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Abstract. An important task of increasing the energy efficiency of pipeline transport of oil with
non-Newtonian properties is to improve the methods of hydraulic calculation of oil pipelines
taking into account the complexity of rheological models of such fluids. Obtaining theoretical
formulas for friction head losses in turbulent regime is not possible due to the complexity of the
turbulent flow structure, so the methodology of hydraulic calculation is based on experimentally
obtained dependences. In the article the dependences of friction head loss at turbulent flow of
non-Newtonian liquid are analysed on the example of calculation for pipelines of different
diameter. As the pumped liquid was considered heavy highly solidified Mangyshlak oil,
transported by the main oil pipeline Uzen — Atyrau — Samara. The obtained results show that with
the increase of the pipeline diameter the calculation error according to the analysed dependences
increases, which is justified by the fact that the indicated dependences are obtained on the basis
of experimental studies conducted on pipelines of small diameters.

Keywords: hydraulic calculation of oil pipeline, friction head losses, non-Newtonian oil,
Darcy-Weisbach formula, generalised Leibenzon formula, hydraulic gradient.

1. Introduction

One of the most important issues in the design and operation of trunk oil pipelines is the
hydraulic calculation of pipelines, in particular, the determination of friction head losses. This
issue is of particular importance when pumping viscous and highly solidified (paraffinic) oils.

The complex internal structure of different grades of oil, oil products and liquefied gases
causes a great variability of their rheological behaviour. The use of mechanical models of
Newtonian and non-Newtonian fluid in rheology allows us to describe the relationship between
the kinematic and dynamic state of particles. This relationship is expressed using the rheological
properties of the fluid.

Determination of the rheological properties of the pumped fluid gives an understanding to
which model this medium should be attributed at different temperatures: Newtonian,
pseudoplastic, nonlinear-viscoplastic, Binghamian (Fig. 1). The Bulkley-Herschel model Eq. (1),
used to describe a nonlinearly viscous fluid, generalises all the above types of fluid:

T=1+ K- ()" (M

where T — shear stress, N/m?; T, — ultimate shear stress, N/m?; K — measure of consistency, Pa-s;
y — velocity gradient, 1/s; n — flow index.

The temperature dependence of viscosity and ultimate shear stress of highly viscous and
paraffinic oils complicates their transportation. For example, when the temperature drops, the
pumped product may freeze in the pipeline, which will lead to partial or complete stoppage of
pumping and significant costs for its resumption in full.
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Fig. 1. Dependence of shear stress on shear rate for different fluid models: 1 — Newtonian,
2 — pseudoplastic, 3 — nonlinear-viscoplastic, 4 — Bingham’s model

At high temperatures, highly viscous and paraffinic oils are described by the Newtonian fluid
model, but as the temperature decreases, they develop viscoplastic properties of a non-Newtonian
fluid. Any pipeline system cannot be in an isothermal state. Despite the use of external thermal
insulation and the method of pipeline laying (above-ground, above-ground or underground), heat
exchange with the environment takes place, which, in turn, leads to a decrease in the temperature
of the pumped medium. Consequently, at some point along the way, the oil will change from a
Newtonian fluid to a viscoplastic fluid.

When analysing several works [6, 7, 9] describing pipeline transport of highly viscous and
paraffinic oils, the existing formulas and dependencies used for hydraulic calculation of the
motion of non-Nentonian fluids through a non-isothermal pipeline were highlighted.

For all flow regimes, the hydraulic calculation of a pipeline carrying viscoplastic fluid is
carried out according to the Eq. (2), taking into account the Eq. (3):

QZ—2b+bn K, b
H= [ﬁm(;) LA.A,, (2)

3 a(n + 1)?(5n + 3)?
p. = m2-2b+bn g3b23(2b+bn-1)(3p 4 1)b@-n)pnd’

3)

where H— friction head losses along the length of the pipeline, m; 8, — coefficient in the formula
for determining head losses in non-Newtonian oil flow, 1/°C; Q — liquid flow rate in the pipeline,
m?3/s; d — internal diameter of the pipeline, m; K, — consistency index of the stepped liquid, Pa-s;
p — density of pumped liquid, kg/m3; L — length of the pipeline, m; A, — correction for
non-isothermicity along the pipeline length; A, — correction for non-isothermal behaviour along
the pipeline radius; b — the degree exponent in the formula for the hydraulic resistance coefficient;
a — constant in the formula for the coefficient of hydraulic resistance; g — acceleration of free fall,
m/s.

The values of a, b, n and p are determined at the arithmetic mean temperature of the fluid
flow at the considered section.

Theoretical derivation of formula for exact calculation of hydraulic head losses at turbulent
regime of liquid flow in the pipeline seems to be impossible due to the great complexity of
turbulent flow. Therefore, calculations are based on formulas obtained experimentally and they
have different error. There are several dependencies for calculating the friction head losses at
turbulent flow of non-Newtonian fluid [10].

For example, the Darcy-Weisbach Eq. (4):
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Lw?
H=1-—, 4
i2g 4
where 1 — the coefficient of hydraulic resistance; w — average velocity of liquid flow, m/s.
The hydraulic resistance coefficient is determined by the empirical Eq. (5):
A =a(Re)?, (%)

where Re, — is the generalised Reynolds parameter.

Values of the coefficient a and degree index b, depending on the Hedstrom number (He) and
fluid flow index n, are determined graphically (Fig. 2) or by calculation according to dependencies
Eq. (6) and Eq. (7) in the intervals of change 0.25 < n « 1 and 10° < n « 10°%:

a = (0.521 — 1.75n + 4.409n?)He~(0:137+0212n) (6)
b = (0.198 + 0_764)He—(0.098+0.162n—0.064n2)_ (7)
The Hedstrom number is calculated as follows Eq. (8):

2—

TOTndzp 3 (Bn+ 1)?
K 6n+2n%2(2n+1)(5n+3) 3
[g( n ) ]

At He > 106 the hydraulic resistance coefficient is independent of n, Re,, He and is equal to
A =0.0156; at He < 10% a and b are chosen for values of He < 10* depending on n.

He =
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Fig. 2. Values of the coefficient a and degree index b in the formula for determining the coefficient &

depending on the Hedstrom parameter He and the fluid flow index n

For nonlinear-viscoelastic liquids in a turbulent flow regime, the Eqgs. (2) and (3) are
calculated. At pumping of heated nonlinear-viscoplastic oil at initial sections till the moment of
significant wax separation and manifestation of nonlinear-viscoelastic properties the flow of
Newtonian liquid is observed. In this case a = 0.3164; b = 0.25 (turbulent mode of flow in the
zone of Blasius law), the Eq. (2) taking into account Eq. (3) passes into V. I. Chernikin’s formula
for Newtonian fluid Eq. (9):
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0.241Q7

T 775 VO'ZSLAEAT, (9)
where v — kinematic viscosity, m/s.

To calculate the friction head losses in pipelines carrying nonlinear viscoplastic liquids in the
isothermal regime, Egs. (2), (3) and (9) are used without taking into account the corrections for
non-isothermicity A, and A, Egs. (10-12):

QZ—2b+bn K* b
H= ﬁ*m<g> L, (10)
_ 128(2n + 1)(5n + 3) Q" K, T
- nhg3b24-3n(3n + 1)@-mpn g3n+1 ? ’ (1D
0.241 Q7>
H = TWVO'ZSL. (12)

Additional formulae can also be used to calculate the coefficient of hydraulic resistance and
friction head losses along the length of the pipeline for non-Newtonian fluid flow.

One of these is the formula for calculating the hydraulic resistance coefficient of a
non-Newtonian fluid obeying the power law Egs. (13, 14):

! _ 0'881 KR <A>1_% 2.83 13

N n|Km)Re 8 .83, (13)

K(n) = 21 Bexp o it 14
= 2 _—.

m) exp (n—p =2 (14)

Eq. (13) is valid for turbulent flow of a stepped fluid. For different ranges of values of the
degree exponent n, simplified approximations Eqs. (15-17) are proposed:

1

02<n<05 ARe3 =0.698n — 1.94 x 1072, (15)
1

0.5<n<125 ARei=0.33n —3.80%x 1072 (16)
1

1.25<n <20, ARe5 =0.234n —5.13 x 1072 (17)

Lebenzon’s formula, used considering the coefficients for a viscoplastic fluid, can be applied
for any values of the Reynolds number Eq. (18):

. ‘rond3>m
Qv (1+505

(18)
hT = ﬁ Ss_m L:

where y — the dynamic viscosity of the fluid; f and m — are numerical coefficients depending on
the fluid flow regime (Table 1):

I
B=415s*/m, m=1 Re<23x10° (1+g), (19)

I
B =0.0247 s?/m, m =025 10* (1 + g) Re < 105, (20)
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0.25

A d
B = 0.089 (f) s2/m, m=0, Re> 500+, 21)
T

where I — the Ilyushin number, which characterises the ratio of the initial shear stress to the
viscous friction stress Eq. (22):

- TV
= (22)
where A, — equivalent roughness of pipeline inner walls, mm.

Table 1. Coefficients in the generalised Leibenzon formula for calculations for pumping oil
and petroleum products, natural and liquefied gases [7]

A
Flow regime Initial Adapted A B, s*m m Scope of application
view view
64 Oil, petroleum product and
— 64 4.15 1 |gas pipelines, liquefied gas
Laminar Re pipelines
0.0025Re %233 0.0025 4483x10°  |-0.333| G2 pipelines of the gas

distribution system
Oil and petroleum product
Transition zone 1.33x10°Re02 1.33x10° 1.41x10° -1.02 pipelines, liquefied
hydrocarbon gas pipelines

Turbulent
I:nngﬁl;;gz —??"Ziff £0) 0.3164f(6) 0.0246f(6) | 025 Th;;;irl?ﬁé: e s
distribution system
% 0.184 0.2 Main gas pipelines
Oil and oil product
Mixed 68 0.25 0_206m0-35 pipelines, liquefied

= ——0.35 —0.25 . .
fiction |01 (o +E) £ S e [(6)|02060)  £(0) 0016600 f(6) | 0.1 |hydrocarbon gas pipelines,
o

gas distribution system

pipelines
158 —\°* | 0.108400) T=0.1507 886 i ipeli
- . ——0.1507 0.0493 Main gas pipelines
0'067( Re Zk) Re0.0493 0.1084(k) x 1073(k) as pip
K Oil and petroleum product
Quadratic —.0.25 —.0.25 9.09 Lo F R
ot 0.11(k)  f(6) 0.11(k)  f(® 374025 0 pipelines, liquefied
friction ( ) ( ) x 10 S(k) £ hydrocarbon gas pipelines
—, 0.2 —, 0.2 —,0.2 . . .
0.077(k) 0.077(k) 6.37 x 1073(k) 0 Main gas pipelines

* Notes. 1. k — value of relative roughness of the pipeline
2. In laminar mode — except for pipelines pumping liquids with anti-turbulence additives

3. In turbulent mode — when pumping crude oil, petroleum products and liquefied hydrocarbon gases without anti-turbulence
additives f(6) =1

2. Experimental analysis

After identifying the existing dependencies used for hydraulic calculation of the pipeline flow
through which non-Newtonian fluid is pumped in the turbulent flow regime, their analysis was
performed. It included calculation of friction head losses by Egs. (4), (10), (11), (16), (18) for
pipelines of different diameter and comparison of calculation results, graphically shown in
Figs. 3-8.

Heavy oil from Buzachi peninsula (Western Kazakhstan) pumped at the Uzen oil pumping
station of the Uzen — Atyrau — Samara trunk oil pipeline was considered as the pumped liquid, in
particular, at the complicated Uzen — Atyrau section, through which highly solidified Mangyshlak
oils are transported [1-5, 8].

To compare the calculation results, the absolute error for each formula was calculated with
respect to the average value of the hydraulic slope i, at a given value of the flow rate (Table 2).
For the pipeline D = 350 mm the flow rate = 1000 m*/h was assumed; for D = 530 mm —
Q = 1500 m’/h; for D = 720 mm — Q = 2500 m?h; for D = 820 mm — Q = 5000 m’/h; for
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D = 1020 mm — Q = 7000 m’/h; for D = 1220 mm — Q = 10000 m*/h.
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Fig. 3. Calculation of pipeline D = 350 mm with wall thickness 6 mm
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Fig. 4. Calculation of pipeline D = 530 mm with wall thickness 8 mm
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Fig. 5. Calculation of pipeline D = 720 mm with wall thickness 9 mm
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Fig. 6. Calculation of pipeline D = 820 mm with wall thickness 10 mm
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Fig. 7. Calculation of pipeline D = 1020 mm with wall thickness 10 mm
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Fig. 8. Calculation of pipeline D = 1220 mm with wall thickness 11 mm

The absolute error was determined by Eq. (23):

A g —i
A=—="—0
I’ST lST
Average value of hydraulic gradient Eq. (24):
lor = 6

where i — hydraulic gradient.

(23)

24

Table 2. Results of calculations of absolute error for each formula with respect to the average value
of hydraulic gradient at a given flow rate value

D, mm | Aig, % | Aijg, % | Aigg, % | Aigs, % | Aiyy, % | Aiyg, %
350 | 105 | 246 11.9 8.4 9.6 7.9
530 | 154 | 12.0 18.6 48 6.0 43
720 | 16.0 7.8 8.0 0.3 1.0 0.9
820 7.3 17.5 25.7 54 4.1 6.0
1020 | 9.2 12.8 294 8.8 7.4 9.4
1220 | 9.5 10.8 36.2 11.9 10.5 12.5

To date, there are several dependencies used to determine the friction head losses in the
pipeline during pumping of highly viscous and highly solidified (paraffinic) oils, which,
depending on the pumping conditions, may have both Newtonian and non-Newtonian properties.
Due to the exceptional complexity of turbulent flow in the flow of non-Newtonian fluids, all
formulas used to determine the hydraulic resistance coefficient of the pumped medium in practical

calculations are obtained experimentally, which makes the calculation results approximate.

The conditions of experiments, during which the dependencies and formulae were derived,
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were different and, ultimately, affected the result. Analysis of the calculation of the hydraulic
gradient of the pipeline when pumping through it in urbulent regime of oil with non-Newtonian
properties by different formulae showed differences in the obtained values. This was influenced
by different conditions of each of the experiments, during which the dependencies and formulas
were derived.

It can also be seen that the largest deviations from the average calculated values of hydraulic
gradient occur at larger pipeline diameters. This can be explained by the fact that the experiments
to derive the calculation formulae were conducted mainly on smaller diameter pipelines.

3. Conclusions

The paper analysed the dependencies for determining the friction head loss in the hydraulic
calculation of oil pipelines transporting high-viscosity, highly solidified oils, using pipelines of
different diameters as an example. The performed numerical calculations have shown that the
largest deviations from the average calculated values of the hydraulic gradient fall on pipelines of
large diameter. The reason for the deviations is justified by the influence of the experimental
conditions, during which the analysed experimental dependences were obtained, in particular, the
experiments were conducted mainly on small diameter pipelines.
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