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Heavy oil with a high pour point and high viscosity is transported in a heated oil pipeline with
many oil pumping and heating stations. Electricity and fuel costs account for a large share of total
pumping cost. Minimizing the total operating cost of pumps and heating furnaces used to pump oil
requires optimization of their hydrodynamic parameters, and, above all, the distribution of pressure
and temperature along the pipeline. The application of graph theory and dynamic programming to
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1. Introduction

To transport a high-viscosity and high-pour-point oil through
a pipeline, the hot pumping method is applied, which consists in
heating oil with fired furnaces at heating stations and pumping
liquid oil by pump units located at pumping stations. Several
examples of such pipelines are known in the world as the Uzen-
Atyrau-Samara trunk interstate pipeline of 1380 km long, which
transports heavy oil from the oil field Uzen through the territory
of Kazakhstan and Russia [1]. Another example is the Usa-Ukhta-
Yaroslavl trunk intrastate pipeline in Russia of 1130 km long,
which pumps heavy oil from the oil field Usen [2]. The third ex-
ample is the Rizhao-Yizheng intrastate crude oil pipeline in China
of 375 km long [3]. Several new projects of such heated pipelines
are in development in China and India [4]. The minimization
of costs related to heating and pumping for long distances is,
obviously, of high practical importance [5].

The solution to the problem of optimization for cold transport
is known [6], it is based on optimizing the pressure distribution
along the pipe. In the case of hot transport, the energy consumed
by heating furnaces is much higher in cost than the electricity
required for pumping units [7]. Consequently, optimizing the
temperature distribution becomes the main challenge. In real-
ity, we have to optimize both temperature and pressure fields
simultaneously since they are coupled (the heat is transported by
moving oil).
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Such a system really has a nontrivial optimal regime, which is
explained as follows. If the oil temperature is too high, the heating
costs become excessive. Conversely, if the oil temperature is too
low, then heating costs fall, but pump power costs increase, as it
becomes more difficult to pump viscous liquid [5].

Jefferson [8] posed the problem of choosing the optimal oil
flow mode in an isothermal pipeline. He considered an oil pipeline
equipped with pumps of various pressure characteristics. The
optimal mode corresponds to such a pressure distribution be-
tween pump stations at which the electricity cost consumed by
all pumps per unit time is minimal. The optimization procedure
should take into account some technological constraints imposed
on pressure value ahead of each pump station and after each con-
trol valve. To solve the optimization problem Jefferson [8] used
of dynamic programming. As the result, a single combination of
pump connections can be selected from all possible combinations
that enables to consume minimum power at a given production
rate and a given capacity of each station.

Gopal [9] analyzed the optimal choice of pump combination
and discharge pressure using dynamic programming. Jokic and
Zavargo [10] tried to optimize pipeline diameters to reduce the
costs using non-linear programming.

Shepetkov [11] obtained the solution of the optimization prob-
lem by the linear programming method. Tumansky [12] consid-
ered the issue of pumping optimization in a pipeline with several
pumping stations with variable frequency drive. For this task, due
to nonlinear conditions, he used dynamic programming instead of
linear programming.

Hydraulic calculations of an isothermal pipeline are performed
in [13-16]. Several papers studied the impact of various factors
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on the optimal solution: energy consumption strategy [13,14],
pipeline operating scheme [15], pumping parameters [16].

The problem of energy consumption in a heated pipeline was
considered in [17-24]. The results depend on pumping param-
eters and oil properties [17-19], as well as on pipelines op-
eration [20-22]. A two-level hierarchical model was developed
in [23] and the HOPOPT software pack in [24].

The optimization problem for heated oil pumping was ana-
lyzed by Yablonsky et al. [25]. The optimal regime corresponds
to the case when the total cost of pumping and heating per unit
length is identical at the beginning and at the end of the pipeline.

Some solutions to the optimization problem in heated
pipelines were also given in [26,27].

In [27], the optimization model of a heated oil pipeline taken
into account the constraints on pump characteristics, oil tem-
perature and pressure at outlet and inlet of pumps and heating
stations. The optimization was carried out by the combination of
linear approximation and simplex method. A practical application
showed significant energy saving in the optimal mode.

A non-stationary model of heat and mass transport was used
to optimize a heated oil pipeline in [28]. The example of the
Rizhao-Yizheng pipeline was calculated. The relative error was
4.04% compared to the real time data of SCADA, which is much
less than the error given by the steady-state model (22.67%). The
optimized operation scheme can save 17.59% of energy cost for
the oil rate of 2640 m3/h.

Online optimization based on a neural network was suggested
in [29]. Instead of solving transport equations, the neural network
was trained and built by using pipeline history data obtained from
SCADA. The model was applied to the Rizhao-Yizheng pipeline.
The maximum reduction of the total energy cost is 10.75% with a
significant saving effect.

The optimization results were obtained in [25-29], but the
costs of technological equipment pumping oil were not taken into
account.

The simplest method to optimize pump operation is searching
all pump combinations. The time of such calculation is propor-
tional to 2 to the power equal to the number of all pumps n,
t = 2" This approach, in the case of a large number of pumps,
makes the calculation resource-intensive. For example, a single
calculation of a pipeline section with 6 pumping stations with
4 pumps in each requires about an hour and a half, and also
a parallel implementation is proposed. Where there is a VFD,
the pump can produce a whole range of head values. In this
case, the enumeration becomes so complicated that it makes the
calculation completely impossible.

Some authors [30,31] suggested approaches based on genetic
algorithms. However, as you know, the genetic algorithm has sev-
eral disadvantages. For example, the fitness function in this algo-
rithm is highly time-consuming for real high-dimensional prob-
lems. The exact condition for stopping the algorithm is unclear.
Genetic algorithms tend to converge towards a local optimum, or
even contentious points, instead of a global optimum.

In optimization theory, the Lagrange method is widely used for
mathematical nonlinear programming problems. In our problem,
the constraints imposed on the variables are not equations, but
inequalities; therefore, to modify the method, the Karush-Kuhn-
Tucker conditions must be satisfied. Moreover, in our case, the
constraint functions are not continuously differentiable, which
contradicts the mandatory conditions of the Lagrange method.

We have proposed a completely different approach based on
the ideas of graph theory [32-35] and dynamic programming.
It has been noticed that the problem of finding a power-saving
regime can be broken into many overlapping sub-problems, with
finding the optimal substructure. Using the problem solution for
n pumps, you can effectively find solutions for n + 1 pumps. A
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graph of the operation states of the pumping units was formed.
Each node of the graph contains data on the number of used
pumps and its parameters, pressure drop in a pressure regulator.
These nodes were connected to each other based on the head-
flow characteristic and rotational speeds of the pump rotors. The
transition of the solution of the subproblem to the solution of the
general problem was found and its correctness was proved.

In the present paper, we suggest an optimization methodology
using graph theory and dynamic programming and a model of
mass and heat transfer in a heated pipeline.

2. Setting the optimization problem
2.1. Structural diagram of a pipeline

The problem considers the technological sections of the
Kassymov-Bolshoy Chagan oil pipeline (Fig. 1). On this oil pipeline
there is only 1 starting point of the flow beginning (Kassymov
station) and only 1 end point at the flow end (Bolshoy Chagan
station). The oil flows through pipeline strictly in one direction
from the initial station to the final station. There are interme-
diate stations along the pipeline: Karmanovo, Inder, Antonovo,
Sakarniy, and Baranovka.

The stations of the heated pipeline have heating furnaces,
centrifugal pumps and pressure regulators (Fig. 1). At the stations,
pumps form a group of pumps, and heating furnaces form a
group of heating furnaces. In the calculations operating pumps
and heating furnaces can be selected from these groups. The
placement of the heating furnace is possible before or after the
pumps. The location of the heating furnace before the pump can
lead to a change in the condition of cavitation-free operation of
the pump [5].

2.2. Optimization criterion

The cost of oil transport consists of two components: the cost
of oil pumping and that of oil heating. A pump consumes elec-
tricity, while a heating furnace consumes gas fuel. Consequently,
the total cost is the cost of consumed electricity by pumps and
fuel by heaters. If N is the power consumption by a pump and z°¢
is the cost of electricity, then the cost of pumping is z°N. If z is
the cost of fuel, and ¢ is the rate of fuel consumption by a heater,
then the cost of heating is z'q’. For n stations, the optimal mode
corresponds to the minimum of the total cost:

n

2

i=1

mf !
28y 8Ny(ky)+ 2z Y 8h) | = min (2.1)
j=1 k=1

where superscripts p and h mean pump and heater respectively;
index i means the station ordering number; mf is the number
of pumps at the ith station; and m? is the number of heaters at

the ith station; z{ is the cost of electricity ($/(kW h)) and z,f is the
cost of fuel ($/kg), respectively; qfk is the rate of fuel consumption
by the kth heater at the ith station (kg/h); Nj(k;) is the power
consumption of the jth pump at the ith station (kW); k; is the
ratio of the rotor speed of this pump to its nominal rotor speed.

Some pumps can run or be temporarily stopped depending
on the pressure field along the pipeline, and similarly, several
heaters can be stopped or run depending on the temperature
field. This is why parameters 85 and 8! have been introduced.
They are equal to 1 if the pump or heater is in operation, and 0
otherwise.

The first term in Eq. (2.1) determines the energy cost con-
sumed by pumps to create hydraulic head (pressure), while the
second term is the fuel cost of heating high-pour-point and
high-viscosity oil at each station.



T. Bekibayev, U. Zhapbasbayev and G. Ramazanova

Journal of Process Control 115 (2022) 27-35

Kassymov Bolshoy Chagan
. Karmanovo Inder Antonovo Sakharniy Baranovka .
&— O & O O o—R
\—Y—)
linear part v —@ pump
@—‘ 5 .ﬁ]. heating furnace
f —»<¢ pressure regulator
=» — . tank
*_@—* *_®—* {®—* -®- Oil pumping station
- - O

Oil heating station

Fig. 1. Structural diagram of a pipeline: tanks, linear part, stations, heating furnaces, pumps, pressure regulators.

Functions Nj(k;j) (the power consumption) and qlf (the rate
of fuel consumption) depend on the oil flow rate g via pressure
and temperature and on the structural combination of pumping
units and heating furnaces. Therefore, the minimization of the
functional (2.1) provides the optimal value of q and the optimal
structural architecture of the pumping-heating system.

The criterion (2.1) should be supplemented by several tech-
nological conditions on pressure, temperature and other param-
eters.

2.3. Restriction on the pressure

The pressure in the overall system can be neither too high
nor too low. More precisely, the restriction on the pressure is the
following:

o the pressure at the inlet of the kth pumping station should
be higher than a minimum admissible value AP,™™":

Pi" > Apmin (2.2)

e the pressure at the outlet of the kth pumping station should
be lower than a maximum admissible value APP"“™, which
concerns both the pressure behind and ahead of the pres-
sure regulator (see. Fig. 1):

out1 out,max out2 out,max
P =P L

(2.3)

)

W to avoid the cavitation, the pressure must be higher than a
critical cavitation-free value, for each Ith pumping group of kth
station:

P[i;l,gr > P’?l'lin,in,gr (24)

2.4. Restriction on the temperature
There is a certain upper temperature limit T,;**, below which
the pumped oil does not decompose into separate fractions and
does not evaporate. On the other hand, oil must be hotter than
the pour point (T ;). Thus:
min
oil

max
oil

<T(x1t) < (2.5)

where T (x, t) is the oil temperature in the pipeline over time t
and length x.

2.5. Other restrictions

e The safety restriction on the furnace operation requires that:

quin,ij = ij = quax,ij (2-6)
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e Restriction on pump operating frequency:

Parameter k; cannot be more than one since the frequency
converter is only able to reduce the rotor speed, so that:

k< ky <1 (2.7)

where k" is the minimum allowable value that defines the lower
limit for a variable frequency drive (VED) for any pump. The VFD is
an electrotechnical device that enables to change the frequency of
a pump and its productivity below the nominal value. If the pump
is not running in VFD mode (at a constant nominal frequency)
then k; = 1.

The number of simultaneously operating pumps in VFD mode
is limited by the number of drives p in the station. The number
of pumps adapted to a VFD cannot be more than the number of
drives. Therefore, for each ith station, it is necessary to set a limit
on the number of simultaneously operating pumps in VFD mode:

m;
Yoci[1—ki] <pi (2.8)
j=1
where the operator [] means the operation of rounding down, ¢j
is an integer variable that takes on the value 1 if the pump is in
operation, and 0 otherwise.

The restriction of the power consumption allows avoiding the
overload of electric motors, which means the excess of power

consumption compared to the rated power of the electric motor
N

N < NVM (2.9)

3. Model of mass and heat transfer

The system of restrictions is formulated in terms of pressure
and temperatures, while the optimizing parameter is the flow
rate. The relation between them can be found from the mass and
heat transport equations.

3.1. Mass and heat transport in the linear part of the pipeline

The length of pipeline is about thousand kilometers, while the
diameter is of 1 m. Therefore, a one-dimensional model can be
applied.

The flow continuity equation is:

0 0
op  opu -0 (3.1)
at 0x
The momentum balance for turbulent flow is:
ou P pu |ul .
— + — = —(Re, - 3.2
Port ox ¢{(Re, €) 2D, pg sin B(x) (32)
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which is an equation like Navier-Stokes with the inertial and
friction resistance terms taken in the empirical form quadratic
with respect to the flow velocity.

The heat transfer is described by the equation:

or 0T _ 4% )+
at - 9x  pcyDy 77 2¢,D4

where p, u and T are the pressure, the flow velocity, and the oil
temperature (°C); ¢, is the heat capacity; { = ¢ (Re, ¢) is the
coefficient of hydraulic resistance; Re = puD/u is the Reynolds
number; k is the parameter of heat transfer with soil; ¢ is the
parameter of roughness of tube walls; D is the pipe diameter; T,,
is the soil temperature; 8 = S(x) is the slop angle of the pipeline.

This equation describes the convective heat transport (on the
left), the heat exchange with soil (the first term on the right), and
the dissipation of kinetic energy into heat (the last term on the
right).

cu?

(T - (3.3)

3.2. Reduced model for incompressible oil

A single assumption enables us to simplify the model:

We assume that oil can be considered as an incompressible
fluid.

Indeed, the experimental data on the oil density are given by
the standard formula: po(T) = po[1+ & (20 —T)], where & =
0.000738 (1/°C) is the oil volume expansion coefficient. In the
range of oil temperature variation in the industrial pipeline from
20 to 50 °C, the ratio p/pg varies between 1 and 0.98, therefore
the oil density remains practically constant.

Corollaries:
M The flow velocity and the flow rate are constant along x and
over time:

u = const, Q = const (3.4)

which results from (3.1) and from the boundary condition for u:
we accept the condition of an inlet velocity invariable in time,
u(0, x) = ug = const.

B The pressure field is quasi-stationary, which results from
(3.1) and (3.2).

In this case, the system (3.1)-(3.3) is simplified and takes the
form:

P pott? .

B 35
™ ¢ op, ~ Pogsin B(x) (3.5)
aT oT 4k cud

. U— = - (T - Tw) + (36)
at 0x ,()()CPD 1 2CpD1

The initial and boundary conditions are:

T(x,0)=Ty(x), 0<x=<L (3.7)
7(0, t) = To, P(0,t)=Py, 0=<t=<T; (3.8)

Model (3.5), (3.6) describes the flow of an incompressible fluid
with quasi-stationary field of pressure, but with non-stationary
temperature field. The unknown variables are: P(x, t) and T(x, t).
The flow velocity u (and the flow rate Q) is a given constant value.

3.3. Closure relations

Experimental data on the dependence of oil viscosity on the
temperature are described by the empirical formula:

u(T)=0.3585 - exp(—0, 1792 - T), [Pa s] (3.9)

30

Journal of Process Control 115 (2022) 27-35

The coefficient of hydraulic resistance ¢(Re, ¢) is found by
Altshul’s formula [36]:

68 0.25
{(Re,e)=0.11-[ — +¢ (3.10)
(e +)

Altshul’s formula is in correlation with the Colebrook-White
formula [37].

In a heated pipeline, the heat transfer coefficient k largely
depends on the external coefficient of heat transfer with the soil
a5 This coefficient is determined by the formula of Forchheimer-
Greber [38]:

2}\‘111

2
D In [g‘; + (%) - 1}
where D, is the outer diameter of the pipeline; A, is the soil
thermal conductivity; H is the depth of the pipeline in the soil.

Eq. (3.11) is the truncated part of the most general equation
1/kD = 1/o1D + 1/azD + Y, ,(1/22;) In(Diy1/Dy), in which D;
and A; is the outer diameters and the thermal conductivity of the
ith insulation layer.

The soil thermal conductivity coefficient 1, in the formula
(3.11) depends on the type and moisture of soil [5]. The identifi-
cation of A, along the pipeline length was carried out by solving
the inverse problem of the unsteady heat transfer Eq. (3.3). In
the calculations, the distributions of oil temperature T(x, t) were
obtained, which were compared with the actual SCADA data. As
a result of solving the inverse problem, the values of the soil
thermal conductivity coefficient A, were found.

Experimental data on the heat capacity of heavy oil are de-
scribed by the Krego’s formula:

cp(T) = (53357 + 107.2 - T)//po [J/(kg °C)]

2
k= oy)—,

oy =
D 2

(3.11)

(3.12)
3.4. Pressure and temperature jumps in structural elements

Along with the pressure and temperature in the linear part of
the pipeline, we need to calculate the jumps in various devices of
the system:

e the increase in pressure created by the jth pump group of
the ith station, AP]';

e the pressure loss after the pressure regulator, AP}’ R,

e the pressure loss at the ith oil heating station (OHS), APPHS.

e the back pressure value at the inlet of the end station, AP?;

All these values are calculated using empirical formulae cali-
brated for each specific device and attached to their technical data
sheets.

The temperature jumps in the heating stations are calculated
in the following way:

M the increase in the oil temperature through a heating fur-
nace, AT":
AT" = cPQPg" (3.13)
where Q" is the flow rate though the furnace, q" is fuel supply
rate; CM is a constant that depends on the furnace construction; it
is proportional to the efficiency coefficient of the heating furnace.

The certain temperature limit of pumped oil exists, up to
which it can be safely heated in the furnace until it does not
decompose into separate fractions or does not evaporate. Let us
designate this value T ;**. This condition is taken into account by
limiting for each jth furnace at the ith station:

T+ AT} =T, + fQ'Q) < Top™

(3.14)
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The increase in the oil temperature through an overall heating
station, which includes m" furnaces, is calculated as the average
over all furnaces of the station:

ATOHS — ZghQ' ATP (3.15)

where the coefficients gih take into account the operating mode
of the furnaces.

Formula (3.14) takes into account the fact that a part of oil can
pass outside furnaces and remains cold. This cold oil contributes

into Eq. (3.15) by the fact that Z?;hl Q" <qQ.
3.5. Numerical solution to the mass and heat transport problem

Problem (3.5)-(3.8) was solved numerically by the finite dif-
ference method [39,40]. The numerical code was implemented in
the SmartTran software [41]. A four-core Intel (R) Xeon (R) CPU
E3-1250 V5 @ 3.40 GHz was used for optimization calculations.

4. Solving the optimization problem

The problem was solved using graph theory and dynamic pro-
gramming. The search for an energy-saving mode can be broken
down into many overlapping sub-problems, with the search for
the optimal substructure.

The object of each subtask is the consumed energy cost de-
pendence function S(P, T) (cost function) on the generated pump
pressure drop and temperature.

Naturally P > 0. The optimal pressure is related to the pump-
ing temperature. When solving the problem, instead of the con-
tinuous function S(P, T), its discrete analog is used. The pres-
sure value is presented discretely with a rather small step ¢, =
0.01 bar, the temperature value is e = 0.05 °C.

The problem solution is stored in a discrete array Info(P, T),
which for each value of P contains a list of required pumps of
several previous stations.

The cost function S(P, T) and the array of solutions Info(P, T)
for the pump have the form:

400, P #£P,
S(P,T)= {ZNPU(Q’ T).P =P, )
Info(P, T) = {O’P i
’ (pump number), P = P,

where z is the electricity cost at the station ($/(kW h)), NV is the
pump power (kW).

Q is the flow rate, which flows through the pump.

Pressure drop Py, created by the pump, is located as:

P, = [pgH(Q.T)]

where the operator [ | means rounding to the nearest rational
number with a step &p.
The initial cost function is defined as follows:

w1 0,P = Pipjt AT = Tinit
SYP, T) = (4.2)
m .
+o00, otherwise

We denote by the “union” of two functions $* and S? such the
function S (P), which has a value for each P:

S(P, T) = S4P, T)USE(P, T) = min(S(P, T), S3(P, T)).

Similarly, we denote by the “union” of two arrays Info® and
Info® such the array Info(P, T), which has a value for each P:

Info(P, T) = Info’(P, T) U Info®(P, T)
| mfoP, T), S%P, T) < S*(P, T)
| info®(P, T), SA(P, T) > SB(P, T)
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We denote by the “overlaying” of function S? to function $4
such the function S (P, T), which has a value for each P:

S(P,T)=SAP,T) < (s5) =
= min(S*(P, T), SA(P — P*, T) + SB(P*, T)),

where the value of variable P* for a specific value P determines
as:

P* = argmin(SA(P — P*, T) + SB(P*, T)).

P*€[0,P]
Similarly, we denote by “overlaying” of the array Info? to the

array Info® such the array Info(P, T), which has a value for each
P:

Info(P, T) = Info’(P, T) < InfoB(P, T) =
| info(P, T), SA(P, T) < SA(P — P*, T) + SB(P*, T)
Info*(P — P*, T) + Info®(P, T), otherwise '

In the mode with heating oil, the cost functions S and the
solution arrays Info™' for each ith furnace is considered. The first
argument P indicates the pressure drop at the station, the second
argument T is the oil temperature at the inlet to the furnace, an
additional third argument AT is the increase in the temperature
of the total flow rate Q when using the furnace.

The cost function for the furnace has an additional index v,
the additional index v is the number of sampling of operating
furnaces at the station from the set m". Naturally, v < 2m" _ 1.

ZQI Ql PAT E[Qmmz’Qmaxt

SYUP,T,AT)=1{ and T + AT" < T™
+o00, otherwise,
Q! (P, AT) = ATMNP, AT)
C'Q(P, g"(v))’
ATMNP, AT) = ——= AT,

Q\(P. g"(v))
(furnace number) + Q/, Q (P, AT)
Qmin,i7 Qmax,i

“furnace does not operate”,

h,i _
Info™i(P, T, AT) =
otherwise,

(4.3)

where Ql.fu is the necessary fuel consumption for the ith fur-
nace during the sampling v, AT is the flow heating temperature
through this furnace.

The vector g"(v) means the operating combination of heating
furnaces during the sampling v. In the obtained solution, the
restrictions on the fuel consumption of the furnace (2.6) and the
maximum heating in the furnace (3.14) are automatically taken
into account, since when determining Sh i{(P, T, AT) the operation

“overlaying” is performed on the values of Q , and AT,

After calculating all S™ and Info™!, the cost function SOM
should be defined and an array of solutions Info®™ of the total
furnace operating at the station for each samplmg v. The values
SOHS and Info2™* are determined by the “overlaying” functions of
all operating heating furnaces:

SSHS(Pa T, AT) = 55’1 h, goper(v)

Info®™S(P, T, AT) =

<—SB’2<— .« Sy

L« [nfoh Soper(v ),

(4.4)

Info™! < InfoM?

where goper(v) is the number of operating furnaces during the
sampling v.
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The operation “overlaying” for the cost functions of furnaces
A and B will have the following form (similarly for the array of
solutions):

SM(P, T, AT) « (")
= min (S™(P, T, AT) + SMB(P, T, AT — AT")).

AT%>0

For any triple of values (P, T, AT), the optimal station operation
signifies the optimal selection of operating furnaces from m"
furnaces. Therefore, the optimal cost function for a station is a
“union” of all possible cost functions from (2'"h — 1) samples
(similarly for the array of solutions):

(4.5)

h

U
v=1

In the case when none of the furnaces at the station is operat-
ing, the calculated cost function and the array of solutions need
to be adjusted:

m

2 1
SOUS(P. T, AT) = SOHS(P, T, AT). (4.6)

SOHS(0, T, 0) = 0, Info®"S(0, T, 0) = “the furnaces don’t operate”.

Since, when the oil passes through the station (as opposed to a
group of pumps), the flow temperature increases and the pressure
decreases, the “overlaying” of the heating cost function S°* on
the cost functions of the entire station looks like in the following
way (similarly for the array of solutions):

S(P, T) = S*(P, T) « SOHS

min (SY(P + P*, T — AT*) + SOHS(P*, T — AT*, AT")).
Px,AT*>0

If the heating furnaces are located after the pumps, then the
cost function at the station inlet and the array of its solutions
must first be “overlay” by the cost function S°"S, and then by
the cost functions of the pump group. Otherwise, the sequence is
reversed. If the station does not have heating furnaces, then there
is no need to calculate the function S°" and carry out “overlay”
on the cost function of the station.

The pressure drop and the temperature drop at the sec-
tion depend on the initial oil temperature. To properly “cut”
the cost functions and arrays of solutions at the outlet from
the station and determine their corresponding values at the
inlet of the next station, discrete functions AP*(T), AT *(T),
max _AP?*(T), max _AT*(T) should be calculated for each ith
section with a step er.

Moreover, the function max_AT*(T) determines the maxi-
mum value of the flow temperature drop between the start point
and any point on the ith section. .

Thus, the functions Py "'(T), Pt (T) can be determined for
the minimum and maximum allowable pressure at the outlet of
the station:

PioutZ > le)-thnJ — maX(P_mmm

mmin L APP' max_AP?)

PiourZ < P::;X'i — min(PiouQ max7 Pl_premaX)

In this case, the condition (14) of the minimum required flow
temperature at the outlet from the station will take the form:
Ty + max_AT(T).

__ omin
out =T

oil
For the problem under consideration, the “cutting” of the cost
function at the outlet from the station S**(P, T) is redefined by
functions PN (T), Poud*(T), Tow™(T) and is denoted as the function
SS[.CU[ (P,T)
sstaut (pT) for each P and T has a meaning:

SU(P, T) = CUT(S™(P, T), Pon’, Pans, Toni")
+00, P ¢ [Pgi'(T), Py (T)]
+00, T < TMn(T)

SS(P, T), otherwise.

out
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The array of solutions is “pruned” in a similar way.

Since the pressure drop at the furnace has already been added
to the cost function and the array of solutions at the outlet
from the station, then when “prunning” S (P, T), the changed
pressure conditions (9) and (10) are automatically taken into
account.

The cost function at the inlet of the subsequent station
Sf#bS‘St(P, T) is determined by the operation “shift” using the cost
function at the outlet from the station SZ, (P, T) through AP**<(T)
and AT*¢(T). This function has the meaning for each P and T:

SPSU(P, T) = SHIFT(S3L,(P, T), AP*, AT*)

out

(P 4+ APSSS(T*), T + ATSS(T*))).

= ff;in(séﬂt

The operation “shift” for the array of problem solutions of the
Info(P, T) is carried out in a similar way.

Thus, all the operations for finding the optimal mode of “hot”
oil pumping have been defined above.

These operations are carried out at all stations, except for the
last one, in the order of their location on the pipeline section.

The problem solution is conducted in a cycle shown in the
diagram (see Fig. 2) using the initial condition (4.2).

Based on the results of cycle, the optimal final pressure and
temperature are calculated:

(P™Y T2W) = argminy_qend popres(Siy™ " (P, T)).

where T is the inlet temperature at the end station, Py is the
pressure required to pump oil into the final reservoir.

The minimum sum of consumed energy costs at performance
Q is the value of the function S;*""'(Pa™W T2W) Data on the
optimal combination of operating pumps and heating furnaces,
as well as modes of their operation and the required pres-
sure drqps at heating stations will be stored in the array cell
]nfoisrtl’n-k (Pansw7 Tal'lSW)‘

5. Example of solving
5.1. Calculation of pressure and temperature

We applied the suggested algorithm to the Kassymov-Bolshoy
Chagan trunk oil pipeline. It contains several oil pumping stations
and heating points. Qil is heated and pumped at these stations
and at the heating point Sakharniy. The internal diameter of the
Kassymov-Sakharniy pipeline section is D; = 1.0 m, and the
Sakharniy-Bolshoy Chagan pipeline section is D; = 0.7 m. It can
be seen that the diameter of the pipeline is much smaller than its
length L = 450 km.

At the first step, we just calculated the pressure and temper-
ature distribution of oil along the pipeline for a given flow rate Q
and compared with factual data obtained by SCADA. The pressure
(top diagram) and temperature distribution (bottom diagram) of
oil at the flow rate 1865 m3/h are shown in Fig. 3. The bottom
diagram also shows soil temperature distribution. Qil is pumped
by pumps at the Kassymov and Inder stations and heated up at
the Kassymov, Inder and Sakharniy stations.

The calculated pressure, temperature was compared with the
actual data SCADA system (points). Fig. 3 shows the results of cal-
culations and measurements of oil parameters along the pipeline
length. The oil pressure drop in the heating furnaces leads to
a step change in pressure at the Kasymov, Inder and Sakharny
stations.

The running pumps consume 4244 kW, i.e. 2.79 kW h/ton. The
cost of energy consumed by pumps is 202.8 $/h and 129.39 $/h
for heating furnaces. The specific cost of pumping and heating is
0.133 $/ton and 0.085 $/ton, respectively.
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fori =1 if me > gf,];(P T)= Stk(P T) « calculation of
to m97k 0, then (SOHS) (550 ... (Sstk) or functions AP (T),
sec
calculate ?Ilicsulate sstkep stk P.T ATe(T),
Gamk SPHS using Sout (P, T) = ( ) < max_APSe(T),
i (4.3)-(4.6) STy . (sg;")  (SPH3) max_ATS¢¢(T)

L

k=k+1;ifk #
n+ 1, thenturnto
point 1, otherwise,
exit the loop

Sst k+1

Yes out

P)=
SHIFT(SS5K(P, T), AP§€S, ATSC)

Sout (P, T) = CUT(Syet (P, T),
k k K
Pt Po™ " Toue™™)

Fig. 2. Diagram of the sequence algorithm for determining the optimal operating mode of pumps and heating furnaces.
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Fig. 3. Distribution of pressure (the blue line on the top diagram) and temperature (the red line on the bottom diagram) of oil along the pipeline length. The flow
rate is 1865 m?/h. On the graphs: lines are calculated data, points are the actual data of the SCADA system.

5.2. Optimization of the temperature field

The cost of heating far exceeds the pumping cost, so the
optimization of the temperature field in the pipeline is the major
objective. As mentioned in the Introduction, the optimal temper-
ature really exists and is nontrivial.

The calculated data for the same oil flow rate of 1148 m3/h are
shown in Figs. 4 and 5.

Fig. 4 gives the results of simulation of the pressure and tem-
perature according to the factual data provided by SCADA. They
correspond to non optimal regime. As seen, the oil temperature
at three stations are 47 °C (Kassymov), 46 °C (Inder) and 50 °C
(Sakharniy).

Fig. 5 shows the results of simulation in the optimal regime.
It was assumed that the temperature does not drop below 28 °C.
This is due to the fact that below 28 °C oil can be non-Newtonian,
which changes the calculation method.

The optimal temperatures are 40 °C (Kassymov), 35 °C (Inder)
and 35 °C (Sakharniy).
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In the optimal regime, the total power of the pumping units
is 3238 kW, while it is 1515 kW in the factual mode. Thus,
optimization is achieved by reducing the oil heating temperature.

In the energy saving mode, the total cost of pumping and
heating of oil is reduced from 321.1 $/h to 265.3 $/h, and unit
costs are reduced from 0.326 $/ton to 0.199 $/ton.

Thus, the optimal control of the operation of pump units and
heating furnaces allows for determine the energy saving of “hot”
oil pumping.

Conclusion

1. The minimum value of the sum of the total cost of electricity
for pumping units and fuel from heating furnaces is a criterion for
optimizing the “hot” pumping of high-viscosity and high pour-
point-oil in the section of the main pipeline with several pump
and heating stations. The fuel cost of a heating furnace is much
higher than the cost of electricity consumed by pumping units,
which explains the need to minimize the amount of the cost of
pumping and heating, rather than the amount of energy. This
explains the need to compare the total cost with the costs that
are used to operate pumping units and heating furnaces.
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Fig. 4. Distribution of pressure (the blue line on the top diagram) and temperature (the red line on the bottom diagram) of oil according to the SCADA system along
the pipeline length. The flow rate is 1148 m>/h. On the graphs: lines are calculated data, points are the actual data of the SCADA system.
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Fig. 5. Distribution of pressure (the blue line on the top diagram) and temperature (the red line on the bottom diagram) of oil along the pipeline length in energy
saving mode. The flow rate is 1148 m?/h.

2. We have formulated the optimal problem of “hot” pumping (see Fig. 2). It includes as a part the calculation of pressure and
in the form of the criterion (2.1) and several safety restrictions. temperature field along the pipeline as the numerical solution
We developed the general algorithm of solving this problem of the system of differential equations (3.5), (3.6). Note that this
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model takes into account the non-stationarity of the temperature
field.

3. The SmartTran code implements a general optimization
algorithm based on graph theory and dynamic programming,
taking into account the safe operation of a heated pipeline.

4, The simulation results shows agreement between that the
calculated data obtained by the code SmartTran with the actual
data of the SCADA system.

5. For the Kassymov-Bolshoy Chagan pipeline, the optimal
operating conditions for pumping and heating units have been
determined. Unit costs of energy consumption for pumping and
heating are reduced from 0.326 $/ton to 0.199 $/ton and the
savings are 38.9%.
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