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Simulation of oil pipeline shutdown and restart modes
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ABSTRACT

The paper is devoted to the simulating of non-stationary processes of shutdown and restart on the

example of a section of the Zhetybai-Uzen “hot” oil pipeline. A mathematical model of thermal-hydraulic

calculation is given taking into account the rheological properties of the pumping oil. The special module

of the SmartTran software developed by the work’s authors carried out the calculations. In the
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pressure, temperature, velocity after the restart are determined. In addition, the calculations determine
the power of pumping units, heating furnaces and the power consumption, which are necessary for
restart of the pipeline after the shutdown. Simulation the processes of the pipeline cooling and restart
after a shutdown makes it possible choosing the optimum parameters of pumping units at pumping
stations and the time of safe shutdown of the oil pipeline.
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Introduction
sharply due to the temperature decrease during the

Simulation of the shutdown, cooling and restart
of the pipeline is very important for constructing a
process flow diagram of the pipeline operation
acceptable modes. The start of the non-isothermal
oil pipeline section after the shutdown is one of the
most complex technological process governing the
entire pipeline operation. Short-term shutdown of
the main pipeline section and its restart requires
extreme care due to emergency risk. This is because
the oil cools down and the oil viscosity increases

short-term shutdown of the section. Pressure losses
in the pipeline increase significantly and for the
restart of section greater pressures of pumping units
are required, which, in turn, create the emergency
risk.

Simulation of the pipeline cooling and restart
after a shutdown makes it possible to analyze
various cases to determine the safe mode of the
pipeline launching. Calculations of the shutdown
and restart of the pipeline allow choosing the
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optimum parameters of pumping units and the safe
shutdown time.

Mathematical setting of the problem

The oil pipeline shutdown and restart process is
a non-stationary pumping mode, because of the oil
pressure, temperature and flow rate are varying
with time. The calculation of the non-stationary
process requires consideration of the differential
equations of motion and energy.

In view of the fact that the length L of the oil
pipeline section is much greater than its internal
diameter D; (L>>D1), the problem is considered in a
one-dimensional settlement.

The energy equation determines the
temperature along the pipeline, depending on the
velocity, in view of the prevailing effect of
convection heat transfer compared to conduction
for oil pumping. Therefore, the conduction heat
transfer can be neglected in the energy equation.

In that case, the energy equation for the main oil
pipeline section, taking into account the heat of
friction and oil heating at the stations, is written as
[1, 2, 3]:

T )
ac = Y ox pDic, w0 1
Low sreoar O
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where T, T,, are the temperatures of oil and ground,
respectively; p, Cp, U are the density, the heat
capacity, and the velocity of oil, respectively; k is the
heat transfer coefficient, is the hydraulic resistance
coefficient, n is the number of midpoint oil heating
stations, R;(x) is the existence function of the
heating station, equal to 1, if the station is at a point
x, and O otherwise, ATipd is the value of oil heating
at the i-th station.

The values of (x), T,,(x), k(x), {(x) are the
functions of x, i.e. they possess different values
along the pipeline. The term {u3/2(:pD1 expresses
the kinetic energy dissipation of the oil flow.

The outlet temperature of the initial station is
set as the boundary condition for the equation (1).
The temperature at the inlet of end station can be
uniquely calculated by solving the equation (1).

The heat transfer coefficient k through the wall
of pipeline is determined by the formula [4, 5]:

1_ 1 1 +” 1Z(Di+1) o)
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where @4 is the internal heat transfer coefficient, a,
is the external heat transfer coefficient, 4; is the
thermal conductivity coefficient, D;, D;., are the
inner and outer diameters of the i-th layer (pipe wall,
insulation), respectively, Dy, D, are the inner and
outer diameters of the pipeline, respectively.

The Forchheimer formula [4] is used to calculate
the external heat transfer coefficient a:

gr
2H \?
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where A, is the thermal conductivity coefficient of

the ground, H is the pipeline depth to its axis.

The internal heat transfer from oil to the wall of
pipeline a; is defined as [6]:

a2=

22
2H
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where A, is the oil thermal conductivity coefficient,
Nu is the Nusselt’s number of oil-to-pipe wall heat
transfer during forced convection in an enclosed
volume.

In case the pipeline is stopped, so u=0, then the
thermal energy equation (1) takes the simpler form:

oT 4k,
ot pcpDy

(T-T,) =0 (3)

The equation (3) is used to calculate the oil
cooling temperature in a stopped pipeline; the heat
transfer coefficient k1 can be easily obtained by the
formula (2).

The energy equation (1) is solved simultaneously
with the motion equation, which determines the
correlation between oil pressure and flow rate [4]:

ou dp pulu]

por 5= —((Re,e) 2D, pgsinB(x) (4)

where p is the oil pressure in the pipe, Re is the
Reynolds number, € is the pipe relative roughness,

((Re,e)%'u| determines the pressure drop,
1
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pg %sinﬁ(x) is the static pressure change due to
the profile of pipeline.

The temperature-viscosity and temperature-
heat capacity relationships are determined by the
standard formulas [2] - [4]:

p(T) = pyoll +&(20 — T)],

I
w(T) =a-e™ ", (5)

1
c,(T) = 53357+ 107.2-T
p(T) M( )
where p,q is the oil density at 20°C; & is the
volumetric expansion coefficient of the oil mixture
(€ =0.000738 1/°C); a,b are empirical constants.
The oil inlet pressure at the end station is set as
the boundary condition of the equation (4). The
outlet pressure at the initial station is created by the
operation of pumping units for transportation of the
required oil volume along the length of the pipeline.
The hydraulic resistance coefficient is calculated
depending on the oil flowing regime in the pipe [7]-
[9] (Table 1).

The Reynolds number Re includes the oil
viscosity coefficient u(T), which can be found from
the equation (1) if we know the oil temperature.

The system of equations (1)-(5) is solved
together for each time step by the numerical
method [10]-[13]. The computational domain of the
equations coincides with the pipeline length, and is
divided into the computational nodes with 1 m
distance.

An explicit scheme is used for discretization of
the equations (1), (3). The time step for stability of
the explicit difference scheme for (1), (3) is chosen
from the Courant condition [10], [11]. The difference
scheme of the equation (4) was obtained by an
implicit scheme, which, as it is known, is stable [9],
[10].

The difference equations are reduced to a
system of linear algebraic equations, and are solved
by the iterative methods [10]-[14].

The special library was developed to speed up
the calculation. The calculations of oil pressure and
temperature were carried out by the software
developed in C#. The interface window of the
software is presented in Fig. 1.

Table 1 — Determination of the hydraulic resistance coefficient

Flow regime

Condition

Determination of §

Laminar flow regime

Re < 2040

64/Re

Transition regime

2040 < Re < 2800

1.176 % 1075 % Re1 035

Turbulent flow regime (skin friction zone)

2800 < Re £ 17.5/¢

0.3164/Re%25

zone)

. . . . 0.15
Turbulent flow regime (mixed friction 17.5/¢ < Re < 531/¢ 0.206¢
zone) Re01

Turbulent flow regime (quadratic friction 531/¢ < Re 0.11£0:25

Discussion of the calculated data of shutdown
and restart of the pipeline

To simulate the shutdown and restart process of
a given section of the main oil pipeline, it is
necessary to select the calculation type “shutdown
and restart mode” on the tool bar of the main
window (see Fig. 1) and then indicate the stop time
in hours.

Next the following calculation parameters are
entered:

- the type of pumped oil;

- the list of operating pumps before shutdown
and after restart;

-the list of operating preheaters before
shutdown and after restart;

-the oil preheat temperature at the initial
station.

Note that it doesn’t take to set the pipeline
section’s flow rate, because the oil flow rate before
the shutdown and after the restart will be calculated
by the software module according to the parameters
of the operating pumps and preheaters.

Fig. 1 shows the main window domains for
entering the initial parameters and running the
calculation: the domain Nel for selection and
starting the mode, the domain No2 for entering the
operational parameters for each pipeline station.
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After entering all parameters, the calculation
mode of the shutdown and restart of the pipeline is
started.

The simulation results of the shutdown and
restart of pipeline are presented in Fig. 2-6. Fig. 2
shows the calculated data of the hydraulic slope (top
plot), the pressure (middle plot), oil and ground
temperatures (bottom plot) before the shutdown of
the “Zhetybai — Uzen” pipeline section. The
calculation results are presented in the forms of plot
and table in a separate window: oil flow rate,
distributions of oil temperature, pressure in the

[T Pexam pacuers | 7 Hegrecuecn @ Copanowms no wacocams (5] Jarpymms SCADA amvowse | ¥ Cunrare. [Prmven scramommannryera. =

pipe, hydraulic slope along the pipeline, as well as a
list of operating pumps and preheaters at the
stations, the amount of consumed electricity and
fuel (Fig. 2).

Fig. 3 presents the calculation results of the oil
cooling process within 6 hours of shutdown and at
the time of restart of the “Zhetybai — Uzen” pipeline.
The oil temperature decreased as a result of cooling
during the shutdown (see Fig. 3) compared with the
oil temperature distribution before the shutdown of
pipeline (see Fig. 2).
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Figure 1 — The window for entering the initial parameters, and the calculation of the pipeline shutdown and restart
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Figure 2 — Computed data before shutdown of the “Zhetybai-Uzen” pipeline




KomnnekcHoe Vicnonb3oBaHue MuHepanbHoro Coipbs. Nel (316), 2021

ISSN-L 2616-6445, ISSN 2224-5243

Yo Hl'illé?mll" THNC "Yaetn™
[—— ) F J —
F THapaymH
Toocswmsemsarepre  Marmumseons eng Ysews) 0 =
MNawpess. mowrocts Hacocos: 1432 Br 12 Brivim a3
Tmamsapsboracocos; %62 mowee B2 wm Ir
Jamarsiwa new noporpesa: 00 wewiac 00 wim w [
Cwcpeeoe saTparm B2  wewhec B2 ww F
[o— HIIC K" pacmamecocalos] e pafosst obrac: g
¥
e
&
P, Pox T Fooma [ ™ F
Craum o I Bl s Pafommueracoos g | [
Eron] £ — Ranene
. 5| 7 M2 [HM 500/300 D300] " s s
HIC Wemtian w05 4 0 4 200300 0] 33| 450 F
Y 2:37 22| X5 W5 Ex [ -
Y 241 41| 66 15§ i
THIC Vams™ 80 03 770 it
T r
= b
tisns
¢ . 1 TR S S I S R S S ER S S S
° S £ 5 TGmoweTpax, W E] 50 03]
5
F45.0
F — Teun.rpyi
% — Teun. negm
F BRAT
c T — KK 7
i =
ER
fs b
ENS
=]
R . Tt I N S S
EE] ﬂ 3 KwnoweTpax, kM 38 — 50
[T | — P Tokasas ramon: (7] paoweicosex. 9] @anmmsecon Tk

Wroro: 3274833 Toww 384 w0 s, 10364 2 teic. r;

Cpearan yaenemen sevpera: 316 1/

Figure 4 - Computed data 2 hours after the restart of the “Zhetybai — Uzen” pipeline
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Figure 5 - Computed data 12 hours after the restart of the “Zhetybai — Uzen” pipeline
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Figure 6 - Total change in the oil pressure and temperature over the entire period after the restart of
the Zhetybai-Uzen pipeline

Fig. 4, 5 show the dynamics of the oil parameters
in time after the restart of pipeline: hydro-slope,
pressure, temperature, and flow rate.

The state of oil flow 2 hours after restarting (see
Fig. 4) is characterized by the values of the oil flow
rate, pressure and temperature; those make 737 t/h,
39.3 bar and 45°C, respectively. These data indicate
that the oil temperature rises to 45 °C in the heating
furnaces. However, according to the calculation
data, the flow rate value is less than before the
shutdown, and the pressure value, on the contrary,
is greater. This is explained by the fact that an
increase in oil viscosity in the pipeline due to a
decrease in temperature during the shutdown leads
to an increase in the hydraulic friction resistance
forces and the pressure drop for pumping with a
lower flow rate than before the shutdown. The oil
temperature after 38 km from the beginning of the
pipeline has a lower value than at the time of restart,
so in the end of the pipe, the oil heating rate is less
than its cooling rate (see Fig. 4).

The state of oil flow 12 hours after the restart of
pipeline (see fig. 5) shows an increase in oil flow rate
up to 931 t/h and oil temperature along the full
length of pipeline due to the oil heating. The
pressure drop on oil pumping is reduced due to the
decrease in oil viscosity and hydraulic friction
resistivity. The Fig. 6 shows the general change in the

oil flow parameters after restart and transition to a
steady-state mode.

The non-stationary process of the restart of
pipeline after a short-term shutdown shows the
change dynamics in the oil pressure and
temperature during the transition of the flow
parameters to the steady mode (see Fig. 6).

Conclusions

The calculation results show that the system of
equations (1) - (5) of the mathematical model
describes non-stationary processes of pipeline
cooling and restarting after shutdown.

The calculated data allows determining the
whole process of oil cooling for a given shutdown
time for a given stop time, as well as pipeline starting
by pumping units and preheaters with changing of
state of oil flow parameters (velocity, pressure,
temperature and viscosity)..
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TYRIHAEME

Byn makana «XeTibai-©3eH» bICTbIK MyHal Kybblpbl yYacKecCiHiH, MbicanblHAA KyOblp KYMbICbIH
TOKTATY }KaHe KalTa iCKe KOCyAblH, CTaLMOHaP/bIK eMec NPoLLEecTEPiH Moaenbaeyre apHanfaH. HKoiny-
rMApaBAMKanblK ecenTeyaiH MaTeMaTUKaNblK MOAEN TacbiManfaHaTblH MyHalAbIH, PeonornanbiK,
KacueTTepiH eckepe oTblpbin b6epinreH. Byn ecenteynep *KyMbICTbIH, aBTOpAapbl a3ipaereH SmartTran
6araapnamanslK KacakTamaHblH, apHaibl MoayniMeH opbiHAanApl. Ecentey HaTuenepi KybbipAbIH,
CaNKblHAAYbl Ke3iHAe MyHali TemnepaTypacbiHblH, YaKbIT OOMbIHWA TOMeHAeyi KaHe KaWTa icke
KOCbIIFaHHAH KeWiHri KybblpAafbl MyHalAbIH, KbICbIMbl, TEMMEpPaTypacbl aHe KblAAaMAblfbl
aHblKTangpl. CoHAaii-ak, Kybblp 6eniriH Kbicka asnjamafaH COH, KaWTa iCKe KOCyFa KaXKeT copfbl
KOHZbIPFbINAPbIHBIH, KbI3AbIPYy NewTepiHiH, nainaanaHaTtblH SHeprua KyaTbl GOMbIHWA HaTUXenep
anbiHAbl. MyHai KyObIpbIHbIH, }KYMbICbl TOKTaFaHHaH KeliH OHbIH, CaNKbIHAYbI KaHe KaiTa icke Kocy
npouecTepiH Mogenbaey MyHan agay 6ekettepiHaeri COpFbl KOHAbIPFbINAPbIHBIH, OHTaMbl }KYMbIC
peXUMAEPIH *KaHe KybbipAblH Kayinci3 TOKTAy YaKbITbIH aHbIKTayFa MyMKiHAIK 6epesi.

TyliiH ce30ep: myHaln Kybbipbl, TacbiMangay, TOKTaTy, KalTa icke Kocy, moaenbaey, 6argapiamansik,
»KacakTama moayni.
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AHHOTALMUA

CTaTbs NOCBALEHA MOAE/NMPOBAHWUIO HECTALLMOHAPHbIX MPOLLECCOB OCTAaHOBKM W Mepesanycka Ha
npumepe «ropsdyero» yyacTka HedTenposoga «KeTbibait-Y3eHb». [NpuBeaeHa maTemaTuueckas
MOoAeNb TenNo-rMapaB/iMYeckoro pacyeTta C y4eTOM PeOoNOrMYecKMX CBOMCTB TpaHCMopTUpyemoi
HedTn. PacueTbl NpoBedeHbl cneumanbHbIM MOAyAem nporpaMmmbl SmartTran, paspaboTaHHbIM
aBTopamu paboTbl. B pacueTax onpegeneHbl CHUMKEHUE MO BPEMEHW Temnepatypbl HedTn B
TpybonpoBoae Mpu OCTbIBaHUM M MOBbIWEHWE AAaBAEHWA, TEMNEepaTypbl, CKOPOCTM HedTU nocne
nepesanycka. TaKe NoayyeHbl AaHHble MO MOLLHOCTM HACOCHbIX arperatos, neuyei mogorpesa u
notpebnsemoit Mmu 3SHepruu, HeobxogMMmoW ANA nepenycka ydacTka Tpy6onposoga nocne
KPaTKOCPOYHOW OCTaHOBKU. MoaennposaHue NpoLEeccoB OCTbIBAHUA U Nepesanycka HepTenpososa
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noc/sie OCTAHOBKM AaeT BO3MOXHOCTb I'IO,EI,06paTb ONTUMa/ibHble PeXUMbl paGOTbI HaACOCHbIX arperatos
Ha nepeKkavynsaroWwmx CTaHUMAX N HanTU Bpema 6e30MacHoOM OCTaHOBKMU He¢TeI‘IpOBO,D,3.

Knrovesbie cnosa: monenvipoBaHue, HedTenposod, TPAHCMOPTUPOBKA, OCTAaHOBKA, Mepe3arnyck,
NPOrpamMmHbIif MPOAYKT.
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