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Abstract In order to study the temperature changing rule
of the crude oil in the storage tank, the wavelet finite ele-
ment method, the traditional finite element method and the
test were used to carry out the numerical simulation. Firstly,
the thermal wavelet finite element was put forward estab-
lished based on thermal finite element theory and the
wavelet theory. And the computational model and three
boundary conditions were established. And then the tem-
perature changing rule of the crude oil in the storage tank in
24 h for three boundary conditions was obtained by using
three methods, and the results showed that the wavelet finite
element method had advantages in the numerical analysis of
the temperature changing rule of the crude oil in the storage.
And then the temperature distribution rule of the crude oil in
the storage tank under different conditions in 5 h was
obtained. And the temperature changing mechanism of the
crude oil was summarized finally.
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Introduction

In order to fit in with the changing of the crude oil market,
the projects of increasing the storage of the crude oil were
executed in the oil field. There were a lot of large crude oil
tanks in the oil field, as quantities of the crude oil tanks
grown, which brought certain difficulty in the management
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of the oil storage. There were fixed times for crude oil in the
storage tanks, the temperature of the crude oil could
decreased as time prolonging, and the temperature of the
crude oil should be kept above 302 K. Otherwise, the low
temperature could bring the solidifying of the crude oil in
the tanks. Therefore, it was necessary to carry out thermal-
insulating measurement for the crude oil tanks, for example,
the temperature-insulating coatings were installed on the
outer wall of the crude oil tanks, which could decrease the
loss of heat. In order to improve and optimize the heat-up
scheme of the crude oil tanks, the temperature distribution
rule of the crude oil in the storage tank should be studied in
depth, the relation and its relationship with the ambient
temperature, the inlet and outlet temperature of the crude oil
tanks and the relation between the different status of the
crude oil tank and the temperature of the crude oil should be
got, and the main approach and the affecting factors of the
heat loss of the crude oil tanks were found out.

The thermal behavior of the fluid in the storage tanks
was considered by many scientists in recent years. A one-
dimensional mathematical model of analyzing the tem-
perature distribution of the liquid in the tank was put for-
ward [1]. The changing rule of the temperature of the oil in
the tank with the changing of the inlet temperature was
studied in depth [2]. The transient thermal behavior of
storage system based Chapeau-Galerkin integral formula-
tion was investigated [3]. The effect of the tank geometry
on the thermal behavior of the heat storage was analyzed
[4]. The natural convention in the cylindrical enclosure was
studied [5]. The cooling process of the fluid in the cylin-
drical tank by natural convention was analyzed [6]. The
experimental analysis of the thermal performance of a hot
water storage tank was carried out by [7].

The finite element technology was used in thermal cal-
culation for the fluid in the storage tanks widely; however,
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the traditional finite element method might come into being
numerical oscillation or distortion during the process of
solving the big gradient filed function. The wavelet finite
element was the outcome combining the multi-resolution
property of wavelet with the traditional finite element
method, and using the wavelet function or scale function as
interpolating function was a basic idea of the wavelet finite
element method, and cover the shortage of traditional finite
element method solving the big gradient and strange prob-
lems. Wavelet finite element application had attracted many
researchers in a wide variety of practical problems. The
temperature distribution was analyzed using wavelet finite
element method, and the phenomenon of numerical distor-
tion was avoided. The temperature distribution was analyzed
using wavelet finite element method, and the phenomenon of
numerical distortion was avoided [8]. The elastic problems
of a plain plate with a circle hole were analyzed using
wavelet finite element method [9], and the numerical results
agreed with FEM. The rotor-bearing systems was analyzed
by a wavelet finite element method, and the B-spline wavelet
on the interval Rayleigh-Timoshenko shaft element con-
sidering the shear deformation was investigated, and the
good performance of this method was demonstrated in
the practical application and numerical examples [10]. All the
mentioned numerical studies had carried out for the solid, and
the study on the application of the wavelet finite element on
the thermal performance of the fluid was very little.

The purpose of this research was to investigate numer-
ically and experimentally, the thermal performance of the
crude oil in the storage tank, and the changing rule of the
temperature for the crude oil in the storage tank was sim-
ulated by using wavelet finite element, which could
improve the study on the temperature changing rule of the
crude oil in the tank. And the correctness of numerical
results should be verified by comparing with the experi-
mental results. The heat transfer mechanism of the crude
oil in the storage tank could be got through analyzing the
temperature change of the crude oil in the tank, and the
intrinsic reasons would be found out. The results could
offer the theory basis for inversing tank and heat preser-
vation of the crude oil tank. And the solidify of the crude
oil could be avoided, and the period of the inversing tank
could be set properly, at the same time the energy wasted in
the course of inversing tank could be saved, and the eco-
nomical efficiency of the oil play could be improved.

Thermal finite element function

Daubechies wavelet scale functions ¢'(¢) and ¢*(1) gen-
erated multi-resolution sub-spaces {V]l} and {Vlz}

respectively, ¢ and u denoted the horizontal and vertical

@ Springer

coordinate, respectively. And the tensor product of these
three sub-spaces formed higher-level subspace [10]:

1 2
V,i=VieV (1)
where ® was the Kronecker symbol.

{V;} generated a multi-resolution of the Hilbert space
L*(R?), which was defined by:

P ={0'() 9 (e +1)....0" (e + (N -2))} (2)
¢ = {0’ ). 0> (1 +1),...,0°(n + (N = 2))} (3)
The scale function in space {VJ} was formulated by:
P=3¢ ©3 (4)

The temperature field calculation of the diesel engine
piston belonged to three-dimension problem, and the
solution domain of temperature field could be discretized
into finite elements, and the temperature of any nodes in
element could be obtained using Daubechies wavelet scale
function as interpolating function [11].

The temperature function 0(e, n7) could be formulated by
[12]:

0e.n) = 5 = 3 0,0 5)

where d@° was the corresponding vector of the wavelet filter
coefficient, @ = [ay, . . .,a,(N,z)]T.

The heat transfer equation used in the process of tem-
perature field calculation was

%0 9%

a2 T =0 ©
00

—=l = a(0 - 00), ™)

where o denoted the heat transfer coefficient, W/(m2 K); 0¢
denoted the temperature of medium, K, which could be
obtained through test and calculation; » was a normal
vector of the boundary.

The corresponding functional
expressed as follows:

(o) = S/ {%l(g>z+<g>zd’“dy]}

+ / (0* — 0:0)dr (8)

r

equation could be

where A indicated thermal conductivity, W/(m K); V was
the volume of the diesel engine piston, S was a computa-
tional region, I" was a boundary.

In order to make the wavelet element consistent with a°,
the allocation of nodes for the hexahedron was founded.
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0;; was the temperature of the node (i,j), the relations
between local coordinate (&,#) and global coordinate (x,y)
was as follows [13]:

X — X1
= 9
& o (9a)
Yy =1
_ 9b
Y2 =) ( )

where x1, X2, ¥1, y» were minimum and maximum coordinate
value of the element in different direction, respectively.
The functional equation could be expressed by formula

(10):
He(f)):/{%l(g—i>2+(2—z)2+ }dsdn
+/ (0* — 0¢0)ds (10)
I'e

where e indicated the element.

The differential equation of three dimensions steady
thermal transfer could be got by the condition 6I7°(6) = 0
of the functional equation mentioned above [14].

oway  owag 30
/ / ( 53 " o aﬂ)d dn + 7{ (20— 1) dI' =0
r

(11)

where W denoted the weight function, 0; was a reference
temperature, choosing interpolating function as weight
function could obtain [15]:

N@ +Ka =P (12)

where d@° denoted the differential coefficient column vector
of unknown wavelet coefficients, 1\7€, I?e, P’ denoted the
heat capacity matrix of the element, heat exchange matrix
of the element, heat load matrix of element, respectively.

]Ve, I?e, B’ could be expressed as follows [16]:

1 1
Nypnti = / / 2D, D; dedn (13)
0 0
L0, 00, 0B, 00
=e P ..
K = y) m,n ij m,n i ded
moslii // < O¢ O¢ * on 617) &
0 0
+ % ¢m,n¢i.jds (14)
Te
ﬁ;}n = jq{ (2B + Dy n0f)dl (15)
I'e

The global differential equation of thermal conduction
could be established after the element matrix superimposed
and the boundary conditions was handled

NO+Ko=P (16)
where N . K R P denoted the whole heat capacity matrix, the
whole heat exchange matrix, and the whole heat load
matrix, respectively

The difference of the time was carried out by Crank-
Nicolson format [17]:

1 /00 (ét - é{fAt> 5
5(5 t+ A,) —7+0(Al ) (17)

At
where At denoted the time step, O(Ar?) denoted the
truncation error. The simultaneous equation of formula
(15) and formula (16) in ¢ and t — At was [17]:
I? ) é,,A,
(18)

The temperature field calculation of the diesel engine
piston could be calculated depending on formula (18).

a0
or|,_

The computational model and boundary conditions

After the crude oil entered the storage tank and the status of
the crude oil was stable, the crude oil in the tanks would
begin to cool because the ambient temperature was lower
than the temperature of the crude oil. The external envi-
ronment condition of the tank could be confirmed firstly,
and then original physical properties of the crude oil should
be confirmed, and then the boundary conditions and the
original conditions of the mathematical model were con-
firmed. The two-dimensional geometric model of the crude
oil in the tank was shown in figure [5].

The physical significance of the symbol in Fig. 1 was
introduced as follows: T,, temperature of the external
environment; 7, temperature of the crude oil; T

_Heat insulation

1

s,
| Crude oil T, H
|
' |
‘ 5 Land7, 165

Fig. 1 The two-dimensional geometric model of the crude oil in the
tank
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temperature of the land; 1, thickness of the heat insulation
(67 = 60 mm); 05, thickness of the tank roof (6, = 5 mm);
03 the thickness of the tank base (63 = 10 mm); H the
liquid level of the crude oil in the tank; and D the diameter
of the tank (D = 6000 mm).

The specific heat of the crude oil was 2340 J/(K kg), and
the conductivity of the crude oil was 0.23 W/(m K), and
the viscosity of the crude oil was 28.2 x 107° m?%s. The
tank roof and tank base were manufactured by steel plate,
and the specific heat of the steel plate was 465 J/(K kg),
and the density of the steel plate was 7900 kg/m>, and
the conductivity of the steel plate was 36.7 W/(m K). The
specific heat of the heat insulation was 754 J/(K kg), the
density of the heat insulation was 75 kg/m®, and the con-
ductivity of the heat insulation was 0.035 W/(m K). The
flow velocity of the air above the tank roof was 0.1 m/s.

Three boundary conditions were considered in this
research. The boundary conditions of the three boundary
conditions were listed as follows:

First boundary conditions of the crude oil tank: the
liquid level of the crude oil in the tank was 5 m, and
the original temperature of the crude oil was 42.5 °C, and
the mean wind speed was 2.6 m/s.

Second boundary conditions of the crude oil tank: the
liquid level of the crude oil in the tank was 10 m, and
the original temperature of the crude oil was 45.8 °C, and
the mean wind speed was 2.1 m/s.

Third boundary conditions of the crude oil tank: the
liquid level of the crude oil in the tank was 17.5 m, and
the original temperature of the crude oil was 46.3 °C, and
the mean wind speed was 4.5 m/s.

The liquid level of the crude oil in the tank was constant
for different boundaries, and the changing curve of the
external environment in this research was shown in
Fig. 2 [3].

Temperature/°C

-6

0 5 10 15 20 25
Time/h

Fig. 2 The changing curve of the external environment
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Numerical analysis of the temperature changing rule
of the crude oil in the storage tank based on wavelet
finite element method

Research methods

The temperature changing rule of the crude oil in the
storage tank was analyzed based on the wavelet finite
element method. In order to verify the advantages of the
finite element method, the temperature changing rule of the
crude oil in the storage tank was analyzed by traditional
finite element method and test, respectively. The wavelet
finite element analysis program was compiled by MAT-
LAB software, the meshing was established by Daubechies
wavelet finite thermal element and the PLANE77 in
ANSYS software, respectively. PLANE77 has one degree
of freedom, temperature, at each node, and it was well
suited to thermal analysis. The temperature transducer was
used to test the temperature of the different location of the
crude oil in the tank [10].

For the first boundary conditions of the computational
model, the crude oil in the tank was meshed by 614 wavelet
finite element and 15,524 finite elements in ANSYS soft-
ware. And the temperature transducer was fixed on the
location where the liquid level of the crude oil in the tank
was 5 m.

For the second boundary conditions of the computa-
tional model, the crude oil in the tank was meshed by 823
wavelet finite element and 19,539 finite elements in
ANSYS software. And the temperature transducer was
fixed on the location where the liquid level of the crude oil
in the tank was 10 m.

For the third boundary conditions of the computational
model, the crude oil in the tank was meshed by 967 wavelet
finite element and 22,396 finite elements in ANSYS soft-
ware. And the temperature transducer was fixed on the
location where the liquid level of the crude oil in the tank
was 17.5 m.

Computational results

The changing curves of the temperature of the crude oil in
the storage tank in 5 h were shown in Figs. 3, 4, and 5. It
could be seen from the graph that the temperature changing
speed of the crude oil in the storage tank varied directly
with difference between the original temperature of the
crude oil and the ambient temperature, and was inversely
proportional to the liquid level of the crude oil in the
storage tank approximately. With the increasing of
the difference between the original temperature and the
ambient temperature the temperature changing speed of
the crude oil in the tank would speed up. And with
the increasing of the liquid level of the crude oil in the tank
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Fig. 3 The temperature changing curves of the crude oil in the tank
for the first boundary condition
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Fig. 4 The temperature changing curves of the crude oil in the tank
for the second boundary condition

55
—+— ANSYS solution
—— Wavelet finite element solution
o Test value
50 7
%
@ 45+ R
2
o
8 40t 1
€
2
G 35f 1
(]
=
30 1
25 L \ L L
0 5 10 15 20 25
Time/h

Fig. 5 The temperature changing curves of the crude oil in the tank
for the third boundary condition

the temperature changing speed of the crude oil in the tank
would decrease [14].

The solutions got from ANSYS software and wavelet
finite element and the values got from actual test were
given in the same figure. It could be seen from the graph
that the wavelet finite element solution was nearer to the
test value than the ANSYS solution, which illustrated that
the wavelet finite element method had a higher precious
than the traditional finite element. At the same time, the
wavelet finite element method could use less wavelet finite
elements to get higher precious than the traditional finite
element method, which showed that the finite element had
the advantages in analyzing the thermal behavior of the
crude oil in the storage tank.

The temperature changing isothermal diagrams of the
crude oil in the storage tank in 5 h for three boundary
conditions were shown in the Figs. 6, 7, and 8. In the course
of the temperature changing of the crude oil in the storage
tank, regardless of the high and low of the liquid level of the
crude oil, the high temperature zone of the crude oil in the
storage tank was centered largely in the upper middle sec-
tion of the crude oil tank. The temperature of the top part of
the crude oil tank was higher than the bottom of the tank
along the liquid level of the crude oil tank.

The high temperature zone of the crude oil was not
centered in the center of the crude oil tank, while the
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Fig. 6 The temperature distribution of the crude oil in the tank for
the first boundary conditions aftera 1 h, b2 h,¢3h,d4h,e5h
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Fig. 7 The temperature distribution of the crude oil in the tank for
the second boundary conditions aftera 1 h,b2 h,¢3 h,d4 h,e5h

temperature of the crude oil near to the tank wall was
highest, the main causes of this phenomenon were: There
were not heat insulation on the floating roof of the crude oil
tank and the bottom of the crude oil tank, therefore the fast
natural temperature changing of the crude oil in the storage
tank was formed. However, there were heat insulations on
the crude oil tank wall, therefore the temperature changing
speed of the crude oil was low.

The temperature changing speed of the crude oil in the
storage tank was fastest in the initial period of the storage
crude oil stage. In the early of the storage crude oil stage,
the difference between the original temperature and the
ambient temperature was biggest, and the thickness of the
crude oil reservoir was lest, and the heat resistance was
lest, and the heat radiation fluctuation was biggest, and the
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Fig. 8 The temperature distribution of the crude oil in the tank for
the third boundary conditions aftera 1 h,b2h,c¢3 h,d4h,e5h
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viscosity of the crude oil was relative lowest, the conven-
tional intensity of the crude oil was biggest, and the tem-
perature of the crude oil distributed uniformly. After the
rapid temperature changing of the crude oil, the crude oil
could solidify, and the mean temperature of the crude oil
could decrease, and with the increase of the temperature
changing time, the temperature changing speed of the
crude oil could slow. The reasons of rapid temperature
changing of the crude oil were: (1) with the increase of the
crude oil reservoir the heat resistance improved; (2) a lot of
heat loss was offset by the latent heat got from the con-
densation of the crude oil.

Conclusions

The temperature changing rule of the crude oil in the
storage tank was analyzed by wavelet finite element
method, traditional finite element method and actual test.
The wavelet finite element for studying the thermal per-
formance of the crude oil was established by combining
Daubechies wavelet theory and the traditional finite ele-
ment method. The temperature changing rules of the crude
oil in the storage tank in 24 h were obtained by using
numerical and experimental method, respectively. It could
be seen from the graph that the temperature changing speed
of the crude oil in the storage tank varied directly with
difference between the original temperature of the crude oil
and the ambient temperature, and was inversely propor-
tional to the liquid level of the crude oil in the storage tank
approximately. The temperature changing isothermal dia-
grams of the crude oil in the storage tank in 5 h for three
boundary conditions were obtained. The high temperature
zone of the crude oil was not centered in the center of the
crude oil tank, while the temperature of the crude oil near
to the tank wall was highest. The relationship between the
temperature changing speed of the crude oil in the storage
tank and the temperature changing time was analyzed
finally. The temperature changing speed of the crude oil in
the storage tank was fastest in the initial period of the
storage crude oil stage. The advantages of using wavelet
finite element method for thermal problem compared to the
conventional FEM by analyzing the calculating results. The
wavelet finite element had higher precious and shorter
calculating time than the traditional finite element method.
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