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Abstract

The problem of a non-stationary flow of petroleunoducts by the pipeline in the process of its @dispment by anti-
turbulence additives is studied in the article. féhis made a mathematical model of motion of a adnfor two liquid medi
with different hydraulic characteristics in the @iipe. The model implementation allowsedicting the type of motion of t
moving boundary, pressure distribution and flowpefroleum products during the process of stationary displacement. It
determined that oscillation of parameters in timaegligible, and it allows recommendifg tquasistationary motion models
predictive calculations.
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Anti-turbulence additives (ATA) are high- interaction of polymeric macromolecules with a
molecular polymeric substances for reduction ofurbulent flow. Many works of such foreign scietgias
hydraulic resistance coefficient of pipelines dgrin Toms BA, Hoyt JW, Fabula AG, Parker CF, Norbury JF
petroleum and petroleum products pumping in thand Chekalova IA, loselevich VA, Stupina AB,
turbulent flow regime. Polymers are chemicals wittManzhei VM, Nesyna GV, Bilousov VD have been
repeated atomic groups, called monomer units. dedicated to the study of the influence of polymer
polymer molecule, composed of units, is called a additives on fluids.
macromolecule or a polymer chain. Polymers comgjsti It is shown in [2] that the best effect is achieved
of identical links are called homopolymers, andsthof using polymers with the linear structure of molesul
different links are copolymers. The polymer, whieds and high molecular weight. Polymer additives do not
no side branches of the main chain, is called aalin affect the critical Reynolds number for flow tretrcsn
one. from laminar to turbulent regime.

High molecular substances that have the ability to  The effect of hydraulic resistance reduction
reduce the flow resistance of liquids are convewtily appears when the stress tangents on the wall ra@ach

divided into three classes: certain threshold, therefore the effect is not olest
synthetic or natural carbon-chain polymers; during the laminar flow and at the initial rangethé
coordination polymers; turbulent flow [2, 3].
high molecular petroleum residues. The hydrodynamics of the flow of diesel fuel and

The existing experience of high molecularaviation fuel TS-1, treated with polymer additives
substances application for reduction of hydraulipolibutadien and polyisoprene with different moliecu
resistance shows that the additives used in ingdastr weight [4] has been studied in laboratory condgion
produced on the basis of polyolefins, related tdbaa- The data on results of laboratory studies and the
chain polymers and formed during homo- omethodology for evaluating the efficiency of theoVi
copolymerization of olefins. polymeric additive for reduction of the hydrodynami

The first report on the applicability of high resistance during pipeline transportation of oik ar
molecular polymers for reduction of hydraulicpresented in [5]. Based on the results we havavedte
resistance of fluid flow in pipelines was made by consignment of additives and tested them under
B.A.Toms [1]. industrial conditions [6]. The authors made assiongt

To put the Toms effect in practice there have beabout the mechanism of polymer action during twhtil
made many attempts to find polymers, which caneeduflow laminarization, which consists in smoothinge th
the hydraulic resistance of liquids, and to stutlg t pressure fluctuations of the flow through the
accumulation of energy by macromolecules as a sever
elastic deformation. There has been confirmed #exin

* Corresponding author: to develop polymeric additives with a range of efffee
srgg@mail.ru concentrations from 0.001 to 0.01%.

© 2015, lvano-Frankivsk National Technical Using nuclear magnetic resonance method it has
University of Oil and Gas. bee_n. deFermmed in [7] that polyacrylamide polymer
Al rights reserved. additive in the water flow only affects the nearllwa
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turbulence of the flow and does not change the Karmwhich is not occupied with polymer, then the forenul
constantk in the sphere of logarithmic law of velocity for calculation of the effect of hydraulic resistan

distribution for which: reduction is offered in [11]:
Ag =1
i = l|nl , ¢ = 70 7t f
Uo k |0 /]0
Ty . : : , or
whereU, = |- is a dynamic velocityz,, is a shear ac
P 9= Pmax

stress on the wall of the pipeling is the density of

petroleum products;y is the distance from the wall of
the pipeline;ly is a dynamic length. As :/lo[
The attempt to build a semi-empirical theory of ) ] N )
turbulent near-wall flows of liquid that contains awhereais a constant for this type of additivegy,y is
polymer molecule has been made in [8]. Th¢he maximum effect of reduction of the coefficieit
characteristics of turbulent transfer in solutioase hydraulic resistance for this type of anti-turbwen
associated with the ability of macromolecules tpldg additives.
and orient in the direction of stretching, abruptly Thus the development of the formula for the
increasing the local anisotropy and energy disiipah  coefficient of hydraulic resistance for all pipa®)
turbulent emissions and reducing their intensityd anusing ATA, is important.
frequency. As it is shown in [9] the resistanceuribn Consequently, the use of anti-turbulence additives
in turbulent flow regime does not depend on théor transportation of low viscosity petroleum prothu
thickness of the adsorption layer as it is assumned by main pipelines reduces the value of hydraulgsés
[10]. In case of low concentrations of polymerdincbe in energy, i.e. it facilitates saving of transperiergy
assumed that the reduction of turbulent frictiomws consumption. However, the introduction of anti-
"at the level" of individual polymer molecules. turbulence additives into the flow will result inliaear
Recently there has been proposed the model wiglipeline section division into two parts: one pést
the fluctuation layer. The main point of this model characterized by the motion of pure petroleum pectdu
that visco-elastic "drops" of a polymer with theand another one — by the motion of petroleum prbduc
dimensions of 3—4 orders of magnitude larger than t with ATA. Hydraulic losses in each part are diffatre
solvent molecules shift to the wall of a pipelimthe The change of the length of each part results énfaiot
flow of liquid with an additive. Here is formed athat the nature of transportation of the system is
specific layer of hydrodynamically active polym&he transient as long as the mixture of petroleum pectslu
fluctuation layer is a part of the moving fluid vohe and ATA fills the entire pipeline. From a technakaj
unlike the adsorption one. point of view it is important to predict the timd o
The polymer concentration decreases in the bulk ofotion of a moving boundary and the performance rat
the current liquid during formation of the fluctimat of the oil pumping station.
layer. At the same time it increases in the nedt-wa The problem of a non-stationary process in the oil
zone. The increase of the polymer content in tbes fl pipeline has been solved in [12] for the conditi@is
leads to the emergence of typical visco-elastisuccessive pumping of different oils by the pipelin
properties in fluid, associated with extinguishiofgthe when less viscous oil has been displaced by more
turbulence. viscous one. It has been solved by the method of
The polymer molecules have the form of rolleccharacteristics disregarding the movement of bonda
coils in a calm solution. They are subjected tadoan  of various oils distribution.
combinations of vorticity and strain rate in thenevall During implementation of the task for the non-
zone of the turbulent flow. stationary nature of the process caused by thel\sopp
The calm course is interrupted by intenséTA into the oil product pipeline, it is supposétht the
emissions of fluid, which is retarded near the wiall area of mixing the product with additives is sigrahtly
the outer zone of the near-boundary layer. Turliuletess than the length of the pipeline, thus it can b
emissions are flooded streams. Pulling with temsioneglected, considering the area of contact as ect®os
occurs along the axes of these streams. When tterce that moves in a pipeline.
velocities of stretching are reached in jet emissjo It should be noted that the non-stationary
molecular coils are deployed. Additive moleculesnovement of gas in the pipeline causes the complex
absorb some energy of emissions during themmathematical models for the description of this
deployment and then they prevent further developmemovement. Therefore, in order to simplify the madel
of jet disturbances by reducing their length and ththere is made a decision to consider hydrodynamic
possibility of new disturbances. processes in a plain pipeline because the impatteof
If we suppose that the rate of macromoleculesoute profile on the dynamics of the system moii®n
conversion from the volume in the underfluctuatiomot assessed. Isothermal character of petroleudupto
layer (at constant pressure and temperature) mgotion and its mixture with ATA is described by a
proportional to the concentration of polymer in mathematical model that includes equations of motio
solution and the area of the underfluctuation layeand continuity:

As a result we get

1+ac(l- dmax)
1+ac '
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op. A pW? Based on the first equation of the system (1) the
L= conditions at the end of the area and at the moving

oX 2d (1) boundary are the following:
9P _ 2 0(a) 10p _8AQ
. ot ()4 . . E& TG :
where p; (x,t) is the pressure as a function of the linear 10p, _ 1 0p, (5)
coordinatex and timet; A; is the coefficient of E&‘Z&
hydraulic resistance of oil pipelingy is the density of To achieve homogeneity of boundary conditions,

gas;W is the cross-sectional average velocity ofoik  we introduce a new functiom; (x,t) that satisfies the
tr;]e speed of sr?und in the I'Or‘]!"?'s the mcé)ex, ‘(’jVL‘T'ICh( equation (2) and is connected with the unknown
characterizes the position of the moving boundéng - ,

value ofj = 1 refers to the area that moves before thféJnCtlon P (X’t) by the ratio

moving boundaryj = 2 refers to the area that moves P, (X%t) =w, (x,t)+), +);x° . (6)

after the moving boundary). _ _ The constantyj and y4; should be defined in the
If we exclude the medium velocity as a linear

function of the time coordinate, the equation i thWay that their boundary conditions were homogeneous

following: P, =W, (0,t) + 4,
op, __0°p, op, _ 0
-—l=0—L, 2 L=—w (Lt)+y +2yL.
ot x> @) X OX (L) + v+ 2n)
where 0=c?/24, 2a=AW/2d is a linearization Therefore
coefficient. n=">n,
The problem is solved under the following 81, p,Q%x
conditions: y11:(p1+]1727i15) 2L.

1. The medium motion is a stationary one and the

_— . L : . The initial conditions for the functionsv; (x,t)
initial pressure in a pipeline ip,, , the final one isp;,,

are the following:

before the introduction of ATA in the flow of peteoim « 81 pQ%x) x
products. W (x,0)= R, = (P, - pﬁn)—-[ p1+1—15j—,

2. After the ATA are introduced in the flow of L md® 2L (7)
petroleum products and till the end of the replaeeim w,(x,0)=p, - p,.
process, the pressure is constant and eqpglsit the According to the correlations (4) and (6) the
beginning of the pipeline, and the consumpti@nis equation at the moving boundary is the following:
constant at the end of the pipeline over a cetiane ow, _ ow,
period. X ox (8)

3. The equality of linear velocities before andaft
the contact is reached at the moving boundary. : )
. . g the following form:
4. It is necessary to determine the motion of the _
contactl(t) over the time period, and define the motion W (X*t) =X, 9T, (©)-
of petroleum products before and after ATA are  For the derivatives the equation is the following:

Based on the Fourier method the equation (2) has

introduced. 0°w. ow.
. . .. ] " J '
To achieve the result we can write the initial PN =XT,, 7: T
conditions for the equations (2) in the form: s
« The equation is as follows:
x'o = Bin = (Bin = Psin )7 X T
p,(x,0)=p,. X T
The boundary conditions are determined by thwhere « is a constant number that is to be defined.
constant pressure at the beginning of the pipedine The solutions (9) are the following:
the consumption at the end of it: X, = A coswx+ Bj sinwx (10)
2 10
p,(0t)=p,, B ICDRTI T, =Cexp (-/0t)

ox 7d®

wherelL is the total length of the pipeline.
At the contact area we assume that linear velacitie
at both sides of the moving boundary are equakave function w; (x,t) , the values aret, =0, B, =0 at the

where A, Bj, C are the constants of integration.
Based on the condition of homogeneity of the

the following form: g boundaries. In this case the condition of equatify
- _a linear velocities on the moving boundary is the
Wwa(,t) =wafl )= “) following:
sinwl = cosaw(L - 1(t)) . (11)
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From (11) we get the following equation far :

il

Therefore
_ (4n - 1) n

o -2@) o

It is obvious that the valugv depends on the
position of the moving boundary in the pipeline an%
%5

changes over time period. Therefore, it should
specified at each time step.

Now the solutions fow; (x,t) are the following:

w(xt)=h, ex;{—(4n_]) #Dtj sin(m_ )7L-x) |

4(L-2¢)° 2(L-2¢))
_ _(4n-1° 70t (-9 nx
(o) a”ex’{ 4(L-2¢) CO“2(|_—2|(t)) 49

Constants of integrationa, and b, can be

calculated as an expansion of the Fourier coeffisief
functions wj (x,t) :

! 4 1
I_Z-([ -p) cos—?L )ZH)X dx
2 (pfin_pz) X
=— 1-——|—[x (14
n L- '(.)- [ [ (pm - pl) ]L) -
xsinw dX,
2(L-2)
8/]1/01Q L
wherel =I1(t), p, = ey

At the initial moment of time the linear velocity a
the beginning of the pipeline during stationary rapieg
regimes of a pipeline and its capacity,, is the
following one:

w, == (16)

whereF is a sectional area of the pipeline.

It is assumed that the rate of motion of the ihitia
ontact point is equal to the linear rate of motadrthe
etroleum productW,. In this case the distance,
covered by the moving boundary at the time interval
At , is the following:

I, =W, At . a7)
Based on the first equation of the system (2) the
linear velocity of the petroleum product is:

2d 9p, 1/2

Then we calculate the derivativ@p,/dx, specify

the linear velocity of a petroleum product, and the
distance covered by the piston during the timeriate
At from (18) on the basis of the second equatioref t
system (15). Refinement is made with the required
accuracy until the covered distance | coincidentesn
we calculate pressures at each point of the pipadin
time interval At based on (15). The initial
approximation of gas linear velocity for the neixnhe
interval is its value from the previous time intekv

Thus, having successively determined the
distances, covered by the contact at regular time
intervals At , we can build the graph of its motion in the
pipeline. The algorithm stops calculating if the

Now the dependenc|es for the unknown funct|0n§0nd|t|0n| =Lis reached that i IS, till the moment when

of pressure distribution along the length of thpetine
and in time are the following:

R-p pz 2 &) (4n-)rl-x)
p(xt)=p- L_Izll{sm 2L-2)
o] (A1)t o
A a2y M(p P

- (4n-1) (L -x)
_((pm - pl) _(pfin - pZ))%jsm% dX} ’

=]

28 (4n—])72xx
p(xt) = p1+|—2{005m

(15)
y _(4n-1r0t ( -1) 7zx
X 4L-2Y ]j(p ~RJco 2(L- z)dx}

the contact has passed the whole linear distance.

To implement the mentioned algorithm there is
made a program for calculations of the conditiohthe
plain petroleum product pipeline. The calculatiesuits
are shown as graphs in Figures 1 and 2.

The analysis of graphs shows that the velocity of a
contact grows at the constant pressure at the hiegin
of the pipeline for the entire period of its motidrhis is
due to a decrease in hydraulic resistance of alipipe
over time with increasing length of the area, whish
occupied by the mixture of petroleum products with
anti-turbulence additive. Correlation of the finahd
initial velocities of the contact in length and &nis
2.61, causing an increase in the loss of petroleum
products. However, in case of sustainable withdrasa
non-stationary process at the end of a pipeline is
characterized by final pressure increase due to the

Implementation of (15) to determine thereduction of hydraulic losses. Calculations shoat the
characteristics of hydrodynamic process requirdacrease in the loss of petroleum products at the

representation of the law of motion of the contétin
an analytical or numerical form. However, this l&v

beginning of the pipeline is 1.3-1.4 times in
comparison with the initial rate of motion, and the

unknown and needs to be determined. Therefore, thheowth of pressure at the end of the area is 20—
problem can be solved by the iterative method. That times. This shows the high efficiency of anti-tudnce

why the period of motion of the contact by pipelise
broken into time intervalsAt and the velocity of the
motion is constant during these intervals. Therirzis
can be sufficiently small to ensure this condition.

additives in pipeline transportation of petroleum
products.
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Figure 1 — The motion mode of petroleum product
contact and its mixture with ATA
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Figure 2 — The variation of petroleum product (a)
and pressure loss in the pipeline (b)
in length and time
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HecTauioHapHi npouecu y HadpTonpoayKkronpoBoAi Nnpy BUKOPUCTaHHI
NPOTUTYPOYNEHTHUX NPUCaAOK

B.A. I'pyos, P.C. Anv-/lanoan

léano-@pankiscvruii HayioHATLHUT MEeXHIYHUL YHIGepcumem Hagmu i 2asy;
eyn. Kapnamcora, 15, m. Isano-@panxiecek, 76019, Vrpaina

PosrnsmaeThcss 3amava  HeCTAliOHAPHOI  Tewii
NpOTUTYPOYNIEHTHUX TIpHrcanok. [lo0yaoBaHa MareMaTHuHa MOJIENb PyXYy KOHTAKTY JIBOX PIAMHHHUX CEPEAOBHIL 3
PI3HHMH TiIpaBIiYHUMH XapaKTEPUCTHUKAMH B TPyOOIPOBOMI, peallizaiis SKOi Ja€ 3MOTY MPOTHO3YBATH 3MiHY
THCKY 1 BUTPATH HAPTOIIPOIYKTY BIPOIOBK HECTAI[IOHAPHOTO MPOIIECY 3aMillICHHS.

HaTONPOAYKTY B TPYOONpOBOII 3 BHUKOPHCTaHHSIM

KirouoBi cnoBa: Hecmayionapuuii npoyec, npomumypoyieHmHa npucaokd, pyxoma epasuysi.
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