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Abstract The temperature distributions of the crude oil in
the seabed pipeline is important for its operation, and the
application of the traditional finite element method and
curvelet transform on its temperature are described in this
study. First, the basic theories of the curvelet transform are
analyzed. Second, the finite element model of the crude oil in
the seabed pipeline based on curvelet transform is con-
structed. Third, the computing model of the crude oil in the
seabed pipeline is established, and then the temperature
changing rules of the crude oil in the seabed pipeline are
obtained. The results show that the method of combining
traditional finite element method and curvelet transform is
more efficient than the traditional finite element method with
ANSYS software, and the solidification time of the crude oil
in the seabed pipeline is obtained. Finally, the effect of the
insulation layer on the solidification time is analyzed.

Keywords Temperature field - Crude oil - Solidification
time - Curvelet transform - Finite element method

During the process of the offshore development, seabed
pipeline is an important infrastructural facility with huge
investment, and its safety should be ensured. The seabed
pipeline may stop transporting the crude oil during opera-
tion, and the temperature of the crude oil in the seabed
pipeline will drop after the stoppage of the transportation
operation. As a result, the phenomena of the solidification
and wax precipitation may occur, which will present much
difficulty and risk during the startup operation.
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Higher viscous crude oil has been used in the seabed
pipeline recently, which is readily coagulated. This kind of
crude oil has high viscosity and poor fluidity under the
normal temperature, which is unfavorable for long-distance
transportation. In order to improve the fluidity of the crude
oil, the viscosity of the crude oil is reduced using the
thermal-insulating and heating techniques. Therefore, it is
important to analyze the temperature changing rules of the
crude oil in the seabed pipeline for setting the maximum
allowable solidifying time for shutting down and restarting
pipeline. Thus, the study on the temperature varying rule of
the crude oil in the pipeline is truly significant.

The temperature field calculation of the crude oil has
greatly attracted the attention of scientists. An unstructured
volume method was used for studying the new technology
of crude oil pipeline, and the thermal impact of the pipeline
on the crude oil temperature was investigated [1]. A
mathematical model was constructed for a buried hot crude
oil pipeline during shutdown; the unstructured and polar
coordinate grids were applied to generate grids for the soil
region; and three layers in the pipe and the variations in
temperatures of the soil were studied [2]. A quasi three-
dimensional (3D) computational model was developed to
predict the oil temperature along the pipeline, and it was
verified by analytic solutions of the minimum oil temper-
atures along the route [3]. The thermodynamics of wax
formation in crude oils is examined, and additional insights
were obtained on the problem. A correlation of cloud point,
or wax appearance temperature was obtained for pure-
substance waxes, which could be extended to mixtures of
hydrocarbons, thereby generalizing the usefulness of the
correlation [4]. A physical model is proposed to study the
heat transfer and oil flow of a buried hot oil pipeline under
normal operation, and numerical simulation in a wide
range of operating conditions is conducted. A good
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agreement between numerical simulations and field mea-
surement suggests that the proposed numerical scheme is a
suitable method to simulate the heat transfer and oil flow of
the buried hot crude oil pipelines [5]. An efficient numer-
ical algorithm employing methods, such as the finite vol-
ume, finite difference, Monte Carlo, and proper orthogonal
decomposition (POD), was proposed to simulate the sto-
chastic fluctuation of oil temperatures. The effects of outlet
oil temperature, flow rate, pressure, buried depth, soil
temperature; soil thermal conductivity, oil viscosity, and
oil density on the stochastic fluctuation of oil temperatures
were investigated [6].

Finite element method is an effective method for tem-
perature field analysis, and it has been widely applied in
many fields. An innovative simulation technique known as
element birth and death was applied in modeling the 3D
temperature field in multiple layers in a powder bed.. The
temperature field during laser melting of metal powders in
additive layer manufacturing was analyzed [7]. 3D finite-
element thermal simulation of GaN HEMT structures was
carried out, and HEMTs differing by geometry, substrate
material, and cooling strategy were simulated and com-
pared [8]. A 3D finite element temperature field model was
proposed to be developed based on global model and sub-
model patterns to describe the thermal dynamics behavior
in direct laser fabrication, and the global model exhibited
the heat conduction characteristics of parts in the whole
thermal history according to scanning path planning [9].

Normally, the traditional finite element method uses
polynomial interpolation in some steps of the calculations.
In order to improve the resolution of traditional finite ele-
ment method, the curvelet transform can be combined with
it. Curvelet transform is a new multiscale pyramid repre-
sentation with many directions and positions at each length
scale and needle-shaped elements at fine scale. Curvelet
can offer a natural mechanism for decomposing the solu-
tion into a set of coefficients, and curvelet has better ability
of direction identification for the added direction parameter
relative to traditional wavelet transform. Since the Curvelet
transform theory was put forward by Donoho et al. in 1999,
the corresponding studies have attracted the attention of
many scientists; many achievements based on curvelet
have been presented. The application of digital curvelet
transform in conjunction with different dimensionality
reduction tools was introduced, and its application on the
problem of facial feature extraction from 2D images was
studied in depth, and the results showed that curvelet
indeed has the potential to supersede wavelet [10]. A novel
scheme for image compression, by means of the second-
generation curvelet transform and support vector machine
(SVM) regression and compression, was achieved using
SVM regression to approximate curvelet coefficients with
the predefined error. The results showed that this method
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gained much improvement and worked well for declining
block effect at high compression ratios [11]. A new rec-
ognition and novelty detection approach for indicator dia-
gram of reciprocating compressor was presented, and this
method was a combination of curvelet transforms, non-
linear PCA, and SVM, results of which showed that this
method was better than the traditional wavelet-based
approach [12]. A review on the curvelet transform,
including its history beginning from wavelets, its logical
relationship to other multi-resolution multidirectional
methods like contourlets and shearlets, its basic theory and
discrete algorithm, was presented, and recent applications
in image processing, seismic exploration, fluid mechanics,
simulation of partial different equations, and compressed
sensing were considered.

The curvelet transform is a very promising potential
technology in traditional application fields for wavelet-like
ideas, such as data analysis, and scientific computing. The
objective of this research is to apply the finite element
method and curvelet transform to analyze the temperature
field of the crude oil in the seabed pipeline. The scaling
functions of the interpolating wavelets are chosen here
because the scaling functions in multiscale curvelet anal-
ysis have excellent computing abilities.

The basic property of the curvelet transforms

In 2D space R?, x is a position parameter, o is a spatial
frequency parameter, r and 0 are polar coordinates in fre-
quency domain.

Radial window W(r) and angle window V(r) with
smoothing, non-negative and real properties are assumed to
satisfy the following admissible conditions [10]:

i W2(2ir)=1, re¢ G;) (1)

liﬁﬁ(r—l):l, te(—%,%) (2)

For all scales j > jo, frequency domain window of Fourier
can be defined by:

Uj(r,0) = 27%]W<2*J'r) 1% <22[i6> (3)

where [’5] denotes the integer part of ’5 U; is akind of wedge
window in polar coordinates, which can be obtained by the
product of radial window W(r) and angle window V(7).
The mother curvelet is defined by ¢;(x), and its Fourier
transform is expressed as ;(w) = Uj(w), and all curvelets

in the scale 277 can be obtained through the rotation and
translation of ¢;(x). The rotational angle series with
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the same interval and displacement parameter series are
introduced. The rotational angle series can be expressed as
follows [14]:

o =220 1=01,2,... (4)

where 0< 8, <2x, and [ is a parameter.
The displacement parameter series can be expressed as
follows:

k= (ki, k) € Z* (5)

where k; and k, are the components of the displacement
parameter vector.
The curvelet with the scale 277, the azimuth 6, the

location xf("' =Ry, (kl 227 key - 2‘/5) can be expressed as
follows:

¢ (Ro(x — %)) (6)

where R, denotes the rotation by 6 radians, which can be
expressed as follows:

Ro — cosf sin0
7 | —sin0 cos0

q’i.j,z(x) =

(7)

A curvelet coefficient is simply the inner product between
an element f € L*(R?) and a curvelet @;;:

wmm:m%mzjquwmn (®)

The curvelet transforms in frequency domain can be
defined as follows [12]:

/f (P,lk
/f Ui(Ror(

The finite element model of the crude oil in the seabed
pipeline based on curvelet transform

c(j, i, k) =

e @) dey (9)

Curvelet functions ¢, (¢) and ¢, (1) can form multi
resolution sub-spaces {V/} and {V?} respectively, the
tensor product of the two sub-spaces formed higher-level
subspaces:

Vi=VvieV; (10)

{V;} forms a multi-resolution of the Hilbert space L*(R),
which is expressed as follows:

{ﬁojl,k.,z(g)a %{k‘l(ﬁ +1),..., qo]{k‘l(g + (N -2))}

(11)

51
Pjks =

= {0y O 1+ 1), 02, (1 + (N
-2))} (12)
where j, k, [, m, n, and ¢ are the parameters.

The corresponding scale function in space {V;} can be
expressed as follows:

Pmng

(7)' = (ﬁjl,k,l ® @i,n.q (13)

The temperature field calculation of the crude oil in the
seabed pipeline can be simplified as 2D plane problem, and
the solution region of temperature field can be discretized
by a great deal of finite elements, and the temperature of
each node of the finite element combining with curvelet
transform can be formed by using curvelet function as
interpolating function [1, 2].The temperature function
T(e,n) can be expressed as follows [3]:

N=2
- 1 2 o
T(en) =§a = Y QuiPngd (14)
ijdemng=0
where Eie:[ao,al,...,a,(,v,z)]T is the coverlet filter
coefficients.

During the stoppage of the transportation process of the
crude oil in the seabed pipeline, the heat transfer mainly
depended on the thermal conduction of sea water—heat
insulation—fluid media. The mathematical model of the
crude oil energy in seabed pipeline can be constructed
based on energy conservation equation, which is expressed

as follows:
O(prT)  O(prT)  O(prT) O (krOT
ot + ox + ay ~ Oy \er ay +Or (13)

where T is temperature, K; t is time, s; ct is the specific
heat of the crude oil, J/(Kkg); kt is the thermal expansion
coefficient, W/(mK); pr is the density of the crude oil,
kg/m?; Qr is the inner heat source of the crude oil and that
part of the mechanical energy which is converted to the
heat energy due to the viscosity of the crude oil.

The corresponding functional equation can be expressed
as follows [4]:

oT oT oT
) = [ (G5 5) -
N

where S denotes the area of the crude oil.

In order to coordinate the curvelet finite element with a®,
the distribution of the nodes of the quadrilateral element is
established. The temperature of the node (i, j) is defined by
T;, and the relationship between the global coordinate (x,
y) and the local coordinate (g,7) satisfies the following
conditions [5]:

Jer o’T

QT] dxdy
cr Gy

(16)
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X — X1
= 17
e T (17)
Yy =1
_ 18
2 =i ( )

where xi, x», ¥;, and y, are the minimum and maximum
coordinates of the quadrilateral finite elements in x direc-
tion and y directions.

The corresponding functional equation can be expressed
as follows:

oT or oT
= o554 5) -

Se

kr O*T
——— — Or|ded
or O QT:| edn

(19)

where e is the finite element combining with curvelet
transform.

The differential equation of 2D steady-state heat transfer
can be acquired from the condition 6T1°(0) =0 of the
functional equation.

/ OWor  owor  owar\
PT\ar or T ¢ 0¢ " on on
Se

dedyp =0 (20)

W OT
cr On? on?

where W is the weight function, which can be expressed as
follows [6]:

WhS = (P},k,l(g)(przn,n,q(rl) = (I)r,s (21)

The formula (14) and (21) are inserted into formula (20),
and the following equation is obtained:

Ca+Ea=L (22)

where C‘is the heat capacity matrix of curvelet finite
element, E° is the heat exchange matrix of curvelet finite
element, I is the heat load matrix of curvelet finite

element, E‘E,Eeand L’ can be expressed as follows [7]:

1 1
k
r S,UV / / (qu)r,s(Du,v - C_T q)u,v> d8d1’] (23)
T
0 0

1 1
/ / a(I)r s a(I)u W + aq)r,s a(:I)u,v + aq)r,s a(I)u,v
Ersas Og  O¢ oy Oy
0 0
ky 0D, ,,
1
= / (qu)r,s(Du,v - q)r,sQT)dr (25)

0

where r, s, u, and v are the parameters.
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The entire differential equation of the heat conduction of
the crude oil in the seabed pipeline can be constructed
through superimposing the finite element matrix combining
with curvelet transform and dealing with the boundary
conditions.

Ci+Ei=L (26)
The Crank-Nicolson format can be applied in the

difference in time, and the corresponding equation will
be expressed as follows [8, 9]:

1[or| oT (T,
— | — _|.- =
2|0t

oL - Tt—Az) +

Ot |,_a, At
where At is the time step, and O(Atz) is a truncation error,
and the simultaneous equation of the formulas (27) and
(26) in t and r—At will be described as follows:

)T, A (28)

O(AF?) (27)

(E+2C/ANT, = (L, + L,_a) + 2C/At —

The computing model of the crude oil in the seabed
pipeline

The physical parameters of the computing model

The inner diameter of the seabed pipeline is 1200 mm, and
the foam insulation is used outside the pipe wall of the
seabed pipeline. The 2D model of the cross section of the
seabed pipeline with the crude oil is shown in Fig. 1. The
crude oil in the pipeline belongs to the fluid zone, and the
insulation layer and the pipe wall of the seabed pipeline
belong to the solid zone, and the thermal parameters of
different zones are different, and the corresponding
parameters will be set in the process of constructing model
[13].

Foam insulation

Pipe wall

Crude oil

Fig. 1 The 2D model of the cross section of the seabed pipeline with
the crude oil
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The corresponding thermal computing parameters of the
crude oil in the seabed pipeline are listed as follows:

The transportation temperature of the crude oil in the
seabed pipeline is 40 °C, and the solidifying point of the
crude oil is 30 °C, and the ambient temperature of the sea
water near the seabed outside the pipeline is 0 °C.

The density of the crude oil can be expressed as follows:

pr = 780 — 1.6T + 0.0016T> (29)

The heat conductivity of the crude oil satisfies the
following condition equations:

kT _ 0.156_0'00092(T_273']5>, T > 303K (30)

kr = 0.6 —0.012(T —273.15), 303K<T<311K
(31)

kr = 0.6 —0.012(T —273.15), T>311K (32)

The physical parameters of the steel pipeline are listed as
follows:

The density of the pipe wall is 8030 kg/m?, the specific
heat of the pipe wall is 502.5 J/Kkg, and the heat con-
ductivity of the pipe wall is 16.3 W/(mK).

The physical parameters of the insulation layer are listed
as follows:

The density of the insulation layer is 60 kg/m?3, the
specific heat of the insulation layer is 700 J/K kg, and the
heat conductivity of the insulation layer is 0.04 W/(mK).

The curvelet finite element model

In order to verify the effective of the finite element model
combining with curvelet transform, the solutions obtained by
ANSYS software are compared to the solutions obtained by
curvelet finite element method. When combining with curv-
elet transform, the crude oil is meshed by 800 finite elements,
the insulation layer by 500 finite elements, and the pipe wall of
the seabed pipeline by 400 finite elements. However, In
ANSYS software, the crude oil is meshed by 5645 traditional
finite elements and 11436 nodes, and the insulation layer by
3045 finite elements and 9846 nodes, and the pipe wall of the
seabed pipeline by 2453 finite elements and 8543 nodes [14].

The study on temperature change rule of the crude oil
in the seabed pipeline

The crude oil in the seabed pipeline is divided into three
regions to analyze the temperature change of crude oil in
the seabed pipeline, the radius centering about the central
point of the cross-sectional area of the pipe is used to
divide different regions of the crude oil in the seabed
pipeline; the temperature computing regions of the crude
oil is shown in Fig. 2.

2

Fig. 2 The temperature region of the crude oil in the seabed pipeline
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Fig. 3 The temperature changing rule curve of the crude oil at
R=05

The temperature changing process of the crude oil in the
pipeline over time is analyzed by finite element method
combing with curvelet transform and ANSYS software,
respectively, and the computed results are shown in
Figs. 3, 4, 5.

It can be seen from the Figs. 3, 4, 5 that the temperature
of the crude oil in the pipeline decreases for different
computing regions with the increase in the time for stop-
page of the transportation. The nearer the crude oil in the
pipeline to the pipe wall, the faster the rate of decrease of
temperature of the crude oil in the pipeline is. Figure 3
shows the temperature changing rule curve of the crude oil
at R = 0.5; the temperature of the crude oil in this region is
lower than the critical temperature at 95 h after stoppage of
the transportation, and the solidifying process occurs;
Fig. 4 shows the temperature changing rule curve of the
crude oil at R = 0.3: the temperature of the crude oil in this
region is lower than the critical temperature; the crude oil
begins to solidify at 115 h after stoppage of the transpor-
tation; the solidifying volume of the crude oil reaches

@ Springer



1018

B. Zhao

314 T T T T T T
H : . — - Curvelet finite element solution
ANSYS solution

312f------- <
310 f---mmmm e eeee s

308

Temperature/K

e e

304

s02 a a a a a a
0 20 40 60 80 100 120 140

Time/h

Fig. 4 The temperature changing rule curve of the crude oil at

R=103
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Fig. 5 The temperature changing rule curve of the crude oil at
R=0.1

14/25; and the solidification of more than half of the crude
oil happens. Figure 5 shows the temperature changing rule
curve of the crude oil at R = 0.5: the solidifying volume of
the crude oil in this region reaches 22/25 at 125 h after
stoppage of the transportation, and nearly the entire crude
oil solidifies.

As seen from Fig. 3, 4, 5, the finite element solutions
combining with curvelet transform are closer to ANSYS
solution—while the finite element method combining with
curvelet transform uses less finite elements combining with
curvelet transform than the traditional finite elements used
in ANSYS software. Therefore, the finite element method
combining with curvelet transform can improve the com-
puting efficiencyof temperature field of the crude oil in the
seabed pipeline.
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Fig. 6 The solidification time changing curve of the crude oil with
the changing of the density of the insulation material
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Fig. 7 The solidification time changing curve of the crude oil with
the changing of the specific heat of the insulation material

Study on the effect of the insulation layer
on the solidification time

The characteristic parameters of the insulation layer such
as density, specific heat, and heat conductivity of the
insulation material relate the temperature changing speed
of the crude oil; then the relationship between the char-
acteristic parameters of the insulation layer and the solid-
ification time of the crude oil is analyzed by curvelet finite
element method, and the computed results are shown in
Figs. 6, 7, 8.

As seen from Figs. 6, 7, 8, the solidification rate of the
crude oil increases slightly when the density and specific
heat of the insulation material increase; therefore, the
effects of the density and specific heat of the insulation
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Fig. 8 The solidification time changing curve of the crude oil with
the changing of the heat conductivity of the insulation material

material on the solidification speed of the crude oil are very
less. The solidification rate of the crude oil decreases
obviously when the heat conductivity increases, and the
heat conductivity has a greater influence on the solidifica-
tion rate of the crude oil in the seabed pipeline.

Conclusions

The temperature finite element is established by combining
traditional finite element method and curvelet transform,
and the curvelet function is used as interpolation function
of nodes of the temperature finite element. The temperature
changing rules of the crude oil in the seabed pipeline is
analyzed by method of combining traditional finite element
method with curvelet transform and ANSYS software, and
the temperature changing rules and the solidification times
of the crude oil in different regions of pipe are obtained.

Results showed that the combined method of the tradi-
tional finite element method and curvelet transform is more
efficient than traditional finite element in ANSYS software.
The advantages of Curvelet transform are applied in the
new algorithm, such as sparser representation, multi-reso-
lution multi-directional performance, and thus the accuracy
of the computation results is improved.

Through studying the relationship between the charac-
teristic parameters of the insulation layer on the solidifi-
cation speed of the crude oil based on curvelet finite
element method, results show that the effects of the density

and specific heat of the insulation material on the solidifi-
cation speed of the crude oil are very less, while the heat
conductivity has a greater influence on the solidification
speed of the crude oil in the seabed pipeline.
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