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Abstract: Single and double-plate floating roof oil tanks are two types of widely used floating
roof oil tanks in petrochemical industry. However, the differences in flow and hear transfer
characteristics of waxy crude oil inside these two tanks have been studied insufficiently. Finite
volume method is employed in this research to study the temperature drop and gelatinization
processes of waxy crude oil as well as the differences in single and double-plate floating roof
tanks. Based on a comprehensive consideration of the atmosphere, soil, floating roof oil tank as
well as the tank structure and the variations of the waxy crude oil state and rheological behavior,
general physical and mathematical models are established. In the model, wax precipitation and
gelatinization processes of waxy crude oil are described by the enthalpy-porous media method.
Non-Newtonian behavior is described by the Power law equation. Turbulent natural convection is
described by the LES method. SIMPLE algorithm is employed to couple pressure and velocity.
Taking 1000m? single and double-plate floating roof oil tanks as examples, the evolution of oil
temperature and flow behavior is studied and the variations of the gel oil thickness and heat flux
are analyzed. Moreover, the differences between these two tanks are also discussed. Results show
that due to the structure difference of the tank roof, the temperature drop rates are 0.018°C/h and
0.007°C/h respectively in single and double-plate floating roof tanks in the case of this research.
Secondly, for the growth of gel oil on tank bottom, in double-plate floating roof tank, gel oil
thickness keeps growing and fluctuating, while in single-plate tank, the original gelled oil layer
disappears firstly and then increases gradually. Thirdly, although for both tanks, tank roof is the
main part of heat dissipation towards the atmosphere, the maximum heat fluxes are respectively
over 2.0kW and 0.4kW for single and double-plate floating roof tanks, and the total average heat
fluxes respectively are 1.49kW and 0.59kW.

Keywords: Single and double-plate floating roof oil tanks, Temperature drop, Wax precipitation

and gelatinization, Non-Newtonian fluid, LES

1 Introduction
Almost 80% of crude oil produced in China is waxy crude oil which is characterized by high
1
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pour point, high viscosity and complex rheological property. Thus, in the practical production
process, heating is always necessary. Single and double-plate floating roof oil tanks are the widely
used oil tank in petrochemical industry. During storage, oil temperature drops due to the heat
transfer between oil and environment. When oil temperature is below wax precipitation point, wax
crystals start to precipitate in the oil. When wax precipitation amount reaches 1~2% -2 among
the total, oil would gel, which seriously threatens the process safety and may even cause accidents.
Therefore, it is of great significance to study the thermal and gelatinization characteristics in the
single and double-plate floating roof oil tanks during storage.

There are two methods to study the characteristics of heat transfer of waxy crude oil in an oil
tank: experimental study and numerical study. Due to its advantages in low cost, short research
period and comprehensive research results, numerical simulation method is preferred by more and
more researchers in recent years. Li et al. >4 investigated the temperature drop process of crude
oil in a 10x10*m? double-plate floating roof tank using experimental and numerical simulation
method. The effects of crude oil property, tank roof type, initial oil storage temperature, solar
radiation and liquid level on oil temperature drop were analyzed and discussed. However, in this
study, phase change and variation of rheological behavior of oil during wax precipitation were
neglected and the results can be applied only to the temperature drop characteristics of crude oil
with low wax content. Yang et al. ®! adopted experimental method to study the characteristics of
temperature drop in a 10x10*m? floating roof tank in northeast China. The profiles of the oil
temperature in the core region and along vertical direction in the tank were obtained and analyzed.
However, in this research, the reason for temperature drop of oil in the tank was not investigated
systematically. By considering the relationship between oil property and temperature, Zhao et al. [
I'studied the gelatinization process of waxy crude oil in the floating roof tank. The gelatinization
process of waxy crude oil was described with the classical phase change model proposed by Voller.
However, during simulation, release of latent heat due to wax gelatinization was regarded as heat
capacity at constant pressure. Moreover, during the study of the gel oil growth, natural convection
was simplified into heat conduction. All these factors limit the application of the research results.
Wang et al. 8! applied numerical approach to study the temperature drop characteristics in a model
tank which was geometrically similar to 10x10*m? double-plate floating roof oil tank with the
similarity ratio was 1:10. Furthermore, the effects of physical properties of waxy crude oil on the
temperature drop process were analyzed. However, this research can only be applied to small-size
floating roof tank. Besides, in this research, neither the increase of gel oil thickness nor the heat
transfer process was analyzed. Wang et al. ! investigated heat transfer characteristics of waxy
crude oil in a 10x10*m? floating roof tank for long-term storage using both experiment and
numerical simulation methods. On the aspect of experimental investigation, temperature drop
processes of waxy crude oil at four different wax contents were analyzed, also the variation of
vertical temperature distribution against time was obtained. On the aspect of numerical

investigation, standard k-¢ model was applied to study the gelatinization process due to
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temperature drop, as well as the melting process due to temperature increase. However, the author
still didn’t analyze the gelatinization process of waxy crude oil deeply. Besides, the results of this
research were only applicable to double-plate floating roof tank. Sun et al. ['% carried out the
numerical study on the flow and heat transfer characteristics of waxy crude oil in the cooling and
heating processes during static tank storage, and the effects of the atmosphere temperature, solar
radiation on the temperature field were analyzed. Results showed that the cooling and heating
processes can be divided into several stages and each stage displays different characteristics.
Moreover, solar radiation has great influence on the temperature fluctuation, and the atmosphere
temperature has a great influence on the temperature drop rate. Oliveski et al. !!! studied the
temperature drop process in a small tank in 15h using both numerical and experimental methods,
in which the Ra numbers were fixed at 4.3x10° and 3.1x10° respectively. Oil temperature
distribution along the tank height at the center of the tank was obtained and compared with the
experimental results. The comparison showed that these results agree well with each other.
Oliveski %! also studied the cooling process of the fluid with high Pr number fluid in tanks of
different sizes using finite volume method. Correlations between the Nu number versus ratio of
height to radius, dimensionless total heat transfer coefficient, Ra and Pr numbers were obtained.
However, these researches focused on the small-size tank, without considering either phase
change or non-Newtonian property of crude oil. Besides, variations of heat flux and gel oil growth
during temperature drop were not involved. Some researchers [*151 also focused on small-size
model tanks and simplified the turbulent natural convection into a laminar natural convection.
Finite volume method was adopted to simulate the temperature drop process of crude oil
numerically and the relationship between average oil temperature and storage time, oil level and
tank radius, total heat transfer coefficient, Ra number, Pr number were fitted. However, due the
too many assumptions and simplifications, the results are much different from the practice.

In conclusion, although there have been some researches on temperature drop process of
waxy crude oil in floating roof tank, many shortcomings exist as well. (a) Previous researches
usually treat oil state and rheological behavior change of waxy crude oil during temperature drop
process as the change of physical property. Also, the interaction between wax crystals and liquid
waxy crude oil are not considered accurately. (b) Previous researches commonly focus on
double-plate floating roof tank while seldom on single-plate floating roof tank or compare both. (c)
Previous researches make much effort in the study of temperature drop of waxy crude oil inside
the tank, while systematic exploration on the mechanism of heat transfer and the growth of gel oil
inside the tank is lacking. Therefore, in this study, with the consideration of the variations of oil
state and rheological behavior, general physical and mathematical models of the temperature drop
and gelatinization of waxy crude oil in single and double-plate floating roof oil tanks are
established. 1000m? single and double-plate floating roof oil tank are taken as examples to study
the characteristics of the temperature drop and gelatinization of waxy crude oil. The evolution of

the gel oil thickness and heat flux are studied and analyzed in detail. Furthermore, the difference



between single and double-plate floating roof oil tanks on the characteristics of heat transfer and

gelatinization are also compared and analyzed systematically.

2 Physical and mathematical models
2.1 Physical model

The physical model of single and double-plate floating roof oil tanks contains the soil layer
under the tank, air layer and steel layer in the tank roof (for single-plate floating roof oil tank,
there is no air layer), waxy crude oil in the tank, steel layer on the tank bottom, steel layer and
insulating layer on the tank wall. Thus, heat transfer in the tank involves the coupled heat transfer
of gas-liquid-solid (for double-plate floating roof oil tank) or liquid-solid (for single-plate floating
roof oil tank), heat conduction between tank and soil and forced convection between tank body
and atmosphere. Predictably, heat transfer in both single and double-plate floating roof oil tanks is
complex.

The state of wax crystal and waxy crude oil state varies depending upon oil temperature 161,
Specifically, at the initial moment, the oil temperature is relatively high and oil appears as pure
liquid and shows Newtonian behavior. When oil temperature drops to below wax precipitation
point T,,, wax crystals begin to precipitate and solid-liquid dispersion system begins to form. At
this time, waxy crude oil still shows Newtonian behavior. When oil temperature continuously
drops to below abnormal point 7,, waxy crude oil begins to show non-Newtonian behavior. At this
stage, the solid-liquid dispersion system still exists. When oil temperature is below thixotropy
appearance point 7;, wax crystals in the oil begin to cross-link with each other and form wax
crystal porous media 1%, oil begin to gelate. Table 1 presents variations of the state of wax crystal

and waxy crude oil and rheological behavior with oil temperature.

Table 1 Variations of the states of wax crystal and waxy crude oil, rheological behavior with oil

temperature [61
oil temperature =T, T,>1>T, T>T>T; T<T:
precipitated and precipitated and formed the wax
wax crystal melted suspended in waxy suspended in waxy crystal porous
crude oil crude oil media

stored in the
solid-liquid solid-liquid dispersion

waxy crude oil pure liquid ) ) porous of porous
dispersion system system _
media
rheological Newtonian Newtonian non-Newtonian non-Newtonian
behavior behavior behavior behavior behavior

Furthermore, the size of the oil tank is large and the turbulent is violent. For instance, the

radius of the 1000m? floating roof oil tank is 6m [!7- 18] and the Ra number reaches up to 2.0x10'?
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when the temperature difference is 30°C. Therefore, the computational burden and calculation

time are unaffordable. Based on this, the actual floating roof oil tank is simplified into a 1rad one

in this study with the consideration of the axisymmetric of the oil tank, as Fig. 1 shows.
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Fig. 1 Schematics of floating roof oil tank: (a) single-plate floating roof oil tank; (b) double-plate

floating roof oil tank (front view); (c) floating roof oil tank (top view)

2.2 Mathematical model

General mathematical model of single and double-plate floating roof oil tanks is established
within the two-dimensional cylindrical coordinate system involving the non-Newtonian behavior
116, 19. 201 and wax precipitation (phase change) 26!, Considering the coupled gas-liquid-solid
(double-plate floating roof oil tank) or liquid-solid (single-plate floating roof oil tank) heat transfer
process in the tank, solid (steel layer, insulating layer) is particularly considered as fluid with
infinite viscosity to realize an integration solving. Besides, LES method is adopted to calculate the
turbulent flow and heat transfer of waxy crude oil in the tank.

The governing equations for the floating roof oil tank above the ground, which contains steel
and air on tank top, waxy crude oil, steel on tank bottom and steel and insulating layer on tank

wall, are shown in Egs. (1)~(5).

—a(pb_ti) =0 (1)
Ox,

l
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where, p, f and ¢, are mass density, volume expansion coefficient and specific heat respectively.
w,, p and T are the velocity, pressure and temperature after filter. s,; is source item caused

by the binding effect of wax precipitation. sy is the source item of latent heat of wax precipitation,
which will be discussed later. 7;; and g;are the sub-grid scale stress tensor and sub-grid scale heat

flux, which can be determined by Egs.(6) and (7) ?7-311,

= 1
I =_2MSij +§5ijrkk (6)
U oT
=L 7
% Pr, Ox;, .

In Egs. (6) and (7), 5 is the rate-of-strain tensor for the resolved scale, which is calculated by

Sﬁi :l{% +%] (27311 Pr, is sub-grid Prandtl number, which is fixed as 0.87 126271, 4, is sub-grid
2\ 0x, oOx
J 1

scale viscosity. The model of the SGS viscosity is critical for LES, and the Smagorinshy-Lilly

model ?%2%! is applied in this research in order to account for the flow near the wall, as shown in

Eq. (8).

K, = pL;

S| (8)
where, Li=min(xd, C;A) %291, k is the von Karman constant and is taken as 0.41. d is the distance

to the closest wall. C;is the Smagorinsky constant. A is the filter width. 5= 25,3, -

On the other hand, governing equation for the heat conduction of soil under the tank is as

following.

Putul) _ 0 [, O

ot A | o

J J

€))

2.2.1 Rheological behavior
When oil temperature is higher than abnormal point of waxy crude oil, the waxy crude oil

shows Newtonian behavior. In this case, oil viscosity is only determined by oil temperature. On
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the other hand, when oil temperature is lower than abnormal point, oil acts as pseudoplastic fluid.
The correlation between apparent viscosity and shear rate can be well described by the power law
equation ", It is worth to mention that when the oil temperature drops below thixotropy
appearance point 73, the precipitated wax crystals cross-link with each other to form a wax crystal
porous media with liquid waxy crude oil enwrapped in it. At this moment, the enwrapped liquid
waxy crude oil is still pseudoplastic fluid and its rheological behavior can be described by the
power law equation 16,

Based on this, power law equation is adopted in this research to describe the non-Newtonian

behavior of waxy crude oil, as shown in Eq. (10).

1

1=Ky (10)

where, 7 is shear rate, s”'. K is consistency coefficient, Pa-s". n is flow behavior index.

2.2.2 Wax precipitation and gelatinization
When oil temperature is below wax precipitation point, wax crystals precipitate and suspend
in the oil and flow with the oil. When oil temperature is below thixotropy appearance point, wax
crystals in the oil cross-link with each other and form wax crystal porous media, which exerts
binding effect on the oil. Furthermore, with the decrease of the oil temperature, porosity of the
wax crystal porous media decreases gradually and the binding effect becomes stronger gradually
[16], The Darcy’s law is adopted to describe this binding effect [?!2%), as Eq. (11) show.
Su :_Kﬁ(ﬁi ~ii,, ) (an

d
where, u;, u;s are the oil velocity and wax crystal velocity respectively. Ky is the permeability of
wax crystal porous media, which can be determined by the Kozeny-Carman equation 221, as

shown in Eq. (12).
-0}
K, = Ko& (12)

where, Kj is the permeability constant and is set as 10 in this paper [?> 23], g, is the amount of the
wax precipitation.
Besides, latent heat would release during the temperature drop process. In this research, the

released latent heat is characterized by the source item s;, in energy equation.

s, = —@ (13)
t

where, AH is latent heat. In this paper, AH=(1-g;)L, where L is the total phase change latent heat.

2.3 Boundary and initial conditions
2.3.1 Boundary condition

Boundary condition includes oil tank boundary condition and soil boundary condition. As to
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