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bstract

Deposition of paraffin wax is one of the major problems facing in the petroleum industries with the main implication being wax blockage in
il and gas pipelines especially for offshore production. The objectives of this work are to investigate the effect of applying oscillatory motion on
ax deposition in an oscillatory baffled tube apparatus, a relatively new mixing technology that offers more uniform mixing and solid suspension

han traditional devices; and are to understand the mechanism and kinetics of the wax crystallisation in accordance to the Avrami theory. The
ax deposition was determined gravimetrically. The results indicate that the oscillatory motion has two opposite effects on the percentage of wax
eposition: at low concentration of wax in solution, the presence of oscillation significantly reduces the wax deposition, e.g. 40–60% without the

resence of any solvent or wax inhibitor; and completely prevents 100% wax gelation from occurring – the beneficial effect; at higher wax contents,
owever, the introduction of oscillatory motion not only promotes wax deposition, but also accelerates the crystal growth to achieve 100% wax
eposition – the detrimental effect.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Extraction of crude oil from offshore reservoirs usually
ndures serious problems such as the obstruction of pipelines.
il enters the pipeline at 60–70 ◦C and because the ocean water

s much colder (4 ◦C in deep waters); the oil is cooled causing
eavy hydrocarbons to precipitate out as the oil flows through
he pipeline. The precipitated wax deposits on the tube inner
all, forming a solid layer that narrows the flow passage and

ventually reduces the flow rates [1]. Traditional methods of
anagement, prevention and remediation have been established

ver many years which involve mechanical means such as pig-
ing, thermal treatment such as circulation of warm liquid, and
hemical treatment such as addition of solvent and/or dispersant
2].
Much of the research conducted in the area of wax deposi-
ion has been centred around predicting and modelling of wax
eposition, see for examples, the prediction of flocculation from
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ulk crystallisation; Avrami theory

etroleum fluids [3]; the prediction of the viscosity of waxy oils
4,5]; the improved thermodynamic model for wax precipitation
6]; the prediction of the phase behaviour of petroleum fluids [7];
he prediction of wax deposition for flow assurance [8]; and the
ew thermodynamic model validated with wax disappearance
emperature [44].

Laboratory investigations on wax deposition have been car-
ied out such as using a cold finger set-up [9,10]; using flow
oops set-up [11]; in multiphase flow [12]; in a glass inner layer
ipe [13]; in cooled heat exchanger tubes [14]; determining wax
eposition using heat transfer method [15] and solvent migra-
ion in a paraffin deposit [16]. Examples of studies in mitigation
f wax deposition can be found, e.g. using high velocity flow
2]; using the combined shear and flow improvers [17]; induc-
ive heating of pipelines [18] application of glass inner layer [13]
ddition of chemical wax inhibitor [19,20] using Nd–Fe–B mag-
ets [21,45] and use of exothermic chemical reactions [22]. In
his work, we introduce a relatively new device, the oscillatory

affled tube apparatus (OBTA), which is completely different
rom these aforementioned.

OBTA is a mixing technology and offers more uniform mix-
ng and particle suspension than traditional reactors. The fluid

mailto:x.ni@hw.ac.uk
dx.doi.org/10.1016/j.cej.2007.04.018
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Nomenclature

Dc column diameter (m)
f oscillation frequency (Hz)
K growth rate (min−1)
n the Avrami exponent
Reo oscillatory Reynolds number (=2πfxoρLDc/μ)
St Strouhal number (=Dc/4πxo)
Vt volume or volume fraction of crystallisation
xo centre-to-peak amplitude of oscillation (m)
X degree of crystallisation

Greek letters
ρL fluid density (kg m−3)
δ0 initial wax in liquid (%)
δ∞ the maximum or asymptotic deposition (%)
δr relative deposition (%)
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δt the total deposition at time t (%)
μ fluid viscosity (kg m−1 s−1)

ynamic conditions in an OBTA are governed by two dimen-
ionless groups, namely, the oscillatory Reynolds number (Reo)
nd the Strouhal number (St), defined as

eo = 2πfxoρLDc

μ
(1)

t = Dc

4πxo
(2)

here ρL is the fluid density (kg m−3), μ the fluid viscosity
kg m−1 s−1), Dc the column diameter (m), xo the oscillation
mplitude (m) and f is the oscillation frequency (Hz). The oscil-
atory Reynolds number describes the intensity of oscillation
pplied to the system, using the peak velocity of oscillation as the
haracteristic velocity and the column diameter as the character-
stic dimension. The Strouhal number is inversely proportional
o the amplitude of oscillation and represents the ratio of col-
mn diameter to stroke length, a measure of the effective eddy
ropagation. The product of 2πfxo is the maximum oscillatory
elocity (m/s). This study has been prompted by the idea that
he enhanced mixing in OBTA could lead to increase suspension
f wax particles (with liquid) thereby reducing either the total
eposition or the deposition rate. In this paper, an experimen-
al investigation into wax deposition in the OBTA is reported,
ocusing on the effects of the paraffin wax content with chang-
ng oscillation frequencies and amplitudes on the percentage of
ax deposition.

. Mechanism

The mechanism of wax deposition in oil pipeline is largely via
ucleation and crystallisation processes where oil is entrapped

etween crystals leading to gel formation and can be treated as
ulk crystallisation [11]. Consequently, the Avrami phase tran-
ition equation is the well-known principle in describing such
rystallisation kinetics. The original derivations by Avrami [23]

i

r
d
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ave been simplified by Evans [24] and put into polymer con-
ext by Meares [25] and Hay [26]. The basic principle can be
llustrated by imagining raindrops falling in a puddle. The rain-
rops produce expanding circles of waves which intersect and
over the whole surface. The drops may fall sporadically or all
t once. In either case, they must strike the puddle surface at
andom points. The expanding circles of waves are the growth
ront of the spherulites, and the points of impact are the crys-
allite nuclei. Through probability derivations [27], the volume
raction of crystalline material, X, known widely as the degree
f crystallinity, can be written as

− X = e−E (3)

here E is the average number of fronts of all such points in the
ystem. For low degrees of crystallinity a useful approximation is
≈ E. For the bulk crystallisation of polymers, X in the exponent
ay be considered the volume or volume fraction of crystalline
aterials, Vt, i.e.

− X = e−Vt (4)

This has been the widely accepted and used equation in
ulk crystallisation [28–40]. For either instantaneous or sporadic
ucleation, Eq. (4) can be written as

− X = e−Ktn (5)

here K is the growth rate, and n is the Avrami exponent,
hich depends not only on the structure of the crystal, but also
n the nature of nucleation [41]. The Avrami exponent, n, is
he phenomenological index of crystallisation, which can be
sed to discern between different mechanisms of crystallisa-
ion [32]. For example, when n = 1 it corresponds to rod-like
rowth from instantaneous nuclei; whereas n = 3 or 4 refers to
pherulitic growth from either sporadic or instantaneous nucle-
tion [42]. For polymer and organic systems, an n value of 2
r 3 indicates two- or three-dimensional nucleation of the crys-
al nucleus. However, fractional values of n also exist due to
econdary crystallisation, e.g. lower n values (<1) are caused by
inear crystal growth [37]. For ethylene/methacrylate blends, the
vrami exponent ranged from 2.75 to 6.42 [38].

The Avrami exponent is strongly affected by crystallisa-
ion temperature, in crystallisation of milk fat, the n values
anged from 0.5 to almost 5. At lower temperature (5 ◦C)
he milk fat crystallised in the form of granules, whereas at
igher temp (25 ◦C) they crystallised in the form of spherulites
32]. In the study on the kinetics of 5a-cholestan-3B-yl N-(2-
aphthyl)carbamate/n-alkane organogel by Huang et al. [39],
he gelation process involved one-dimensional growth and
instantaneous nucleation’ with the self-assembled fibrous net-
ork. However, the size and appearance changed abruptly from

pherulitic to rod-like as the temperature of crystallisation was

ncreased.

In this study, the degree of crystallinity is measured by the
elative wax deposition, δr, defined as the mass fractions of the
epositions on the wall and on the baffles of the OBTA divided
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y the initial mass of the wax–oil liquid, i.e.

r = δt − δ0

δ∞ − δ0
(6)

here δt is the total deposition at time t (min), δ∞ the maximum
r asymptotic deposition obtained from the deposition curves
hen the asymptotic condition or quasi-steady state has been

chieved (g); δ0 is the initial mass of the wax content in liquid
g). Replacing X by δr and taking log twice in Eq. (5) it becomes,

og[−ln(1 − δr)] = log K + n log(t) (7)

y plotting the left side in Eq. (7) versus log(t), the slope of
he straight line n and the intersection K can be obtained. This
nformation is used to evaluate the wax deposition process in the
BTA.

. Materials and methods

The schematic diagram of the batch OBTA used in this study
s shown in Fig. 1. The OBTA was made of a jacketed glass
olumn of 25 mm in internal diameter, 50 mm in jacket diameter
nd 130 mm in height, giving a total liquid capacity of 64 ml and
working fluid capacity of 60 ml.

A K-type thermocouple is located within the OBTA and con-
ected to a computer via Multipurpose Lab Interface (MPLI)
upplied by Vernier Software Inc., USA, to record temperature
rofiles inside the column. A set of two stainless steel baffles of
mm thickness were used in this study and designed to fit closely

o the wall of the column. The baffles are spaced 35 mm apart
nd supported by two 1.2 mm diameter stainless steel rods. The
rifice diameter was 14 mm, creating a baffle free area of 30%.
he baffle set was connected to the shaft of a piston through a
upporting plate and driven by an electrical motor. Oscillation
requencies in the range of 0.1–5 Hz were controlled using a
igital speed controller. Oscillation amplitudes of 2.5–15 mm
centre-to-peak) were generated by adjusting the preset distance

etween the linkage and the fly arm.

A peristaltic pump (Watson Marlow 505S) was used to cir-
ulate the heating and cooling water from two water baths. The
aximum operating speed of the pump was 220 rpm. Both water

Fig. 1. Schematic diagram of oscillatory baffled tube apparatus (OBTA).
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aths are temperature-controlled, and cooling is achieved by cir-
ulating refrigerant (water + ethylene glycol) through a brass coil
rom a refrigerator (Julabo F200). Cooling rates were controlled
y varying the flow rates of cooling water via the peristaltic
ump speed (rpm).

Paraffin wax was purchased from Aldrich Chemical, UK, and
as in the form of solid chunks that was ground into powdery

orm. The melting point of the wax was reported in the range
f 52–58 ◦C. Standard diesel was used as the model oil. The
ravimetric method was employed to quantify the percentage of
ax deposition.
The main focus of this investigation was on the effect of paraf-

n wax content of the wax–diesel solution used in the OBTA
ogether with the effect of oscillation frequency (f) and ampli-
ude (xo). Four paraffin contents have been tested, i.e. 10, 20,
0 and 60% by weight representing four different supersatura-
ion levels in terms of the crystallisation process. The values
or the oscillation frequencies (f) examined were 1, 2 and 4 Hz,
hereas for the amplitude (xo) were 5, 10 and 15 mm, giving the
scillatory Reynolds numbers from 1359 to 8155 for 10% wax
oncentration; from 822 to 4934 for 20%; from 164 to 984 for
0% and from 37 to 224 for 60%. The initial hot temperature
T1) was set at 50 ◦C which was well above the cloud point of
he wax–oil solutions where no cloudiness observed for all solu-
ions, and the final cold temperature (T2) was selected at 10 ◦C.
he speed of the cooling water pump (Cw) was set at 100 rpm
nsuring a fixed cooling rate for all experiments. The cooling
tarts at t = 0 s.

The typical experimental duration is 10 min, and three wax
eposit measurements were conducted at an interval of 1 min
or the initial 3 min, followed by two measurements taken at an
nterval of 2 min for the middle 4 min, and finally one measure-

ent taken at the end of the experiment time of 10 min. When
arrying out measurements of wax deposit, the experiment was
topped, the column was dismantled from its supporting plat-
orm and the non-crystallised wax–oil was drained out of the
olumn to a beaker and weighed. The crystallised wax inside the
olumn was determined by the difference between the weight of
he empty column and the weight of the column with the deposit.
he deposit was then calculated as a percentage from the total
ax–oil solution used. After the measurement, the experiment
as restarted by recombining the solid deposit with the liquid
art and the mixture was reheated to 50 ◦C.

It should be noted that the oil pipelines mentioned in the
ntroduction are continuous operation, while our experiments are
arried out in batch mode. This is because the fact that the fluid
echanical conditions in a batch OBTA are highly reproducible;

nd can easily and directly be applied to continuous processes.
he eddy motions and intensity generated by oscillating baffles
an be replicated by pulsing fluid. The results of our investigation
n the batch set up will provide the much needed understanding
f the principles in continuous operation. In addition, the batch
BTA can also be used as a simple test of the performance of

ax inhibitors if we first understand the inhibited system. As to

he question of how to apply oscillatory motion via oscillating
affles in existing pipelines, similar mixing conditions can be
chieved using tubes/pipes with corrugated walls [46,47] at the
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Fig. 3 compares the percentage deposition from the con-
ig. 2. Effect of paraffin wax content on the deposition in absence of oscillation.

ppropriate flow rate of fluid. Hence, our studies in the batch
evice are highly relevant.
. Results and discussion

In order to assess the effect of baffle oscillation on the wax
eposition, control experiments were carried out in the OBTA

ig. 3. Effect of oscillation frequencies on wax deposition for a range of paraffin
ontent (xo = 15 mm, St = 0.133, T1 = 50 ◦C, T2 = 10 ◦C).

t
w

F
c

g Journal 137 (2008) 205–213

ith the presence of baffles, but without oscillation. Observa-
ions from the experiments were that the wax deposit was in the
orm of an oil gel, and the hardness of the gel increased with
he content of the paraffin wax. The gel-like wax was adhered to
he baffle surfaces and the wall of the column, while the liquid
hat flowed out from the centre of the column was a clear fluid.

hen 100% wax deposition has been reached, the gel-like wax
lled the whole tube and became solidified. Fig. 2 shows the
ercentage of the wax deposition for different contents of paraf-
n wax in the control runs, where the y-axis corresponds to the
ercentage of wax deposited.

From the graph it can clearly be observed that the higher the
araffin content (the supersaturation level), the more wax deposit
roduced at any given time; the faster the deposition rates; and
he quicker it reaches the 100% wax deposition. These results
re well expected: with the increase of the paraffin wax content
n solution, there are more wax molecules available to produce
ax crystals.
rol runs with those from the oscillation experiments for the
ax content of 10, 20, 40 and 60% at a fixed oscillation

ig. 4. Effect of oscillation amplitude on wax deposition for a range of paraffin
ontent (f = 2 Hz, T1 = 50 ◦C, T2 = 10 ◦C).
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mplitude or Strouhal number. In Fig. 3a with 10% paraf-
n wax content, the oscillatory motion reduced the deposition

n comparison to the control results. At the end of experi-
ents, the degree of the reduction is remarkable, e.g. about

0% reduction for 1 Hz; 70% for 2 Hz and over 80% for
Hz. Oscillatory motion effectively enables the wax crystals

o remain suspended in the liquid, which minimises the contact
ime for crystals with the surface of the OBTA. In all cases

00% wax deposition has been avoided. The results clearly
emonstrated that oscillatory motion has a beneficial effect in
educing wax deposition without the use of any solvent or wax
nhibitor.

i
2
n
a

ig. 5. The Avrami plots for different wax content showing the effects of oscillation
g Journal 137 (2008) 205–213 209

Fig. 3b shows the corresponding deposition curves for exper-
ments with 20% paraffin wax content. The reduction of the
ax deposition is still clearly seen, e.g. about 30% for 1 Hz,
0% for 2 Hz and 50% for 4 Hz, and once again 100% wax
eposition has been prevented. However, the extent of reduc-
ion is less in comparison to Fig. 3a, reinforcing that the wax
ontent of the solution or supersaturation level plays a major
ole in the deposition process. In fact, the oscillatory motion

n this condition gave faster rates of the deposition in the first
min than in the control runs. The situation becomes more pro-
ounced when the wax content is increased to 40% (Fig. 3c)
nd 60% (Fig. 3d), where the oscillation exhibits the opposite

frequencies (xo = 15 mm, St = 0.133). The solid lines show the linear trend.
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ffect, i.e. enhancing the wax deposition on surfaces, not only
ith faster rates, but also with much shorter time for 100%
eposition in comparison to the results of the control runs.
he possible explanation would be that the enhancement of
ixing encourages the cooling process of the solution in the
BTA, hence, allowing wax crystals in contact with internal

urfaces more frequently at much shorter time and effectively

romoting either instantaneous or sporadic nucleation. Note
hat the trend of the percentage wax deposition in Fig. 3d is
hat there is a faster wax deposition rate for 1 Hz than that for
Hz. This is likely due to the fact that reduced agitation led

t
e
t
w

Fig. 6. Avrami plot for different wax content showing the effects of osci
g Journal 137 (2008) 205–213

o longer contact time with the wall at such supersaturation
evel.

The effect of oscillation amplitude on percentage wax depo-
ition as shown in Fig. 4 is similar to that in Fig. 3, but with lesser
ffective reduction of wax deposition. The results indicate that
he oscillatory motion can have either beneficial or detrimental
ffect on the percentage deposition depending on the wax con-

ent in solution. For the wax content of 10–20%, the beneficial
ffect prevails. On the other hand, for the wax content greater
han 20%, the detrimental effect dominates. In the real world, the
ax content of crude oil is generally less than 20%, e.g. Leon-

llation amplitudes (f = 2 Hz). The solid lines show the linear trend.
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Table 1
Extracted Avrami parameters from Fig. 5 for the effect of oscillation frequency (xo = 15 mm, St = 0.133)

Wax content (wt. %) f = 0 Hz f = 1 Hz f = 2 Hz f = 4 Hz

n K (min−1) n K (min−1) n K (min−1) n K (min−1)

10 1.73 0.10 3.05 0.12 3.70 0.13 4.08 0.14
20 1.56 0.19 1.28 0.90 1.46 0.93 1.34 1.51
40 1.17 0.40 1.27 2.18 1.26 1.39 1.31 1.37
60 0.78 0.64 1.26 1.64 1.07 1.11 1.06 0.80

Table 2
Extracted Avrami parameters from Fig. 6 for the effect of oscillation amplitude (f = 2 Hz)

Wax content (wt. %) xo = 0 mm xo = 5 mm (St = 0.398) xo = 10 mm (St = 0.199) xo = 15 mm (St = 0.133)

n K (min−1) n K (min−1) n K (min−1) n K (min−1)

10 1.73 0.10 3.80 0.05 3.83 0.10 3.70 0.13
20 1.56 0.19 3.03 0.23 2.08 0.73 1.46 0.93
4 1.28
6 1.30
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that the sphere-like crystals are less likely to be gelled on the
internal surfaces of the OBTA; however, it is not fully under-
stood as to why the changes in the crystallisation mechanism
would cause the reduction of wax deposition.

Table 3
The Avrami parameters for crystallisation of polymers [26]

Crystallisation mechanism n Growth form

Spheres
Sporadic 4 Three dimensions
Instantaneous 3 Three dimensions

Discsa

Sporadic 3 Two dimensions
Instantaneous 2 Two dimensions

Rodsb
0 1.17 0.40 1.01
0 0.78 0.64 1.70

aritis and Mansoori [43] reported that the Venezuelan Boscan
rude contained around 17% waxy materials.

. Kinetic analysis

From the wax deposition profiles presented earlier, wax for-
ation can generally be divided into two main sections: the

rowth phase and the quasi-steady (or the asymptotic) state.
ypically the growth phase took place in the first 2 min of

he experiments for all the wax solutions. By analysing the
rowth phase curves using the Avrami theory, some crystalli-
ation/deposition kinetics can be extracted. Figs. 5 and 6 plot
og[−ln(1 − δr)] versus log(t) for the effect of oscillation fre-
uency and amplitude, respectively. From these figures, good
inearity can be seen for both cases, indicating the effectiveness
f the Avrami methodology. The Avrami exponent (n) and the
ate constant (K) are extracted from the plots (as explained in
ection 2) and summarised in Tables 1 and 2.

In both tables, some general trends can be observed. First,
he growth rate (K) generally increases with the wax content in
olution or supersaturation level with some exceptions. This is
xpected, as the higher wax concentration or supersaturation,
he more wax crystals, the higher crystallisation rate. Secondly,
he Avrami exponent decreases with the increase of the wax con-
entration in solution. This suggests different growth forms of
rystals for different wax concentrations. Thirdly, for higher wax
oncentrations or supersaturations, both n and K are largely sim-
lar for different frequencies and amplitudes, suggesting that the
ffect of oscillation on the crystallisation mechanism is insignif-
cant under these conditions. As the 10% wax concentration in
olution is closely associated with the real crude oil systems,
oth n and K values are further analysed.

The most noticeable increase in n in Tables 1 and 2 can be seen

or the 10% wax concentration, where a step change is clearly
isible between the cases with and without oscillation. Using
oth n and K as the diagnostic tool of crystallisation mecha-
ism, Hay [26] derived a model for spheres, discs and rods,
1.58 1.14 1.26 1.39
1.27 1.38 1.07 1.11

epresenting three-, two- and one-dimensional forms of growth,
hich are summarised in Table 3. It suggests that although the
rowth rates (K) are similar, the wax crystals produced in the
resence of oscillation tend to be spherical, in comparison to
od-like shape in the absence of oscillation. The results may
nderline the transition mechanism for the beneficial effect of
scillatory motion on the reduction of wax deposition. Without
he oscillation, the wax crystals would be of rod-like shape in
ne dimensional growth; these rods would spread to the walls
nd baffle surfaces, resulting in gel-formation and crystals pre-
ipitated out of solution. When the oscillatory motion is applied
t 10% wax concentration, the Avrami constants approach four
uggesting sporadic nucleation, and the net result of the motion
s to change the rod-like crystals into sphere-like crystals. With
he help of a microscope and a scanning electron microscope,
ig. 7 shows the microscopic shapes of the crystals obtained with
nd without oscillation. Clearly the shapes of the crystals shown
n Fig. 7 are matched well with the kinetic evaluations. It seems
Sporadic 2 One dimension
Instantaneous 1 One dimension

a Constant thickness.
b Constant radius.



212 L. Ismail et al. / Chemical Engineerin

F
(

6

s
c
p
a
w
w
m
t
i
e
r
f
p

t
i
w
g

w
d

A

T
H
a

R

[

[

[

[

[

[

[

[

[

[

ig. 7. Microscopic images of samples taken from solution containing 10% wax
magnification = 60×).

. Conclusion

The study shows that the oscillatory motion has two oppo-
ite effects on wax deposition within the OBTA: at low wax
oncentration, the oscillatory motion significantly reduced the
ercentage of wax deposition, e.g. 40–60% without the use of
ny solvent or wax inhibitor; and completely prevented 100%
ax deposition from happening – the beneficial effect; at higher
ax contents, on the other hand, the introduction of oscillatory
otion not only promoted wax deposition, but also speeded up

he rates to achieve 100% gelation. From the Avrami analysis,
t is found that the increase of the wax content in solution gen-
rally reduces the Avrami exponent, while increases the growth
ate, suggesting that the crystallisation growth form is shifted
rom multi- to one-dimensional, with instantaneous nucleation
redominating.

The most interesting results obtained at 10% wax concen-

ration are that the Avrami exponent experienced a step change
ncrease in the presence of oscillation in comparison to these
ithout. This suggests the oscillatory motion has altered the
rowth form—the most important factor on the percentage of

[

[

g Journal 137 (2008) 205–213

ax deposition; resulting the significant reduction in the wax
eposition in OBTA.
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