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ABSTRACT

Taking the axial heat conduction of wax deposition layer into account, a two-dimensional heat transfer model of calculating the temperature profile
inside wax deposition layer was deduced and established based on the energy balance equation, the finite difference method was used to solve this
model, and the influence of axial heat conduction on the distribution law of temperature profile inside the wax deposition layer under different
boundary conditions and thickness were discussed. The results showed that: Temperature profile inside wax deposition layer in middle region of
testing pipe section was mainly influenced by axial heat conduction under boundary conditions of constant wall temperature while the region near the
inlet was mainly influenced under boundary conditions of variable wall temperature. With the increasing thickness of wax deposition layer, the
influence of axial heat conduction became more conspicuous. All in all, in laboratory flow loop experiment of wax deposition, although axial heat
conduction had an influence on the temperature profile inside wax deposition layer under different conditions, the influence was small, thus could be

ignored.
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1. INTRODUCTION

For waxy crude oil with high freezing point, high viscosity, and poor
mobility, its transportation generally uses heated oil pipeline. During
the transportation, because oil temperature at initial station is higher
than the ambient temperature, the oil temperature continues to decrease,
and when it decreases to the wax precipitation point of crude oil, wax
crystal in crude oil starts to precipitate, grow, and deposit on the pipe
wall finally. Sediments on pipeline will reduce the effective flow area
of the pipeline, increase friction, and thus reduce transmission capacity
of the pipeline. Therefore, accurate prediction of wax deposition on
pipeline has an important significance for the formulation of pigging
program and safe, economical transportation of waxy crude oil in
pipeline (Hsu and Santamaria, 1994; Pedersen, 1995).

Wax deposition prediction has always been a hot and important
research topic for scholars at home and abroad (Hunt, 1962; Matlach et
al.,1983; Agrawal et al.,1990; Bern et al., 1980; Burger and Perkins,
1981; Brown, Niesen and Erickson, 1993; Svendsen, 1993; Nazar et al,
2001; Mehrotra and Bhat, 2007; Zhang and Liu, 2010; Ramirez-
Jaramillo et al., 2004; Ribeiro et al., 1997; Lee, 2008).Based on
respective purposes of measurement, scholars developed many
equipments for measuring the amount of sediments on pipeline,
including cold finger, cold plate, rotating disk and flow loop which was
used more often than others. Through these devices, scholars had
acquired some achievements. Early studies suggested that, the
mechanism of wax deposition could be summarized as the following
four types: molecular diffusion, shear dispersion, Brownian diffusion
and gravity settling, in which molecular diffusion was generally
considered as the most important mechanism causing wax deposition.
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Through flow loop experiment Singh (2000) confirmed that shear
dispersion, Brownian diffusion and gravity settling had little influence
on wax deposition, namely molecular diffusion was dominant
mechanism of wax deposition; Hamouda and Davidsen (1995)
considered that shear dispersion had an influence on wax deposition,
but the main cause was still molecular diffusion, and he ignored the
influence of shear dispersion when establishing the prediction model of
wax deposition. Establishing the prediction model of wax deposition
rate to study wax deposition on pipeline was one of the effective
methods. Based on the mechanism of molecular diffusion, Bern, Burger,
and Brown put forward their own prediction model of wax deposition
rate on pipeline respectively, and validated with field data, but each
prediction model had their own application range and limitations. In
addition, wax deposition was affected by many factors and, hence, wax
deposition on actual pipeline couldn’t be completely accurate predicted
currently. Based on a large number of experimental and theoretical
studies, scholars continued to study the mechanism of wax deposition.
Recently, scholars proposed the mechanism of “aging”, which was
widely recognized by the industry. Singh and Fogler (2000) considered
that: the process of wax deposition could be described by the following
steps: (1). Gelation of the waxy oil on the cold surface, (2). Diffusion of
waxes towards the gel layer from the bulk, (3). Internal diffusion of
these molecules through the trapped oil, (4). Precipitation of these
molecules in the deposit, (5). Counterdiffusion of de-waxed oil out of
the gel layer. This view was confirmed by measuring the carbon
number distribution in the sample of wax deposition layer under
different experimental time. Based on the mechanism of molecular
diffusion, Fogler research group developed WMP (Michigan Wax
Prediction) wax deposition prediction software. This software could
predict the growth and wax content of the gel deposit on externally
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cooled pipe walls. As we all know, radial concentration gradient of wax
molecule is an important parameter in calculating the amount of wax
deposition, and it is affected by the distribution law of temperature
profile of crude oil in pipe. Therefore, the calculation of temperature
profile from the center of oil flow in pipe to the surface of sediments
and temperature profile inside wax deposition layer is particularly
important. Currently, temperature profile from the center of oil flow in
pipe to the surface of sediments was more studied by scholars
(Svendsen, 1993; Zhang, 2009; Huang, 2000; Singh et al., 2001;
Hoffmann and Amundsen, 2009; Patankar, 1980; Flajolet et al., 1994;
Aiyejina et al., 2011; Bidmus, 2003; Bidmus et al., 2004; Banki ef al.,
2008; Nazar et al., 2005; Venkatesan and Fogler, 2004; Lee et al.,
1997), however, the special study of temperature profile inside wax
deposition layer was rarely reported. Taking into account that the wax
deposition layer was too thin, when calculating the temperature profile
inside wax deposition layer, Singh assumed that the heat conduction
inside wax deposition layer was one-dimensional based on past
experience and practice (the axial heat conduction can be ignored when
axial distance is much larger than radial distance). However, whether
the axial heat conduction can be ignored or not when calculating
temperature profile inside wax deposition layer is worthy of further
verification. Therefore we believe that, abandoning previous experience
and practice, studying this problem by using the related heat transfer
theory of pipe is necessary.

In this article, aiming at this problem, on the basis of considering
axial heat conduction inside wax deposition layer, a two-dimensional
heat transfer model of calculating the temperature profile inside wax
deposition layer in flow loop experiment at a time was deduced and
established by using energy balance equations, and the influence of the
axial heat conduction on the distribution law of temperature profile
inside wax deposition layer under different boundary conditions and
thickness of wax deposition layer was studied. Finally, a comparative
analysis of the calculation results of one-dimensional heat transfer
model and two-dimensional heat transfer model was made. The
calculation results showed that: In laboratory flow loop experiment of
wax deposition Although axial heat conduction had an influence on the
distribution law of temperature profile inside wax deposition layer
under different conditions, the influence was quite small, thus could be
ignored.

2. CALCULATION MODEL OF TEMPERATURE
PROFILE INSIDE WAX DEPOSITION LAYER

After a period of flow loop experiment, there would be sedimentary
layer with certain thickness on the inner pipe wall. According to
mechanism of “aging”, the main component of sedimentary layer close
to the inner pipe wall was paraffin wax while the main components of
sedimentary layer near the center of the oil flow were asphaltenes,
resins, pour point oil and other impurities (Singh and Fogler, 2000). As
the temperature profile inside wax deposition layer influenced the
growth rate of wax content inside wax deposition layer directly, thereby
affecting the calculation of wax deposition rate and, hence, in this
article, the distribution law of temperature profile inside wax deposition
layer was the main research object.

2.1 One-dimensional heat transfer model

T, pipe wall

surface of wax deposition layer

Fig. 1 Wax deposition layer on the pipe wall
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Considering the wax deposition layer was too thin, when calculating the
temperature profile from surface of wax deposition layer to the inner
pipe wall, Singh made some assumptions as follows:

1) diffusion; particulate deposition mechanisms such as particle
diffusion and gravity settling are neglected.

2) The extent of shear removal of the gel deposited in the flow
loop is negligible.

3) All processes are assumed to be quasi-steady state.

4) Heat transfer from the oil-gel interface to the cold pipe-wall is
a one-dimensional heat transfer.

5) There is no radial variation in the wax content of the thin gel
deposit.

6) The thermal conductivity of the gel is a function of its wax
content.

The schematic diagram of this model is shown in Fig. 1, and the

energy equation is shown in equation (1).

d*T 14T
+——=0 1
ar*  rdr @
2.2 Two-dimensional heat transfer model

In order to establish the two-dimensional heat transfer model, some
assumptions are also needed to make as follows:
1) The dominant mechanism of wax deposition is molecular
diffusion, ignoring the influence of other mechanisms.
2) The wax deposition layer on the pipe wall is uniform.
3) Wax deposition experiment is conducted under steady and
laminar flow condition.
Physical model of calculating temperature profile inside wax
deposition layer is shown in Fig. 2.

cold flow

Tw(x)
wall of pipe

thickness is d

inlet

outlet ™

surface of wax deposition layer T
T
direction of oil flow

S center line at axial direction
Fig. 2 Physical model of calculating the temperature profile

As for the micro unit in Fig. 2, the following equation is given
based on the law of conservation of energy (Patankar, 1980):

Heat flow into micro unit + the power caused by external force on
micro unit= Increasing amount of thermodynamic energy of the micro
unit

By introducing Fourier heat conduction law, the energy equation
expressed by specific enthalpy of fluid / and temperature 7 is:

I(ph) , 9(puh) o(pvh) 9(pwh)
ot ox dy 0z

=-pdivU +div(A gradT)+®+ S
(@)
As for heat conduction inside wax deposition layer, the heat source

S is zero; dissipated energy @ is zero; the power ( p divU ) done by

surface forces on the micro unit can be ignored generally; / is taken
ash=C,T and C, as a constant. Therefore, formula (2) can be

expressed as:

div(UT) = div(/égradT]

P
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In cylindrical coordinates, temperature variation along the
circumferential direction is zero, therefore the formula can be written as:

oT 19T  9°T 9T

uE)x_;g o’ ox?

As for the heat conduction inside wax deposition layer, # is zero,
namely:

_loT 9T oT

0=t T+ =
ror ot o’

3)

Formula (3) is the equation of calculating temperature profile
inside wax deposition layer that has been deduced in this article.

The difference between these two models is that the former has the
2

. . . T .
item of axial heat conductlonF . Scholars generally consider that, as
X

2
for the axial heat conductiong—f , besides the fluid (e.g. liquid metal)
X

whose Pr (Prandtl number) << 1, the axial heat conduction can be
ignored (Zhang, 2009; Singh, 2001). But in this article, the study
objective is wax deposition layer on pipe wall, which cannot be treated
as fluid simply. Therefore, how it affected the distribution law of
temperature profile inside wax deposition layer was explored when
calculating temperature profile inside wax deposition layer in this
article.

3. SOLUTION OF THE MODEL

3.1 The calculation of surface temperature of the wax
deposition layer

When calculating the temperature profile inside wax deposition layer,
the surface temperature of wax deposition layer should be obtained first.
Experimental determination of the surface temperature of wax
deposition layer is relatively difficult, so it is usually obtained by the
calculation of heat balance equation. Steps of calculating the surface
temperature of wax deposition layer are shown below.

It can be known from the heat balance that the heat flux of oil flow
at the surface of wax deposition layer is equal to the heat flux of the
wax deposition layer, namely:

oT T —-T
il —_  Two i 4
Aoy Red, R @
A R—d

The calculation of oil temperature in pipe is given by Svendsen
(1993):

T(x)-T,

T(r,x)=T,+ l0.893 J:eexp(—ns)dr]

Therefore,

of _T(x)-T, e

—= %)
o 0.893 3f9hx
wherei]:u, p= aR R azi.
9Bx 2u,,, PC,

Substituting formula (5) into (4) can obtain:
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T()-T, 4 _ T,-T(x)
0.893 3f9fx R-d, R
A R-d
Let R-d In R =4, A = B, the above formula can
A R-d 0.8933/95x

be simplified as:

T, +A- BT,
L=~ 5T (©)

The surface temperature of wax deposition layer T(x) can be
obtained from equation (6).

3.2 Analytical solution of one-dimensional heat transfer
model

As for the one-dimensional heat transfer model, the solution can be
obtained by substituting boundary conditions into the model after
integral. The general solution of equation (1) is:

T=Clnr+C,

Boundary conditions:

r=n,T=T,
r=n,T=T,

The specific solution of equation (1) can be obtained by
substituting the boundary conditions into equation (1), as shown in
formula (7).

ol

T=TW—]:lnr+T;ln}”2—TwlIlVl (7)
In’2 In’2
I Ul

The solution of one-dimensional heat transfer model is relatively
simple, the following focuses on the solution of two-dimensional heat
transfer model established in this article.

3.3 The solution of two-dimensional heat transfer model

As for equation (3), it can be solved by separation of variables,
obtaining its analytical solution, or solved numerically by finite
difference method. Finite difference method is based on difference
principle, through the discretization of the solved region and differential
equations, linear equations of unknown function on network nodes in
the solved region can be obtained, and then approximate solution of
partial differential equations can be obtained by solving algebraic
equations. Generally, finite difference method can solve related
problems well when it is very difficult to obtain the analytical solution
in solving a problem (Flajolet et al, 1994). Calculation steps of
analytical solutions of the two-dimensional heat transfer model in this
article were complicated and, hence, the finite difference method was
used to solve the model here.

Steps of the solution of the two-dimensional heat transfer model
through finite difference method are as follows:

1) The discretization of the calculation region. The calculation
region is meshed by rectangle, as shown in Fig. 3.

2) The discretization of two-dimensional heat transfer equation
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According to the characteristic of equation (3), the central
difference is used to discrete the equation and the equation can be
discretized into the following format according to the computational
grid in Fig. 3:

pipe wall

() thickness

‘> isd

—

surface of wax deposition layer X(i)
Fig. 3 The mesh generation of calculation region

_7;7/'—1+7;,j+1_2Ti,/'+7;,/'—1+];+17/'_2Ti,/+7;—1,/' -0

1
r 2Ar Ar? Ax?

2

A
Letbeazﬁ , b=2+2a , thus the above formula can be

transformed into:

1+£ l—zA—r
r r. a a
T;j: b s i+l b s z,7|+g Hj""EY;H,/
1447 1= 4Ar
2r. 2r. a
Letbe C,=——*~, C,= L, C,=—=C, , finally, the
b b b
equation can be transformed into:
77.},‘ = CIT,-,,-+1 + szz,,'fl + C}L"—l,j + C47;+1.,'

The boundary conditions can be discretized though the same
method, that is, assign nodes at boundary according to the boundary
conditions sequentially.

3) Solution of the equations

Formula (8) is the five-point difference format of Laplace equation.
Formula (8) can be solved by substituting boundary conditions into the
model.

In this article, the calculation region was evenly meshed by
rectangle, and the axial grid number was 100, radial grid number was
80. First, assigned an initial value to each grid node, and then calculated
equation (8) based on the differential equation, though multiple iterative
calculations the temperature did not change on the whole (achieved the
required accuracy) finally, the results at this point was the final
calculation temperature.

4. RESULTS AND DISUSSION

In flow loop experiment of wax deposition, there are two types of
boundary conditions which are often used generally, that is, the first
type of boundary condition and the second type of boundary condition
(Patankar, 1980).In the flow loop experiment of wax deposition in
literature (Zhang,2009; Huang, 2000), the heat transfer coefficient of
wax deposition layer and the temperature distribution of pipe wall could
be measured by experiment, the radial temperature of wax deposition
layer at the inlet and outlet could be measured though one-dimensional
heat transfer model, that is, the temperature at each boundary of wax
deposition layer were all known at a time, the boundary conditions at
this situation could be regarded as the first type of boundary condition.
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When calculating the temperature profile inside wax deposition
layer, different boundary conditions have different influence on
calculation results of temperature profile, and the continuously
increasing thickness of wax deposition layer also has an influence on
the distribution law of temperature profile inside wax deposition layer.
The influence of axial heat conduction on the temperature profile inside
wax deposition layer under different boundary conditions (constant wall
temperature and variable wall temperature) and different thickness of
wax deposition layer (0.2mm, 0.3mm, 0.5mm) were discussed in the
followings. For the sake of discussion, the inlet and outlet of testing
pipe section of the flow loop was defined as left boundary and right
boundary respectively, surface of wax deposition layer was defined as
down boundary, pipe wall was defined as up boundary.

4.1 The influence of axial heat conduction under
boundary conditions of constant wall temperature

When Huang (2000) performed the flow loop experiment of wax
deposition, temperature of the external pipe wall was maintained at a
constant value, which meant the variation of wall temperature along the
axial direction was small when the test pipe section was short, therefore
the axial wall temperature could be considered as constant
approximately, that was, the boundary conditions of constant wall
temperature. The related experimental parameters are shown in Table 1

Table 1 Relative parameters of the flow loop experiment.

Parameters Ty(°C) T;,(°C) T,.(°C) d(mm)

Values 19 17 17 0.2,0.3,0.5

According to the above parameters and the assumptions made
previously, the boundary conditions of these two models were
determined first. As for one-dimensional heat transfer model,
temperature at the left and right boundary could be determined though
surface temperature of wax deposition layer calculated by formula (6)
and experimentally measured temperature of pipe wall, and the
calculation results were in line with logarithmic law. As for two-
dimensional heat transfer model, since the influence of axial heat
conduction was only considered inside wax deposition layer,
temperature at each boundary was not affected, so the temperature at
boundary of one-dimensional heat transfer model could still be used to
calculate the two-dimensional heat transfer model, that was,
temperature at boundary of these two models was consistent, so
temperature at the left and the right boundary were still in line with
logarithmic law.

Table 2 The up and down boundary when wall temperature is constant.

Position of o
d(mm) Temperature distribution(°C)
boundary
02 Ti(x)=0.1372x-0.5144x*+0.679x°-
' 0.287x%-0.2622x+17.31
T;(x)=0.1235x +0.0556x°-0.4278x
Down . +17.44, 0<x<0.9
boundary ' Ti(x)=0.2778x2-0.8833x +17.76,
0.9<x<1.5
0.5 Ti(x)=0.1461x"-0.5331x+17.648
Up boundary | 0.2,0.3,0.5 Ty(x)=17

When thickness of wax deposition layer changes, surface
temperature of wax deposition layer can be calculated by formula (6),
namely the corresponding down boundary. Because of the boundary
conditions of constant wall temperature, temperature of pipe wall (up
boundary) is constant, as shown in Table 2.
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According to the experimental data obtained by author and size
parameters of flow loop, taking the thickness of 0.2mm of wax
deposition layer as example, the distribution law of temperature profile
inside wax deposition layer under boundary conditions of constant wall
temperature was explored here.

The distribution law of temperature profile inside wax deposition
layer was studied based on the coordinate shown in Fig. 2.When
calculating the radial concentration gradient of wax molecule inside
wax deposition layer, radial temperature gradient inside wax deposition
layer often needed to be calculated, and this required to study the radial
variation of temperature inside wax deposition layer at different axial
positions. Because the nodes in calculation region were massive, in
order to analyze the calculation results of one-dimensional heat transfer
model and two-dimensional heat transfer model at different positions,
temperature at three representative positions were taken along the axis
direction of pipeline, which was at a distance of 0.135m (near the inlet),
0.735m (in the middle region) and 1.335m (near the outlet) from the
inlet of test pipe section throughout the whole test pipe section (1.5m),
then a comparative analysis of the distribution law of radial temperature
at these three axial positions inside wax deposition layer was made, as
shown in Fig. 4.

17.3

=@==one-dimensionalmodelnearthe inlet

17.25 =#—two-dimensionalmodel nearthe inlet

==one-dimensionalmodelin the middle region

172 =¥¢=two-dimensionalmodel in the middle region
—~ == one-dimensionalmodelnearthe outlet
8 17.15 =@-two-dimensionalmodel nearthe outlet
=
17.1
17.05

o

0 0.00005 0.0001 0.00015
radial distance (m)

0.0002 0.00025

Fig. 4 Calculation results of radial temperature inside wax deposition
layer at different axial positions.

1]
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Fig. 5 Distribution of difference of the calculation temperature between
the two models inside wax deposition layer.

It can be seen from Fig. 4 that radial temperature inside wax
deposition layer at each axial position shows a decreasing trend. Near
the inlet and outlet of the test pipe section, there is almost no difference
between the results of the two models, while the difference is relatively
larger in the middle region of wax deposition layer.

In the flow loop experiment, oil temperature was higher than
temperature of cooling water, therefore axial temperature of pipe wall
showed an increasing trend while the temperature of pipe wall was
constant under boundary conditions of constant wall temperature, and
calculation temperatures at different positions inside wax deposition
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layer were different compared with the boundary conditions of variable
wall temperature in this situation. Due to the effect of cooling water, oil
temperature decreased continually, there was a relatively bigger
difference of the calculation temperature at somewhere inside wax
deposition layer between the two models resulting from the combined
effect of boundary conditions of constant wall temperature and axial
heat conduction. It can be seen from the calculation results in this
article that, it is in the middle region, but the difference is still small
(the biggest difference is about 0.01°C).

It can be seen from Fig. 5 that the calculation results of the two
models have little difference, that is, axial heat conduction has little
effect on the distribution law of temperature profile inside wax
deposition layer, thus can be ignored

4.2  The influence of axial heat conduction under
boundary conditions of variable wall temperature

The experimental data obtained by Zhang (2009) is quoted in this
article, and the related experimental parameters are shown in Table 3.

Table 3 Parameters of the flow loop experiment.

Parameters Ty(°C) T.,(°C) T,.(°C) d(mm)

Values 45 40.5 40 0.2

It was found that when fitting the temperature distribution at the up
boundary by the experimentally measured temperature of pipe wall,
high accuracy (R’=1) could be achieved with linear fitting, but at the
down boundary, in order to meet the fitting accuracy, segmental fitting
was used here, with the fitting accuracy were R°=0.9998 and R’=I
respectively, as shown in Table 4.

Table 4 The up and down boundary when wall temperature is variable.

Position of o
Temperature distribution(°C)
boundary
Up boundary T=40.5-0.1053x
Down Ti=4.9978x%-19.12x°+29.792x"-24.432x +11.455x"-
bounda 3.3241x+41.339,0<x<1
Y T,=-0.0021x*+0.0256x-0.2189x+40.899,1<x<4.75

Like the analysis steps under boundary conditions of constant wall
temperature, temperature at three representative positions were taken
along the axis direction of pipeline, which was at a distance of 0.4275m
(near the inlet), 2.3275m (in the middle region) and 4.2275m (near the
outlet) from the inlet of test pipe section throughout the whole test pipe
section (4.75m), then a comparative analysis of the distribution law of
radial temperature at these three axial positions inside wax deposition
layer was made, the results are shown in Fig. 6.

41

=4 one-dimensional
model near the
inlet

408 == two-dimensional
model near the
inlet

=== one-dimensiona

406 model in middle

—~ region

@) twg:)—dimensional

~ M

= quel in middle
region

== one-dimensional
model near the

outlet

402 =0-two-dimensional
model near the
outlet

40 L L L L
0 0.00005 0.0001 0.00015 0.0002 0.00025

radial distance (m)

Fig. 6 Calculation results of radial temperature inside wax deposition
layer at different axial positions
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It can be seen from Fig. 6 that there are some differences near the
inlet between the results of the two models while no difference at other
regions. Therefore in this case, axial heat conduction mainly influences
the distribution law of temperature profile near the inlet of wax
deposition layer, which is the same with the influence of axial heat
conduction on the heat transfer law when fluid flows with low Pr
number.

04275 09025 137 185 2575 2802 3277 3758 427 4%

Fig. 7 Distribution of difference of the calculation temperature between
the two models inside wax deposition layer

Near the inlet, the result of two-dimensional heat transfer model is
larger than that of one-dimensional heat transfer model, the reasons for
this difference are: in the flow loop experiment of wax deposition,
because oil temperature near the inlet of testing pipe section was higher
than the external cooling water temperature, hot oil in testing pipe
section transferred heat to external cooling water continuously through
the wax deposition layer and pipe wall under the effect of temperature
difference, in the situation of considering axial heat conduction, besides
radial heat conduction inside wax deposition layer, axial heat
conduction was also ongoing, therefore the calculation temperature was
higher than one-dimensional heat transfer model, and with the
continuously increasing axial distance, the effect of axial heat
conduction weakened gradually, calculation temperature of the two
models at this point were of no difference, that is, the effect of axial
heat conduction at other regions which were far away from the inlet
was not conspicuous.

Difference of the calculation temperature between the two models
inside wax deposition layer can be clearly seen from Fig. 7. The largest
difference of the calculation temperature between the two models near
the inlet is about 0.2°C, larger than other regions. Therefore, when
calculating temperature profile inside wax deposition layer, special
attention should be paid to the region near the inlet, where the influence
of axial heat conduction is relatively larger. Overall, the difference of
calculation temperature between the two models is small, but the two-
dimensional heat transfer model reflects the actual heat transfer inside
wax deposition layer better.

Under the boundary conditions of variable wall temperature, the
influence of axial heat conduction on the distribution law of
temperature profile inside wax deposition layer at the thickness of
0.3mm, 0.5mm of wax deposition layer is almost same with the
thickness of 0.2mm, therefore no detailed discussion here.

4.3  The influence of axial heat conduction at different
thickness of wax deposition layer

In order to discuss the influence of thickness of wax deposition layer on
calculation results of temperature profile, temperature profile inside
wax deposition layer at the thickness of 0.3mm and 0.5mm were also
calculated. Under boundary conditions of constant wall temperature,
like the analysis steps at the thickness of 0.2mm, temperature at three
representative positions were taken along the axis direction of pipeline,
which was at a distance of 0.135m (near the inlet), 0.735m (in the
middle region) and 1.335m (near the outlet) from the inlet of test pipe
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section throughout the whole test pipe section (1.5m), then a
comparative analysis of the calculation temperature at these three
representative positions at different thickness of the two models was
made, as shown in Fig. 8.

In can be seen from Fig. § that the distribution law of temperature
profile inside wax deposition layer (the thickness of wax deposition
layer is 0.3mm and 0.5mm) is consistent with that of the thickness of
0.2mm. At different axial positions (near the inlet, in the middle region,
near the outlet), the influence of axial heat conduction on the
distribution law of temperature profile inside wax deposition layer of
different thickness is different, the differences are relatively larger in
the middle region while little near the inlet and outlet. As for the two
models, the radial temperature inside wax deposition layer at same axial
position increases with the increasing thickness of wax deposition layer.
This is because that when the thickness of wax deposition layer
increases, the distance between surface of wax deposition layer and
center of oil fluid becomes small, thus the temperature of wax
deposition layer becomes higher. The larger the thickness of wax
deposition layer, the more conspicuous of the effect of axial heat
conduction, thereby the larger difference of calculation results of the
two models.

17.7

=4=0.2mm--two-dimensional model
== 0.3mm-two-dimensional model
=#=0.5mm--two-dimensional model
=¥=(0.2mm--one-dimensional model
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=®=0.5mm--one-dimensional model

17.6

17.5

174

T(C)

173

172

17.1

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

radial distance (m)

(a) near the inlet.
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17.5 =>¢=(0.2mm--one-dimensional model
=%¥=0.3mm--one-dimensional model
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T(C)

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006
radial distance (m)

(b) in the middle region.
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(c) near the inlet.

Fig. 8 The calculation temperature of the two models at different
thickness and boundary conditions of constant wall temperature
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In order to analyze the effect of axial heat conduction on the
distribution law of temperature profile inside wax deposition layer at
different thickness more clearly, the difference of calculation results of
the two models are shown in Fig. 9. It can be seen from Fig. 9 that the
differences of calculation results of the two models at each
representative positions are relatively small, with the largest difference
is less than 0.025°C (c in Fig. 9), therefore, the effect of axial heat
conduction can still be ignored at different thickness of wax deposition
layer under boundary conditions of constant wall temperature.

Under the boundary conditions of variable wall temperature, the
influence of axial heat conduction on the distribution law of
temperature profile inside wax deposition layer at different thickness of
wax deposition layer is same with that under the boundary conditions of
constant wall temperature, therefore no detailed discussion here.
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g o015 |
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= =
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o 'm:
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0 : >
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radial distance (m)
(b) in the middle region.
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g 0015
=
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0r . o
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radial distance (m)

(c) near the outlet.

Fig. 9 The difference of calculation results of the two models at
different thickness and axial positions

5. CONCLUSIONS

The distribution law of temperature profile inside wax deposition layer
is the key to study wax deposition rate of crude oil in pipeline. As for
this problem, the influence of axial heat conduction inside wax
deposition layer was always ignored in previous studies, however,
whether the influence on calculating temperature inside wax deposition
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layer was large or not was worthy of further verification when the axial
heat conduction was ignored.

In this article, a two-dimensional heat transfer model of calculating
temperature profile inside wax deposition layer in the flow loop
experiment at a time was deduced and established by using energy
balance equations, and the influence of the axial heat conduction on the
distribution law of temperature profile inside wax deposition layer
under different conditions was studied, then comparative analysis with
the calculation results of one-dimensional heat transfer model was made.
The calculation results showed that: the influence of axial heat
conduction under boundary conditions of variable wall temperature was
mainly embodied near the inlet of testing pipe section while the
influence was relatively small in other regions; under boundary
conditions of constant wall temperature, influenced by the combined
effect of boundary conditions of constant wall temperature and axial
heat conduction, the difference of calculation temperature of the two
models was relatively larger in the middle region; at three types of
thickness of the wax deposition layer given above, the influence of
axial heat conduction became more conspicuous with the increasing
thickness of wax deposition layer. Overall, in laboratory flow loop
experiment, although axial heat conduction had an influence on the
distribution law of temperature profile inside wax deposition layer, the
influence was quite small. This method was also applicable to practical
pipeline, and the concrete situations needed a further study based on
field data and the two dimensional heat transfer model obtained in this
work. From theoretical point of view, it was confirmed in this article
that ignoring axial heat conduction in the calculation of temperature
profile inside wax deposition layer was entirely feasible.

NOMENCLATURE
T; surface temperature of wax deposition layer, °C
Ty temperature of pipe wall, °C
7 distance from the center of oil flow to surface of wax
deposition layer, m
12 distance from surface of wax deposition layer to pipe wall,
m
/ length of wax deposition layer (length of pipe), m
d thickness of wax deposition layer at a time, mm
u velocity of fluid (m/s)
C, specific heat (J/kg-K)
R inner radius of pipe, m
Ty oil temperature at the inlet, °C
T wall temperature at the inlet, °C
Toue wall temperature at the outlet, °C
G, specific heat (J/kg-K)
Greek Symbols
A heat conduction coefficient of wax deposition layer,
W/(m-K)
o heat conduction coefficient of crude oil, W/ (m-K)
p density (kg/m®)
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