Conclusions

The proposed centrifuge allows for completion of the process of separation of fat from
meat and bone residue, achieving quality meat–bone cracklings and animal fat. On the basis
of the conducted studies, the optimal formulas for modeling the centrifugation process are
proposed, which make it possible to determine the maximum productivity and speed of
centrifugal filtration. In addition, the obtained formulae allow for the prediction of centrifu-
gation conditions, optimal centrifugation time, and energy costs, to give recommendations
on the intensification of the centrifugation process. The study provides valuable insights
for optimizing the centrifugation process, allowing for informed decisions on operating
conditions based on the desired outcomes and resource constraints. Future research could
focus on fine-tuning the process parameters to achieve a more energy-efficient operation
without compromising yield and capacity.
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