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Introduction
When designing production lines for production of 

sausages and other minced meat food products, a rational 
choice of interoperation transport system is crucial. This ar-
ticle examines the problem of calculating the pressure drop 
ΔP along a  pipeline length in those systems. This issue is 
covered in a special section of the well-known monograph 
written by A. V. Gorbatov [1]. This monograph specified that 
rheological parameters and the density of minced meat, ρ, 
play significant role in calculating of ΔP value.

As is known, the rheological properties of minced meat 
are well described by the power-law fluid model up to cer-
tain values of ω [2,3]:
	 τ = K × ωm,	 (1)
where: τ — is shear stress, Pa; m — is dimensionless flow index; 

K — is liquid texture index, Pa ·sm; ω — is velocity shear (gra-
dient), s–1.

For example, in [2], based on the results of an experi-
mental study, a diagram is presented in coordinates (τ–ω), 
which shows that formula (1) can be used to calculate the 
shear stress in the analyzed minced chicken meat when the 
velocity shears from zero to approximately 45 s–1.

The research [1] presents the results of a comprehensive 
set of experimental and theoretical studies of dependence 
of density values ρ, K, m of minced meat on various factors, 
including composition, temperature, humidity, fat content, 
etc. Subsequently, many of the results and conclusions [1] 
were used in the studies of other researchers and in prac-
tice. These results were confirmed and further developed.

Wide range of studies has been devoted to the effect of 
various additives on the rheological properties of minced 
meat. For example,  [3] presents the results of an experi-
mental study of shear stress in minced meat systems in 
cases of adding flour (chickpea, flaxseed, buckwheat, and 
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rice flour). The dependence of the effective viscosity of the 
minced meat on velocity shear is presented. The least rate 
of structural breakdown was detected in the sample with 
chickpea flour addition, while the highest rate was found 
in the sample with buckwheat flour.

Authors of the study [4] experimented with the frozen 
minced meat samples with fat content of 2 %, 10 %, and 18 %, 
the samples were defrosted via various methods (defrosting 
in a refrigerator at an ambient temperature of +4 °C, defrost-
ing under running cold water (+4 °C), and ohmic defrosting 
at various voltages). The viscoelastic properties were deter-
mined using rheological tests (tests for oscillation and creep/
reconditioning tests). The values of elasticity modulus while 
storage, elasticity loss modulus, complex elasticity modulus, 
loss angle tangent modulus, dynamic viscosity modulus, 
and complex viscosity modulus of the minced meat samples 
increased along with increasing fat content. With increasing 
frequency, the elasticity modulus of the minced meat sam-
ples increased, but the dynamic viscosity values decreased.

The article  [5] describes an experiment to develop 
minced meat recipes for poultry-based semi-finished food 
products. The authors sought for optimization of recipe in-
gredients compatibility in order to create a balanced meat 
system. Modelled recipes included meat of various cattle 
and poultry species, offal, and dairy products. The rheo-
logical properties of the obtained minced meat systems 
were studied.

Rheological properties, microstructure and stability of 
meat emulsions, stabilized with surfactants were discussed 
in  [6]. Research has shown that Pickering emulsions are 
the potential filler particles for increasing the moisture sta-
bility of meat gels, as well as the fat substitutes for protect-
ing lipids from oxidation.

The article  [7] studies texture properties, colloidal in-
teractions and rheological properties of meat emulsified 
systems with flax flour and tomato powder addition. The 
cooked sausages that contained 3 % of each additive showed 
the highest values of hardness and cohesive capacity in com-
parison with the reference samples. These regularities were 
confirmed by the higher values of elasticity parameter.

Li et al.  [8] studied the effect of adding peanut, corn, 
soybean, and sunflower oils on the gelling and rheological 
properties of chicken meat-based emulsions. Vegetable oils 
improved emulsion stability, increased effective viscosity, 
and increased elasticity. The addition of sunflower oil had 
the greatest effect.

A study [9] examined the effect of insoluble tiger nut 
dietary fiber on the rheological properties and protein di-
gestibility of low-fat meat emulsions. The results showed 
that this additive (3 % by weight) increased the elastic 
modulus and improved the processing properties of low-
fat pork meat emulsions. Moreover, these properties were 
better than those of the high-fat reference emulsions.

An experimental study of the properties of emulsions 
made from four types of meat (fish, beef, sheep, and pork) 
was conducted in [10]. Rheological parameters were mea-

sured under deformation and vibration conditions. The 
samples made from fish and mammals vary significantly 
in their rheological properties and microstructural char-
acteristics. Pork-based samples were found to possess the 
highest strength and the most compact gel structure.

Zheng et al. [11] studied the properties of minced chick-
en breast samples in which amidated pectins were used as 
natural lipid substitutes. These samples featured higher vis-
cosity and gelling ability in comparison with the reference 
sample. After heat treatment, no significant differences in 
color and texture profile characteristics were found in any 
of the samples.

The authors  [12] investigated the influence of chicken 
slaughter by-products (chicken legs and heads) on the 
chemical and rheological properties of minced meat. 
Chicken legs and heads were prepared as a ground mass 
and as a dry powder. Six types of samples were prepared 
with the addition of ground mass and powder made from 
chicken legs and heads in various proportions, legs and 
heads together and separately. It was found that adding 
this powder significantly increased the moisture-binding 
capacity and yield strength of the minced meat.

The article [13] is devoted to the study of the effect of 
temperature (4–50 °C) and sodium bicarbonate (0.4 %) on 
the solubility, protein aggregation and rheological prop-
erties of low-salt chicken meat emulsion. Along with in-
creasing temperature the solubility and effective viscosity 
initially increased, reaching maximum values at 30 °C, and 
then they decreased. It was determined that the combina-
tion of sodium bicarbonate with a  temperature of about 
30 °C can change the structure of chicken protein under 
low salt content conditions.

The effect of high pressure (up to 80 MPa) and heat treat-
ment (80 °C, 30 min) with the addition of modified protein 
on the rheological properties and taste of a pork emulsion 
product with reduced phosphate content was investigated 
in [14]. The results showed that the addition of such an ad-
ditive, coupled with high pressure and heat treatment, sig-
nificantly improved the stability, textural characteristics, and 
taste of the products. The authors believe that these improve-
ments are associated with rheological and structural changes 
in the meat emulsions and recommend them for the produc-
tion of meat products with reduced phosphate content.

There are not so many studies on the rheological prop-
erties of minced meat transported through pipelines. Some 
innovations and improvements have been made to the cal-
culations of pressure drop along the pipeline in order to 
prevent it [15–18]. Thus, according to the data of [15], in the 
measured range of shear velocities, the texture flow index 
does not depend on the pipe diameter. To calculate the value 
of K of minced meat in the pipeline, an empirical formula 
was obtained. The effect of temperature on the rheological 
parameters of meat mixtures was analyzed in a number of 
works [17,18]. The authors of the article [18] showed that in 
the hydraulic calculation of pipeline systems assigned for 
minced meat transportation, it is necessary to take into ac-
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count the characteristics of the pumps and determine the 
parameters (flow rate, pumping pressure, spent power, ef-
ficiency) at the operation point of the pumping unit.

The change in excessive pressure P is a well-known fea-
ture of pipeline systems used for interoperation transporta-
tion: it varies from the highest value at the inlet down to 
the lowest value at the outlet. In [1], the results of an experi-
mental study of the dependence of the density and rheologi-
cal parameters of minced meat on pressure were presented. 
Empirical formulas for those dependencies were proposed 
for “Doctorskaya” sausage mince and “Russian” sausages 
mince (hereinafter referred to as RSM). The phenomenon 
of increase in the density and viscosity of minced meat sys-
tems along with increasing pressure was confirmed in stud-
ies conducted by Golovanets et al. [19].

In all the above-mentioned studies, the dependence of 
density and rheological parameters of minced meat on pres-
sure was not considered in hydraulic losses calculations. The 
approach [1] to the hydraulic calculation of process pipelines 
was retained: the density and rheological parameters were 
assumed to be constant all along the pipe axis.

The purpose of this article is to develop a method for 
calculating hydraulic losses in interoperation transporta-
tion systems, taking into consideration the dependence of 
minced meat density and rheological parameters on pres-
sure. The relevance of this study is based on the need to im-
prove mathematical models and calculation methods for 
pipeline transportation of minced meat for development 
of digital clones of production processes.

Research tasks:
1.	 Assessment the experimental data  [1] sufficiency for 

their use in hydraulic calculations of minced meat pipe-
line transportation;

2.	 Development of a  method for calculating hydraulic 
losses in a  pipeline, taking into consideration the de-
pendence of minced meat density and rheological pa-
rameters on pressure;

3.	 Exploring the impact of various factors (moisture con-
tent of minced meat, mass flow rate, pipeline diameter, 
temperature) on the error of calculation results without 
taking into consideration the dependence of minced 
meat density and rheological parameters on pressure.

Objects and methods
A  system for interoperation transportation of minced 

meat through cylindrical pipes is the object of this research. 
The subject of the research is the effect of pressure on minced 
meat density and rheological properties on hydraulic losses 
during minced meat movement through the pipe.

This article uses the findings of dependence of density 
on pressure  [20] observed in three samples of “Russian” 
sausages mince (RSM), minced in a mincer with mesh di-
ameter of 3 mm of holes. Sample of RSM‑1 has a fat content 
ϕ = 0.1826 kg/kg, moisture content U = 2.06 kg/kg; RSM‑2: 
ϕ = 0.1544 kg/kg, U = 2.55 kg/kg; RSM‑3: ϕ = 0.127 kg/kg, 
U = 2.70 kg/kg.

In [20] an empirical formula is given for calculating the 
density of sausage mince, obtained as a result of general-
izing experimental data:
	 ρ = F1 (ϕ, U, p) = 
	 = 1037 – (290 · ϕ + 10,5U) + 22 × lg(p × 105),	 (2)
where: ρ — is density of minced meat, kg/ m3; ϕ — is fat content, 

kg/kg; U — is moisture content, kg/kg; p — is dimensionless 
excessive pressure (excessive pressure referenced to atmo-
spheric pressure): p = P/PA.

Formula (2) was obtained for a wide range of pressures 
(p = 0.1 – 16). The error in calculating the density as per (2) 
does not exceed 4 %.

Formula (2) shows that density dependence not only on 
excessive pressure but also on the fat content and moisture 
content of the minced meat was obtained. In this article the 
authors confine themselves to the dependence of density 
on p for the determined RSM samples:
	 ρ = F2i (p) = ρ0i + 22 × lg p,	 (3)
where: the first term in (3) is calculated using the known va

lues of ϕ and U: for RSM‑1 ρ01  =  1072.4 kg/m3, for RSM‑2 
ρ02 = 1075.4 kg/m3, for RSM‑3 ρ03 = 1081.8 kg/m3; index 22 in 
formula (3) is dimensional (kg/m3).

It is necessary to note that density changes only slightly 
with an increase in dimensionless excessive pressure from 
p = 0.1 to p = 10, and amounts to no more than 4.2 % for 
three RSM samples being considered.

For m and K parameters of sausage mince given in [21] 
empirical formulas are given. For RSM they can be written 
in the following way:
	 m = 0,732 × (1 + 0,091 × lg(1 + p) + 0,0017 × t,	 (4)
	 K = 64 × (1–0,02 · t) × 
	 × exp [–10,8 × (W – 0,48) × (1–0,173 × lg(1 + p))],	 (5)
where: W = U (1 + U) — is relative humidity of RSM, kg/kg; t — 

temperature, °C.

The dependence of rheological parameters on pressure 
is more significant than that of density. As the dimension-
less excessive pressure changes from zero to ten, the value 
of m increases by approximately 9 %, and K increases by 
more than 45 %.

In  [1] the limits of formulas applicability are indicated: 
(1) — is applicable up to p = 16, (4) and (5) — up to p = 10. 
In industrial conditions they try to use systems of interopera-
tion transportation of minced meat with a pumping pressure 
of less than 1 MPa (p = 10). It is known that higher pressure can 
lead to overgrinding of minced meat and its quality worsen-
ing [1]. Pumping equipment is selected to provide a relevant 
level of pumping pressure [22, 23]. Therefore, the experimen-
tal data and the analytical dependencies of the density and 
rheological parameters of RSM on excessive pressure pro-
posed on their basis from the article [1] are quite sufficient for 
calculating the hydraulic losses along the length of the pipe-
line used in industrial conditions for transporting minced 
meat. Therefore, the first task of the research is solved.
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We assume that RSM flow in the pipeline occurs in 
laminar mode. Pressure losses along the pipeline during 
laminar fluid flow (including non-Newtonian fluid) can be 
calculated using the well-known Darcy-Weisbach formula:

	 ∆P L
D

V= ⋅ ⋅ ⋅λ ρ
2

2, λ = 64
Re

,	 (6)

where: λ  — is the index of friction losses along the pipeline 
length; L — is pipeline length, m; D — is the pipeline internal 
diameter, m; ρ — is the liquid density, kg/ m3; V — is aver-
age (in cross-section) velocity of mince flow in the pipeline, 
m/s; Re = ρ · D · V/μ — Reynolds number; μ — is the index of 
dynamic viscosity of the liquid, Pa · s.

But when transporting a power-law fluid, in particular, 
minced meat, instead of the usual Reynolds number Re, its 
analogue for a power-law fluid RePL should be substituted 
into formula (6), as in [18,24]:

	 RePL
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Where: RePL — is the analogue of Reynolds number for a power-
law fluid; V  — is the average flow velocity in the pipeline; 
m  — is flow index; D  — is the pipeline internal diameter; 
ρ  — is minced meat density; K  — is the index of minced 
meat texture.

This article takes into consideration the fact that the 
minced meat density does not remain constant, and de-
creases along the length of the pipeline together with the 
pressure [1]. Therefore, we will calculate the velocity based 
on the mass flow rate G (kg/s), which remains constant: 
V = G/(ρ · S), where S = 0.25 · π · D2 is the cross-sectional 
area of the pipeline, m2. By substituting (7) into (6) and 
dividing by L, the value of specific pressure losses along the 
length of the pipeline is obtained:
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In previously published studies [14,17,18], the values of 
m, K, and ρ were assumed to be constant along the pipe-
line length. Therefore, to calculate pressure losses, the va
lue I was simply multiplied by L.

According to formulas (3)–(5), m, K, and ρ depend on 
the dimensionless excessive pressure p, temperature t, fat 
content ϕ, and moisture content W. We assume that in the 
problem of determining pressure losses, the values ϕ, W, t, 
G, D, and L are the parameters. They do not change for the 
given pipeline and for the sample of minced meat. Then, 
the value of the specific pressure loss is a function of only 
one argument  — the dimensionless excessive pressure: 
I = f (p).

To determine the pressure loss along the length of 
a  pipeline when transporting a  given sample of minced 
meat, it is necessary to find a solution to Cauchy problem:

	
dp
dY

f p= ( ), p p0 0( ) = ,	 (9)

where: Y — is coordinate measured along the pipe axis from the 
outlet to the inlet, m; p0 — is dimensionless excessive pres-
sure at the outlet of the pipe.

Next, we assume that the pressure at the outlet is atmo-
spheric, therefore p0 = 0.

The Cauchy problem (9) in general has no analytical so-
lution, therefore a numerical finite-difference method was 
used, implemented in the Mathcad environment with the 
help of Given-Odesolve operators combination.

The obtained value of the dimensionless excessive pres-
sure at the pipeline inlet p(L) is the sought-after value of 
pressure loss along the pipeline length Δp1. Thus, the sec-
ond task of the research is solved — a method for calculat-
ing hydraulic losses in a pipeline was developed taking into 
consideration the dependence of minced meat density and 
rheological parameters on pressure.

For comparison, a  simplified calculation was per-
formed, determining the value of Δp0  =  I0 · L, where the 
value I0 was calculated using formula (8). Moreover, m, K, 
ρ were considered as constant, equal to the corresponding 
values at atmospheric pressure.

The error in calculating hydraulic losses with and with-
out considering the dependence of minced meat param-
eters on pressure (full calculation and simplified calcula-
tion) was calculated via the formula:

	 ε = ⋅ −( )100 11 0∆ ∆p p .	 (10)

As shown, while increasing excessive pressure, the den-
sity of RSM changes notably less than does the viscosity. 
Therefore, a  calculation of the hydraulic losses Δp2 was 
performed under the condition that the values of m and K 
depend on the excessive pressure, and ρ along the pipe axis 
remains constant, equal to its value at atmospheric pres-
sure. The calculation error introduced by the density con-
stancy was estimated using formula (11).

	 e p p= ⋅ −( )100 11 2∆ ∆ .	 (11)

Results and discussion
Figure 1 shows the results of calculations via formu-

la  (8) for the dependence of specific hydraulic losses on 
excessive pressure at six values of RSM mass flow rate. The 
increase in I  with increasing G corresponds to the well-
known physical effect of the influence of dynamic pres-
sure on hydraulic losses. Thus, an increase of G from 0.3 
to 4 kg/s at P = 0 led to an increase of I by 6.7 times, and at 
P = 1 MPa — by 8 times. The increase of I along with exces-
sive pressure growth is a feature of the proposed method. 
According to Figure 1, at G = 4 kg/s, if the excessive pres-
sure rises from zero to 1 MPa, the value of I will increase by 
95.4 %. At G = 0.3 kg/s, it will increase by 63.2 %.

The physical reason for this phenomenon is that in-
creasing pressure leads to an increase in the minced meat 
viscosity. The higher the viscosity of the mass, the greater 
the hydraulic losses. It is necessary to note that while the 
minced meat moves through the pipeline, the excessive 
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pressure decreases from the inlet to the outlet. Conse-
quently, the viscosity and specific pressure losses decrease.

The results of solving the Cauchy problem (9) are 
numerically presented in the Figures 2 and 3. In all cal-
culations the pipe length was assumed to be constant, 
L = 20 m. The X coordinate was measured from the pipe 
inlet: X = L – Y. For each set of parameters, the pressure 
change along the pipe axis was calculated twice: taking into 
account the dependence of the density and rheological pa-
rameters of the FRS on excessive pressure (solid lines in the 
Figure 2) and without taking this dependence into account 
(dashed lines in the Figure 3). The latter calculation should 
be called as simplified.

The dashed lines in the Figure 2 correspond to the hy-
draulic calculation for a power-law fluid flow, where densi-
ty and rheological parameters are not dependent on exces-
sive pressure. Therefore, they linearly decrease along the 
pipe axis. As G increases, hydraulic losses increase. In the 
Figure 2, the greater G — the higher the dashed lines are 
located, due to the dependence of density and rheological 
parameters on pressure. Their deviation from straight lines 
is noticeable, especially at high mass flow rates.

The RSM density along the pipe axis decreases slightly: 
by 1.4 % at G = 0.3 kg/s and by 5.5 % at G = 4 kg/s. There-
fore, the increase in the RSM flow velocity from the pipe 
inlet to the outlet is small. Under the similar conditions, 
the texture index decreases by 8.6 and 27.9 %, respectively. 
Both of these latter changes contribute to increase in the 
Reynolds number along the pipe axis. Figure 3 shows the 
results of its calculation using formula (7). The calculations 
were performed taking into account the pressure drop 
along the pipe axis, found using differential equation (9).

According to Figure 3, the value RePL increases from 
22.0 at the pipe inlet up to 41.8 at the outlet (89.5 % in-
crease) at G = 4 kg/s. At G = 0.3 kg/s, this increase goes 
from 1.39 up to 1.59 (14.1 % increase). This indicates that 
the flow regime in the pipeline remained laminar under 
all studied conditions. Therefore, using the formulas (6) 
and (7) is copmletely justified.

All calculations via the proposed method were then 
performed with varying one of the following factors: pipe-

line diameter, RSM moisture content, and temperature. 
For comparison, the Figure 4 shows the dependence of 
the dimensionless pressure drop across a pipe of a given 
length L for two diameters, taking into account the depen-
dence of the density and rheological parameters of RSM 
on excessive pressure (solid lines for Δp1) and without 
this dependence (dashed lines for Δp0). It is evident that 
the solid lines extend significantly above the dashed lines. 
Moreover, this difference increases along with increasing 
RSM mass flow rate.

Figure 1. Results of calculating the dependence of specific hydraulic 
losses on excessive pressure for RSM at 3 °C, W = 0.673,  

D = 60 mm and different values of mass flow rate: 1 — G = 0.3 kg/s, 
2 — G = 0.8 kg/s, 3 — G = 1.5 kg/s, 4 — G = 2.2 kg/s,  

5 — G = 3 kg/s, 6 — G = 4 kg/s

Figure 2. Results of calculating the dimensionless excessive pressure 
along the pipe axis taking into consideration (lines 1, 2, 3) and not 
taking into consideration (lines 4, 5, 6) the dependence of the RSM 
density and rheological parameters on pressure at 3 °C, W = 0.673, 

D = 60 mm and different values of mass flow rate: 1 and 4 — 
G = 0.8 kg/s, 2 and 5 — G = 2.2 kg/s, 3 and 6 — G = 4 kg/s

Figure 3. Results of calculating the Reynolds number analogue along 
the pipe axis at 3 °C, W = 0.673, D = 60 mm and different values of 

mass flow rate: 1 — G = 0.3 kg/s, 2 — G = 0.8 kg/s, 3 — G = 1.5 kg/s, 
4 — G = 2.2 kg/s, 5 — G = 3 kg/s, 6 — G = 4 kg/s

Figure 4. Dependence of the dimensionless pressure drop  
on RSM mass flow rate at 13 °C, U = 2.06 kg/kg and two diameter 

values: 1 and 2 — D = 55 mm, 3 and 4 — D = 68 mm;  
1, 3 — calculation taking into consideration the dependence  

of RSM density and rheological parameters on excessive  
pressure (Δp1); 2, 4 — not taking into consideration (Δp0)
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The proposed method for calculating pressure drop 
during pipeline transportation of minced meat is signifi-
cantly more complicated than the traditional hydraulic 
calculation method, because it involves the numerical 
solution of differential equation (9). The feasibility of its 
application is evaluated in reference to the pressure drop 
calculation error value, ignoring the dependence of RSM 
density and rheological parameters on excessive pressure. 
The results of calculating this error using formula (10) with 
varying values of individual factors are presented in the 
Figures 5 and 6.

In all cases, increasing RSM mass flow rate increases the 
simplified calculation error. This is caused by increase in 
dynamic pressure due to G increase. Changing the internal 
diameter of the pipeline significantly affects the calculation 
results. Increasing D reduces the dynamic pressure and de-
creases the simplified calculation error. In the Figure 5, for 
G = 4 kg/s and D = 55 mm, the simplified calculation error 
is 52 %, while for a diameter of 80 mm, it decreases down 
to 17 %.

Increasing temperature leads to a decrease in RSM vis-
cosity, which leads to a decrease in the specific pressure loss 
calculated with the formula (8). As a result, the error in the 
simplified calculation decreases, but not as much as with in-
creasing diameter. In Figure 6, at G = 4 kg/s and a tempera-
ture of 3 °C, it is 45.6 %, while at 23 °C, it decreases to 33.8 %.

As the moisture content increases, the viscosity of 
RSM decreases. This also reduces the specific pressure 

loss and the simplified calculation error. For example, 
at G = 4 kg/s and U =  1.86 kg/kg, this error amounts to 
49.4 %, at U = 2.06 kg/kg, it decreases down to 45.6 %, and 
at U = 2.70 it decreases to 34.7 %.

Figure 7 shows how the error calculated using formula 
(11) depends on the mass flow rate of RSM. The conditions 
used are the same as in Figure 5. It can be seen that as-
suming RSM density as constant, equal to its value at at-
mospheric pressure, leads to overestimation of the pres-
sure loss. This is because, in the model used, mince density 
decrease directly leads only to an increase in RSM flow 
velocity within the pipeline. As a  result, hydraulic losses 
increase. However, this increase does not exceed 4 % over 
the entire range of parameters studied.

Note that the error in the simplified calculation ε in-
creases with increasing values of the factors that lead to 
increased hydraulic losses. To analyze this phenomenon it 
is necessary to plot another graph.

Δp0 was chosen as the argument, calculated without 
taking into account the dependence of RSM density and 
rheological parameters on excessive pressure. The groups 
of points are numbered. Each group includes 6 points, 
which were obtained at six values of RSM mass flow rate 
from 0.3 to 4 kg/s. Groups of points 1–4 were calculated by 
varying the pipeline diameter, and 5–8 — by varying the 
temperature. It is evident that all of the indicated points 
practically lie on the same line. In the range Δp0 = 0–4, 
the dependence in Figure 8 is close to a directly propor-
tional dependence: ε = 10 Δp0. Only at Δp0 > 4 does the in-
dicated line deviate slightly downwards from the straight 
line.

According to the Figure 8, if the pressure loss according 
to the simplified calculation is Δp0 > 1, then the simplified 
calculation error is ε > 10 %; if Δp0 > 6, then ε > 50 %. This 
error is unacceptable for engineering calculations. The 
conducted assessment allows us to conclude that the third 
objective of the study has been fulfilled.

The Figure 8 enables estimation for how much greater 
the hydraulic losses are in the extended calculation than 
in the simplified one. With putting ε = 10 Δp0 into formu-
la (10), the approximate estimation of the required dimen-
sionless pumping pressure is obtained:

	 ∆ ∆ ∆p p p1 0 01 0 1≈ ⋅ + ⋅( ), .	 (12)

Figure 5. Dependence of the error of the simplified calculation 
of the pressure drop on RSM mass flow rate at 13 °C, U = 2.06 kg/kg 

and for 4 diameters of pipe: 1 — D = 55 mm, 2 — 60 mm, 
3 — 68 mm, 4 — 80 mm

Figure 6. Dependence of the simplified calculation error 
on RSM mass flow rate at D = 60 mm, U = 2.06 kg/kg and for 

4 temperatures: 1 — 3 °C, 2 — 10 °C, 3 — 17 °C, 4 — 23 °C

Fig. 7. Dependence of the simplified calculation error e on RSM 
mass flow rate at 13 °C, U = 2.06 kg/kg and for 4 diameters of pipe: 

1 — D = 55 mm, 2 — 60 mm, 3 — 68 mm, 4 — 80 mm
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The practical application of the Figure 8 and for-
mula  (12) is as follows. Under the assumption that while 
feeding the RSM the value Δp0  =  I0 · L  =  3 (0.3 MPa) is 
obtained, where the value of I0 is calculated via simplified 
method, according to formula (8), without taking into con-
sideration the dependence of RSM density and rheological 
parameters on excessive pressure. Then, taking into con-
sideration the dependence of RSM density and rheological 
parameters on excessive pressure, the hydraulic losses will 
be approximately 30 % greater, Δp1 ≈ 3.9 (0.39 MPa). It is 
this pumping pressure that should be taken into account 
when selecting the appropriate pumping equipment.

It should be noted that the Figure 8 was obtained for 
the representation of dependence of RSM density and 
rheological parameters on pressure. For the other types 
of minced meat the correlation between Δp0 and ε (and 
therefore between Δp0 and Δp1) may quantitatively differ.

Conclusion
Thus, the purpose set out in the article has been 

achieved, and all research tasks have been solved. The de-
veloped method for calculating hydraulic losses in a pipe-
line, taking into consideration the dependence of minced 
meat density and rheological parameters on pressure, in-
cludes the following main steps:
1.	 Determination of the analytical dependence of minced 

meat density and rheological parameters (flow index m 
and liquid texture index K)  on pressure according to 
the results of experimental studies — the formulas (3)–
(5) should be referred to.

2.	 Derivation of the formula for specific pressure losses 
caused by friction along the length of the pipeline being 
researched (designed), taking into consideration the 
dependence of m and K on pressure — the formula (8) 
should be referred to.

3.	 Mathematical formulation of the Cauchy problem, in-
cluding a differential equation for dimensionless exces-
sive pressure and its preset value at the pipeline outlet.

4.	 Solving the Cauchy problem and determining the di-
mensionless excessive pressure at the pipeline inlet. 
This value is the required pumping pressure, which 
(along with the specified flow rate) is referred to in or-
der to select the relevant pump.
The analysis showed that the results of previously con-

ducted and published studies on the relationship between 
density and rheological parameters of “Russian” sausage 
mince (RSM) are sufficient to solve the tasks of this article. 
However, a full calculation for other mince systems will re-
quire similar experimental studies.

The error in the full calculation of hydraulic losses (di-
mensionless pressure losses Δp1) using the Cauchy prob-
lem (9) is determined by the accuracy of the used approxi-
mations and does not exceed 4–5 %. However, the error in 
the simplified calculation (Δp0, ignoring the dependence of 
density and rheological parameters on pressure) can reach 
50 % under certain conditions. This error is unacceptable 
for design engineering calculations. Therefore, it is neces-
sary to use the calculation method developed in this ar-
ticle. This method is significantly more labor-consuming 
than the traditional hydraulic calculations, because it re-
quires numerical solving the Cauchy problem. Therefore, 
an approximate estimate of hydraulic losses increase due 
to the effect of pressure on the minced meat parameters 
was proposed.

On the example of minced meat produced for the 
“Russian” sausages, the influence of temperature, humid-
ity, mass flow rate, and pipeline diameter on the calcula-
tion results was studied. In all cases increasing in hydrau-
lic losses leads to increasing the correction required for 
the calculated pumping pressure. The dependence of ε on 
the pumping pressure was calculated using a  simplified 
method, which ignores the dependence of the minced 
meat density and rheological parameters on pressure. 
In this context ε value represents a correction to the result 
of the simplified calculation of the pumping pressure, and 
it can be used for approximate assessment. The percent-
age by which the pumping pressure calculated with the 
dependence of the minced meat properties on pressure 
exceeds the value calculated without taking this depen-
dence into consideration was determined. Formula (12) 
enables an approximate estimating of Δp1 by Δp0 without 
solving differential equation (9).

It should be noted that the numerical values of cor-
rections obtained in this article are valid for the minced 
meat used in “Russian” sausages. For other minced meat 
systems those values may significantly differ. Moreover, 
it is necessary to take into consideration the hydraulic 
losses due to local spots of resistance, primarily at the 
pipeline bends.

Figure 8. Dependence of the simplified calculation error on the 
dimensionless value of the pressure drop, calculated without taking 
into consideration the dependence of RSM density and rheological 

parameters on the excessive pressure at U = 2.06 kg/kg:  
1, 2, 3, 4 — t = 13 °C; 1 — D = 55 mm, 2 — 60 mm, 3 — 68 mm, 

4–80 mm; 5, 6, 7, 8 — D = 60 mm; 5 — t = 3 °C,  
6 — t = 10 °C, 7 — t = 17 °C, 8 — t = 23 °C
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