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Abstract. The objectives of the study are to analyze the transients in heated pipelines using the finite element method
and the achievement of reduction of energy losses during transportation of liquids in pipelines with electric heating
systems by determining the optimal operating conditions and design parameters of the pipeline and electric heating
system.
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I. INTRODUCTION Self-regulated heating elements (HE) provide

During transportation of oil and petroleum even heating due to polymer allow with a positive
products (hereinafter oil) through pipelines, a temperature factor of resistance. HE consists af tw
problem with cooling of the transported fluid by longitudinal electrical conductors separated by a
environment arises. Cooling fluid increases itspolymer alloy. The polymer alloy is uniformly
viscosity, which causes an increase in hydraulicdistributed over the inner layer of the cylindritabe.
losses and adversely affect the pump stationsLongitudinal and transverse projections developed
Besides, temperature decrease can lead to depositiaumbilical shown in Figure 1.
of paraffin on the walls of the pipeline. Therefore Our design consists of flexible polymer working
different types of heaters are widely used [1, 2].tube over which there is a layer of a polymer altoy
Obvious advantages of electric heating systemawithin which longitudinally has two symmetrical
(EHS) prior to similar water and steam systems arediametrically opposed electrical conductors 3 and 4
small material consumption, easy installation, noA layer of a polymer alloy 2 is covered with the
corrosion processes and resistance to largeshielding layer 5. On top of the shield layer Saisl
temperature variations [3]. insulating layer 6 (e.g., polyethylene foam), the

Flexible polymer pipes were developed at the surface of which formed the outer shell 7.
beginning of the 80s of the 20 century to prevent
corrosion of pipeline transport. The basis of the
flexible pipe engineering solutions were establishe
by Russian and French oil experts, working in atjoi
project to create a method of drilling deep welithw
a continuous process of tripping. This particular
design of flexible drill pipes, which had been lgin
tested for 5 years while drilling an experimenteég
borehole, were put behind the foundation of pipe 7
designs for the pipeline transport [4].

y
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Fig. 1 — The design of the polymer tube with eleetrheating
II. MATERIALS AND METHODS .
A layer of a polymer alloy 2 is a conductor of

The design of the polymer pipe .
: . . _electric current, therefore currents appear over th
One of the disadvantages of flexible polymeric ~ . .
entire length of a self-regulating cable betweea th

pipe designs with electric heating is uneven hegatin .
of the transported product inside the pipe and theelectrlcal conductors 3 and 4 through a layer of a

difficulty of controlling the heating process inseaof polymer alloy 2. While the current flow the polymer
transient state (non-stationary behavior) [5]. Aush alloy is heated, transferring the heat of fluidwiog

developed the design of polymer pipe, which in _the pipeline, thus increasing_the electrical
provides uniform heating of the inner tub'e Spacere5|stance of a polymer alloy. At various sectiofs

Y self-regulating heating layer, the heating capacity
filled by any agent. be different depending on the temperature of the

ISSN 1691-5402
© Rezekne Academy of Technologies, Rezekne 2017
http://dx.doi.org/10.17770/etr2017vol3.2614



Alexander Pavlov, et al./ Environment. TechnoldRgsources, (2017), Volume IlI, 242-248

polymer alloy. Thus, we achieve self-regulation of  List factors and their variation ranges are shown
the heating power. As a result of the uniform in Table 1. Factors change range based on theatabul
distribution of the polymer alloy layer around the ranges of values of the materials, and soll
inner tube space, and due to the symmetricenvironments, which may be used in the manufacture
diametrically opposite location of conductors, we and operation of the pipelines. Justification oé th
achieve uniform heat power output around the innerchoice of values of the coefficients A and B wi# b
tube space and uniform input of heat in the forgoin presented below. To test the effect of changing the
space. Also due to the uniformly distributed heatvalue of each factor to the target amount (power
resistance on the way of the heat flow from theconsumption system) computer experiment was
polymer alloy layer to the inner tube space. conducted in which each of the factors was varied o
Selection of important factors several levels. As the importance criterion, we
For the transitional process approximation, we assumed influence on the level of the target foncti
analyzed pipelines design parameters, environmentatot exceeding 5%. The magnitude of effect was
conditions and characteristics of the ground. As aevaluated by the valu&r relative system response
result, wehighlighted factors that have an impact on factor for individual variation from the averagduea

the pipeline system operation of the electric mgati to the upper (lower) in percentage by the following
expression:
Table 1.
Factors and Ranges of Variation i _ pA
=k~ "k 100
Ranges of c O RA ' @)
variation 2
Ne Factor g _ . _
= _ | = _ = where: P — the amount of power in thé-th
2T 8% 8 ‘
22| 5% experiment ink-th point in time;p* — the amount of
Heat capacity of crude power in the central experimental experiencé-ih
1 . 1.7 2.1 kJ/(kg-s) :
oil time.
, , Of above factors the system response higher than
2 | Density of oil 08 1| v 5% was recorded for 7 out of 18 factors (Table 2).
Heat capacity of
3 insulation 15 24 | Kki(kg-s) Table 2.
— Significant Factors
4 i‘l;]t;iﬁrarl%lnconducnvny °fl 502 | 005! wWimzs
Ranges of c
- 9= 5
5 Density of insulation 40 100 kg Pm 3 variation 2 3o
Ne Factor IS ) o
A= = E | %
6 Heat capacity of the soi 1.1 3.3 kJ/(kg-s) £c g Q o
8% 52
Thermal conductivity of
7 ; 0.4 21 | Wimzs i
soil 1 Environment T. | -60 20 | © 285
temperature
8 Density of the soil 1.6 22| thn . rel
2 CoefficientA A -06 | -0,3 units 6,8
9 Environment 50 50 | © — ”
temperature 3 | CoefficientB B 10 60 | ynits | 396
.- 0.00 | relative
10 | CoefficientA 0 - i
2 | units 4 |Radusofthe T | 10 | 70 | mm | 25
relative inner tube
11 | CoefficientB 0.3 1 - Tem t f
units perature o
5 | crude ol To| 2 38 | T 18,7
12 | Radius of the inner tubg 20 200 mm Volumetric
6 flow of crude | Q 5 95 | niday | 16,2
Thermal conductivity of 5 oil
14 | ude oil 0.1 02 | Wmzs '
7 Length of pipe | L 50 250 m 41,8
15 l’i(lemperature of crude 50 50 C
16 | Volumetric flow of 30 250 | miday A and B coef‘ﬂme_nt_s are calculated using the
crude oil heating power variation graphs P(T). These
17 | Initial pipe temperature 50 ol co relatlon_shlps are_lncluded by m_anufacturers of-self
regulating materials and confirmed by company
18 | Length of pipe 50 ss0l m SST" through the testing (Figure 2). [6]
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Dependence of power density on the EHS - number of experiments in the middle of the
temperature represented a linear function with the pIan—No:l;
coefficients A and B: - total number of tests N= N, + N, + N, =23;
P(T)= A T+ B. ) - star shoulder;{= 2%’1(\@—2%}:1,66&'
Modeling the pipeline heating process with
electric heating was performed in COMSOL
Multiphysics 4.4 [7, 8]. We modeled the transition
HHH process in the heated pipeline, namely, the inafusi
Pl ] of an EHS simultaneously with the start of the
\\\\\\\ transport of the product through the pipe.
— [ Construction of the model is made in the module for
:‘::-_h___ P an S the calculation of non-isothermal flow of liquids i
___“__““ ""“____‘_h pipelines (Non-isothermal Pipe Flow interface) [9].
TN e s e Machining simulation results produced in MathCad
= 15.
- [d Exponential transients obtained at different
0 10 20 30 40 50 60 70 80 %0 100 110 120

combinations of factors and approximated by the
formula (5). The approximation was carried out by

According to preliminary computational and the method of least squares. We minimize the
natural experiments, we found nonlinearity in the OPiective function. The objective function is thiem
dependence of power consumption on certain factor§f squared residuals of the experimergtall'), and
aEr;deustified the exponential nature of transi@nts  iheoretical exponent Co.e(cl‘tk)Jr Cc, for each

Selecting dynamic model

A dynamic model of power consumption, N
describing the time behavior of the system for dixe Q(CO’CL'Q)ZZ‘[QJ' A W)kT_) min, (6)
values of the factors is k0

Fig. 2 - Heating power variation graphs P(T)

combination of the plan of factors:

P(C,C,C.t)= Co écl-t) n Q A3) whereNt =100 — numper of control points in each of
the experiments;(h<'>)k — experimental value of

where coefficientC,, C, C,are functions of the form  magnitude in thé-th point in timei-th experiment.
The accuracy of selection coefficients estimated

by relative approximation mistake
Cm(Xo,Xl,..XJ...,)Q(), (4)
N |Gy -9+ - (H!
where: X , - the value of th¢th factorm=0,1,2~ ¢ le\lﬂ) | 0 <A>Q ( )"|, (7
= h"
number of the coefficient G— number of important e ()
factors. here: ber of . ¢
In this regard, as the static mathematical modelVErE: N, — NUMDET OF EXperments.

chosen incomplete quadratic regression Verification received mathematical model

adequacy revealed that high precision (less than 5%
K K is achieved in the combinations of factors to those
Co(Xo- X )=H+> "X +> " X* (5)  shown in close OCCP, otherwise the relative
j=1 i=1 approximation mistake (7) may extend beyond the
accepted limits of 15%.
where: bocm,bjcm,qjcm — calculated coefficients of a Using OCCP was obtained by approximating an

. additional function of the form
mathematical model.

Orthogonal central composite plan

K K

Orthogonal centra! composite plan (OCCP) was T, = tﬂk +Z ka X +Z [;?Tk >i(21 (8)
selected as an experiment plan. Parameter values of i1 o1
OCCP:

- number of factors N =7, where:Tx — the average temperature of the oil in the

- fractionality —p = 4; final section of the pipeline.

- number of tests in core plan ;, = 2P = g; The relative mistake of approximatign(7) was

- number of star points N, = 2N =14; 3.27%.
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Heuristic plan

We developed a new unsaturated heuristic plan, Q=
including pairwise interactions between factors, to
improve the accuracy of approximation. The ) ) ) i
objective function over time has previous form T8). To_ deter_mlne the relative mlsta_ke, we need to find
determine the level of influence of individual fag ~ the middle line graphs of two functions:
on the values of the coefficients of the regression
C,,C,, Cused equation of the form L

G,y (XX, ) ém(ﬁ“ ﬁ,j‘ (13)

1

AVi=2

(14)

A A A
C(Xy i X )+ Cm( Xy ..XKJ .

K K K
Con (X1 X )= m X - m 2. g, 5 g
(e X )= B +,~Z; P +JZ:; 58 +,-Z::1 L) The relative mistake for theth experience and

averaged mistake experimentation throudtm
where:m = 0, 1, 2 — number of coefficiert; | — respectively:
number of factor (1..7hm(xl__xK) — value ofm-th

- o ] o)
coefficient to a combination of factqr¥,..X, ); K — 50, =— -, (15)
number of factorshS, b, b, b°"— the calculated - ) R
1j 2 3j
- ; . ) C.. (X, - X )= G| Xy X
coefficients of the factorX first, second and third 5 7;50' 2 n (X Xe) m( 1" K’j 16
order, respectively. After a series of trial caftidns AT ONm T Nm&E YREND L
: : . C,.(X X )+ G| X, X,
to improve the accuracy of the regression equations AT : ‘

were added to the terms describing the pair
interaction of factors: Results of calculating residual values and
mistakes of functions are shown in Table 3. In orde
K K . .
e s 2 (e to smooth the results @: introduced logarithm. For
Con (XX )= 1y +Z X klf +Z X kzgl +, (10) the Cp andC,, the average error is less than 5%. The
j=1 j=1
accuracy ofC; does not exceed 15% of that for the

K
Zx? . pCm +ZK qcm - X X multivariate approximation is acceptable.
— ] 3, gzp 4:P p
]:
— Ci't) Table 3.
P(Co’ Cu Cz’ t) - Q) é A+ Q- (11) Approximation Mistakes of the Mathematical Model
Ne Parameter Co Ln(Cy) | C;

wherec» — coefficients of pair interactions of , , ,
qa.p Arithmetic average of the residual

factors. functions

The objective function, which is subjected to| ,
minimize in order to determine the optimal valués o
coefficients has the form:

0.12 | 0.0064| 0.1

Average mistake, % 481l 14.394 48

To assess the adequacy of the obtained
Q (tbc'" KEn ([ Qcm): expre_ssions, _autho_rs conducted com.putf.;ltional
Cin VIR T T U experiments with arbitrary values of a combinatién
Nm Al A AN ,(12)  factors (the variation within the test range) by
Z[Cm(xlyi..XK'i)— Cm( Xy "XK'iﬂ — min substituting the values of the coefficients b, and
i=0 calculate the average approximation mistake.
According to results of computational experiments,
where: Nm- number of heuristic plan tests;—  standard mistake does not exceed the permissible
number of test;C (X, .X,,) — mth coefficient, values (Table 3).

obtained by the regression formula for the . The energy consumption of_EHS is determined by
combination of factorgx_ ., .); 2 (XA v ) —m integrating (11) over a time period:
AT ) m Li MK

th coefficient obtained by the distributed model in ., N ) C,-(€%7-1)
Comsol Multiphysics for combination of factors Wr{P(C" “ Q’t)dtfl( G g ar ¢ ¢

A A
(X“ "XK"] Exponentially-regression model

We define a mathematical expression for the Thus, the final appearance of the combined
relative mean mistake of approximation of exponentially regression model represented by
experimental data by a polynomial regression.expressions (9), (10) and (17) with the calculated
Residual function is quasi random variable coeﬁicientsb()cm,bcm, B, bBCm’ l?]cp

A study of thé prbperties of the pipe with a self-
regulating EHS using the constructed model and the
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technique of optimization by the criterion of Power consumed by the pump per unit in time:
minimum power consumption, taking into account

transients. QH
S p -¥Mpy9
Optimization of the parameters of the L (18)
mathematical model M
Optimization of the parameters is carried out by ] . : ]
the criterion of minimum energy costs for Where: Q — volumetric oil flow rate, s;

transportation and heating oil. Energy costs forH:/“-Vz,

heating is counted as passing heating costs and cos 2d,,9

for preheating, if it is technically necessary. For  _ head loss in the pipeline, m;
example, in the case of high-viscosity oil transgdr _ _ . _
that require additional measures to prevent paraffi ~ ~ 2% (1_'825_ 0.001315:4; ). (T 2.9 .
precipitation and other forms of precipitation. density of oil, kg/My p,,, — density of oil at 20°C,
Furthermore, the use of preheating in some casekg/m? 5, — coefficient of efficiency of the pump,
allows the use of heating pipeline system assatiate 1
only to stabilize the temperature of the transmbrte
fluid. The criterion of minimum total cost of

— kinematic coefficient of friction. — pipeline
length, m; V — oil flow rate, m/s;dBH — inner

transportation and heating is: diameter of pipeline, m.
The energy consumed by the pump for a period in
W, +W, + W — min, time 7

where: Wy — energy [J], spent on the work of W, =R 19)
pumping equipment\l; — energy spent on passing an
electric heating oil in the pipelin®yr — energy spent The power consumed by the pre-heating system of
on preheating the oil. oil:

Optimization of the pipeline parameters is carried
out under specified conditions: a certain tempeegtu Qp T.-T
the soil, the specified bandwidth, the known P = nG (Ts~ T CO) , (20)
properties of the oil, etc. During operating, many T

pipeline conditions are changing. Thermal operation

mode of the pipelines is unsteady for many reasongvhere: ce — specific heat of crude oil, J/(k9;

[10]: seasonal changes in soil temperature, vanati Ts.co —crude oil temperature coming from the
pipeline capacity, emergency stop pumping. Withborehole, Kiz. — coefficient of efficiency of pre-heat
increasing heating temperature, energy consumptioRystem,

of the pre-heating system increases; energy The energy consumed by the pre-heating system
consumption of associated heating system, Ooili, time 7

viscosity, the pressure loss in the pipe and tts¢ ab

pumping oil reduced (Figure 3). W. = Pz (21)
= PRr.

We integrate the mathematical expression for the
power of associated heating system
Pt,QRRABT,E, ) in time and get an
expression that describes the amount of energy
consumed electric heating system associated for the

W period?
W, f
W, W(QRABT.T,0=[PCQRABT. T 122
7 0
Fig. 3 - The dependence of the energy consumptiorthe oil The total energy consumption described by

temperature systemsw =W, + W, + W , taking into account

Oil temperatureT, are accepted in view of important factors in the expressions for the irdiil

technological limitations. In particular, for high- energy subsystems
viscosity oils in the oil temperature of the endtjom

should be at least 3-5 degrees higher than its W(Q R ABT, T, D= W( QRJ, W
solidification temperature. (23)

W(QT)++W(QRABJ, 4. )
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Il RESULTSAND DISCUSSION

With (23), we assess the value of consumed b
energy and the optimization of the parameters
(important factors) in order to minimize energy
consumption. Gif—=asil

We analyzed influence of factors on the value of | e T el
the total consumed energy. These curves were
obtained for the following combinations of valuefs o
factors corresponding to the central test heuristic
unsaturated plan using hybrid-exponential regressio
mathematical model.

- Volumetric flow of crude oilQ = 50, n¥/day;

- Inner radius of the pipelin& = 0.04, m;

- CoefficientA = - 0.45;

W=f{To)

-----
-
-
_______
-

Fig. 5 - Energy costs

Determination of the oil temperature at the end of

- CoefficientB = 35; the pipeline
- Temperature of the crude oil, flowing into the The oil temperature in the final section of the
pipelineTo = 20, T; pipeline:

- Environment temperaturg: = - 20, C;

- Pipeline length. = 150, m. n n

Graphic dependences for volumetric flow of oll z
and oil temperature are shown in Figure 4.

(24)

Tk set as the desired value (a number) or in the
form of expressiom, =T, +AT, whereAT —

W=f{Q)
excess oil temperature in the final section of the
pipeline to the temperature of the oil at the irdét
pipeline, T.
/ As environmental temperaturé chosen average
_ temperature in the ground for the operation peabd
the pipeline.

w o w & W Algorithm of optimization by the criterion of a
Volumetric flow, m/day minimum energy consumption

W=f{To) 1. To identify the number of fixed, unchanging
parameters and duration of the process (the upper
limit of time integration).

2. To select the range of variation of the values
of the factors are optimized. These ranges aredbase
on a previously selected for the mathematical model
ranges (within the ranges of the mathematical model
is adequate) and based on the technological and

e = # “ constructive restrictions;
Oil temperature, °C 3. To identify boundary conditions and to
a) b) determine minimum acceptable final oil temperature
Fig. 4 - Dependences of the of consumed energpdipifs: Tk.

w0 /

a) changing the crude oil flow rate in the pipeline
b) changing the inlet crude oil temperature atipeline.

Subsystems energy costs
generally are reflected in Figure 5.

With increasing the crude oil temperature, coming
into the pipeline after the pre-heating systemrehe
a decrease of amount of energy consumed by pre:
heating subsystem, and decrease of costs for pgmpin™
oil. Growth of energy consumption is observed only
for preheating subsystem. These results corresfond
the theoretical dependencies. Based on the graph
(Figure 5) that the heating oil temperature ris¢hia
pipeline, leads to a decrease of the total energy
consumed by system.

individually and
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4. To conduct minimization of the objective

function;

5. To substitute these optimized factors values

in expression (23). If necessary, compare optimized
energy consumed with the original value.

V. CONCLUSIONS
We developed three-dimensional computer
simulation distributed mathematical model of

polymer pipeline with a self-regulating EHS. The
model is created in Comsol Multiphysics using
the FEM. We selected a list of parameters that
have a significant influence on the course of the
transition process. With the application of the
experiment planning theory authors constructed
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an orthogonal central composite plan, calculated
by the constant coefficients of the regression[l]
model for the power transition process. The
regression model for the temperature in the final[z]
section of pipeline with EHS also developed.
. Authors developed experimental plan, taking into [3]
account the pairwise interactions between
significant factors of the mathematical expression
of the power transition process and hybrid [4]
heuristic  mathematical model (exponential
regression) of the transition process, describing
the dynamics of self-regulated pipeline with
electric heating.
. Authors obtained expression of the total energy
consumed by the pump and heating subsystemé?]
in view of relevant factors included in the
expression for the energy of the individual
subsystems, and power graphics for electricl?]
heating systems and pump energy consumptiqu]
and guidelines for choosing the optimal oll
heating temperature.
. We developed method for optimization of [9]
pipeline construction parameters of the self-

) . . S [a0]
regulatory system with electric heating according
to criterion of minimum energy.

5]
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