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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 con-
tent 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 diffu-
sion, 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 pro-
vide 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 Constant pressure specific heat capacity of  ky, Mass transfer coefficient, m/s
crude oil, J/(kg °C) K, Shear coefficient
Cap Wax molecular concentration in oil, kg/m® L Length of the pipe, m
Cs Solubility of wax molecules in oil, kg/ m? N, Nusselt number
D, Effective diffusion coefficient of wax inside the P. Prandtl number
deposition layer, m?/s O Annual mass flow rate of crude oil, t/a
Dy Molecular diffusivity of wax in oil, m?/s Q. Volume flow rate of crude oil, m*/h
F, Weight fraction of solid wax in the wax deposi- Q Average crystallization heat of the wax, J/g
tion layer r Radius of the crude oil pipe, m
G Mass flow of oil, kg/s 7 Effective radius for oil flow, m
Gzy, The Graetz number in the energy transfer pro- R Radius of the pipe, m
cess R, Outer radius of the pipe, m
Gz, The Graetz number in the mass transfer pro- R, Outer radius of the pipe with insulation, m
cess, Re The Reynolds number
hy Heat transfer coefficient, W (m? °C) ™" Rry, Thermal resistance of wax layer per unit length,
Je Wax molecule pair flow of oil to the interface of (m °C)/W
the deposition layer, kg/ (m2 s) Rrgee  Thermal resistance of pipe wall per unit length,
Ja Diffusion flux of wax molecules that have dif- (m °C)/W
fused into the deposition layer, kg/ (m2 s) Ry s Thermal resistance of insulation per unit
Jy Shear flux of wax molecules in the deposition length, (m °C)/W
layer, kg/(m” s) S Area enclosed by the thermal spectra curve and
baseline, (W °C)/g
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Sh The Sherwood number in the process of mass
transfer

T Absolute temperature of oil, °C

To Temperature of oil in the center of the pipe, °C

T Temperature of the outer wall of the pipe, °C

Ty Temperature of the outer wall of the insulation
layer, °C

Ta Ambient temperature, °C

Ty Temperature of the oil at the starting point of
the pipe, °C

T; Surface temperature of the wax deposition
layer, °C

Ty Temperature of the inner wall of the pipe, °C

Ty 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, cm®/mol
Axial position of the pipe, m

H<@

Greek letters

o Wax crystal shape factor
0 Dimensional thickness of wax deposition layer
o Thermal conductivity of oil, W (m °C)™"
. Thermal conductivity of wax, W (m °C)~"
Ains Thermal conductivity of the insulation layer,
W (m °C)™*
Asteol Thermal conductivity of the pipe wall, W
(m °C)!
Jtotal Total heat transfer coefficient, W (m °C) ™"
Ow Thickness of the wax deposition layer, m
u Solvent viscosity, mPa s
Peel Density of wax deposition layer, kg/ m?

1 Introduction

Pipeline transportation is a common method for long-
distance blending of crude oil. The safety operation during
the transportation process and reducing energy loss is a fre-
quently mentioned topic in current research [1, 2]. In the
process of waxy crude oil pipeline transportation, the for-
mation of wax deposition could reduce the effective convey-
ing 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 con-
tent 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 depo-
sition of oil pipelines. It has been acknowledged that molec-
ular diffusion, shear dispersion, gravity settlement and
Brownian diffusion are three main mechanisms governing

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 dif-
fusion on wax deposition is negligible [10]. Singh et al. con-
sidered 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. devel-
oped 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 men-
tioned above were all conducted on the non-thermal pipe-
line 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 North-
east China which transports waxy crude oil. The wax depo-
sition behaviors and the influence factors of wax deposition
for various experimental conditions were investigated. A
theoretical calculated model of wax thickness and wax con-
tent 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

Figure 1 is a schematic view of the indoor heat insulated
loop experimental apparatus. The apparatus includes stor-
age tank, circulation tank, pumps, pipelines, mechanical
agitation system, water bath system, and Heat and Tem-
perature 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 #48 x 4 mm while
the length is 1.2 m, and the flow in the pipes could be con-
trolled within the range from 0 to 100 dm®/min.

2.2 Experimental procedure

The waxy crude oil was collected from the oil transporta-
tion 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 experi-
ment started. Meanwhile, the temperatures of the two
water baths were adjusted to the target values. The temper-
ature 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. Con-
versely, 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 experi-
ment 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 care-
fully 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 tempera-
ture for 3 min to melt the sample evenly. After that, the
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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 (.9) enclosed by the thermal spectra curve and baseline
from —20 °C to WAT was calculated by integral. The aver-
age crystallization heat of the wax () for the present
study is about 200 J/g. The wax fraction in gel was calcu-
lated by F,, = S/(v@), 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 envi-
ronment. The local solubility of the wax molecule in the oil
flow is closely related to the in-site oil temperature. Accord-
ing to the molecular diffusion theory, wax crystals will pre-
cipitate 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
@il
= QETiLkm[CWb

R2 -7 )F ( )Lpgcl]
— Cw(Th)],
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Fig. 2. Thermal spectra curve of the oil sample during cooling.

where R is the radius of the pipe, r; is the effective radius
for oil flow, F,, is the weight fraction of solid wax in the
wax deposition layer, L is the length of the pipe, pge is
the density of wax deposition layer, k,, is the mass transfer
coefficient, Cyy, is the wax molecular concentration in oil,
Cys 18 the solubility of wax molecules in oil which is a
function of the surface temperature of the wax deposition
layer Ti. In equation (1), r; and F,, are both the function
of operation time ¢. Assuming that the wax and the crude
oil have the same density, equation (1) can be converted
into

dF,(t) dry
2 — 2 i - 2 iFW '
n(R rl) a nri () dt
_ 27T7"ikm[cwb - CWS(Ti)] (2)
pgel

To facilitate the calculation, the dimensionless thickness
of wax deposition layer is set to be § = (R — n;)/R, then
equation (2) is reduced to
5(2—0) dF,(t) do
. Fm t)— =
=0 @ T

kn[Cup — Cyus(T1)]

(3)
Rp gel
The mass transfer coefficient &, in equation (3) is calcu-
lated according to

Sh - Dy,

km = 2 R )

(4)
where Sh is the Sherwood number in the mass transfer
process, Dy, 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 x 10—13 % T2A671'u1[‘¥71,351
D\vo - V0A71 9 (5)

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

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):

Gz < 100, Sh=3.36 4 1.7813 x 1073 x —Car
(1+0,o4x(;z§]/5) )
(6a)
sz > 1007 Sh =124 x Gzlll{ii’ (Gb)

where Gz, is the Graetz number in the mass transfer pro-
cess, which can be calculated by using equation (7) [19]

.Sc .9
Gz, = W7 (7)

where Re is the Reynolds number and calculated by
Re = 2Qp/nru, z is the axial position of the pipe, Sc is
the Schmidt number and can be calculated by Sc = u/
pDyo [11]. When the crude oil is in a fully developed tur-
bulent state, the local Sherwood number in the pipe could
be calculated by the Dittus-Boelter Equation [20]:

Sh = 0.023 x Re™*Sc"". (8)

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 experi-
ment is shown in equation (9)

Cys(T;) = —0.0017T? 4+ 0.0775T? + 3.8893 T}
+ 70.765. (9)

The differentiation of wax molecular solubility to temper-
ature can be expressed as

dcgisj(,m = —0.005172 + 0.155 T, + 3.8893. (10)
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 diffu-
sion flux of wax molecules inside the wax deposition layer,
inducing the wax content inside the deposition layer grad-
ually increased. According to mass balance, the formation
process of the wax deposition layer can be expressed as

dr;
_27Trinn'(t)PgelT’,; = 27”nikm[cwb - Cws(Ti)]

> (11)

dCs
dr

— 21 <—DC

Equation (11) can be simplified to
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d_é _ km[cwb -
dt B Rp gel

Cws(Ti)] De .
Rp gel

dCys dT

aT  dr|’
(12)

where D, is the effective diffusivity of wax inside the depo-
sition layer which could be calculated by the Cussler cor-
relation [21]:

Fy(t)

D WO

_1+oc- E

2
T—Fy

D, : (13)

where o is the wax crystal shape factor which could be
obtained by observing the wax crystal form of the deposi-
tion layer. The wax crystal morphology was processed and
analyzed by Image J software and the relationship
between o and the volume flow rate of crude oil @, was
as following:

o =—-0.3231n Q, + 1.684. (14)

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, D. dC. dT| 2(1-9)

At~ Rpy dT dr|, 6(2-0)

(15)

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 d,.

The temperature of the outer wall of insulation layer
(T) 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 T} is usually
known. The heat flow balance relationship at each radius of
the heat insulated crude oil pipeline can be obtained accord-
ing to the theory of thermal resistance, as shown in
equation (16).

2nR(1 = 0)h(To — Ti) = — T T
m 1-5 27 steel R’
T, — T,
=0 N (16)
27 ins Ry

where h; is the heat transfer coefficient, Tj is the center
temperature of oil, T, is the temperature of the inner wall
of the pipe, T} is the temperature of the outer wall of the
pipe, A is the effective thermal conductivity of wax layer,
Asteel 18 the thermal conductivity of the pipe wall, A;, is
the thermal conductivity of the insulation layer, R; is
the outer radius of the pipe, and R, is the outer radius
of insulation layer. In equation (16), three thermal resis-
tances per unit length (Rt) can be defined as following:

1
T o, 1o

RT‘ w (17&)

T,
—
X
/|° T (1,x) oil flow —
e
o &
= T
T Wax deposition
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r

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

1 R,

deel = —— In— 1
RT,bteel 27T;Lst,eel n R ) ( 7b)
1 R,
ins — 5 5 1 a5 ]-
RT’ ) 27‘5}%115 an ( 7C)

Equation (16) can be simplified to get the expressions of
T, and T; as shown below.

T — TQ + 27Ihi T()R(l — 5)(RT7W + RT,steel + RT,ins)
' 1+ 27Th1R(1 - 5)(RT4W + RT,steel + RT,ins)

, (18)

TW = Ti - 27'ER(1 - 6)h1(TU - Ti)RT,W- (19)

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

dT T, — T,
dr|.” RA—06)In(1-6) (20)

The heat transfer coefficient h; can be calculated by fol-
lowing equation [11]:

_Nuxio

hi 2R )

(21)
where Nu is the Nusselt number, which calculation
method is similar to that of the Sherwood number men-
tioned 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]:

B 125/3
Gz <100, Nu=3.36+1.7813x 1073 x — 4
(14004xG7/*) "
(22a)
Gz, > 100, Nu=1.24 x Gz,/*, (22b)

where Gz, is the Graetz number in the energy transfer
process, which can be calculated using equation (23).
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Re- Pr - 2R
Gz = — 12 (23)

T
where Pr is the Prandtl number and the calculation
method is as follow.

P
T

(24)

where ¢, is the constant pressure specific heat capacity of
crude oil, and Aq 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 = 0.023 Re’Pr'/?, (25)

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

2/1W3x + j-oil + (lwax - )"oil)Fw ;Loﬂ, (26)

Ay =
2}~wax + loil - 2(/1wax - loil)Fw

where Ay and Ay 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 calcu-
lated using the temperature drop formula [23]:

21 Ry .
T, =TC+(T5—TC)eXp(—M~z), (27)
Gc,

where T, is the temperature of the oil at a distance of z
from the starting point of the pipe, Ty is the temperature
of the oil at the starting point of the pipe, T, is the envi-
ronment temperature, A is the total heat transfer coef-
ficient, and G is the mass flow of oil. The total heat
transfer coefficient for buried pipeline is calculated using
by [24]:

1 1 1 D 1
Jotal D B hiD, * Z 2/ " D; * 2052327

(28)

where D is the calculated diameter, which is equal to take
the average of the inner and outer diameters of the insu-
lation layer for the insulated pipe, D, is the effective diam-
eter of the pipe, D; and D;,; are the inner and outer
diameters of the pipe and the insulation layer, A; is the
corresponding thermal conductivity of the pipe and the
insulation layer, oo 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 depo-
sition 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 continu-
ously diffuse from the center of the higher concentration
oil to the lower concentration wax deposition layer. Addi-
tionally, the shear stress generated during the transporta-
tion causes the wax molecules to peel off at the interface

Fig. 4. Kinetic principle of wax deposition process.

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 bal-
ance 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 equa-
tion shown below [12].

T=A-B+C-D+E. (29)
A and B are of equal mass and therefore cancel each

other out in equation (29). T, C, D and E are described
below.

T =—[n(r* = r})]pL, (30a)
dt
C=(J.— Jo) - 2nnL, (30b)
D=J, 2nrL, (30c)
1-Fy
E=(Jo—Ja—J) (F) - onrL. (30d)

Among them, J, represents the wax molecule pair flow of
oil to the interface of the deposition layer, the expression
is shown as

Je = kun[Ca, — Cus(TH)]. (31)
Jq represents the diffusion flux of wax molecules that have

diffused into the deposition layer, the expression is shown
as

dCys
= —D—=. 2
Jd e dr (3 )

i
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J, represents the shear flux of wax molecules in the depo-
sition 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 fol-
lowing equation [25]:

dE;

p wax
33

Js = ke R
i [A727 s

where £k is the shear coefficient, which can be determined
by regression of laboratory data, H{i .. is the unit shear
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 r; with ¢ and bringing equations (30a)—
(33) into equation (12), the wax deposition calculation
model can be expressed as

d_é_Jc_Jd_Js
dt '

4
oF. (34)

3.4 Solution of the calculation model

In equations (15) and (34), there are total two unknown
variables, i.e., d and F,. The equation set is closed and the-
oretically solvable. However, it is a differential equation sys-
tem 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 deposi-
tion thickness and wax content in the deposition layer with
time was obtained. It is assumed that a very thin wax depo-
sition 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 posi-
tions 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 thick-
ness 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 cal-
culation values of the deposition layer thickness and wax
content at three different flows at a constant ambient tem-
perature. 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 m®/h, respectively. K, in equation (33) was con-
versely fitted by the regression of laboratory data, which

Suppose a thin-film gel deposits has appeared on
the tube wall, of which the wax content is equal to
the concentration of wax molecule in the crude oil

| Calculate Tzusing equation (27) |

Calculate T;, Twand interface
temperature gradient using equations
(18), (19) and (20), respectively

Calculate wax molecular solubility and
concentration gradient at the interface using
equations (9) and (10)

Calculate D.using equations (13) and (14) ‘

Calculate J,, Jsand Js using equations
(31), (32) and (33), respectively

Calculate 6 and Fw using
equations (15) and (34)

N

Store data

Fig. 5. The calculation block diagram for solving wax deposi-
tion prediction model.

is about 4.5 x 102 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 theo-
retical 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 calcu-
lated values of the thickness and wax content of wax depo-
sition layer at different ambient temperatures. The
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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) @, = 1.2 m*/h, (b) @, = 1.5 m*/h and (c¢) @, = 1.8 m*/h. Both of the averages and error bands

were used to express the experiment results.

Table 1. Loop experiment scheme and related
parameters.

Parameters Value Parameters Value
Ty (°C) 40 Jins (W [m °C]) ™ 0.047
WAT (°C) 44.38 Jo (W [m °C])~! 0.14
R (m) 0.02 Jow (W [m °C])™! 0.25
Ry (m) 0.024 Jsteel (W [m °C) ™ 54
R, (m) 0.029 pon (kg m™) 850
L (m) 1.2 ¢y (J [kg °C]) 2250

experimental loop flow rate @, was set to 1.5 m*/h. The
water bath temperature of experimental loop 1> 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 tempera-
ture 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 thin-
ner 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 mole-
cules 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 North-
east China was selected as the research object. The calcula-
tion model proposed above was used to predict the wax
deposition thickness of this pipeline. The operating param-
eters 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 win-
ter 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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Fig. 7. Comparison of experimental and theoretical values for the wax deposition under different water bath temperature and flow

rate of 1.5 m?/h during the wax deposition: (a) Ty = 24 °C, (b) T, = 28 °C and (c) T, = 32 °C.

Table 2. Operating parameters and crude oil property parameters of the insulated crude oil pipeline in section.

Parameters Value Parameters Value
R (mm) 355.6 Jsteet (W [m °CJ) ™" 54
Ry (mm) 361.9 pon (kg m™) 850
Ry (mm) 411.9 Ty in winter (°C) 40.3
L (km) 57.2 Tp in summer (°C) 40.2
Qum (ta™) 350 x 10* T, in winter (°C) 3
Jins (W [m °C]) ™" 0.047 T, in summer (°C) 15
2o (W [m °C])™" 0.14 WAT (°C) 44.38
e (W [m °C]) ™" 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 temper-
ature 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

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 mole-
cules 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 temper-
ature 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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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.

The effects of flow rate and ambient temperature on
the wax deposition process were studied both by
experimental and theoretical method. The experimen-
tal 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.

. 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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