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expedient without the use of special methods [1]. In addition to this is the
of the reserves of high-viscosity oil is located in the north, where the temperature
in wmter reaches -30 ° C, and in the northern regions up to -60 ° C. This affects the properties
of oil and oil properties of the oil. This affects oil properties and imposes restrictions on the
ping process [2].

The main method of pipeline transportation of high-viscosity oils is heated transportation.
Such pipelines pumping heated oil are called "hot" pipelines. Heating is carried out at thermal
stations in steam and fire heaters. Heat stations are usually located together with pumping
stations for ease of maintenance. The technology of pumping preheated oil is very energy-
intensive, especially in the northern regions of Russia, where the transported liquid cools
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down quickly due to low external temperature, and it is necessary to place more heating
stations along the length of the pipeline [3].

The heated oil moving through the pipeline gradually releases its heat through the pipe
walls and insulation to the environment, which causes the oil temperature to gradually
decrease [4].

The heat flow from the oil to the ground passes through the above-mentioned thermal
layer, through the metal of the pipe wall A, through the insulation layer A;,, and then th
a certain warmed up soil column [,.. The thickness of the heated ground with the pipg
in it is determined by the Forchheimer formula:

I = %m[;—i’: + (ﬂ)2 -1]

where D;, defines pipeline diameter with insulation;
h is pipe axis embedment depth.

Heat flux through the laminar near-wall layer per unit ti

length dx with inner diameter d is determined by Newton'

q = a;nd(T,, — T)dx

om oil t pi all of

@

here a,is a heat transfer coefficient;
Ty — wall metal temperature.
Heat transfer coefficient characterizing therm
which is determined by the ratio of the thermal ¢
thickness of this layer is determined b

e laminar near-wall layer,
ficient of the fluid 4;, and

3)

“)
43

¢it, Prandtl and Reynolds numbers are determined by the

aqd

Nu = Py )
_vpGy
Pr = lj 6)
ud
Re =— %)

average flow velocity;
p — liquid density;
n — fluid kinematic viscosity.
eat transfer coefficient a, which characterizes the thermal resistance of the ground, is
equal to the ratio of the heat conductivity coefficient of the ground 4, to the thickness of the
heated soil by the formula:

®)

Heat losses from the underground pipe compartment can be determined using (3), but it
is better to use the same Newton's formula and heat transfer coefficient K [5]. Heat flux to
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the media g, through the lateral surface of the pipeline in some arbitrary cross-section can
be determined by the formula:

Gamp = wdK (T, — T)dx ©

here d is the pipe inner diameter;
K — heat transfer coefficient from oil to ground;
T, — ambient ground temperature;
T — oil temperature in the section under consideration.
The inverse value of the heat transfer coefficient K is equal to the sum of:
values of the heat transfer coefficients of the thermal wall layer a, pipe met

© inverse

The value of the heat transfer coefficient of each layer is
similar to (3) and (8). The heat transfer coefficient K has
transfer coefficient o - W /m? - deg.

2 Temperature distribution along t

Under the steady-state hydraulic and thermal regifie of oil pum

dx is as OWS:

0c)dx (11

here G — fluid mass flow rate;
T — fluid temperature in theg
T,. — ambient tempera
The left part of the la;

the lateral surface e pipehific and insulation to the environment. This equation does not
d in the flow due to the work of internal friction forces and

paraffin
ion of equation (11) at a previously known temperature Tj,;; at the

Kd

T(x) = Toc + (Tinit - Toc) exp (—%X) (12)

K — heat transfer coefficient from the liquid flowing in the pipeline to the environment;
Q — fluid volume flow;
The fluid volume flow rate is determined by the formula:

_ nd?u

== (13)

Hence, we obtain the value of the liquid temperature T}, at the end of the pipeline [8]. If
the required temperature Tj, is set at the end of the calculation section, then the required
temperature of oil heating at the beginning of the pipeline Tj,;; can be determined from the
formula:
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Kd
Tinit = Tamp + (Tk — Tamp)eXp (_%x) (14)

Heat transfer through the pipe walls or reduces the (at T > T,,;,) or raises (at T < T,pp)
temperature of the transported medium [9]. Whereas dissipation of mechanical energy always
leads to an increase in the temperature of the transported fluid.

Law of temperature change along the flow, taking into account dissipation of mechanical
energy of the fluid flow moving under the action of hydraulic gradient i = const b
form:

T()-Tamb—Tx

nKd
= exp(—=——x)
Tinit—=Tamb—Tx pQRCy

where T, is constant value, which has the dimension of temperature:
PgQi
T, =
nDK
here i, — hydraulic gradient of pumping at the investigate

The temperature of the pumped liquid, if good thermal
constant and equal to the initial temperature Ty throu,

is selected, Wwill remain
ipeline section [10].
t K satisfies the
following condition:

(16)
Such technique (16) is used for oil t

[11]. Oil is pumped through this pipelin
the pipe.

oil pipeline in Alaska (USA)
ing due to good thermal insulation of

3 Hydraulic calc

afing with preheating (hot pumping) use Shukhov's equation
ance for a section of oil pipeline, which takes into account

p =P + (e = 2) + H(Q) = [ARe,dxod

vations at the beginning of the section and at the end;

mp station characteristic.

of oil depends on its temperature v(T) [12]. In this case, the oil viscosity is
t value, but varies along the flow as the temperature (cooling) of the pumped oil
changes [13]. For this reason, in this problem the Reynolds number and the coefficient A are
nctions of the coordinate x.

The latter circumstance is taken into account when integrating the function A in the right
part of expression (17) along the length of the considered section under the following
boundary conditions: the value of x from 0 to L.

Lu?

(pp - pk) + (Zinit - Zk) +H(Q) = Aef @ (18)

In this case A,f is the effective coefficient of hydraulic resistance determined by the
formula:
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Aes = Aamp [El( b) — Ei(=b xexp™™)] (19)
here
k
b = 2 (Tinie = Tamp) 0
_ 4KL
pCyuD

03164

2 = 220%
D = e vams

here v, — oil viscosity at ambient temperature Ty, p,-
Symbol Ei(z) denotes the Euler function:

Ei(z) = [* ﬂd

Special tables have been compiled for this function; some
in Tab. 1.

V4 -1.0 -0.8 -.06
Ei -0.22 -0.31 -0.45

4 Modeling of oil pipelin
pumping mode

temperature T;,;; = 10° C;
sectioll average heat transfer coefficient K = 3.5 W/(m? - ° C).

To build the mathematical model, we will assume the fluid to be homogeneous,
ompressible, and the flow regime to be stationary, which obeys the head balance equation
), taking into account the hydraulic characteristics of the two working pumps:

H(Q) =

Aep o 229 @

where u is pumping speed.
Since rheological properties of oil depend on temperature, kinematic viscosity values are
more often used for calculation models [15]. In case of lack of experimental data, the
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Reynolds-Filonov formula is most often used. Let us determine the dependence of viscosity
on temperature taking into account the initial data. In this case we obtain:

40 = 5 - exp*(20-50) 25

hence k = 0.0693 1/°C.
Fig.1 shows the dependence of oil viscosity on temperature taking into account the

obtained coefficient k.
N
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\

40

20

10

v,cCr
)
/
/

20 30 40

120000 u?
0.7 2981

(26)

ined according to formula (13), then, taking

@7

, the coefficient of hydraulic resistance at a given temperature will be
the formula (22):

0.3164
110 = ~ 0.0292

4 0.7
\/1'556 '79.95-10°6

From formulas (20) and (21) we calculate the value of the corresponding coefficients:

1
b= 0.0693- (50 - 10) = 0.693

_ 4-3.5-120000
"~ 1.566 - 0.7 - 870 - 2000

m = 0.881
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The effective coefficient of hydraulic resistance determined by formula (19), taking into
account the found coefficients and values of the Euler function (23), will be as follows:

1
Aes = 0.0292 088l [-0.379 — (—0.939)] = 0.0186

Since between the accepted A, = 0.02 and the obtained A, = 0.0186 there is a
difference between the values of effective hydraulic resistance, let us make a
approximation [17].

As a second approximation let us assume Afj} = 0.0186. Then from equati®

find fluid velocity: u® = 1.611 m/s. Then we check the validity of the
Viscosity at ambient temperature T = 10° C:

1o = 0.00007995 m?/s.

Accordingly, the coefficient of hydraulic resistance at agfiven te be
according to the formula (22):
0.3164
Ao = = 0.0290

4 0.7
J1.611 7995 .

esponding coefficients:

T(x) =10+ (50 — 10) - exp(—0.856) = 27°C

ws the graph of oil temperature distribution according to Shukhov's formula.
We calculate the pressure distribution in the pipeline at the considered section [18].
aking into account the data of the set problem and taking into account the formulas (18) and
-22) we obtain:

xAu?p

2d
P =3.597036736 - 10° — 29.99820316x

P=2-(273-0.125-10"*-Q%) -p-g —
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Fig. 2. Graph of oil temperature distribution at the consid

The graph of pressure distribution in the pipeli
Fig. 3.
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re distribution in the pipeline at the considered section

ement of non-isothermal oil flow in the pipeline includes taking into account
ical properties of oil, which include nonlinear dependence of oil viscosity on
temperature and its compressibility [19]. On this basis, further refinement of the
athematical model of non-isothermal oil flow consists in the calculation of oil flow taking
account the properties of its viscosity and compressibility [20].

The density of oil and oil products as a function of temperature is determined by the
formula:

(T) = P20 (1 + E(Tstandard - T)) (28)

where  Tgrandara = 293.16 K — is standard oil temperature;
P20 — oil density at standard conditions;
& — coefficient of thermal expansion of oil.
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Table 2 with values of the coefficient of thermal expansion of domestic oils ¢ is as

follows.
Table 2. Values of the coefficient of thermal expansion of different oils
Density p,q, (kg/m3) | Coefficient §,1/K
700-719 0.001225
720-739 0.001183
740-759 0.001118
760-779 0.001054
780-799 0.000995
800-819 0.000937
820-839 0.000882
840-859 0.000831
860-879 0.000782
The density of oil and oil products is also determined b eneralize hich
takes into account the simultaneous dependence of the sityaf oil (oil ucts) on

pressure and temperature:

p(P: T) = P20 (1 + standard T) + % tm) 29

where P, = 0.101325 MPa — is standard oil
K — volume elastic compression coefficient.
Average values of modulus K for gagpline are ~ for oil, kerosene and diesel

fuel ~ 1500 MPa.
To calculate the coefficient of hydr:

relation, the formula of which iggitten a:

€SsSure;

we will use the Leibenzon model

= A/Rem (30)

where A is a constant rigilel pz al to 0.3764;
m — coefficien i s from 0 to 1 depending on the nature of flow in the pipeline.

4Q
wdv

e = 3D

ing value of the coefficient m is obtained:
m=0.155

t the calculations and formulas (30), (31) we obtain the distribution of
ance coefficient according to the Leibenzon model [21]:
0.01909413375

(;)0.155
e—0.0693T+3.4650

ig. 4 shows a graph of the distribution of the hydraulic resistance coefficient according
to the Leibenzon model.
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Fig. 5. Pressure distributions in the pipeline at the considered section according to the combined
model
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Thus, the pressure drop along the pipeline route differs from the linear distribution law
[23].

5 Discussion

The presented graphs show that taking into account the real rheological properties of oil, in
particular, taking into account the dependence of oil on temperature, leads to a changg
law of pressure distribution along the pipeline route and to a significant change i
of the linear section of the pipeline (less than 120 km, which was found fo
calculations), where a significant pressure drop occurs [24].

The graph shows that taking into account the rheological properties,

route [25].

Thus, when designing linear sections of oil pipeline it is
the rheological properties of the pumped product, becau
distribution along the pipeline route changes significantly and de
properties of oil and oil products [26].

s on the rheological
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