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Abstract. An experimental loop apparatus of heat insulated waxy crude oil pipeline was established to study
the wax deposition behaviors. The effects of ﬂow rate and ambient temperature on the thickness and wax content of deposition layer were investigated. A kinetic calculation model for the thickness and wax content of
deposition layer in heat insulated crude oil pipeline was established based on the principle of molecular diffusion, aging and shear energy. The results calculated by the model are in good agreement with the experimental
values. The wax deposition thickness of a heat insulated crude oil pipeline in different seasons and operation
time in Northeast China was predicted according to the theoretical model, which was anticipated that can provide a scientiﬁc basis for formulating the wax removal cycle of the pipeline. The predicted results showed that
the thickness of the wax deposition layer increases ﬁrst and then decreases along the pipeline.

Abbreviations
cp
Cwb
Cws
De
Dwo
Fw
G
Gzh
Gzm
hi
Jc
Jd
Js

Constant pressure speciﬁc heat capacity of
crude oil, J/(kg °C)
Wax molecular concentration in oil, kg/m3
Solubility of wax molecules in oil, kg/m3
Effective diffusion coefﬁcient of wax inside the
deposition layer, m2/s
Molecular diffusivity of wax in oil, m2/s
Weight fraction of solid wax in the wax deposition layer
Mass ﬂow of oil, kg/s
The Graetz number in the energy transfer process
The Graetz number in the mass transfer process,
Heat transfer coefﬁcient, W (m2 °C)1
Wax molecule pair ﬂow of oil to the interface of
the deposition layer, kg/(m2 s)
Diffusion ﬂux of wax molecules that have diffused into the deposition layer, kg/(m2 s)
Shear ﬂux of wax molecules in the deposition
layer, kg/(m2 s)
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km
ks
L
Nu
Pr
Qm
Qv
Q0
r
ri
R
R1
R2
Re
RT,w
RT,steel
RT,ins
S
Sc

Mass transfer coefﬁcient, m/s
Shear coefﬁcient
Length of the pipe, m
Nusselt number
Prandtl number
Annual mass ﬂow rate of crude oil, t/a
Volume ﬂow rate of crude oil, m3/h
Average crystallization heat of the wax, J/g
Radius of the crude oil pipe, m
Effective radius for oil ﬂow, m
Radius of the pipe, m
Outer radius of the pipe, m
Outer radius of the pipe with insulation, m
The Reynolds number
Thermal resistance of wax layer per unit length,
(m °C)/W
Thermal resistance of pipe wall per unit length,
(m °C)/W
Thermal resistance of insulation per unit
length, (m °C)/W
Area enclosed by the thermal spectra curve and
baseline, (W °C)/g
The Schmidt number
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Sh
T
T0
T1
T2
TA
TE
Ti
Tw
TZ
v
V
x

The Sherwood number in the process of mass
transfer
Absolute temperature of oil, °C
Temperature of oil in the center of the pipe, °C
Temperature of the outer wall of the pipe, °C
Temperature of the outer wall of the insulation
layer, °C
Ambient temperature, °C
Temperature of the oil at the starting point of
the pipe, °C
Surface temperature of the wax deposition
layer, °C
Temperature of the inner wall of the pipe, °C
Temperature of the oil at a distance of Z from
the starting point of the pipe, °C
Cooling rate, °C/s
Molar volume of the wax, cm3/mol
Axial position of the pipe, m

Greek letters
a
d
k0
kw
kins
ksteel
ktotal
dw
l
qgel

Wax crystal shape factor
Dimensional thickness of wax deposition layer
Thermal conductivity of oil, W (m °C)1
Thermal conductivity of wax, W (m °C)1
Thermal conductivity of the insulation layer,
W (m °C)1
Thermal conductivity of the pipe wall, W
(m °C)1
Total heat transfer coefﬁcient, W (m °C)1
Thickness of the wax deposition layer, m
Solvent viscosity, mPa s
Density of wax deposition layer, kg/m3

the wax deposition process [5–7]. Hamouda and Viken
(1993), and Brown and Niesen (1993) believed that the
effect of shear dispersion on the wax deposition process is
not signiﬁcant [8, 9]. In addition, the effect of Brownian diffusion on wax deposition is negligible [10]. Singh et al. considered the inﬂuence of aging on wax deposition on the basis
of molecular diffusion and constructed a wax deposition
prediction model for waxy crude oil pipeline [11]. Hernandez
et al. improved it on the basis of the model built by Singh
et al., taking into account the effects of molecular diffusion,
shear stripping and aging and improved the prediction
accuracy of the calculation model [12]. Zheng et al. developed an enhanced wax deposition model considering the
non-Newtonian characteristics of waxy oil using the law
of the wall method [13]. However, the current studies mentioned above were all conducted on the non-thermal pipeline which temperature ﬁeld is very different from that on
heat insulated pipeline. There have been few reports on
the study of wax deposition behaviors for heat insulated
pipeline transporting waxy crude oil.
In the present study, an indoor heat insulated loop
experimental apparatus was established considering the
actual situation of a new heat insulated pipeline in Northeast China which transports waxy crude oil. The wax deposition behaviors and the inﬂuence factors of wax deposition
for various experimental conditions were investigated. A
theoretical calculated model of wax thickness and wax content in heat insulated pipeline was established based on the
principle of molecular diffusion, aging and shear effects. The
results of the loop experiment and the model calculation
results were compared and analyzed. The wax deposition
thickness for the on-site pipeline was predicted for different
seasons and operation time.

2 Experiment study
2.1 Experimental apparatus

1 Introduction
Pipeline transportation is a common method for longdistance blending of crude oil. The safety operation during
the transportation process and reducing energy loss is a frequently mentioned topic in current research [1, 2]. In the
process of waxy crude oil pipeline transportation, the formation of wax deposition could reduce the effective conveying area of the pipeline, which decreases the conveying
capacity of pipeline, enhances the energy consumption,
and even causes huge safety hazards and economic losses
by blocking pipeline [3]. Therefore, it is of great signiﬁcant
to predict the wax deposition rate, thickness and wax content of deposition during the transportation process of waxy
crude oil through pipelines for the purpose of formulating
wax removal plan [4].
Researchers have conducted a lot of study on wax deposition of oil pipelines. It has been acknowledged that molecular diffusion, shear dispersion, gravity settlement and
Brownian diffusion are three main mechanisms governing

Figure 1 is a schematic view of the indoor heat insulated
loop experimental apparatus. The apparatus includes storage tank, circulation tank, pumps, pipelines, mechanical
agitation system, water bath system, and Heat and Temperature Control Systems (HTCS). The circulation tank
is used to store and heat crude oil at an operating pressure
of 1.5 MPa. The pipelines include a reference section and a
test section, both of which have the same casting material
and the outer walls covered with heat insulation layers.
The heat insulation layers are wrapped by water jackets
on the outside. The water baths provide the water jackets
constant temperature water to simulate the actual ambient
temperature. The sizes of the pipes are U48  4 mm while
the length is 1.2 m, and the ﬂow in the pipes could be controlled within the range from 0 to 100 dm3/min.
2.2 Experimental procedure
The waxy crude oil was collected from the oil transportation station and injected into the storage tank (Fig. 1).
The crude oil was heated to a higher temperature
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Fig. 1. The indoor heat insulated loop experimental apparatus.

(e.g., 50 °C) and stirred to be ﬂowable before the experiment started. Meanwhile, the temperatures of the two
water baths were adjusted to the target values. The temperature of water bath on reference section was higher than the
wax precipitation point of crude oil for the purpose of that
no wax was deposited on the reference pipe wall. Conversely, the temperature of water bath on test section was
lower than the wax precipitation point of crude oil to ensure
wax could precipitate on the test pipe wall. After that, the
feed pump was started and the oil was feed into the whole
pipe system. Then the storage tank and feed pump were
turned off, and the circulation tank and pump were used
to keep oil ﬂowing in the pipe during the experiment. By
controlling water temperature, the test pipe wall was coated
with wax in the inner surface but the reference pipe was
not. The effective circulation area in test pipe decreased
and the frictional resistance increased, which induced that
the pressure drop on test section was higher than that on
the reference section. The wax deposition thickness on test
section could be inversely calculated through hydrodynamic
calculation, i.e., differential pressure method. This method
can be performed online without interrupting the experiment and it is the method available that can record the
development of the wax thickness over time [14].
After the experiment, the oil was collected to the storage
tank by air compressor. The test section was taken off carefully and the wax fraction in deposition layer was measured
by Differential Scanning Calorimetry (DSC). The 5~10 mg
gel sample was collected from the depositon layer at various
sites. Before measurements, the DSC apparatus (Mettler
Toledo DSC) was calibrated with ultra-pure indium. The
temperature was set at 80 °C and keeped at this temperature for 3 min to melt the sample evenly. After that, the

gel was cooled with a rate of 5 °C/min [15]. The typical
thermal spectra curve of the oil used in this study was
shown in Figure 2. The heat ﬂow increased from the Wax
Appearance Temperature (WAT), which is 43.38 °C for
the oil used in this study. The ﬁrst wax precipitation peak
occurred at 40.67 °C and the second one at 19.63 °C. The
area (S) enclosed by the thermal spectra curve and baseline
from 20 °C to WAT was calculated by integral. The average crystallization heat of the wax (Q0 ) for the present
study is about 200 J/g. The wax fraction in gel was calculated by Fw = S/(vQ0 ), in which v is the cooling rate, °C/s.

3 Development of the theoretical calculation
model
3.1 Mass balance
There is a radial temperature gradient inside the oil pipeline
because of the temperature difference between oil and environment. The local solubility of the wax molecule in the oil
ﬂow is closely related to the in-site oil temperature. According to the molecular diffusion theory, wax crystals will precipitate from the crude oil and cause a radial wax
concentration gradient in the pipe when the temperature
of the pipe wall is lower than the WAT. The radial wax
concentration gradient could accelerate wax deposition to
pipe wall. The mass balance relationship of the process is
shown in equation (1)

d 
pð R2  r 2i ÞF w ðtÞLqgel
dt
¼ 2pr i Lk m ½C wb  C ws ðT i Þ;

ð1Þ
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The value of Sh could be calculated depending on the
ﬂow pattern of the oil in pipeline. When the crude oil in
the pipeline is laminar, it can be calculated using the
Hausen correlation if the distance is long [17] and the Sieder
and Tate correlation if the distance is short [18], as shown in
equation (6):
Gzm < 100; Sh ¼ 3:36 þ 1:7813  103 

5=3

Gzm

ð 1þ0:04Gz2=3
m Þ

2

;

ð6aÞ

Gzm > 100;
Fig. 2. Thermal spectra curve of the oil sample during cooling.

where R is the radius of the pipe, ri is the effective radius
for oil ﬂow, Fw is the weight fraction of solid wax in the
wax deposition layer, L is the length of the pipe, qgel is
the density of wax deposition layer, km is the mass transfer
coefﬁcient, Cwb is the wax molecular concentration in oil,
Cws is the solubility of wax molecules in oil which is a
function of the surface temperature of the wax deposition
layer Ti. In equation (1), ri and Fw are both the function
of operation time t. Assuming that the wax and the crude
oil have the same density, equation (1) can be converted
into

 dF w ðt Þ
dr i
 2pr i F w ðt Þ
p R2  r 2i
dt
dt
2pr i k m ½C wb  C ws ðT i Þ
:
¼
qgel

ð2Þ

To facilitate the calculation, the dimensionless thickness
of wax deposition layer is set to be d = (R  ri)/R, then
equation (2) is reduced to
dð2  dÞ dF w ðtÞ
dd k m ½C wb  C ws ðT i Þ

þ F w ðt Þ
¼
: ð3Þ
2ð1  dÞ
dt
dt
Rqgel
The mass transfer coefﬁcient km in equation (3) is calculated according to
km ¼

Sh  Dwo
;
2R

ð4Þ

where Sh is the Sherwood number in the mass transfer
process, Dwo is the wax molecular diffusivity in oil. The
Hayduk-Minhas empirical formula was optimized using
SPSS software to obtain a suitable formula for calculating
the wax molecules diffusivity in mixing waxy crude oil
[16], as shown in equation (5)
22:9  1013  T 2:671 l V 1:351
;
V 0:71
10:2

Dwo ¼

ð5Þ

where T is the absolute temperature of oil, l is the
dynamic viscosity of oil, and V is the molar volume of
wax.

;
Sh ¼ 1:24  Gz1=3
m

ð6bÞ

where Gzm is the Graetz number in the mass transfer process, which can be calculated by using equation (7) [19]
Re  Sc  2R
;
ð7Þ
x
where Re is the Reynolds number and calculated by
Re = 2Qq/pril, x is the axial position of the pipe, Sc is
the Schmidt number and can be calculated by Sc = l/
qDwo [11]. When the crude oil is in a fully developed turbulent state, the local Sherwood number in the pipe could
be calculated by the Dittus-Boelter Equation [20]:
Gzm ¼

Sh ¼ 0:023  Re0:8 Sc0:4 :

ð8Þ

The wax molecular solubility at the wax deposition layer
changes with the oil temperature, and the wax molecular
solubility curve of the crude oil obtained by the experiment is shown in equation (9)
C ws ðT i Þ ¼ 0:0017T 3i þ 0:0775T 2i þ 3:8893T i
þ 70:765:

ð9Þ

The differentiation of wax molecular solubility to temperature can be expressed as
dC ws ðT i Þ
¼ 0:0051T 2i þ 0:155T i þ 3:8893:
dT

ð10Þ

Due to the temperature gradient between the surface of
the wax deposition layer and the inner wall of the tube,
a concentration gradient of wax molecules exists inside
the wax deposition layer. Therefore, there is also a diffusion ﬂux of wax molecules inside the wax deposition layer,
inducing the wax content inside the deposition layer gradually increased. According to mass balance, the formation
process of the wax deposition layer can be expressed as
2pr i F w ðt Þqgel

dr i
¼ 2pr i k m ½C wb  C ws ðT i Þ
dt


dC ws 
 2pr i D e
:
dr i

Equation (11) can be simpliﬁed to

ð11Þ
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dd k m ½C wb  C ws ðT i Þ
D e dC ws dT 
¼

F w ðt Þ
þ

;
dt
Rqgel
dr i
Rqgel dT
ð12Þ
where De is the effective diffusivity of wax inside the deposition layer which could be calculated by the Cussler correlation [21]:
De ¼

D wo
2

Fw
1 þ a  1F
w

;

ð13Þ

where a is the wax crystal shape factor which could be
obtained by observing the wax crystal form of the deposition layer. The wax crystal morphology was processed and
analyzed by Image J software and the relationship
between a and the volume ﬂow rate of crude oil Qv was
as following:
a ¼ 0:323 ln Q v þ 1:684:

Fig. 3. Schematic diagram of thermal analysis of indoor waxing
test pipeline.

1
R1
ln ;
2pksteel
R

ð17bÞ

RT; ins ¼

1
R2
ln :
2pkins R1

ð17cÞ

ð14Þ

Equations (3) and (12) were combined to obtain the wax
content of the deposition layer as a function of time, as
shown in equation (15).

dF w
De dC ws dT  2ð1  dÞ
:
ð15Þ
¼



dr i dð2  dÞ
dt
Rqgel dT

Equation (16) can be simpliﬁed to get the expressions of
Tw and Ti as shown below.
Ti ¼

3.2 Energy balance
The schematic diagram of the thermal analysis on the
indoor waxing test pipeline is shown in Figure 3. It is
assumed that the whole test section is uniformly covered
by wax, and the thickness of the wax deposition layer is dw.
The temperature of the outer wall of insulation layer
(T2) is equal to the temperature of water bath for the
indoor test pipeline or the soil temperature for the actual
buried pipeline. The center temperature of oil T0 is usually
known. The heat ﬂow balance relationship at each radius of
the heat insulated crude oil pipeline can be obtained according to the theory of thermal resistance, as shown in
equation (16).
2pRð1  dÞh i ðT 0  T i Þ ¼

RT; steel ¼

T 2 þ 2ph i T 0 Rð1  dÞðRT;w þ RT;steel þ RT;ins Þ
; ð18Þ
1 þ 2ph i Rð1  dÞðRT;w þ RT;steel þ RT;ins Þ

T w ¼ T i  2pRð1  dÞh i ðT 0  T i ÞRT;w :

ð19Þ

The temperature gradient of the surface of the deposited
layer can be obtained after further derivation.

dT 
Ti  Tw
:
¼
dr i Rð1  dÞ lnð1  dÞ

ð20Þ

The heat transfer coefﬁcient hi can be calculated by following equation [11]:

Ti  Tw
Tw  T1
1
1 ¼
ln 1d 2pk1 ln RR1
2pkw

hi ¼

Nu  k0
;
2R

ð21Þ

steel

T1  T2
¼ 1
;
ln RR21
2pkins

ð16Þ

where hi is the heat transfer coefﬁcient, T0 is the center
temperature of oil, Tw is the temperature of the inner wall
of the pipe, T1 is the temperature of the outer wall of the
pipe, kw is the effective thermal conductivity of wax layer,
ksteel is the thermal conductivity of the pipe wall, kins is
the thermal conductivity of the insulation layer, R1 is
the outer radius of the pipe, and R2 is the outer radius
of insulation layer. In equation (16), three thermal resistances per unit length (RT) can be deﬁned as following:
RT; w ¼

1
1
;
ln
2pkw 1  d

ð17aÞ

where Nu is the Nusselt number, which calculation
method is similar to that of the Sherwood number mentioned above. When the oil in the pipeline is in laminar
ﬂow, it can be calculated using the Hausen correlation
[17] and the Sieder and Tate correlations [18]:
Gzh < 100;

Nu ¼ 3:36 þ 1:7813  103 

5=3

Gzh

ð 1þ0:04Gz2=3
h Þ

2

;

ð22aÞ

1=3
Gzh > 100; Nu ¼ 1:24  Gzh ;

ð22bÞ

where Gzh is the Graetz number in the energy transfer
process, which can be calculated using equation (23).
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Gzh ¼

Re  Pr  2R
;
x

ð23Þ

where Pr is the Prandtl number and the calculation
method is as follow.
lcp
Pr ¼
;
ð24Þ
k0
where cp is the constant pressure speciﬁc heat capacity of
crude oil, and k0 is the thermal conductivity of crude oil.
When the oil in pipeline is in a fully developed turbulent
state, the Nusselt number in the pipe could be calculated
using the Colburn Equation [20]:
Nu ¼ 0:023 Re0:8 Pr1=3 :

ð25Þ

The effective thermal conductivity of the deposition layer
kw can be calculated using the EMT model [22]:
kw ¼

2kwax þ koil þ ðkwax  k oil ÞF w
koil ;
2kwax þ koil  2ðkwax  koil ÞF w

ð26Þ

where kwax and koil is the thermal conductivity of wax and
oil respectively.
For long distance pipeline, the temperature of crude oil
at the axial position of different pipe sections can be calculated using the temperature drop formula [23]:


2pR2 ktotal
z ;
ð27Þ
T z ¼ T e þ ðT s  T e Þ exp 
Gcp
where Tz is the temperature of the oil at a distance of z
from the starting point of the pipe, Ts is the temperature
of the oil at the starting point of the pipe, Te is the environment temperature, ktotal is the total heat transfer coefﬁcient, and G is the mass ﬂow of oil. The total heat
transfer coefﬁcient for buried pipeline is calculated using
by [24]:
X 1
1
Diþ1
1
¼
þ
ln
þ
;
ktotal D h i D1
2ki
2a2 R2
Di
1

Fig. 4. Kinetic principle of wax deposition process.

ð28Þ

where D is the calculated diameter, which is equal to take
the average of the inner and outer diameters of the insulation layer for the insulated pipe, D1 is the effective diameter of the pipe, Di and Di+1 are the inner and outer
diameters of the pipe and the insulation layer, ki is the
corresponding thermal conductivity of the pipe and the
insulation layer, a2 is the convective heat transfer
coefﬁcient of the outer wall of the insulation layer to the
soil.
3.3 Kinetic calculation model for wax deposition
In the process of waxy crude oil transportation, wax deposition is caused by the interaction of molecular diffusion,
aging and shearing. Due to the concentration gradient of
wax molecules in the oil ﬂow, the wax molecules continuously diffuse from the center of the higher concentration
oil to the lower concentration wax deposition layer. Additionally, the shear stress generated during the transportation causes the wax molecules to peel off at the interface

of the wax deposition layer. In Section 3.1, only molecular
diffusion and aging effect were taken account. Next, the
shearing thinning will be added by ﬂux analysis. The kinetic
principle of this process is shown in Figure 4. The mass balance of the unidirectional ﬂow wax deposition process can
be described as follows taking into account these factors:
the cumulative total weight of the wax deposition layer
“T”; the mass of the wax diffused into the deposition layer
“A”; the mass of the crude oil diffused out of the deposition
layer “B”; the wax increment of the newly formed deposition
layer “C”; the mass of the stripped wax caused by shearing
“D”; the mass of the crude oil in the newly formed deposition
“E”.
This process is described using the mass balance equation shown below [12].
T ¼ A  B þ C  D þ E:

ð29Þ

A and B are of equal mass and therefore cancel each
other out in equation (29). T, C, D and E are described
below.

d 2
pðr  r 2i Þ qL;
dt

ð30aÞ

C ¼ ðJ c  J d Þ  2pr i L;

ð30bÞ

D ¼ J s  2pr i L;

ð30cÞ

T ¼


E ¼ ðJ c  J d  J s Þ

1  Fw
Fw


 2pr i L:

ð30dÞ

Among them, Jc represents the wax molecule pair ﬂow of
oil to the interface of the deposition layer, the expression
is shown as
J c ¼ k m ½C wb  C ws ðT i Þ:

ð31Þ

Jd represents the diffusion ﬂux of wax molecules that have
diffused into the deposition layer, the expression is shown
as

dC ws 
:
ð32Þ
J d ¼ D e
dr i
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Js represents the shear ﬂux of wax molecules in the deposition layer. Based on the principle of shear energy, the
shear ﬂux relationship describing the single-phase ﬂow
wax deposition process is established as shown in the following equation [25]:


 dE s  qwax

;
ð33Þ
J s ¼ k s a
dL r i r i lF 1:3
w
where ks is the shear coefﬁcient, which
  can be determined
s
is the unit shear
by regression of laboratory data,  dE
dL r i
energy at a distance of L from the initial position of the
pipe when the distance from the center of the pipe ﬂow
to the surface of the sediment is different.
By replacing the ri with d and bringing equations (30a)–
(33) into equation (12), the wax deposition calculation
model can be expressed as
dd J c  J d  J s
¼
:
dt
qF w

ð34Þ

3.4 Solution of the calculation model
In equations (15) and (34), there are total two unknown
variables, i.e., d and Fw. The equation set is closed and theoretically solvable. However, it is a differential equation system and can not be solved directly. In this study, the Euler
method was used to solve the equation set numerically.
The kinetic calculation model of wax deposition in waxy
crude oil pipe was solved, and the variation of wax deposition thickness and wax content in the deposition layer with
time was obtained. It is assumed that a very thin wax deposition has appeared at the wall of the initial stage, and the
initial wax content in the deposition layer is the same as
that in the crude oil. The pipe is divided into N segments
along the axial direction of the pipe, and the time is divided
into M segments. The wax deposition law at different positions and times in the pipe is analyzed. The block diagram
of the wax deposition calculation model is shown in
Figure 5.

4 Results and discussion
The wax deposition thickness in the experimental pipe was
obtained by solving the wax deposition calculation model
proposed in this paper. The calculated values of the thickness and wax content of the wax deposition layer in the pipe
varied with time were compared with the experimental
data.
4.1 Effect of ﬂow on wax deposition
Figure 6 shows the comparison of the experimental and calculation values of the deposition layer thickness and wax
content at three different ﬂows at a constant ambient temperature. The water bath temperature of the experimental
loop was set at 28° C. The ﬂow rate in the section is 1.2, 1.5
and 1.8 m3/h, respectively. Ks in equation (33) was conversely ﬁtted by the regression of laboratory data, which

Fig. 5. The calculation block diagram for solving wax deposition prediction model.

is about 4.5  1012 for the oil and conditions in the study.
The remaining parameters and oil properties are shown in
Table 1. Figure 6 shows that the thicknesses of the wax
deposition layer increase with the experimental time and
ﬁnally stabilize at a speciﬁc value. This is mainly because
of the enhanced shear thinning effect with velocity
(inversely proportional to effective radius as ﬂow rates is
ﬁxed), as shown in equation (33). In addition, the stable
thickness decreases with the increase of the ﬂow rate. The
wax content increases with the experimental time and the
ﬂow rate at a speciﬁc time, indicating the aging existed in
the wax deposition process. When the temperature of the
water bath in the experimental loop is constant, the theoretical values at three different ﬂow rates agree well with
the experimental values.
4.2 Effect of ambient temperature on wax deposition
Figure 7 shows the comparison of experimental and calculated values of the thickness and wax content of wax deposition layer at different ambient temperatures. The

8
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(b)

(a)

(c)
Fig. 6. Comparison of experimental and theoretical values for the wax deposition under different ﬂow rates and bath temperature of
28 °C during the wax deposition: (a) Qv = 1.2 m3/h, (b) Qv = 1.5 m3/h and (c) Qv = 1.8 m3/h. Both of the averages and error bands
were used to express the experiment results.

Table 1. Loop
parameters.
Parameters
T0 (°C)
WAT (°C)
R (m)
R1 (m)
R2 (m)
L (m)

experiment

Value
40
44.38
0.02
0.024
0.029
1.2

scheme

and

Parameters

related
Value

1

kins (W [m °C])
k0 (W [m °C])1
kw (W [m °C])1
ksteel (W [m °C])1
qoil (kg m3)
cp (J [kg °C])1

0.047
0.14
0.25
54
850
2250

experimental loop ﬂow rate Qv was set to 1.5 m3/h. The
water bath temperature of experimental loop T2 was kept
at 24, 28 and 32° C, respectively. The related parameters
and oil physical properties are shown in Table 1. As shown
in Figure 7, the thickness of the wax deposition layer
decreases with the increase of the water bath temperature.
It was attributed to the lower bath temperature induces a
lower pipe wall temperature and facilitates the wax crystal
diffusing toward the pipe wall.
The wax content increases with the ambient temperature at the same experiment duration. When the ﬂow rate

in the pipe is constant, the higher the ambient temperature
is, the smaller the thickness of the deposit layer is. The thinner deposit layer increases the temperature gradient in the
deposit layer, which increases the diffusion ﬂux in the
deposit layer, leads to the continuous diffusion of wax molecules into the deposit layer, and increases the wax content
in the deposit layer.
4.3 Prediction of wax deposition thickness
for the on-site pipeline
In this study, the crude oil heat insulated pipeline in Northeast China was selected as the research object. The calculation model proposed above was used to predict the wax
deposition thickness of this pipeline. The operating parameters and oil physical properties are shown in Table 2. The
wax deposition thickness distribution along the pipe varied
with time in winter and summer is predicted respectively, as
shown in Figure 8.
The prediction results show that the wax deposition
thickness in the crude oil heat insulated pipeline tends to
increase ﬁrst and then decrease along the pipe either in winter or in summer. This phenomenon was also observed in
practice. The maximum of the wax deposition thickness
appears at 6 km in the axial direction in winter and at
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(b)

(a)

(c)
Fig. 7. Comparison of experimental and theoretical values for the wax deposition under different water bath temperature and ﬂow
rate of 1.5 m3/h during the wax deposition: (a) T2 = 24 °C, (b) T2 = 28 °C and (c) T2 = 32 °C.

Table 2. Operating parameters and crude oil property parameters of the insulated crude oil pipeline in section.
Parameters
R (mm)
R1 (mm)
R2 (mm)
L (km)
Qm (t a1)
kins (W [m °C])1
k0 (W [m °C])1
kw (W [m °C])1

Value
355.6
361.9
411.9
57.2
350  104
0.047
0.14
0.25

7.5 km in summer. The process of waxing in winter was
taken as a research object to analyze the phenomenon.
The oil temperature drops rapidly from the starting point
of the pipe to the position of 6 km. There is a large temperature gradient between the center position of the pipe and
the interface of the deposition layer considering the low
temperature of the wall, resulting in the diffusion of wax
molecules. This is considered as the reason that the wax
deposition thickness grows rapidly in the front section of
the pipe. After a turning distance (i.e., 6 km for winter),
the temperature at the center of the oil drops to a lower

Parameters

Value
1

ksteel (W [m °C])
qoil (kg m3)
T0 in winter (°C)
T0 in summer (°C)
TA in winter (°C)
TA in summer (°C)
WAT (°C)

54
850
40.3
40.2
3
15
44.38

temperature, which causes the temperature gradient
between the center of oil and the deposition layer to
decreases and the deposition driving force of the wax molecules decreases. This results in a gradual decrease in the
thickness of the wax deposition layer. The thickness of
the wax deposition layer in the pipeline in winter is greater
than that in summer. This is because the ambient temperature in winter is lower than that in summer, resulting in a
larger temperature gradient between the center of the oil
and the wall of the pipe, which accelerates the deposition
rate of wax molecules.
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(b)

(a)

Fig. 8. Prediction results of wax deposition thickness distribution along insulated pipes in different seasons: (a) winter and
(b) summer.

5 Conclusion
1. In view of the wax deposition condition of the waxy
crude oil heat insulated pipeline, an experimental
apparatus for the wax deposition loop of the crude
oil heat insulated pipeline was established based on
the differential pressure measurement principle. A
theoretical kinetic calculation model of wax deposition
for crude oil heat insulated pipeline was established
considering the inﬂuence of molecular diffusion, aging
and shearing on the wax deposition process.
2. The effects of ﬂow rate and ambient temperature on
the wax deposition process were studied both by
experimental and theoretical method. The experimental results show that the wax deposition thickness
decreases and the wax content increases with the ﬂow
rate increasing. The wax deposition thickness
decreases and the wax content increases with the
ambient temperature increasing. The calculated
results of the model are in good agreement with the
experimental values.
3. The wax deposition kinetic calculation model was
used to predict the wax deposition law of the on-site
heat insulated pipe in different seasons. The results
showed that the thickness of the wax deposition
layer increases ﬁrst and then decreases along the
pipeline.
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