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ABSTRACT

In sequential pumping, several liquids with different physical and chemical properties are pumped
through one pipeline. The advantages of this method include: using one pipeline to transport
different liquids; more complete pipeline loading; and reduced cost of pumping. The paper
considers the sequential pumping of two batches of oil blends with different physicochemical
properties through an industrial oil pipeline. This is because a batch of high-paraffin oil blend is
simultaneously pumped to an oil refinery, and a batch of high-viscosity oil blend is transported
further along a pipeline. The difference between the thermal-physical and rheological properties
of oil batches imposes a condition on the thermal mode of operation of an industrial pipeline. A
mathematical model and algorithm have been created for calculating the sequential
transportation of high-paraffin and high-viscosity oil blends. Thermohydraulic calculations of the
model show the distribution of hydraulic head, pressure, and temperature of the batches under
the operating conditions of pumping units and heating furnaces. The verification and validation of
the theoretical analysis was carried out with experimental data measured by the SCADA along the
industrial pipeline length. By the thermal mode of sequential pumping, optimal heating
temperatures of oil blends were found at the industrial pipeline stations.

Keywords: sequential transportation, batch of oil blends, high-paraffin oil, high-viscosity oil,
heating temperature, industrial pipeline.
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Introduction

The method of sequential pumping is widely

used in pipeline transportation of oil and oil
products [[1], [2], [3], [4], [5], [6]]. In this method at
each moment, several oil blends differing in their
physical and chemical properties are pumped
through one pipeline. At that, each batch displaces
the previous one and in turn, is displaced by the next
one. Such regimes are non-stationary, as at different
moments in each point of the pipe the value of
parameters of the passing oil batch changes, which,
having different rheological properties, cause

different hydraulic losses for each point of the pipe
in time.
Sequential pumping technology, or batch

transportation, offers several advantages in the
context of transporting oil and petroleum products
through pipelines [[7], [8], [9]]:

Optimizing Pipeline Capacity. By transporting
multiple types of oil in batches, pipeline operators
can make the most efficient use of the available
space and maximize throughput. This can be
especially important in regions with limited pipeline
infrastructure.
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Economic Efficiency. Utilizing a single pipeline
for transporting multiple products is more cost-
effective than constructing separate pipelines for
each product.

Flexibility ~ and  Adaptability.  Sequential
transportation provides flexibility to respond to
changing market conditions.

Reducing Energy Consumption. Transitioning
from one type of oil to another within the pipeline
can be more efficient than emptying the pipeline
before switching.

Efficient Resource Allocation. By transporting
multiple types of oil through the same pipeline,
resources such as labor, maintenance, and
monitoring can be more effectively allocated,
reducing overall operational costs.

An approximate theory of sequential pumping of
petroleum products by direct contacting was first
proposed in the paper [6].

Sequential pumping is used in the pipeline
transportation of various oil blends and petroleum
products, such as diesel fuel, kerosene, etc. In
practice, different types of oil se-quential pumping
are applied: 1) the presence of a dividing plate
between different batch-es of heavy oil blends and
oil products; 2) with separating plug is created by
introducing drag reducing additive to the fluid; 3)
direct contact methods of oil and oil products.

Most publications on this topic focus on
planning the operation of a multi-product pipeline
system when the pipeline is connected to multiple
tank farms and local consumer markets [[10], [11],
[12], [13], [14]].

The problem of mixture formation during the
sequential pumping of light oil products through the
same pipeline [[9], [15], [16]] is considered. It is
known that when one oil product is displaced by
another in the contact area of sequentially moving
batches, a mixture is formed.

[3] used BFC-POD-ROM to simulate the cyclic
transportation of Shengli and Oman oil batches to
reduce the time cost. The paper [4] uses the
gradient-type flow rate distribution model to
increase the calculation accuracy in modelling
sequential pumping with a non-constant flow rate.
In the paper [17], a mathematical model was
developed to describe the sequential pumping of
cool and hot oil. It is assumed that the safety of
batch-ing of cold and hot oil can be improved by
reheating the cold oil ahead or increasing the
capacity of the hot oil.

In Kazakhstan, the method of sequential
pumping is applied on the Karazhanbas-Aktau and
Uzen-Atyrau industrial oil pipelines. The Uzen -

Atyrau oil pipeline facilitates the batch pumping of
high-viscosity Buzachi and high-paraffin Mangyshlak
oil blends. At the outlet of the main oil pumping
station (MOPS) 'Uzen,' the pour point temperature
of the Mangyshlak crude mixture is Tpt = +27°C,
while for the Buzachinsk crude mixture, it is Tpt = -
12°C. The difference in pour point temperatures
between the Mangyshlak and Buzachinsk crude
mixtures requires optimization of the heating
temperature to ensure safe cyclic pumping. This
operational process is interconnected with the
concurrent transfer of a Mangyshlak oil blend batch
to an oil refinery. While the batch of Buzachi oil
blend is transported further along the industrial
pipeline. The peculiarity of this task is that the
pumping and heating of oil blends is carried out at
several pumping and heating stations located along
the length of the oil pipeline. Associated pumping
and heating require the development of a model and
an algorithm for calculating batch pumping. This
paper presents the results of thermohydraulic
calculations of sequential pumping of Mangyshlak
and Buzachi oil blends through the Uzen - Atyrau
industrial pipeline.

Sequential pumping

The longitudinal profile and diagram of the Uzen
- Atyrau oil pipeline section are shown in Fig.1. The
pipeline section passes through high-relief terrain,
which creates static pressure in the pipeline. There
are five intermediate stations along the pipeline: Sai
Utes, Beineu, Opornaya, Kultumiev, and Shmanov.

Two oil batches with different physicochemical
properties are pumped in sequential order through
the oil pipeline section.

With this method of pumping, the changeability
of the output of a batch of oil blends from the initial
station occurs cyclically under a constant condition:
the first batch (the first type of oil blend) goes out
until it exhausts the pre-set batch volume for it, then
the second batch (the second type of oil blend) also
comes out until the predetermined volume is also
exhausted, then the first batch comes out again with
the same condition, etc. For the sequential pumping,
different initial temperatures of oil blends can be set
for each batch.

Sequential pumping modes are non-stationary,
since at different times at each point of the pipe, the
values of the parameters of the passing batch of oil
change, which, having different rheological
properties, causes different hydraulic losses for each
point of the pipe in time.
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Figure 1 — The Uzen — Atyrau industrial pipeline profile and station location diagram: HOPS is the head oil pumping
station; OPS is the oil pumping station; OHS is the oil heating station

Basic assumptions of the sequential pumping
model. The batch pumping is considered as a non-
stationary process and the following assumptions
are made:

- oil is not compressible, the density of oil does
not depend on the temperature and pressure;

- different batches of oil do not mix;

- the temperature of the fluid along the radius of
each section of the pipe is constant.

Consider a pipeline of a length L, in which there
are n operating oil pumping stations (OPS) and m
operating oil heating station (OHS). Let each OPS be
located in x;P* along the pipeline and, depending on

the oil flow rate, crcreatedditional pressure APi‘)pS

(pressure jumps). Let each OHS be located in xj’hs
along the pipeline and, depending on the oil
consumption, creates heating AT?"S (temperature
jumps) and pressure loss APP*.

It should be noted that the pressure AP,
generated by OPS, oil heating AT?" in OHS and
pressure loss AP°P* are the operating parameters

and are set for the sequential pumping.

ops

Model of mass and heat transfer

1. Mass and heat transfer in the linear part of the
pipeline

The length of the oil pipeline L reaches hundreds
of kilometers, and its diameter is D1 = 1m, so the
batch pumping can be considered in the framework
of a one-dimensional model.

Denote the density of the first batch of oil blend
as p,, and the second batch as p,. Then the density

of the oil blend in the batch pumping can be
expressed asp=p0+p,(l-®), where o is the

specific fraction of the oil blend; the variable @
takes the values @ =1 for the first batch of oil blend

or o =0 for the second batch of oil blend, since batch
mixing is not allowed.

The assumption of incompressibility of the oil
blend can be formulated as an equation:

8_(0 +u a_w =0 (1)
t oX
The equation of motion, considering the
accepted assumptions, can be written as:
2
ou +@ . pu

=—{——pgsinf+
P §2D1 pgsing

; . (2)
+Y APPS(x—x) = AP™ (x—X,)
i=1 j=1
The heat transfer equation, considering the
accepted assumptions, has the form:
or ,,oT _ 4K

+U—=
ot  pCD,

(T-T,)+ 2gu|3:) +
P 3)
+Zm: AT =5 (x—x"™)
j=1
where T is the temperature distribution of oil blends
along the pipeline; P is the pressure distribution
along the pipeline; u is the linear velocity of fluid
flow in the pipe; ¢ is the coefficient of hydraulic

resistance; g is the acceleration of gravity; D, is the
inner diameter of the pipe; [ is the angle of
inclination of the pipe profile; K is the heat transfer
coefficient from the oil flow to the surrounding
environment; T,, is the temperature of the
surrounding soil; C,, is the heat capacity of oil; §(x) is
the Dirac function.

The equation (1) describes changes in the
distribution of batches of oil blends along the
pipeline. The second equation (2) is derived from the
equations of motion and continuity, considering the
incompressibility of the fluid and the operation of
OPS and OHS. The equation (3) is derived from the
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heat balance equation considering the OHS
operation along the pipeline. Equations (2) and (3)
are interconnected through the coefficient of
hydraulic resistance{, which depends on the
temperature of the oil blends. There are no diffusion
terms in equation (1) since the model assumes that
batches of oil blends do not mix. The equation (1) is
related to equations (2) and (3) via the parameters
P, C,, K, ¢ asfollows:

C, =C,0+C,,(1-w), A=4o+1,(1-w),
(4)
p=pmo+il-0), K=K(a,1)

Where C,, C,, are the heat capacity of batches No.

1 and No. 2, respectively; 41,4, are the thermal
conductivity of batches No. 1 and No. 2,
respectively; £ (T), 1, (T) are the dependences of

viscosity of batches No. 1 and No. 2 on temperature.

2. Initial and boundary conditions
The system of equations (1)-(2) has the
following boundary conditions:

P(0,t) = Py, P(L,t) = P, (5)
TOY)=T, by =1, TO)=T, by =0 (4

t

Sojudt v
w(0,t)=1, 0 <o——;
1 + 2 Vl VZ
. (7)
So j udt v
o(0,t)=0, 0 >—1,
vV, +V, v, V,

where P is the pressure at the outlet of the tanks at

the initial station; P; is the pressure at the inlet to
the final station; Ty, T, are the initial temperature of
the oil blends for batch No. 1 and batch No. 2,
respectively; Sy is the cross-sectional area of the
pipe at the outlet of the initial station; V;, V, are the
volumes necessary for switching for batch No. 1 and
batch No. 2, respectively; ( ) is the operation of
taking the fractional part of the number.

The boundary condition (7) was derived from
the following considerations: let the volume of oil
blends V = V(t) that came out of the initial station
be known for each moment of time t. Consider
switching batches of oil blends from the start of

pumping:

V €[0,V;) - pumping of batch No. 1;

V € [V, Vi +V,) - pumping of batch No. 2;
V € [V, +V,, 2V, +V,) - pumping of batch No. 1;
V € [2V;, + V,, 2V, + 2V5,) - pumping of batch No. 2;

VekW,+V,),k(V; +V,)+V;) -pumping of batch
No. 1

It is easy to notice that during the pumping of

Vo
lies

batch No. 1, the fractional part of the ratio "
1 2
) < —2
VitV, ViV’
Vi
V1+V2) € [V1+V2 1.
For each moment t, the value of V can be calculated
by considering the volume pumped through the

section S, with linear velocity u, i.e. V=V (t) =
So fot udt.

Vi
ViV’

when pumping of batch No.2 ¢

in the range from 0 to i.e. (

3. Closure relations

The values of the additional pressure created on
the OPS, as well as heating and pressure loss on OHS
are known and depend on the flow rate of oil blends,
i.e. they are predefined functions of the flow rate u:

APiops — Apiops (U), ATjohs :A-I-johs (U),

(8)
ohs ohs
AP =AP™(u),

In the current model, the profile of the oil
pipeline and the ambient temperature are known
and depend only on the location along the route, i.e.
they are predefined functions of space:

B A, T,=T.,00, (9)

The coefficient of hydraulic losses ¢ = ¢ (u, &) in
equations (2) and (3) can be calculated using well-
known formulas or equations [[18], [19], [20]].

The heat transfer coefficient K =K (a,4) from
the oil flow to the environment can be found using
the formulas described in detail in [[21], [22]].

Soil temperature T,, was taken from measured
SCADA data. Since the ground along the considered
section of the pipeline is heterogeneous, the values
of ground thermal conductivity were calculated
using historical actual data of oil flow rate, oil
temperature and ground temperature for the given
section of the pipeline [23].

The heat capacity of oil blends is described by
the Krego's formula [8]:

C,(T) = (53357+107.2-T) /\[p [J/(kg-°C)],  (10)

4 Setting the sequential pumping period
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Since the boundary conditions (5) and (6) are
cyclic, depending on the given constants V3, V,, the
state of the pipeline will also be cyclic, i.e. after a
certain time At the values of the variables

cyc ’

u,P, T, will be the same:

u(x,t) =u(x,t+At,.), P(x,t)=P(x,t+At,,)
11
T(x,t):T(x,t+Atcyc),a)(x,t):a)(x,t+Atcyc) (11)
Thus, to simulate the sequential pumping
process, it is sufficient to use some initial

distribution of P, T, . In the process of calculations,
such a cycle start time t° will be found that the

cyc

conditions t >t} (11) will be met. Such time t_ can

oye
be found by storing variables u,P,T,» for each
moment t and comparing them with the values of
the previous time.

In practice, it is enough to compare only the
values u(0,t), since this method is less

computationally intensive. The condition of the
pipeline t>tfyC is conditionally called the "steady

state" during the sequential pumping of oil blends.

Let batch No. 1 be less viscous than batch No.2,
if, with a given pumping mode (OPS and OHS
operating modes), the batch pumping of two oil
blends is possible, only when pumping of batch No.
1 is possible.

It is also obvious that if pumping batch No. 1 is
impossible, then sequential pumping of two batches
is also impossible. Therefore, as an initial
distribution of P,T,w® for modeling the batch

tgvc Al e

=

o

=]
1

Velocity, m/s
=
oo
=

=

o0

[=3]
1

pumping, it would be correct to take the values of
the batch of oil blend No. 1:

P(X, O) — Pbatchl (X) , T(X, 0) :Tbatchl(x) , 1
w(x,0)=1, (12)

Pbatchl , T batchl

where are the distribution of oil

pressure and temperature, respectively, along the
pipeline for stationary pumping mode of batch No.

1. In this case, for '[<tgyc
the stationary oil pumping mode No. 1 to the
"steady-state" batch pumping mode will be
obtained.

Figure 2 shows the time change u(0,t) for an
example of calculating the batch pumping of the
Mangyshlak and Buzachi oil batches though the
Uzen-Atyrau pipeline section.

As can be seen from Figure 2, after a certain time
(t = 55 h), the process of pumping a batch with a
given initial condition (12) switches to a "steady
state" sequential pumping mode.

Thus, the pumping of 2 batches is impossible if
and only if the stationary mode of pumping oil blend
No. 1 is impossible or when modeling with the initial
condition (12), the value of u at some point in time
becomes equal to 0.

So, to simulate the batch pumping of two oil
blends, the system of equations (1) - (4) with
boundary (5-7) and initial (12) conditions is used.
The result of such modeling will be either the
"steady state" of the pipe.

a transition process from

=
oo
t

0 24 48 72 96

120 144 168 192 216 240

Time, hour

Figure 2 — An example of a change in the flow rate over time for modeling the batch pumping of the oil blends
with a given initial condition for transition to the "steady state" at t > tgyc
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Calculation algorithm

The system of equations (1) - (4) with the initial
and boundary conditions (5) - (7) and closures of
relations (8) - (10) is solved by the numerical method
[24]. The value of the hydraulic resistance coefficient

¢! is expressed by the Altshul's formula [20],

depending on the flow regime, respectively. This
hydraulic resistance coefficient value is put into the

momentum equation (2) and the pressure Pin”,

velocity U™, temperature T values at the
difference grid nodes are calculated. According to

the obtained temperature distribution Ti'”l, the
values of the viscosity #'™(T, ) and the Reynolds
number Rei”+l are found. According to the found
Reynolds number Rei"”, the value of the hydraulic

resistance coefficient (i”” is specified.

The SmartTran software [25] conducts the
thermal-hydraulic calculations by the system of
equations (1)-(3) with the conditions (5)-(12) for the
oil pumping modes through main oil pipelines.

Results and Discussion

For the Mangyshlak oil blend, the density is
equal to p, =843.1 kg/m?3, and for Buzachi oil blend

is p, =891.9 kg/m3. The temperature dependences

of the viscosity of Mangyshlak and Buzachi oil blends
are shown in Fig. 3.

The temperature dependences of viscosity of
Mangyshlak and Buzachi oil blends are expressed by
the formulas (13) and (14):

0.25
0.2 =
<—1 1= 1.6838.¢7%0
v |
© -
E‘, 0.15 r
=y
0
o]
O 01p=
2
>
0.05=
ok 1 1 10 1
0 10 20 30 40 50 60

Temperature (C°)

a)

14 (t) =1.6838 exp(—0.095-T) (13)

14, (t) =0.9109-exp(~0.116-T) (14)

The length of the Usen-Atyrau oil pipeline
section is L = 700.3 km (see Fig.1), the pipe inner
diameter is D1 = 1.0 m, and the pipeline laying depth
isH=1.5m.

The batch pumping of Buzachi and Mangyshlak
oil blends takes place through the Uzen-Atyrau oil
pipeline. The calculated data is based on the “steady
state” sequential pumping with cycle times At,.

The oil batches are pumped through the
considered pipeline section by pumping units of the
Uzen, Beineu, Kultumiev and Shmanov oil pumping
stations. Along the pipeline section, there are the
Uzen, Sai-Utes, Beineu, Opornaya, and Kultumiev oil
heating points where the oil batches are heated by
fired furnaces.

For the safety of batch pumping, the oil
temperature in the pipeline should be 5 °C higher
than the pour point of the Mangyshlak oil blend. One
batch of the oil blend sequentially displaces the next
along the length of the pipeline. The same heating
temperature of both oil blends at the stations can
provide a thermal mode of sequential pumping and
reduce the hydraulic resistance of the Buzachi oil
blend.

The calculated data were obtained for the mass
of the batch of Mangyshlak oil blend is 20,000 tons
and the mass of the batch of Buzachi oil blend is
21,000 tons. The volumetric flow rate of sequential
pumping does not change along the length of the
pipeline section.

0.8

o
)

1=0.9107-£""1"67

Viscosity (Pa-s)
°
»
——

0.2 =

I | i fes
20 30 40 50 60

Temperature (C°)

b)

0 10

Figure 3 — Effective viscosity dependences on temperature: (a) Magyshlak oil blend; (b) Buzachi oil blend
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In Fig. 4 the batch of the Buzachi oil blend is
painted in white color, and the batch of the
Mangyshlak oil blend is painted in yellow. Analysis of
calculations is carried out for typical periods within
24 hours.

As can be seen from Fig. 4, the calculation data
describe a picture of batch pumping of Buzachi and
Mangyshlak oil blends through the Uzen-Atyrau
industrial pipeline. The upper diagram illustrates the
distribution of hydraulic head, the middle diagram
presents the pressure distribution and the lower
diagram presents the temperature distribution of oil
blends and soil along the route of the section.

Pumping units create pressures to overcome the
hydraulic resistance of oil blends and the static
pressure of the elevations of the pipeline profile. The
temperature distribution shows the heating of oil
blends at heating and cooling stations due to heat
exchange with the surrounding cold soil.

The batch pumping is carried out by pumping
units at the Uzen and Kultumiev stations (see Fig. 4).
Oil blends are heated at the following stations: Uzen,
Sai-Utes, Beineu, Opornaya, Kultumiev, Shmanov.

Wave-like temperature change is caused by the
higher heat content of the Mangyshlak oil blend
compared to the Buzachi oil blend.

Fig. 5 shows the calculated data (lines) of
hydraulic head, pressure and temperature in
comparison with the actual data (points) of batch
pumping through the Uzen-Atyrau industrial
pipeline. The actual data of the hydraulic head,
pressure and temperature are obtained by
measuring the flow parameters of oil blends by
sensors of the SCADA.

As depicted in Figure 5, the actual SCADA data
points align closely with the computed values for
hydraulic head, pressure, and temperature,
represented by the lines.

Referring to the earlier statement, the thermal
mode for batch pumping necessitates maintaining
the oil blend's temperature within the pipeline at
least 5°C above the pour point of Mangyshlak oil
blend (Tpp = 27°C). Consequently, the selection of
furnace heating temperatures at the respective
stations becomes crucial to uphold the desired
thermal conditions along the Uzen-Atyrau pipeline.
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Figure 4 — The sequential pumping mode of the Buzachi and Mangyshlak oil blends
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According to the algorithm [25], the lower
bound of the search for the heating temperature of
oil blends at stations is assumed to be 32 °C.
Conversely, the upper limit is determined by an
optimization criterion.

Figure 6 shows the results of the search for the
heating temperature of oil blends at the stations. As
a result of the search, the upper limit of the heating
temperature at Uzen is 45.2 °C, at Beineu is 39.2 °C,
at Opornaya is 41.5 °C, and at Kultumiev is 43.1 °C
(see Fig. 6).

The temperature of the oil blends within the
pipeline remains consistently above 32°C, ensuring a
safe thermal regime for cyclic pumping, as depicted
in Figure 6.

The heating temperature decreases at the
Beineu, Opornaya and Kultumiev stations, while
there is no oil heating at the Sai-Utes and Shmanov
stations, as shown in Figure 6. The specific cost of
batch pumping decreases from $0.28 per ton (see
Fig. 5) to $0.19 per ton (see Fig. 6), resulting in a
savings of 32 %.

Conclusion
1. The mathematical model and algorithm for

calculating the batch pumping of high-viscosity and
high-pour-point oil blends through the Uzen-Atyrau

industrial oil pipeline have been developed. The
validity and accuracy of the mathematical model's

outcomes were confirmed through rigorous
validation against real-time data derived from the
SCADA system.

2. The calculated data of the batch pumping
through the Uzen-Atyrau industrial pipeline have
been obtained:

- depending on the volume of pumped batches
of Mangyshlak oil blend weighing 20,000 tons and
batches of Buzachi oil blend weighing 21,000 tons;

- by searching for the optimal heating
temperature of oil blends at stations with a lower
limit of 32 °C and a distribution of soil temperature;

3. The identification of optimal operational
conditions for the pumping units and heating
furnaces has led to a noteworthy reduction of 32%
in the unit costs attributed to both oil blend pumping
and heating.

Conflict of interest. On behalf of all the authors,
the correspondent author declares that there is no
conflict of interest.

Acknowledgements. This research work was
supported by the Science Committee of the Ministry
of Science and Higher Education of the Republic of
Kazakhstan (Grant No. AP19677859).

Cite this article as: Ramazanova Gl, Bekibayev TT, Soltanbekova KA, Aldzhambekova GT. Sequential Transportation of Different

Oil Batches through the Industrial Pipeline. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources.
2025; 332(1):108-118. https://doi.org/10.31643/2025/6445.10

OHepKacinTik Kybblp apKbl/ibl MyHaliAbIH 3PTYPAi NapTUANAPbIH
Ti36eKTi Tacbimangay
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TYWIHAEME

Ti3beKTi Tacbimangay aaiciHae ¢U3MKaNbIK KoHEe XUMUANbIK KacueTTepi apTypai bipHewe

CYMbIKTbIKTap 6ip Kybblp apKbiabl aiiganagpl. Makanasa eHepKacinTik MyHai Kybbipbl apKplibl

SPTYPAI GU3MKANbIK KOHE XUMMAMBIK KacuetTepi 6ap MyHall KOCmanapblHblH, €Ki NapTUACbIH

Makana kengi: 28 aknax 2024
CapanTtamagaH eTri: 11 Haypelz 2024
Kabbinganapl: 13 Haypeiz 2024

Ti36eKTi aliaay KapacTbipbliaabl. oFapbl napaduHAi myHai napTusacel 6ip mesringe myHal eHgey
3aybITbiHA aiganagdpl, an TYTKbIPAbIFbl OFapbl MyHal mapTuacbl KyBbip apKbibl api Kapai
TacbiMangaHagpl. MyHail napTUanapblHbiH, Kblay GU3MKaNbIK KIHe PeonoruaNbiK, Kacuertepi

apacblHAafbl aliblpMaLLbINbIK, KyObIpAbiH, XbUTY/bIK }KYMbIC KaFaainapbiHa acep eTedi. Horfapbl

napaduHAi XKaHe Kofapbl TYTKbIP MyHai KOCManapbiHbIH, KE3eKNeH TacbiManaaHyblH ecenTeyaiH
MaTemaTuKanblK MoAeni MeH anropuTMi Kypbingpl. Mblay ruapasavKasblk ecenteynep angay

KOHAblIpfblAapbl  MeH

Kbl3apIpy

newTepiHiH, KYMbIC KaffaiblHAa MyHai  Kocnanapbl
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NapTUANAPbIHbIH,  TMAPABAMKANbIK  KbICbIMbIHbBIH, KbICbIMbIHbIH, K3HE TemnepaTypacbliHbiH,
TapanyblH aHblKTaabl. Teopuanblk TanaayAbl TEKCEPY KOHE BanuAauManay eHepKacinTiK
Ky6bIpAbiH y3biHAbIFbI 6oWibiHWA SCADA Taxipubenik gepektepai navganaHy apKblibl ysere
acbipbingpl. TisbekTen angayablH XKblay pexkMMiHe calikec OHepKaCiNTiK Kybbip cTaHUMANapbIHAA
MyHa# KocnanapbiH Kpl3Ablpy YLWiH OHTalbl TeMnepaTypanap Tabbinabl.

Tyiiin ce30ep: Ti3beKTi TacbiMmanaay, MyHai KOCnanapbiHbIH NAapTUACHI, KOFapbl NapaduHAi MyHai,
YKOFaPbl TYTKbIP/Ibl MYHaW, KbI3Ablpy TEMMNepaTypachl, OHAIPICTIK Kybbip
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AHHOTALMUA

Mpn nocnepoBaTenbHO nepekayke No OAHOMY TpybonpoBoAy NepeKauynBaeTCA HECKONbKO
JKUAKOCTEN € pasHbIMM  PU3MKO-XMMMUYECKMMKU CBOMCTBaMU. B cTaTbe paccmatpusaeTcs
nocnefosaTesibHasA NepeKkayka AByx NapTui Hedptecmecel ¢ PasNUYHbIMU GUINKO-XUMUYECKUMM
CBOMCTBaMWM MO MNpPOMbIWNEHHOMY HedTenpoBody. ITO CBA3AHO C Tem, 4TO NapTuA
BblCOKONapaduHUCTON HedTecmecn nepekaumBaetca Ha HedTenepepabaTbiBalOWMiA 3aBoa, a
NapTMA BbICOKOBA3KOM HedTecmecu TpaHCnopTUpyeTca Aanee no Tpybonposoay. PasHuua mexay
TeNnNoPU3NYECKUMU N PEONIOTUYECKMMW CBOMCTBAMM MapTUA HedpTU HakNaAbIBaeT ycnosue Ha
TENNIOBOM pexum paboTbl Tpybonposoga. Co3paHa maTeMaTUYecKan MOLENb U anropuTm Ans
pacyeTa nocnefoBaTeIbHOM TPAHCNOPTUPOBKM BbICOKONAPaGUHUCTbIX U BbICOKOBA3KMUX HEDTAHBIX
cmeceii. Tensiornapasanyeckme pacyeTbl NOKa3blBakOT pacnpeseneHne ruapaBanyeckoro Hanopa,
[aBNeHna 1 TemnepaTypbl NapTuii HedgTecmeyel B ycnoBmaAx paboTbl HACOCHbIX arperaTos v neyein
HarpeBa. Bepudukauma v BanvpauMa TEOPETUYECKOro aHa/iM3a NpoBOAMIAChE C MOMOLLbIO
3KCNepUMEHTaNbHbIX AaHHbIX SCADA no 4/iMHe npombiLuieHHoro Tpybonposoaa. B cooteeTcTemm
C TENNOBbIM PEXMMOM MOCNEeA0BaTENbHON NepeKaykn HahAeHbl ONTUMaNbHble TemnepaTypbl
HarpeBa HedTAHbIX CMecelt Ha CTaHUMAX Tpybonposoaa.

Knloueeble  caoea:  nocnefosaTeNbHas — MNepeKkadka, naptva  HedTAHbIX  cmecei,
BblCOKOMapaduHucTas HedTb, BbICOKOBA3Kas HedTb, TeMnepaTypa NoLorpesa, NPOMbILLIEHHbIN
Tpybonposoa.
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