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a b s t r a c t

With the increasing oil demand, the construction of oil energy reserves in China needs to be further
strengthened. However, given that there has been no research on the main influencing factors of crude
oil temperature drop in storage tanks under actual dynamically changing environments, this paper
considers the influence of dynamic thermal environment and internal crude oil physical properties on
the fluctuating changes in crude oil temperature. A theoretical model of the unsteady-state temperature
drop heat transfer process is developed from a three-dimensional perspective. According to the tem-
perature drop variation law of crude oil storage tank under the coupling effect of various heat transfer
modes such as external forced convection, thermal radiation, and internal natural convection, the
external dynamic thermal environment influence zone, the internal crude oil physical property influence
zone, and the intermediate transition zone of the tank are proposed. And the multiple non-linear
regression method is used to quantitatively characterize the influence of external ambient tempera-
ture, solar radiation, wind speed, internal crude oil density, viscosity, and specific heat capacity on the
temperature drop of crude oil in each influencing zone. The results of this paper not only quantitatively
explain the main influencing factors of the oil temperature drop in the top, wall, and bottom regions of
the tank, but also provide a theoretical reference for oil security reserves under a dynamic thermal
environment.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

China's primary energy demand rose 2.1% in 2020, driven by
rapid economic recovery from the pandemic (British Petroleum,
2021). Chinese scholars have predicted a 51% increase in China's
oil consumption from 2017 to 2026 using a new non-linear dy-
namic grey model (Wang and Song, 2019). Oil occupies a significant
role in all energy consumption, and the development of oil energy
reserves is a mandatory step in the construction of a modern en-
ergy system in China in the coming period. Meanwhile, the static
storage process of crude oil in storage tanks, especially in alpine
regions, is affected by dynamic changes in the thermal environ-
ment such as solar radiation, atmospheric temperature, wind
speed, etc., which causes heat loss of crude oil in tanks and even
safety accidents such as condensation of tanks in serious cases.
n).
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Therefore, to ensure the safety and economic efficiency of storage
tanks in the production process, it is essential to accurately grasp
the heat transfer and flow law of crude oil in the tanks under the
actual dynamic environment.

Numerical simulations are the main method to study the vari-
ation of temperature and flow fields in storage tanks (Kocijel et al.,
2020; Li et al., 2016; Lin and Armfield, 2005; Zhao et al., 2020; Xue
et al., 2023; Wang et al., 2012a). Earlier studies on the numerical
simulation of crude oil temperature drop have generally focused on
the global large spatial scale of the storage tank, ideally reducing
the thermal environment in which the tank is located to a fixed
solution condition. Cotter and Charles (1993) found that adding two
orders of magnitude to the viscosity at constant viscosity did not
significantly change the rate of heat loss during transient natural
convection of crude oil in large storage tanks in cold environments.
Wang et al. (2005) considered the surrounding and bottom of the
tank as adiabatic walls and used the law of energy conservation to
establish the heat transfer equation to derive the temperature drop
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equation for the crude oil in the tank, divided the crude oil into two
layers and verified the accuracy of the temperature drop equation
with measured data. Li et al. (2019) conducted a numerical simu-
lation of the temperature field of a large floating roof oil reservoir
during long-term storage, taking into account the external envi-
ronment such as constant atmospheric temperature and soil tem-
perature, the physical properties of the oil and the thickness of the
insulation layer, and derived the oil temperature variation law and
the heat transfer law. The relationship between crude oil temper-
ature drop rate and atmospheric temperature and oil temperature
is explained. Meanwhile, previous scholars have mainly focused on
the natural convection process of crude oil and the factors related to
a crude oil temperature drop from a two-dimensional perspective.
Zhao et al. (2014, 2017) studied the temperature distribution during
the transient cooling of waxy crude oil in a floating roof storage
tank using the finite volumemethod and analyzed the effect of tank
size, the temperature gradient between crude oil and environment,
viscosity, and specific heat capacity of crude oil on the cooling rate.
Wang et al. (2019) considered the differences in atmosphere, soil,
and tank structure on the temperature drop process of single-plate
and double-plate floating roof storage tank to investigate and found
that the temperature drop rate of single-plate floating roof tank is
faster than that of double-plate floating roof tank.

Further, later scholars gradually considered the influence of
periodic environment on crude oil, and generally adopted a quali-
tative approach to analyze the influencing factors of crude oil
storage tank temperature drop process. Sun et al. (2018) established
a theoretical model of unsteady heat transfer process in large
floating roof storage tanks based on two-dimensional periodic
boundary conditions, revealing the influence law of ambient tem-
perature, solar radiation and other factors on heat transfer and flow
characteristics of crude oil storage tank. Liu et al. (2019, 2020)
considered the effect of periodic external temperature on the
temperature drop process of crude oil in storage tanks and found
that the heat dissipation and cooling rates of top and side walls
fluctuated similarly to the external periodic temperature.

In summary, the current study of the unsteady temperature
drop process in crude oil storage tanks identifies the surface heat
transfer coefficient between the tank and the thermal environment,
and the temperature of the thermal environment as a constant
value, leading to the heat flow characteristics of the crude oil in the
study is following a continuous decay mode. However, in the actual
three-dimensional space, the storage tank shows oscillating and
fluctuating changes in the heat transfer process of crude oil in the
tank due to the influence of dynamically changing coupled
boundaries of solar radiation, ambient temperature, and wind
speed. And as a result, uneven low-temperature zones are formed
within the small spatial scales of the tank top and walls, leading to
some deviations between the previous research results and the
actual situation. Some scholars have considered the influence of
periodic external environment on the temperature drop process of
crude oil in storage tanks, but all of them modeled the conclusion
from a two-dimensional perspective and analyzed the relevant
factors affecting the temperature drop of crude oil from a qualita-
tive perspective without identifying the main influencing factors.
Most previous studies have focused on the natural convection
process inside crude oil, but few of them have studied the tem-
perature drop of crude oil under the coupling effect of various heat
transfer modes such as forced convection, solar radiation, and
natural convection generated in real three-dimensional space.
Therefore, this paper establishes a theoretical model of the un-
steady temperature drop heat transfer process in crude oil storage
tank considering the dynamic changes in wind speed, ambient
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temperature, solar radiation, and other factors. According to the
temperature drop variation law of crude oil storage tank coupled
with multiple heat transfer modes such as external forced con-
vection, thermal radiation, and internal natural convection, the
external dynamic thermal environment influence zone, internal
crude oil physical property influence zone, and transition zone of
storage tank boundary are proposed. And based on this, a multi-
variate nonlinear regression method is used to quantitatively
characterize the weights of external tank ambient temperature,
solar radiation, wind speed, and internal tank crude oil density,
viscosity, and specific heat capacity on the temperature drop of
crude oil in each influencing region. The related results can provide
a reference for the safety reserve of storage tanks under a dynamic
thermal environment.
2. Theoretical model of unsteady-state temperature cooling
process in crude oil storage tank under dynamic thermal
environment coupling

As shown in Fig. 1, heat radiation from the solar and ambient
temperature from the outside of the tank to the inside transfer heat
to the crude oil, and the soil transfers heat by heat conduction
through the tank bottom. In addition, the tanks are subject to forced
convection from the wind. The unsteady-state temperature drop of
the crude oil storage tank involves various heat transfer coupled
processes, so to facilitate the mathematical model solution, the
following simplifications are made.

(1) In this paper, the existence of the condensate layer is ignored,
and the crude oil in the storage tank is regarded as a single-
phase system.

(2) The variation of ambient temperature is mainly expressed by
the cosine formula, and the maximum ambient temperature
and minimum ambient temperature in this paper are taken
as the local monthly average temperature as the reference
data of external ambient temperature, ignoring the fluctua-
tion between the daily maximum ambient temperature and
minimum ambient temperature.

(3) This paper assumes that the initial temperature distribution
of crude oil inside the tank is uniformwithout a temperature
difference.
2.1. Dynamic thermal environment

The tank's top and walls are subject to dynamically changing
solar radiation and ambient temperature. The sun does not always
shine vertically on the top or walls of the tank during the day.
According to Lambert's law, the boundary conditions for the tank
top and walls per unit area at any one time are as follows.

Boundary conditions on the tank top:

�lroof
vtroof
vy

¼
�
a2roof þ a3roof

��
ten � troof

�
þ I,Pair

1
cos q

ð1þ sm1 ln PairÞ,εb,cos q,sin
pðuT � uT0Þ
2ðp� uT0Þ

;

ð0 � y � rtankÞ

(1)

Boundary conditions on the tank wall:



Fig. 1. Theoretical model of unsteady-state temperature cooling heat transfer process in oil storage tank under dynamic thermal environment coupling.
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�lwall
vtwall
vz

¼ ða2wall þ a3wallÞðten � twallÞ

þ 2
I,Pair

1
cos qð1þ sm1 ln PairÞ,εb

p
,�

1� ð1� sin qÞsinpðuT � uT0Þ
2ðp� uT0Þ

�
; ð0 � z � htankÞ

(2)

The tank bottom is primarily associated with soil thermal con-
ductivity, then the tank bottom boundary conditions are:

�lbott
vtbott
vx

¼ 8lsoil
2prtank

ðtsoil � tbottÞ; ð0 � x � rtankÞ (3)

where, lroof , lwall and lbott are the thermal conductivity of the top,
walls, and tank bottom respectively, x , y , and z are spatial co-
ordinates, m, htank is the height of the storage tank, m, rtank is the
radius of the storage tank, m; a2roof , a2wall are the convective heat
transfer coefficients of the top and walls of the tank, W/(m2.�C),
a3roof , a3wall are the radiative heat transfer coefficients of the top
and wall of the tank respectively, W/(m2. �C), troof , twall and tbott are
the boundary temperatures at the tank top, tank wall, and tank
bottom, �C, εb is the blackness of the tank float, u is the circle fre-
quency, rad/h, T is the time at the moment, h, T0 is the time of
sunrise, h, I is the solar constant, determined from actual obser-
vations, W/m2, Pair is the atmospheric transparency factor, q is the
zenith angle at solar noon, s is a coefficient related to day length
and has a value of 0.346e0.391when the day length is 8e16 h,m1 is
a factor related to atmospheric mass, m1 ¼ 2

cos q
.

The periodic pattern of ambient and soil temperatures can be
approximated as a cosine function. Thus, the ambient and soil
temperatures at any given moment are:

ten ¼ ten � Dten
2

cos uðT �2Þ (4)

tsoil ¼ tsoil �
Dtsoil
2

cos uðT �1Þ (5)

where, ten, ten are the ambient temperature and soil temperature at
the moment respectively, �C, ten, tsoil are the average day and night
temperatures of the environment and soil respectively, �C, Dten,
Dtsoil are the day-night temperature difference of the environment
in 1 day and the day-night temperature difference of the soil in 1
day, respectively, �C.
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2.2. Crude oil variable physical parameters

As the external thermal environment changes, the density,
thermal conductivity, viscosity, and specific heat capacity of crude
oil also change. In this paper, the physical parameters of crude oil at
different temperatures were measured using experimental in-
struments such as a petroleum densitometer, digital rotational
viscometer, liquid thermal conductivity tester, crude oil rheometer,
and differential scanning calorimetry. And the measured data were
fitted to obtain the density, thermal conductivity, viscosity, and
specific heat equations of crude oil as Eqs. (6)e(9). Crude oil density
and thermal conductivity vary negatively and linearly with tem-
perature, while viscosity varies as a power function of temperature
and specific heat capacity increases and then decreases as oil
temperature decreases. The specific crude oil variability model is
shown below.

Density of crude oil:

r¼ r20½1�0:00061ðtoil �20Þ� (6)

Thermal conductivity of crude oil:

l¼116:5
r20

ð1�0:00054toilÞ (7)

Viscosity of crude oil:

m¼ e∧½ � 27:8þ8803:7 = ðtoil þ273:15Þ� (8)

Specific heat capacity of crude oil:

c¼0:0398t3oil � 3:8645t2oil þ 90:369toil þ 2363:5 (9)

where, toil is the temperature of crude oil, �C, r is the density of
crude oil, kg/m3, r20 is the density of crude oil at 20 �C, kg/m3, l is
the thermal conductivity of crude oil, W$(m$�C)�1, m is the viscosity
of crude oil, Pa$s, c is the specific heat capacity, J$(kg$�C)�1.
2.3. Control equations

Based on the physical parameters of the crude oil, the heat
transfer and flow processes of the crude oil are described by
establishing the corresponding control equations. k� ε turbulence
model is used to simulate the vortex motion during the tempera-
ture drop of the crude oil in the storage tank (Huang et al., 2020; Liu
and Chung, 2012; Pasley and Clark, 2000; Zhang et al., 2008; Sun
et al., 2023; Wang and Lin, 2020; Wang et al., 2012b).

The mass equation:
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vr

vt
þ vðruÞ

vx
þ vðrvÞ

vy
þ vðrwÞ

vz
¼0 (10)

where, t is the unsteady-state heat transfer time, s, x, y and z are the
spatial coordinates, m, u, v, and w are the velocity components in
the x, y and z directions, respectively, m/s2.

The momentum equation:

vðruÞ
vt

þ vðruuÞ
vx

þ vðrvuÞ
vy

þ vðrwuÞ
vz

¼ � vP
vx

þ m

 
v2u
vx2

þ v2v

vy2
þ v2w

vz2

!

(11)

vðrvÞ
vt

þ vðruvÞ
vx

þ vðrvvÞ
vy

þ vðrwvÞ
vz

¼ � vP
vy

þm

 
v2v

vx2
þ v2v

vy2
þ v2v

vz2

!

� rg

(12)

vðrwÞ
vt

þ vðruwÞ
vx

þ vðrvwÞ
vy

þ vðrwwÞ
vz

¼ � vP
vz

þ m

 
v2w
vx2

þ v2w
vy2

þ v2w
vz2

!
(13)

where, P is the hydrostatic pressure of the crude oil, Pa, g is the
acceleration of gravity, m/s2.

The energy equation:

vðrtoilÞ
vt

þ vðrutoilÞ
vx

þ vðrvtoilÞ
vy

þ vðrwtoilÞ
vz

¼ l

c

 
v2toil
vx2

þ v2toil
vy2

þ v2toil
vz2

!

(14)

The turbulence equation:

r
dk
dt

¼ v

vx

��
mþ mt

sk

�
vk
vx

�
þ v

vy

��
mþ mt

sk

�
vk
vy

�
þ v

vz

�

�
�
mþ mt

sk

�
vk
vz

�
þGk þGb � rε (15)

r
dε
dt

¼ v

vx

��
mþ mt

sε

�
vε

vx

�
þ v

vy

��
mþ mt

sε

�
vε

vy

�
þ v

vz

�

�
�
mþ mt

sε

�
vε

vz

�
þC1ε

ε

k
ðGkþC3εGbÞ � C2εr

ε
2

k
(16)

mt ¼ rCm
k2

ε

(17)

where, mt is the turbulent viscosity coefficient, GK denotes the
turbulent energy due to the mean velocity gradient, Gb is the tur-
bulent energy due to the buoyancy. Cm, C1ε;C2ε,and C3ε are constant
term coefficients of 0.09, 1.44, 1.92, 1.11, respectively. sk and sε are
the turbulent Prandtl numbers of turbulent energy k and dissipa-
tion rate ε, respectively.

3. Numerical simulation of temperature cooling processes in
crude oil storage tank

3.1. Theoretical model validation

As shown in Fig. 2, the grid includes the airflow area and the
crude oil storage tank area, and the overall model grid number is
10720000. Considering the wind speed, solar radiation, ambient
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temperature, and the complex heat exchange process of the crude
oil in the tank in three dimensions therefore the calculation is done
with a double precision solver. The velocity inlet and pressure
outlet are set to simulate the wind flow process. In order to make
the model converge better, the pressure-velocity coupling algo-
rithm of SIMPLEC is used, and the pressure term is set to second
order format. And the flow control equations are chosen in second
order upwind discrete format to obtain more accurate results. The
convergence of the calculation is judged by the residual values of
the continuity equation and momentum equation less than 10�3

and the residual values of the energy equation less than 10�6 (Li
et al., 2019; Seddegh et al., 2015; Wang et al., 2020).

In order to verify the accuracy of the model, the VITO MTT
system was used in this study to monitor the process of the crude
oil temperature drop on day 4 at locations 0.5, 1.6, 10.2, and 18.5 m
from the bottom of the tank inside the 100,000 m3

floating roof
storage tank inwinter with an initial outside wind speed of 0.9 m/s.
As shown in Fig. 3, the temperature drop of the crude oil under the
dynamic thermal environment shows a fluctuating variation inside
the top and bottom of the tank. The closer the tank top boundary,
the greater the relative error, with the highest relative error of
10.58% between the simulated oil temperature data and the actual
measured value at 18.5 m, since the external wind velocity during
the actual tank crude oil temperature drop shows irregular fluc-
tuation changes, which is different from the simulated wind ve-
locity. Also, the amount of solar radiation received per unit area of
the tank varies depending on factors such as solar altitude angle
and cloud thickness, resulting in a large error at the tank top. The
closer to the closed bottom space of the tank, the smaller the error,
with an average relative error of 0.02% between the simulated and
measured oil temperature values at the bottom. In general, the
temperature drop simulation process is similar to the actual tem-
perature drop variation trend, and the overall relative error is
0.05%, which proves the accuracy of the mathematical model and
simulation method in this paper.

3.2. Heat transfer and flow characteristics of crude oil storage tank
temperature drop

In this paper, a 10 � 104 m3 crude oil storage tank is used as an
example to simulate the temperature drop pattern of crude oil
under the dynamic thermal environment of wind speed, ambient
temperature, and solar radiation, and the specific external envi-
ronment of the storage tank and physical parameters of crude oil
are shown in Table 1.

As shown in Fig. 4, thewind sweeping across the top plate of the
tank brings forced convection, while convective heat transfer in the
form of bypass flow is formed at the tank wall. Due to the wind
direction, the windward and leeward sides of the tank wall are
affected by convective heat transfer to a different extent, resulting
in significant changes in the internal crude oil heat transfer and
flow state. Hence the analysis of the tank wall is divided into
leeward and windward sides.

As shown in Fig. 5, the tank top is affected by wind speed forced
convection, solar radiation and ambient temperature conduction,
etc., and the crude oil at the top of the tank first warms down. The
wind bypasses both sides of the tank wall and forms a turbulent
vortex structure. With the increase of time, the turbulent vortex
structure on the leeward side matures, the convection coefficient
increases, and the temperature drop of crude oil on the leeward
side accelerates. This leads to the increase of crude oil density and
viscosity, and the overall flow rate is lower than that of the wind-
ward side.

As shown in Fig. 6(d), at a wind speed of 0 m/s, the temperature
drop at the tank top on thewindward side is more pronounced than



Fig. 2. Model grid.

Fig. 3. Comparison of simulated and measured oil temperature values and relative error diagrams.

Table 1
Parameters of the external environment of the storage tank and the physical properties of the crude oil.

Item Values Item Values

Tank diameter, m 80 Maximum environment temperature, �C 4
Tank height, m 19 Minimum environment temperature, �C �4
Blackness 0.96 Initial temperature of crude oil in tank, �C 50
Wind speed, m/s 0.9, 0.5, 0 Soil thermal conductivity, W/(m$�C) 2.75
Thickness of the insulating materials, m 0.08 Heat flux from solar radiation, W/m2 60~240
Atmospheric transparency factor 0.7e0.8 Density of oil at 20 �C, kg/m3 0.86
Solar constant, W/m2 1367 Viscosity of oil at 20 �C, Pa$s 4.97
Thermal conductivity of the insulating materials, W/(m$�C) 0.037 Thermal conductivity of oil at 20 �C, W/(m$�C) 0.246
Declination, � �23.25 Specific heat capacity of oil at 20 �C, J/(kg$�C) 2989
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on the leeward side. However, as the wind speed increases near the
top and leeward side of the tank, forced convection is enhanced,
and the temperature drop rate at the tank top on the leeward side
accelerates. Similarly, on the center side of the tank, as the wind
speed increases, the temperature drop at the tank top is faster, and
more low-temperature zones appear, as in Fig. 6(b). The tank bot-
tom also experiences a transitional layer of temperature drop due
3787
to the accumulation of cold oil and heat transfer to the soil, which
results in faster heat loss. The three conditions show that the
temperature drop is more pronounced as the wind speed increases,
resulting in stronger forced convection at the tank top.

The variation in temperature of the top and tank bottom and the
walls in space is shown in Figs. 7e10.

As shown in Fig. 7, the crude oil temperature distribution



Fig. 4. Vector diagram of different wind speeds.

Fig. 5. Velocity field after day 4 of temperature drop, with initially different wind speeds.
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patterns for the three operating conditions within 16.6e19m at the
tank top are near identical. The crude oil at 19 m at the tank top has
the lowest temperature, higher viscosity, and weaker fluidity. With
the increase in wind speed, the temperature drop rate at the tank
top is obviously accelerated, and the fluctuation of crude oil tem-
perature increases. The fluctuation of crude oil temperature at the
tank top 17.4e18.6 m with wind speeds of 0.9 and 0.5 m/s is about
0.5 and 0.1 �C, respectively, while the temperature fluctuation at
the same area location without wind speed is only about 0.01 �C.
The temperature stabilizes when the level is lowered from 17.4 to
16.6 m, indicating that the crude oil in this area is less affected by
external influences.
3788
Temperature fluctuations are more obvious near the tank bot-
tom. The closer to the tank bottom, the lower the oil temperature
within 0.5 m, with fluctuations of 0.15 �C from 0.5 to 1.5 m. The
temperature at the bottom 2e2.5 m was basically the same.

The overall temperature change between the leeward and
windward sides of the tank wall is small due to the effect of the
insulation layer. Under the influence of wind speed, ambient tem-
perature, and solar radiation, the oil temperature at the 40 m
boundary between the leeward and windward sides of the tank
wall is the lowest in Figs. 9(a) and Fig. 10(a), with the average
temperature remaining at 4.2 and 4.6 �C at 0.9 and 0.5 m/s wind
speeds respectively. The temperature distribution of crude oil on



Fig. 6. Temperature field after day 4 of temperature drop, with initially different wind speeds.

W. Sun, M.-Y. Li, Y.-D. Liu et al. Petroleum Science 20 (2023) 3783e3797
the leeward and windward sides of the tank wall at no wind speed
was similar and stable. As the wind speed increases, the maximum
temperature difference between the crude oil at 39e39.5 m on the
leeward side and the boundary at 40 m is approximately 33.8 �C,
while that on the windward side is around 33.4 �C. It can be seen
that the temperature drop rate at the boundary of the tank wall on
the leeward side is faster than that on the windward side. The
temperature of the crude oil within a radius of 38 m remains
relatively stable.
4. Quantitative characterization of the main factors
influencing the temperature cooling process in crude oil
storage tank

This paper uses amultivariate non-linear regression approach to
quantify the main influences that lead to changes in crude oil
temperature. The Levenberg-Marquardt algorithm is suitable for
solving multivariate non-linear problems. It is an improvement on
the gradient descent and Newton iteration methods, being faster
than the gradient descent method and more stable than the
Newton iteration method (Wilamowski and Irwin, 2018). This
experiment simulates the temperature drop process for 4 days.
Among the raw data in the nonlinear regression include oil tem-
perature, wind speed, solar radiation, ambient temperature, at-
mospheric temperature, soil temperature, density, viscosity, and
specific heat capacity near the top, bottom, and walls of the tank
with inlet wind speeds of 0.9, 0.5, and 0 m/s, respectively. The main
steps are as follows.

(1) Normalization: In order to reduce errors in the analysis re-
sults due to differences in magnitudes between the external
dynamic thermal environment, the variable physical pa-
rameters of the crude oil, and the boundary crude oil tem-
perature, the raw data is normalized so that the pre-
3789
processed data is limited to the same characteristics as the
raw data between 0 and 1.
x* ¼ x�min
max�min

(18)

(2) Development of the target mathematical model: Crude oil
temperature is used as the dependent variable in the study,
with the external factors ambient temperature, solar radia-
tion, wind speed, and soil temperature and the internal
factors crude oil density, viscosity, and specific heat capacity
as independent variables. The influences on the variation of
crude oil temperature involve the action of both internal and
external influences, and their weights are combined with the
sum of the product of the powers of the corresponding
sample data plus a constant term to form a multivariate non-
linear expression.

n n
f ðxÞ¼ C þ
X
N¼1

X
j¼1

aN;j�1x
j
i;N (19)

(3) Numerical iterative solution of the Levenberg-Marquardt
algorithm:

① Given an initial value x0 and an initialization radius Ur. i

takes the value of the number of independent variables.
② For the N th iteration, add the trust region to the Gauss-

Newton method to solve for:
� �

min

1
2
��f ðxNÞ þ JðxNÞTDxN��2; s:t: kDmDxNk2 � Ur (20)

where, Ur is the radius of the trust region and Dm is the coefficient
matrix.



Fig. 7. Temperature distribution chart of the tank top.
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③ Calculation of trust area, F .
Fig. 8. Temperature distribution chart of the tank bottom.
F ¼ f ðxþ DxÞ � f ðxÞ
JðxÞTDx

(21)
④ If > 3
4 , then r ¼ 2r.

⑤ If < 1
4 , then r ¼ 1

2 r.
⑥ If F is greater than a certain threshold, the approximation

is considered feasible and
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xNþ1 ¼ xN þ DxN (22)
⑦ Determine if the algorithm converges. If it does not
converge then return to step ②, otherwise end the
iteration.
(4) Judging the goodness of fit.



Fig. 9. Temperature distribution chart of the tank's leeward side. Fig. 10. Temperature distribution chart of the tank's windward side.
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Pn 2
R2 ¼1� SSres
SStot

¼1� i¼1
ðyi � fiÞ

Pn
i¼1

 
yi � 1

n
Pn
i¼1

yi

!2 (23)

A fitted equation with a goodness of fit greater than 0.9 close to
1 was selected to characterize the relationship between crude oil
temperature and internal crude oil physical influences and external
environmental influences.
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Based on the variation pattern of crude oil temperature drop in
different spatial areas of the tank, combined with the weighting
analysis of the main factors leading to the temperature drop, the
external dynamic thermal environment influence zone, the internal
crude oil physical property influence zone, and the transition zone
can be further defined reasonably. The oil temperature at the top,
bottom, leeward, and windward sides of the storage tank is
multivariate and nonlinearly fitted to the external environmental
factors and the internal crude oil physical properties. toil means oil
temperature, C denotes random error, Vroof indicates the wind
speed at the tank top, VF indicates wind speed on the windward
side, VB indicates wind speed on the leeward side, ten means
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ambient temperature, tsoil means soil temperature, qsroof repre-
sents solar radiation at the tank top, qswall represents solar radia-
tion at the tank wall, r denotes density, m denotes viscosity, c
represents specific heat capacity. In themodel, the coefficients of a1
to a6, b1 to b6 , and x1 to x5 indicate the magnitude of theweights of
external or internal factors respectively, i.e., the fitting coefficients.
Therefore, to facilitate the discussion of the main influencing fac-
tors, the powers in each nonlinear regression model are the same.
The power of wind speed 0.9 m/s at the tank top: kroof1, the power
of wind speed 0.5 m/s at the tank top: kroof2, the power of wind
speed 0m/s at the tank top: kroof3, the power of wind speed 0.9 m/s
at the tank bottom: kbott1, the power of wind speed 0.5 m/s at the
tank bottom: kbott2, the power of wind speed 0 m/s at the tank
bottom: kbott3. And the power of the leeward andwindward sides is
expressed in the same way as above. The details are shown in
Table 2. The fitting coefficients of the factors influencing the oil
temperature at each position are shown in Tables 3e6.

According to the spatial distribution characteristics of the tem-
perature of crude oil in the tank, the zone of influence of the
thermal environment of crude oil in the tank is defined as the zone
influenced by external wind speed, solar radiation, and ambient
temperature as the main external influence (III), the zone influ-
enced by crude oil density, viscosity and specific heat capacity as
the main internal influence (I), and the intermediate transition
zone (II).

At the tank top, the thickness of the external influence zone (III)
increases from 0.2 to 0.65 m. The thickness of the internal influence
Table 2
Non-linear regression model for the influence of oil temperature on the top, bottom, lee

Location Wind speed, m/s

Tank top 0.9

0.5

0

Tank bottom 0.9

0.5

0

Leeward side of tank wall 0.9

0.5

0

Windward side of tank wall 0.9

0.5

0

Table 3
Non-linear regression fit coefficients for factors influencing oil temperature of the tank t

Wind speed, m/s Height, m Random error Power Wind speed at tank top Ambien

0.9 19 0.993 0.922 �2.576 0.789
18.6 0.502 2.128 �0.74 0.566
18.2 2.016 1.008 �1 �0.989
17.8 0.787 1.2 �0.811 0.566
17.4 0.791 1.63 �0.308 0.272
16.6 0.767 1.371 0.04 0.019

0.5 19 0.513 1.75 �0.769 0.288
18.6 1.034 1.074 �0.58 �0.482
18.2 0.434 1.589 �0.604 0.45
17.8 0.332 1.009 0.411 0.5
17.4 0.431 0.851 1.159 �0.665
16.6 0.767 1.371 0.04 0.019

0 19 0.99 0.973 e �0.593
18.6 0.516 1.886 e �0.438
18.2 �0.331 0.923 e 0.1
17.8 0.403 2.761 e 0.06
17.4 0.481 3.865 e 0.1
16.6 0.483 3.69 e 0.09
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zone (I) shortens from 1.4 to 0.9 mwith the increase in wind speed,
indicating that the increase of wind speed accelerates the process
of crude oil temperature drop by coupled heat transfer such as
forced convection and solar radiation. As in Fig. 11(a) and (b), the
storage tank level 18.35e19 m, 18.65e19 m were formed by the
wind sweeping across the flat plate with forced convection as the
main, and solar radiation, ambient temperature thermal conduc-
tivity as the secondary external environmental impact zone, the
external conditions accounted for more than 70%, of which the
wind speed is the main impact factor weighting nearly 50%. When
the liquid level drops to the area below 17.5 or 17.9 m, respectively,
the internal influence zone (I) is where natural convection is the
main mode of heat transfer, with the most important influence
factor being the density of crude oil, which accounts for over 60% of
the weight. The thickness of the intermediate transition zone (II) is
0.75e0.85 m, and the weights of wind speed, and ambient tem-
perature fluctuate with the weights of internal crude oil density
and specific heat capacity.

As in Fig. 12, an external soil influence zone (III) with a thickness
of 0.19e0.46 m was formed at the bottom of the tank, and the soil
temperature influence weight was between 40% and 60%, and this
zonewas mainly dominated by the soil heat conduction of the crude
oil to the external low temperature. As in Fig. 12(a) and (b), the in-
ternal influence zone (I) with a thickness of 1.04e1.3 m, with density
as themain influence factor, indicates that natural convection caused
by the density difference of crude oil is the main heat transfer mode
in this region. The specific heat capacity is the main influencing
ward side of the tank wall and windward side of the tank wall.

Non-linear regression model

toil ¼ Cþ a1Vroof
kroof1 þ a2tenkroof1 þ a3qsroof

kroof1 þ a4rkroof1 þ a5mkroof1 þ a6ckroof1

toil ¼ Cþ b1Vroof
kroof2 þ b2tenkroof2 þ b3qsroof

kroof2 þ b4rkroof2 þ b5mkroof2 þ b6ckroof2

toil ¼ Cþ x1tenkroof3 þ x2qsroof
kroof3 þ x3rkroof3 þ x4mkroof3 þ x5ckroof3

toil ¼ Cþ a1tsoil
kbott1 þ a2rkbott1 þ a3mkbott1 þ a4ckbott1

toil ¼ Cþ b1tsoil
kbott2 þ b2rkbott2 þ b3mkbott2 þ b4ckbott2

toil ¼ Cþ x1tsoil
kbott3 þ x2rkbott3 þ x3mkbott3 þ x4ckbott3

toil ¼ Cþ a1VB
kB1 þ a2tenkB1 þ a3qswall

kB1 þ a4rkB1 þ a5mkB1 þ a6ckB1

toil ¼ Cþ b1VB
kB2 þ b2tenkB2 þ b3qswall

kB2 þ b4rkB2 þ b5mkB2 þ b6ckB2

toil ¼ Cþ x1tenkB3 þ x2qswall
kB3 þ x3rkB3 þ x4mkB3 þ x5ckB3

toil ¼ Cþ a1VF
kF1 þ a2tenkF1 þ a3qswall

kF1 þ a4rkF1 þ a5mkF1 þ a6ckF1

toil ¼ Cþ b1VF
kF2 þ b2tenkF2 þ b3qswall

kF2 þ b4rkF2 þ b5mkF2 þ b6ckF2

toil ¼ Cþ x1tenkF3 þ x2qswall
kF3 þ x3rkF3 þ x4mkF3 þ x5ckF3

op.

t temperature Solar radiation Density Viscosity Specific heat capacity R2

0.789 0.087 0.05 0.003 0.989
0.284 �0.162 �0.02 �0.068 0.997
�0.121 �0.626 �0.397 0.095 0.996
�0.713 0.265 0.251 0.213 0.992
0.178 �0.628 �0.287 0.032 0.991
0.009 �0.715 �0.111 0.224 0.998
0.255 �0.03 0.091 0.199 0.995
0.172 �0.068 �0.386 0.275 0.997
0.391 0.145 0.224 �0.274 0.983
0.498 �0.57 �0.669 0.171 0.989
�0.827 �15.76 14.866 1.456 0.991
0.009 �0.715 �0.111 0.224 0.993
�0.415 0.001 0.055 0.011 0.989
�0.604 0.23 0.296 0.484 0.986
0.126 0.228 0.101 1.203 0.993
�0.038 �0.261 �0.145 0.635 0.999
�0.034 �0.215 �0.374 0.564 0.999
�0.03 �0.236 �0.346 0.557 0.999



Table 4
Non-linear regression fit coefficients for factors influencing oil temperature of the tank bottom.

Wind speed, m/s Height, m Random error Power Soil temperature Density Viscosity Specific heat capacity R2

0.9 2.5 0.061 1.104 0.1 5.919 �6.021 0.941 0.979
2 0.059 1.105 0.1 5.956 �6.056 0.943 0.983
1.5 0.103 1.115 0.1 5.519 �5.661 0.899 0.997
1 0.792 1.695 0.004 �1.689 0.891 0.208 0.998
0.5 0.805 1.366 �0.471 0.664 �0.172 �0.648 0.998
0 1.399 3 �5 0.5 �1.913 4.375 0.999

0.5 2.5 �0.295 1.415 0.1 10.85 �10.55 1.303 0.991
2 �0.368 1.386 0.1 11.502 �11.13 1.376 0.986
1.5 0.572 1.683 0.005 �0.371 �0.202 0.427 0.993
1 0.59 1.627 0.272 �0.423 �0.167 0.137 0.995
0.5 0.589 1.633 0.206 �0.428 �0.16 0.205 0.999
0 �0.001 0.721 0.571 �0.004 �0.042 0.435 0.999

0 2.5 0.515 1.903 0.001 �0.292 �0.223 0.485 0.997
2 0.515 1.904 0.001 �0.307 �0.208 0.485 0.997
1.5 0.509 1.963 0.005 �0.3 �0.211 0.492 0.986
1 0.506 1.947 0.005 �0.3 �0.207 0.494 0.998
0.5 0.517 1.891 0.241 �0.289 �0.228 0.242 0.993
0 0.188 1.289 1.669 0.1 �0.227 �0.843 0.998

Table 5
Non-linear regression fit coefficients for factors influencing oil temperature of the tank's leeward side.

Wind speed, m/s Radius, m Random error Power Wind speed at tank wall Ambient temperature Solar radiation Density Viscosity Specific heat capacity R2

0.9 40 0.589 2.691 �1.773 0.108 �0.129 0.017 1.167 0.54 0.986
39.5 0.599 2.682 �1.804 0.102 �0.124 0.007 1.198 0.525 0.988
39 �0.613 0.992 21.02 �0.942 �1 3.381 �23.016 2.616 0.995
38.5 0.591 2.69 �0.354 0.107 �0.128 �1.35 1.113 0.537 0.991
38 0.592 2.69 �0.355 0.107 �0.128 �1.351 1.114 0.536 0.975
37.5 0.592 2.69 �0.356 0.107 �0.128 �1.35 1.114 0.536 0.988

0.5 40 0.522 3.478 �0.675 0.1 �0.028 0.244 �0.198 0.521 0.989
39.5 0.863 1.007 �0.334 0.1 0.1 �0.603 �0.025 0.037 0.991
39 0.488 3.147 0.33 0.1 �0.02 0.414 �1.339 0.547 0.974
38.5 0.243 1.331 �0.5 0.1 0.059 7.034 �7.383 0.699 0.975
38 �0.045 1.254 �0.373 0.1 0.054 9.79 �9.846 0.998 0.987
37.5 0.22 1.108 �0.032 0.1 0.096 2.934 �3.254 0.685 0.992

0 40 0.595 0.974 e �0.1 �0.125 �0.418 �0.177 0.53 0.945
39.5 0.412 2.68 e 0.053 �0.033 �0.297 �0.117 0.622 0.997
39 0.427 2.632 e 0.047 �0.03 �0.7 0.271 0.603 0.999
38.5 0.429 2.624 e 0.046 �0.029 �0.75 0.319 0.601 0.998
38 0.424 2.686 e 0.05 �0.032 �0.826 0.4 0.609 0.986
37.5 0.426 2.678 e 0.049 �0.031 �0.89 0.462 0.606 0.989

Table 6
Non-linear regression fit coefficients for factors influencing oil temperature of the tank's windward side.

Wind speed, m/s Radius, m Random error Power Wind speed at tank wall Ambient temperature Solar radiation Density Viscosity Specific heat capacity R2

0.9 40 0.34 0.479 �7.466 �0.248 �0.224 7 0.4 0.992 0.979
39.5 0.5 0.985 �6 �0.2 �0.199 5.229 0.5 0.787 0.992
39 �1.515 0.681 �5 �0.2 �0.1 6 0.6 2.725 0.985
38.5 �3.642 0.707 �5 �0.2 �0.1 8 0.7 4.855 0.991
38 0.774 1.395 0.014 0.013 0.005 �0.663 �0.142 0.222 0.996
37.5 0.75 0.967 0.04 0.008 0.004 1.488 �2.304 0.246 0.989

0.5 40 0.536 3 �0.6 0.061 �0.025 0.2 �0.208 0.498 0.992
39.5 0.893 1.051 �0.3 0.051 0.052 �0.625 �0.023 0.055 0.983
39 0.907 1.05 �0.2 0.037 0.039 �0.699 �0.049 0.054 0.975
38.5 �0.646 0.853 �0.1 �0.058 �0.061 0.7 0.1 1.708 0.979
38 �0.935 0.861 �0.1 �0.07 �0.07 1 0.1 2.005 0.994
37.5 0.519 1.405 �0.096 0.004 0.002 1.313 �1.739 0.48 0.981

0 40 0.419 2.658 e 0.05 �0.032 �0.5 0.079 0.613 0.995
39.5 0.4 3.042 e 0.074 �0.05 �1.374 0.972 0.65 0.991
39 0.4 3.044 e 0.074 �0.05 �1.382 0.98 0.65 0.993
38.5 0.368 2.885 e 0.075 �0.048 0.645 �1.017 0.68 0.985
38 0.381 3.243 e 0.089 �0.062 �1.364 0.98 0.68 0.976
37.5 0.376 3.307 e 0.094 �0.066 �1.368 0.99 0.69 0.986
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factor in Fig. 12(c), indicating that the heat transfer mode with heat
conduction between crude oil as the main and natural convection as
the secondary is formed at the bottom of the tank without wind. In
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addition, a transition zone (II) with a thickness of 1.2e1.46 m of cold
oil from the top temperature drop sinking along the tank wall is
accumulated at the bottom of the tank.



Fig. 11. Weighting of factors influencing the temperature of the tank top. Fig. 12. Weighting of factors influencing the temperature of the tank bottom.
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As shown in Fig. 13(a) and (b), within the thickness of 0.91 and
0.28 m from the leeward side of the tank wall, and 0.72 and 0.24 m
from the windward side of Fig. 14(a) and (b), an external influence
zone (III) dominated by forced convection heat transfer with wind
speed accounting for 30%e45% was formed. Near the center side of
the tank, the crude oil is weakened by the forced convection of
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external wind speed, and gradually shifts from the external influ-
ence zone (III) dominated by forced convection to the transition
zone (II) dominated by natural convection heat transfer caused by
density difference, with wind speed being secondary. Finally, it
enters the internal natural convection influence zone (I) with the
thickness of 0.68e1.5 m dominated by crude oil physical properties.



Fig. 13. Weighting of factors influencing the temperature of the tank's leeward side. Fig. 14. Weighting of factors influencing the temperature of the tank's windward side.
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Combining the weighting of the temperature influence factors of
the windward side and leeward side boundaries of the three
working conditions, it can be found that the larger the wind speed
is, the larger the external influence zone is. The external influence
zone on thewindward side expands from 39.76e40 to 39.28e40m,
and the external influence zone on the leeward side expands from
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39.72e40 to 39.09e40 m, while the transition zone becomes
smaller and smaller instead, with the transition zone on the
windward side narrowing from 38.3e39.76 to 38.18e39.28 m, and
the transition zone on the leeward side narrowing from 39e39.72
to 38.47e39.09 m. Compared with the windward side, the external
forced convection on the leeward side has more influence on the
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temperature drop of crude oil. The external influence layer on the
leeward side is 0.04e0.19 m thicker than that on the windward
side, while the transition layer is 0.48e0.74 m thinner than that on
the windward side, which further explains why the temperature
change at the boundary between the tank wall and the top of the
tank on the leeward side is significantly stronger than that on the
windward side. Overall, with the change of wind speed from 0.5 to
0.9 m/s, the weight of ambient temperature and solar radiation
decreased from 10.41% to 7.79%, indicating that the increase of wind
speed at the tank wall would weaken the effect of ambient tem-
perature and solar radiation on the temperature drop of crude oil.

5. Conclusions

This paper develops a theoretical model of the heat transfer
process of non-steady state temperature drop in crude oil storage
tank under coupled dynamic thermal environment conditions,
analyses the influence law of crude oil temperature drop in storage
tank under the coupling effect of external forced convection, ther-
mal radiation, natural convection, and other heat transfer modes,
and determines the different external dynamic thermal environ-
ment influence zone (III), internal crude oil physical property in-
fluence zone (I) and the transition zone (II). The weights of the
ambient temperature, solar radiation, wind speed and crude oil
density, viscosity, and specific heat capacity of the storage tank on
each influence zone were also quantified.

(1) The heat transfer mode of the tank boundary was clarified.
The tank wall is mainly based on convective heat transfer
with the wind bypassing the column. Initially, the convective
heat transfer on the windward side of the tank wall is
stronger and the temperature drop is faster. But as time in-
creases, the backwind side gradually forms an obvious tur-
bulent vortex structure, which strengthens the convective
heat transfer and enhances the heat transfer rate between
the crude oil on the backwind side and the tank wall. And as
the wind speed increases, the forced convection at the top of
the tank is more obvious and the temperature drop is faster.

(2) The temperature fluctuations at the top and bottom of the
tank as well as the tank wall space were analyzed. The crude
oil near the top of the tank at 19 m has the lowest temper-
ature, higher viscosity, and weaker fluidity; when the level is
lowered to 16.6 m the temperature tends to stabilize, indi-
cating that the oil in this area is less affected by the external
environment. The temperature fluctuation near the bottom
of the tank is more obvious, the fluctuation of 0.5e1.5 m
reaches 0.15 �C, while the temperature of 2e2.5 m basically
tends to be stable, and the oil temperature of 0e0.5 m near
the soil at the bottom of the tank is lower. The overall tem-
perature change between the leeward andwindward sides of
the tank wall is small due to the effect of the insulation layer.
The oil temperature is lowest at 40 m from the external
environmental boundary.

(3) A multiple non-linear regression method was used to
quantitatively characterize the weights of the external
ambient temperature of the tank, solar radiation, wind
speed, and internal crude oil density, viscosity, and specific
heat capacity of the tank on the temperature drop of crude
oil in each influencing region. The wind swept through the
flat plate near the tank level of 19 m to form the external
environmental influence zone (III) with forced convection as
the main influence, supplemented by solar radiation and
ambient temperature conduction, and the total external
conditions accounted for over 70%, with wind speed as the
main influence factor accounting for nearly 50% of the
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weight. When the liquid level drops to 17.5 and 17.9 m
respectively, the area is the internal influence zone (I), where
crude oil density is the main influence factor and natural
convection is the main heat transfer method. An external soil
influence zone (III) with a thickness of 0.19e0.46m is formed
at the bottom of the tank, with a soil temperature influence
weighting of 40%e60%. On the leeward and windward sides
of the tank wall, an external influence zone (III) is formed,
where forced convection is the main heat transfer mode,
with wind speed accounting for 30%e40%. The crude oil near
the center of the tank is weakened by the forced convection
of external wind speed, and gradually shifts from the
external environmental influence zone (III), where forced
convection is the main influence, to the internal natural
convection influence zone (I), where the physical properties
of the crude oil are the main influence. At the same time, the
weighting of the influence of ambient temperature and solar
radiation decreases with increasing wind speed, indicating
that thewind speed at the tankwall weakens the influence of
ambient temperature and solar radiation on the temperature
drop of crude oil.
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