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gravitational penetration.

Materials and methods. Dispersion systems — pate meat
products from mechanically separated poultry are being
investigated. The consistency was determined by gravity
penetration. Penetration indices are determined on the basis of
mathematical modeling of indenter motion in the product layer
based on second order differential equations of motion.

Results and discussion. The proposed method for
determining consistency is easy to use. The presented calculus
dependencies and mathematical models are based on physical
constants, which makes the method of gravitational
penetration versatile for wide practical application in
estimating the quality of food by the express method. The
presented mathematical model obtained based on the second-
order differential equations, suitable for different research and
use me different designs gravitational penetrometer.

To perform a comparative analysis of the consistency of
food products obtained from different technological modes or
formulations, it is proposed to use a comparative characteristic
in the form of a coefficient K. Its value is calculated as theratio
of the depth of immersion of the needle into the product layer
when falling penetrometer from one height.

The highest rates were pate sample containing 40% of
mechanically separated poultry meat and 8% of rice flour, and
the smallest, pate sample, containing 30% mechanically
separated poultry meat and 10% of rice flour.

Conclusion. Defining the method of gravitational
penetration extends the possibility of obtaining accurate
results in comparison with the use of existing methods and a
priori formulas.
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Introduction

The penetration method is widely used for researching the consistency of structured
foods. The experience with the practical application has confirmed the difficulty of getting
unambiguous indicators of the force or other selected characteristics of the consistency
obtained while even penetrometers and research methods of the same design are used. This
is due to the measurement features embedded in their design and using the variety of
mathematical calculation models [1, 2].

The modern penetrometers measure the magnitude of the force and the immersion depth
of the indenter to determine the consistency of solid-like foods. Measurement is usually
automatic. In this case, they use complex and, accordingly, cost-integrated electronic
mechanical systems [3, 4].

To simplify the design of the penetrometer, which significantly reduces its value and
obtain an accurate measurement result, adapted for different research conditions and
properties of the studied materials, a simple gravitational method for determining the
consistency of food-structured whole-piece dispersed systems is proposed. The new method
is based on the fundamental laws of mechanics, which describe the motion of a solid material
system (indenter) by gravity through a layer of material [5, 6].

For the universality of the research method, it is possible to use interchangeable
indenters of various designs, and as a characteristic of consistency to determine penetration
force, for example, using a needle working member, and penetration energy while using any
other form of indenter [7, 8].

The purpose of the article is to promote and familiarize professionals with an
innovative method of determining the consistency of concentrated food dispersed systems.

Materials and methods

Experimental device

During determining the consistency by the gravitational penetration method, it is
measured the mass of the penetrometer, the height of its falling and the immersion depth of
the indenter. These measurements are very simple and do not require any special equipment.
The measurement sequence of the consistency of concentrated dispersed systems is shown in
Figure 1.

Measurement order

Penetrometer in the form of a dart with a needle (indenter), tripod or other device for
fixing the penetrometer at height, ruler for measuring the depth of the indenter, sample
product.

The measurement sequence is as follows:

the penetrometer is fixed with a tripod at a height H;

a sample of product is placed on the bottom of the tripod on a porous substrate;

release the mechanism of attachment of the penetrometer, which allows it to fall under the
action of gravity on the surface of the sample;

measure the depth of needle immersion;

in the selected mathematical model for calculating the characteristics of consistency
substitute the measurement data: m — penetrometer mass; H — drop height; y — immersion
depth of the indenter into the product sample;

calculate the consistency characteristics.
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Figure 1. Experimental device:
a —experimental device; b — penetrometer;
1 —tripod; 2 —dart; 3 —needle; 4 — products; 5 — straightedge.

During the research to obtain reliable comparative indicators of consistency
characteristics, it is necessary to use one-mass penetrometers with the indenters of the same
shape and needle diameter and perform calculations according to one of the selected
mathematical models, neglecting insignificant influencing factors on movement of the
indenter in the product layer.

Investigated products

Changes in the structural and mechanical properties of a product that contains a different
amount of mechanically separated poultry meat (MMYV) are studied for recipes:

Ne2 — 30 %,

Ne3 — 35 9%,

Ned — 40 %,

Ne5 — 45 %

and with rice flour addition:

No2 — 10 %,

No3 — 9 %,

Ne4 — 8 %,

Ne5-7%
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Results and discussion

Mathematical model of gravitational penetration

movement resistance will be chosen, its magnitude could be found by using the motion
differential equation of material system.

If in terms of product consistency characteristics, the vibration of the intension Fp

F,+F, =F,,

layer that are acting during this process.

€
Fn — inertia force, H; Fp — movement resistance force of the indenter, H; Fr — gravity, H
In Figure 2 it is shown a diagram of penetrometer immersion in the product and power

/\./ 2

Fu

y(t)

Fp
Figure 2. Scheme of penetrometer indenter immersion into the product layer and the forces
acting on its motion:

1 —indenter needle; 2 — product.
Equation (1) is rewritten by revealing the magnitudes of forces.

d*y()
M—e *h=m @)

Consider the initial conditions: t =0, y(0) = 0; V(0) =,/2gH ,
H —height, from which the penetrometer falls.

The equation solution (2) is written as follows:

—F )t
y(t) =%+vot ®

From the equation (3) we find the resistance force of the indenter motion

(tzg +2Vit+ 2y(t))- m
Fo= Otz

4)
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The analysis of the equation (4) shows that in order to determine the magnitude of the
force Fp it is necessary to know the quantities: the initial velocity Vo, which is calculated from

the equation Vo=,/2gH ; m — by mass of the penetrometer, which we find by weighing it; g
— acceleration of the free fall of the body, which is a known physical constant g=9,8 m/c?; y(t)
the immersion depth of the indenter, which is found by measuring the length of the needlein the

product layer after stopping the movement of the penetrometer; t — duration of the needle

immersion in the product layer, it is found by calculation after below mentioned analytical
research of the material system mathematical model.

From the equation (3), we find the speed of the indenter.

dy(®) _(mg-F,)t

©®)
dt m ’
At the end of indenter immersion, we have zero motion velocity. @ =0.
From the equation (5) we find t:
V,m
t=—"— ©)
F. —mg

With the use of equations (4) and (6) we can find the characteristic of the product
consistency Fp. The calculation of the indenter movement duration includes the use of

averaging movement velocity method, considering the linear nature of change in its
immersion depth.

Time calculation scheme t.

In Figure 3 shows a chart of the motion velocity of the indenter depending on the depth
of its immersion.

dy/dt

Vo

0,5Vo

[
|

h

Figure 3. Chart of the motion velocity change dy/dt of the indenter depending on the depth
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The indenter movement duration when it is immersed in the product at a depth of hy,

we find from the equation:
h h
05V =_'=t=2_"
©ot V,

The method of proportions determines the duration of its motion to a stop when the
immersion depth is hy, so tx=hgt1/ hy.

The proposed method of determining the consistency of the product restricts the
possibility of using penetrometers of different designs. A more accurate result can be obtained
by refining the mathematical model — the differential equation of motion of the indenter,
taking into account the dependence of the area of contact of its surface with the material [9,
10].

In this case, we can rewrite the differential equation as follow:

d*y() . dy(t)
dt” _dt

m nby mg=0 )

here D — the penetrometer needle diameter, m; p; — the consistency characteristic, kg/m xs.
Bear in mind that the consistency characteristics i and Fp have different units of
measurement and different physical natures correspondingly.
Perform an equation analysis (7).
Equation solution (7) under initial conditionst =0, y(0) =0, V(0) = Vo we have:

[
y(®) = T (gt+Vv )49 Vol et mg T, )

|
H o y u
here | =D},

Equation (8) has the same characteristics m, g, t, Vo as equation (5). The difference is
that in equation (5) the characteristic of the product consistency is the penetration force Fp,
which has the unit of measurement N (Newton), whereas [ in equation (8) has the unit of
measurement kg /s or N x s/ m (Newton multiplied by a Second and divided by a Meter).

In food technology, there is a need for comparative analysis of the consistency of
different foods. It occurs mainly when a product is adopted as standard and needs to be
defined as a new product or obtained from different technological modes or formulations,
differing in their consistencies [11, 12].

In this case, it is quite enough to measure the immersion depth of indenter in the product.
The use of penetrometers with the same design and mass, and falling them from the same
height are prerequisites for such studies.

The ratio of different values of the needle indenter immersions in the product is a
comparative characteristic of the consistency of the product.

. . H . . .
Itistheindex K =_S  here Hs—the immersion depth of the penetrometer needle into
pr

the product which is adopted as standard; Hyr— the immersion depth of the penetrometer
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needle into the test product.
When K> 1, we have a product of a harder consistency. And on the contrary, if K< 1,
we have a product of a softer consistency.
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Determination of structural and mechanical properties of meat products

Changes in the structural and mechanical properties of a product that contains a different
amount of mechanically separated poultry meat (MMYV) are studied (recipes Ne2 — 30 %, Ne3
— 35 %, Ned4 — 40 %, No5 — 45 % correspondingly) with rice flour (recipes Ne2 — 10 %, Ne3 —
9 %, Ne4 — 8 %, Ne5 — 7 % correspondingly).

The data of experimental studies of the indenter immersion depth into the pate are
shown in Figure 4.
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Figure 4. Indenter immersion depth into pate with MMB and rice flour

As a result of the research of the immersion depth of the indenter in the meat pate
samples, the following data was revealed: in the control sample, the immersion depth of the
indenter was — 31,2 mm, whereas the indices for samples containing MMV and rice flour
were: Ne2 — 26,0; Ne3 — 29,0 mm; Ne4 — 30,2 mm; Ne5 — 27,8 mm. The lowest immersion
depths of the indenter were ones for sample N2 containing 30 % MMB and 10% rice flour.
So we can say that that the index of its consistency has K> 1, itis equal to K = 1,2.

The analyisis of the obtained data indicates that the including MMV and rice flour in
the paste mass contributes to a slight change in the consistency of the product.

The results of the theoretical investigation of the movement of a material object in the
form of indenter through the product layer are presented. There is a certain sequence of the
consistency of the product, its mathematical model in the form of a second order equation.
The solution has been found on initial terms which take place when using the gravitational
characteristics of falling penetrometer from a predetermined height.

The sequence of execution of researches is given and the features of use of the needle
indenter are shown.

For a comparative analysis of the consistency of similar products we have the possibility
to determine its level of change by calculation the ratio of the indenter penetration depth. In
the case when the ratio of penetration depth of certain product, adopted as a standard with its
consistency, to the penetration depth of the tested one (it can be produced by new technology)
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is less than one it means the consistency is considered too hard. And on the contrary, if the
ratio exceeds one it means that its consistency is too soft [13, 14].

The proposed method for determine the consistency of food is an alternative to
widespread method with the use of electronic mechanical devices with wide range of
indenters of different constructions (conical, needle or spherical).

Conclusion

Conducted research and received mathematical data let think that this proposed research
method of structuring food consistency by gravitational penetration with the use of the needle
indenter is competitive comparing with the best worldwide analogs of express measurement.

Its distinctive feature is simplicity of constructive content and at the same time it has
scientific point that relies on the classical laws of material systems [16].

Comparing to existing methods of measurement of consistency and defining some
efforts of penetration the mathematical models of movement of material systems with
applying second order differential equations were used. This fact expands significantly the
ability of obtaining exact results comparing to the use of previous formulas, for example
during conducting research on conical indentometers.
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Bu3HavyeHHS KOHCHCTEHUIi KOHIIEHTPOBAHUX JUCIEPCHUX CHUCTEM METOIO0M
rpasitraniiinoi meHeTpauii

Bikrop ['yup, Onbra Kosains, Ceitiiana bonnap
1 — Kuiscoxuii Hayionanvhuil yHieepcumem Kyavmypu i mucmeymse, Kuis, Ykpaina
2 — Hayionanonuii ynisepcumem xapuosux mexuonoziu, Kuis, Ykpaina
3 — Incmumym npodosoavuux pecypcie HAAH, Kuis, Yxpaina

Beryn. TlpoBeneHi aHamiTH4YHI Ta EKCHEPHUMEHTAIBHI JOCITIJKCHHS KOHCHCTEHIIIT
JIMCTIIEPCHUX CHCTEM HOBHUM METOJIOM — IpaBITaIiiHOI MEeHeTpallii.

Martepianu i MeToau. JlocimipKyrOTbCsl TUCTIEPCHI CHCTEMH — MAINTETHI MPOAYKTH 3
M’sica TTHUII, MEXaHIYHO BijoKpemiieHoro. KOHCHCTEHINsI BH3HAYanach METOOM
rpaBiTaniiiHoi nenerpanii. [lokazHukM neHeTpanii BU3HAYCHI HA OCHOBI MaTeMaTHYHOTO
MOJIENIOBAHHS PYXY IHACHTOPY B 1Lapi MPOIYKTY HAa OCHOBI u(epeHIialbHIX PIBHIHb PYXY
JPYroro NopsiaKy.

PesynbraTtn i 06roBopeHHs. 3anmporoHOBaHMH METOJl BHM3HAYEHHS KOHCHUCTEHII|
NpOCTHH y BUKOpUCTaHHI. [IpencraBiieHi paXyHKOBI 3aJIe)KHOCTI 1 MaTeMaTW4Hi MOZENi
0a3yroTbCsi Ha (I3MYHMX KOHCTAaHTaxX, HIO POOUTH METOJ] TpaBiTaliiHOl TNeHeTparii
YHIBEpCAJIbHUM JJIsl HIMPOKOTO MPAaKTUYHOTIO 3aCTOCYBAHHS MPH OLHII SKOCTI Xap4OBHX
MIPOJYKTIB €KCIIPEC-METO/IOM.

Juiist mpoBeneHHST TOPIBHSUIBHOTO aHali3y KOHCHCTEHIT XapuyoBUX NPOAYKTIB,
OTPUMaHUX 3a PI3HUX TEXHOJIOTIYHUX PEKUMIB abo peuentyp, 3amnporoHOBaHO
BUKOPHCTOBYBATH TIOPiBHSIbHY XapaKTEPHCTHKY Y BUIIsiAI koedinienta K. Horo Benuumuy
PO3paxoBYIOTh SIK BIJHOLICHHS TIMOWHM 3aHYPEHHs TOJKH Y IIap NPOAYKTY HPH MajiHHI
MIEHETPOMETPA 3 OJHIET BUCOTH.

Haii6inpii mokasHuku MaB 3pa3ok Ne 4, skuit mictuth 40% M’sica NTHILII, MEXaHIYHO
BiZIOKpEMJIEHOT0, Ta 8% pHCOBOro OOpoIIHa, a HaiMeHII — 3pa3ok Ne 2, skuid MicTuts 30%
M’sica ITHIll, MEXaHIYHO BijiokpemieHoro, Ta 10% pucoBoro 6oporrxa.

BucHoBok. BusHaueHHs MeToy rpaBiTalliiiHOl MEHETpalii PO3IIUPIOE MOXKIMBOCTI
OTPUMAaHHSI TOYHUX PE3YJbTaTiB, SKIIO TOPIBHATH 3 BUKOPHCTAHHSIM HAsBHUX METOIIB 1
anpiopHUX (HOPMYIL.

Knrouosi cnoea: epasimayitinuii nenempomemp, nenempayis, KOHCUCMeHYisl.
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