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Abstract - Wax deposition behavior was investigated in a set of one-inch experiment flow loops, using a local
crude oil with high wax content. The temperature of the oil phase is chosen as a variable parameter while the
temperature of the coolant media is maintained constant. Detailed composition of the deposit is characterized
using High Temperature Gas Chromatography. It was found that the magnitude of the diffusion of the heavier
waxy components (Css-Cso) decreases when the oil temperature decreases, but the magnitude of the diffusion
of the lighter waxy components increases. This result means that the diffusion of wax molecules shifts
towards lower carbon number, which further proves the concept of molecular diffusion. Meanwhile, a
meaningful phenomenon is that the mass of the deposit increases with the oil temperature decrease, which
definitely proves the influence of wax solubility on deposition, while the formation of an incipient gel layer
reflects the fact that an increase in the mass of the deposit does not mean a larger wax percentage fraction at

lower oil temperature.
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INTRODUCTION

Wax deposition is a crucial problem to be solved
in crude oil flow assurance for inland and offshore
pipelines. The accumulation of the deposit may lead
to increased pumping power, decreased flow rate or
even to the total blockage of the pipeline. Factors
that contribute to wax deposition in pipelines in-
clude: temperature, flow rate, oil composition, ther-
mal history, time, etc (Bern et al., 1980; Burger et
al., 1981; Majeed et al., 1990; Hamouda and Ravnoy,
1992; Weingarten and Euchner, 1988; Lu et al., 2011).
Various mechanisms have been proposed during the
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past decades, including molecular diffusion, shear
dispersion, gravity settling, Brownian diffusion, etc.
Molecular diffusion and aging effects have been
supported as the predominant mechanisms, which
clearly explain the flow rate effect and enrichment of
heavy components in the deposit with time (Singh et
al., 2000; Singh et al., 2001; Hernandez et al., 2004).

Experimental studies on wax deposition have
shown that the difference between the crude oil and
ambient temperatures is a more important parameter
for wax deposition. Huang et al. (2011) suggested
that the shape of the solubility curve, which affects
the change in characteristic mass flux, is the major
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factor to explain the effect of oil temperature on the
deposit. Lashkarbolooki et al. (2011) found that the
deposit thickness is a function of temperature differ-
ence, where the deposit thickness obviously de-
creases but the wax percentage fraction increases at
small temperature difference. An increase in the
mass of the deposit does not accordingly mean a
larger wax percentage fraction. Valinejad and Nazar
(2013) revealed that the temperature difference be-
tween the oil and pipe wall has the maximum per-
centage of contribution to the amount of deposited
wax. Waxy crude oil with higher wax content could
lead to more deposited solid wax.

Meanwhile, the deposit composition varies with
time and becomes harder upon aging. Singh et al.
(2000; 2001) proposed that wax molecules having a
carbon number larger than a critical value diffuse
into the gel deposit, while a reverse diffusion of
lighter molecules out of the deposit results in the
increase of the wax content in the gel deposit. Me-
rino-Garcia et al. (2007) proved that the gelling ef-
fect leads to a quick formation of a loose solid net-
work, and this incipient gel deposit is later concen-
trated by molecular diffusion in a successive step.
Parthasarathi and Mehrotra (2005) found that the
majority of the deposit occurred in a short initial
period, and there was only a slight increase in the
deposit with longer time.

The effect of oil to wall temperature difference is
important to better understand the wax deposition
phenomenon. However, wax deposition is a complex
problem due to high variation in the properties of
crude oil. Further studies are required to provide
information on why an increase in the total amount
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of deposit does not accordingly mean a larger wax
percentage fraction (Lashkarbolooki et al., 2011). In
the present work, the pipe wall temperature is kept
constant, while the oil temperature is chosen as a
variable parameter. The influence of oil temperature
on the amount of deposited wax and its composition
are evaluated. It was found that the magnitude of the
diffusion of the heavier waxy components (Css5-Csg)
decreases, but the diffusion of the lighter waxy com-
ponents increases with the oil temperature decrease.

EXPERIMENTAL METHODS
Experiment Apparatus

The wax deposition flow loop consists of the oil
supply, measuring, temperature control, test section,
reference section, and data acquisition systems, as
shown Figure 1. The flow loop is a horizontal circuit
25 meters long, 1 inch inner diameter, using DN25
stainless steel tube. The lengths of the test and refer-
ence sections are both 2 meters, equipped with dif-
ferential pressure transducers with a measurement
accuracy of 0.075%. The volume of the supply oil
tank is 0.34 m’ to minimize the influence of wax loss
during deposition. The temperature of the oil tank
and flow loop is monitored online by water circula-
tion in the outer jacket of the oil tank and pipe sec-
tions. Temperature sensors are placed at the pump
discharge, inlet and outlet of the test section, refer-
ence section and each water jacket. The oil-feed
pump is a helical rotor pump with maximum flow
rate of 3.3 m’/h and pressure 2.4 MPa.
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Figure 1: The schematic map of the flow loop.
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Materials and Procedures

The oil phase used in the experiments is a crude
oil from China with high wax content (density 864.4
kg/m3 at 40 °C, wax content 27.5%, WAT 45.8 °C, gel
point 38 °C). The wax content and WAT are meas-
ured with a Differential Scanning Calorimeter (DSC,
TA2000/MDSC2910) with 0.1 uW of heat flux accu-
racy and 0.1 °C of the temperature-controlled accu-
racy. During a DSC analysis, the crude sample is
first heated to 80 °C, held at this temperature for 1
min and then cooled from 80 to -30 °C at a rate of
5 °C/min. In this process, a thermal profile was rec-
orded by computer to show the relationship between
heat influx and the programmed temperature. In the
thermal profile, the temperature point at which the
heat flux started to deviate from the baseline was the
so-called WAT. At this temperature, the dissolved
waxes started to crystallize, simultaneously releasing
latent heat. The integral area between the heat flow
curve and the horizontal baseline from WAT to -
20 °C was integrated to calculate the total latent heat
of wax crystallization. With the average crystal en-
thalpy of wax, the wax content of the sample was
obtained. In this study, the final wax content of the
deposit adopted the average value of the results from
three repeated experiments for each operating condi-
tion with good reproducibility (Wang and Huang,
2014). Figure 2 provides the measured viscosity at
different shear rates and temperatures (Anton Paar
MCR301).
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Figure 2: Viscosity vs. temperature and shear rate.

To guarantee the reproducibility of experiments,
the crude oil is pretreated for 6 hours at 70 °C to
ensure that wax crystals had sufficiently dissolved.
Temperatures of the flow loop are controlled at the
experimental temperatures. The coolant temperature
at the test section was kept at 38 °C, while the tem-
perature of entrance oil in the test section was varied

from 50 to 41 °C. The flow rate analyzed was 2000
kg/h (laminar flow) and the deposition period 24 h.

Wax Thickness Measurement
Pressure Difference Method

The hydraulic diameter in the test section will be
reduced by the process of wax deposition, resulting
in the increase of the pressure drop gradient. Online
monitoring of the change in pressure difference can
help to calculate the deposit thickness (Parthasarathi
and Mehrotra, 2005; Anosike, 2007). The pressure
difference of the pipe section can be expressed as:

2 2
AP=/1£'0V _ 8ALPQ )

where AP is the differential pressure for a horizon-
tal pipeline (Pa); Ais the hydraulic friction coeffi-
cient; L is the length of the horizontal pipeline (m);
D is the inner diameter of the horizontal pipeline
(m); p is the density of the fluid (kg/m®); V is the
velocity of the fluid (m/s); QO is the volume flow rate
of the fluid (m’/s). According to Eq. (1), the ratio of
the pressure drop between test section and reference
section can be expressed as:

2 5
APy \Ag \Lx \ PR )\ Or ) \ Dr
The subscripts 7" and R represent the parameters

of the test section and reference section, respectively.
The temperatures of the oil flow in the two sections

are nearly the same, so 0y = 0p,Ly =Ly, Or =0,
and Eq. (2) can be simplified as:

5
AR _(Jr)(Dy o
NV

In laminar flow: 1) For a Newtonian fluid, g:ﬁ ,

Re

Re= DV

, Where u is the dynamic viscosity (Pa.s).

The average deposit thickness for Newtonian fluid
can be calculated by Eq. (4),

AP 0.25
o2
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2) For a non-Newtonian fluid, A= ,
Re
n
Reyz = pD”VZ”/Ié(M + 2) , where X is the con-
n

sistency coefficient; n is the index of flow charac-
teristics. The average deposit thickness for a non-
Newtonian fluid can be calculated by Eq. (5),

)

b
D, =D, [APITJ(MH)

Volume Method

After each set of experiments, the test section is
disassembled from the flow loop and placed verti-
cally with one end sealed. Water is replaced in the
test section to determine the average thickness of the
deposit. Samples of the deposit are scraped from the
test section for further composition analysis.

Composition Analysis

A high-temperature gas chromatograph (HTGC,
Agilent 7890A) with a capillary column HT750 was
used for composition analysis. Samples are dissolved
in carbon disulfide and the solutions are injected
onto the column using an auto-sampler. The carrier
gas used was nitrogen with a flow rate of 1 mL/min.
The oven temperature is initiated at 50 °C and in-
creases to 430 °C at a rate of 10 °C/min. The solu-
tions are measured three times and an average com-
position is determined.

RESULTS AND DISCUSSION

During the experiment, the temperature of the
coolant in the test section remained 38 °C, and the
oil temperature varied from 50 °C to 41 °C. The flow
regime was maintained in laminar flow, and the time
for each set of deposition kept at 24 h. The influence
of oil temperature on the total amount of deposit and
its compositions variation were investigated with the
coolant temperature of the test section set at the gel
point of the crude oil (38 °C), and the contribution of
the incipient gel layer and molecular diffusion on the
amount of deposition is further discussed.

Comparing the deposit composition measured by
HTGC, it was found that the percentage weight of
heavier components in the deposit (C;5-Cso) de-
creased with the decrease of oil temperature from
50 °C to 41 °C, and gradually became similar to that

of the crude oil, as shown in Figure 3. The deposit
formed at 50 °C shows obvious peaks, with the weight
ratio of C;5-Cso in the deposition being the highest.
This is reasonable since the decrease in oil tempera-
ture will inhibit the precipitation of higher molecular
weight wax molecules and these precipitated waxes
will not be deposited driven by molecular diffusion.

Interestingly, the components of Cy5-Css in the de-
posit formed at 44 °C oil temperature are higher than
at other temperatures. A similar trend of peak Cy-C,;
percentage weight in the deposit occurs at 41 °C oil
temperature. It can be clearly observed from Fig. 3
that the magnitude of the diffusion of lighter waxy
components increases as the oil temperature de-
creases. These findings indicate that the diffusion of
wax molecules shifts towards lower carbon number
at lower oil temperature, which indeed supports the
concept of wax deposition driven by molecular
diffusion.

As seen in Figure 4, the deposit thickness in-
creases with the decrease in oil temperature; the ra-
dial temperature gradient (dT/dr) decreases and the
oil viscosity increases to hinder molecular diffusion.
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Figure 3: HTGC results of deposit layer at oil tem-
perature 50 °C to 41 °C.
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Figure 4: Comparisons between the measured and
predicted deposit thickness.
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Based on the two-dimensional heat transfer model as
shown in Egs. (6)-(7) (Huang et al., 2011), the radial
temperature of the test section inlet was calculated
and compared in Figure 5.
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Figure 5: Calculated radial temperature profile at
2000 kg/h flow rate (X axial: 0 mm-pipe center, 12.7
mm-pipe inner wall).

Heat transfer:

=t ey vap oL | ©)
Boundary conditions:
T=T,, at z=0
%—:=O,at r=0 2
o (Tepotant=Twai ) =Adep %—Z: .at r=R

where V. is the average velocity of oil on the axial
coordinate (m/s); T is the temperature (°C); r is the
radial coordinate (m); z is the axial coordinate (m); R
is the radius of pipeline (m); 7, is inlet temperature
(°C); &y is the eddy diffusivity for energy (m%/s),
=0 in laminar flow; o7 is the thermal difusivity

of crude oil (m?/s); h, is the external heat transfer co-
efficient (W/m*/°C); Agep 18 the effective thermal

conductivity of the gel (W/m/°C).

The results of deposit thickness in Fig. 4 seem to
be inconsistent with the decreased radial temperature
gradient in Fig. 5. However, it actually supports a
current finding by Huang ef al. (2011) that the solu-
bility curve of the oil phase will have an obvious
influence on the forming of wax deposition. Check-

ing the detailed composition of the crude oil in Fig.
3, it is quite different from a mono-component hy-
drocarbon wax. Its composition covers a wide range
of carbon numbers from C4; to Csy, where carbon
numbers C;5 to C3y make up a high percentage of the
weight with over 1% individually and higher mo-
lecular weight hydrocarbons (>Csp) co-exist. There-
fore, despite the radial temperature gradient de-
crease, it is reasonable that a decrease in the oil tem-
perature would result in the precipitation of lower
molecular weight hydrocarbons, the formation of a
lower molecular concentration gradient and less de-
posit. This is in accordance with the HTGC results of
deposit composition shift towards lower carbon num-
ber at lower oil temperature. Combined with the
mass transfer equation shown in Egs. (8)-(9) (Huang
et al., 2011), the predicted mass diffusion coefficient
of wax in oil (D,,), the oil to wall concentration dif-
ference of wax molecules (C,y-Cy.n) and the charac-
teristic mass flux for wax deposition (Jyue = Dyo
*(Coi-Cyan)) at various oil temperatures are com-
pared in Table 1 and Figure 6.

Mass transfer: V, a_C:lﬂ{r(ngero )G_C} )
z  ror or
C:Cb, at z=0
Boundaries: aa—c=0,at =0 ©)
’

C=C, (T)at 0<r<R

where C is the concentration of wax in the oil (wt%);
€, is the eddy diffusivity for mass (m%/s), &,=0 in
laminar flow; D,,, is the mass diffusion coefficient of
wax in oil (m2/'s).

Table 1: Parameters for the mass diffusion coeffi-
cient of wax in oil, D,,,, equilibrium concentration
of wax, C, and the characteristics of mass flux for
wax deposition, J,,,.

Parameters | Values
Experimental Operating Conditions
Tai, °C 50 47 44 41
Teoolants °C 38 38 38 38
AT, °C 12 9 6 3
Q,i1» kg/h 2000 2000 2000 2000
WAT, °C 45.8 45.8 45.8 45.8
Model Predictions
Tyan, °C 44 42.5 41 39.5
Dyowan ¥10'°, m%s | 0.564 0.51 0.347 | 0227
Coit, Wt% 27.5 27.5 27.42 26.18
Cyait, Wt% 27.42 27 26.18 25
Coit,- Cyall, Wt% 0.08 0.5 1.24 1.18
Jua¥10'°, m/swi% | 0.045 0.255 0.43 0.268
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Figure 6: Amount of precipitated wax in oil at various
temperatures and the corresponding solubility curve
for the crude oil.

It is obvious that the predicted characteristics of
mass fluxes (J,.) at 50, 47, and 44 °C are in good
accordance with the experimentally measured de-
posit thickness, which definitely proves the influence
of wax solubility on deposit in the complex crude oil
system, though the mass diffusion coefficient D,,
decreases with the diminished temperature difference
dT/dr. However, the predicted J,,, experiences a
decrease at 41 °C, which is inconsistent with the
measured one. A possible explanation is the for-
mation of an incipient gel layer at relatively lower oil
temperature during laminar flow (Anosike, 2007).

The measured online pressure gradients are com-
pared at 41 °C and 50 °C oil temperatures during the
forming of wax deposition, as shown in Figure 7. The
pressure drop gradient experiences an initial increase
trend, and then gradually become smooth after 15h.
Among all the temperatures studied, the pressure
drop gradient exhibited the sharpest trend at 41 °C,
which indicates the quickest deposition rate in the
initial period. As presented in Table 1, the diffusion
coefficient of wax molecules D,,, and the diffusion
mass flux J,,.. both decrease; the possible reasons are
provided as follows:

1) When the oil temperature is 41 °C, the wall tem-
perature is around 39.5 °C. The prediction result in
Table 1 confirms that almost 2.5 wt% waxes precipi-
tate near the wall surface. Compared to the 0.5 wt%
and 1.32 wt% wax crystals at 47 and 44 °C oil tem-
peratures, it is reasonable that the wax crystals form
the 3D network structure at 41 °C oil temperature
and build up the incipient gel layer near the pipe wall
in which oil phase is trapped.

2) When the oil temperature is 41 °C, the viscos-
ity of the oil phase near the pipe wall is around 600
mPa.s at 50 s™' shear rate, which is nearly two times

that at 44 °C oil temperature. It would further help to
enhance the gelling probability near the pipe wall.
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Figure 7: The vibration of the differential pressure
signal with time under different temperature
conditions.

Thus, the forming of an incipient gel layer results
in a quick increasing trend of measured pressure
gradient in Fig. 6, which further reflects the essence
of why an increase in the total amount of deposit
(Fig. 4) does not accordingly mean a larger wax per-
centage fraction (Table 1).

CONCLUSION

Wax deposition behavior has been investigated
using a local Chinese crude oil with high wax con-
tent. The temperature of the cooling liquid remains
constant, while the oil temperature is chosen as a
variable parameter. The influence of oil temperature
on the amount of deposited wax and its composition
are discussed. It is found that the magnitude of diffu-
sion of the heavier components decreases when the
oil temperature decreases, and the diffusion of wax
molecules shifts towards lower carbon number. The
mass of deposit increases with the oil temperature
decrease, which proves the influence of the solubility
curve on deposition, especially in the complex crude
oil system.
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