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Abstract In this paper, an experimental study about the

influence of operating conditions in a laboratory flow loop on

wax deposition phenomena by using DSC technique is pre-

sented. The operating conditions studied were oil tempera-

ture, wall temperature, temperature difference (between the

bulk and the ambient), and flow velocity. Results were

obtained and explained in terms of deposition rate and wax

deposit composition (DSC curve shape). So that higher

deposition rate was obtained for the following cases: oil

temperature increasing, wall temperature decreasing, and at

lower flow velocities. On the other hand, a wax deposit with

heavier hydrocarbons was obtained when all the operating

conditions evaluated were increased. These results will

facilitate a better understanding of the physic of the wax

deposition. Also, it will help in developing ‘‘hardness’’

model of the wax deposit, and thus provide a solid bearing on

the pigging operation in petroleum industry.

Keywords Wax deposition � Operating conditions �
DSC � Flow loop � Deposit composition � Hardness �
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Introduction

Crude oil is a mixture of a diverse group of paraffins, aro-

matics, naphthenes, resins, asphaltenes, etc. Among these

groups of hydrocarbons, heavy paraffinic hydrocarbons

(waxes) can cause wax deposition on the pipeline wall when

pipeline is subjected to a low environment temperature

especially for deep sea [1]. It is encountered frequently

during petroleum production and transportation. The tem-

perature below which paraffin molecules start precipitating

as wax crystals is referred to as the wax appearance tem-

perature (WAT) or cloud point temperature [2]. When the

temperature is lower than the WAT, solidification from

paraffin crystals will preferentially occur on the cold pipe

wall, then leading to deposition along with the oil trapped in

the deposits. The wax deposition poses a very undesirable

effect on pipeline with the increasing pump energy con-

sumption and decreasing flow rate. In addition, precipitation

of waxes significantly increases the crude viscosity and

results in a poor flow ability of the crude changing from

Newtonian to non-Newtonian behavior [3]. The crude begins

to show non-Newtonian flow behavior at a certain temper-

ature called the abnormal point [4], which is only a few

degree Celsius below the WAT. Upon further cooling, more

and more wax crystals precipitate from the oil and crystallize

and in turn interlock to form a wax crystal lattice. This may

lead to the oil gelling problem and even the blockage of the

pipeline. Hence, wax deposition has always been a focus in

flow assurance.

Some classic mechanisms for wax deposition, involving

molecular diffusion in terms of liquid waxes, shear dis-

persion with respect to the transport of solid waxes in the

particulate state, Brownian diffusion, and gravitational

settling, were early proposed to explain this particular

phenomenon [5–17]. Molecular diffusion is considered as

the dominant mechanism responsible for the wax deposi-

tion in most cases and it is used in most prediction models

of wax deposition, whereas the effects of gravity settling

and Brownian diffusion have been ruled out [15–20].
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However, the effect of shear dispersion on wax deposition

was always controversial. But it has never been dismissed

as a wax deposition mechanism. Later, Singh et al. [1, 21]

proposed the mechanism of wax aging, which can be

interpreted as counter-diffusion of different hydrocarbons

from the deposit layer, thereby increasing its wax content

and making the wax removal process more difficult. In

addition, shear reduction for wax deposition including

sloughing effect plays a significant role in the overall

accumulation of waxes. More importantly, the removal of

wax deposit by shear forces becomes more significant

while the flow regime changes from laminar to turbulent

flow. The sloughing effect also alters the morphology and

nature of the deposit [18, 19, 22–25]. At the same time, the

heat and mass transfer mechanism behind the wax depo-

sition was well clarified [1, 12–36]. On this basis, various

prediction models have been developed to describe the wax

deposition in the last decades [6, 7, 9, 12, 16, 21–49].

However, modeling wax deposition still has scope for

advancement [50].

Depending on the chemical composition of the crude oil

and the operating conditions, wax deposition can occur in

many climates [51]. Accordingly, the resultant wax

deposits from different operating conditions also exhibit

various features. For wax deposit on pipe wall, oil trapped

in the wax matrix can represent up to 90 % of the deposit

by volume [6]. The characteristics of wax deposit are

predominantly influenced by its oil content and carbon

number distribution for waxes, which are affected by a

variety of operating factors. Thus an in-depth description of

the wax deposition process will facilitate a better under-

standing of these factors.

Venkatesan et al. [24, 52] concluded that the yield stress

of wax deposits is a strong function of the thermal and

shear conditions under which the deposit experienced.

Hoffmann et al. [19] deduced from wax deposition flow

loop experiments that wax content in the deposits increases

with the increasing wall temperature, flow rate, and

experimental runtime. Huang et al. [53] reported the effect

of operating temperature on wax deposition thickness by

introducing the mass driving force. But Bidmus and Me-

hrotra [54] pointed out that Huang et al. [53] neither dis-

tinguished between the ‘‘cold flow’’ [55] and ‘‘hot flow’’

conditions [33] nor interpreted the actual role of thermal

driving force in affecting the wax deposition correctly,

instead attributed erroneously an incorrect generalization to

them. Valinejad and Solaimany Nazar [56] evaluated the

contribution of important operating factors such as inlet

crude oil temperature, temperature difference between

the oil and pipe wall, flow rate of the crude oil, wax con-

tent, and time on the amount of deposited wax statistically

using the Taguchi experimental design approach. In addi-

tion, it was found that the aging process responsible for

oil/wax content in the wax deposit is temperature-dependent

[1, 21, 27, 29, 31, 57].

However, despite significant progress has been made in

this field in the past few decades, a full understanding of

wax deposition characteristics under different operating

conditions is still lacking. Pigging operations as the most

effective maintenance tools are routinely used to remedy

the wax deposition problems. This additionally requires an

in-depth understanding for wax deposition process.

Therefore, in this work, a systematic investigation of wax

deposition characteristics under different operating condi-

tions was conducted in a small-scale flow loop apparatus

by using DSC technique. All the experiments were per-

formed at wall shear stresses and operating temperatures

typical of oil pipeline to simulate the wax deposition in the

real pipeline. In addition to the growth of the deposit

thickness, the composition of the wax deposit was specially

investigated by a special designed method. Experimental

results provide comprehensive insights into the wax deposit

characteristics, laying a solid basis for the optimal pigging

design in crude oil pipelines.

Experimental

Waxy crude oil sample

The experimental oil was sampled from a long distance

pipeline. It was previously dehydrated in field by operator

with water cut less than 0.5 mass %. For the waxy oil

sample, the componential description and viscosity-tem-

perature chart are shown in Table 1 and Fig. 1, respec-

tively. Both the WAT and wax content of the oil sample

were determined by DSC at a cooling rate of 5 �C min-1.

The DSC curve for the investigated oil sample is shown in

Fig. 2. Table 2 gives a summary of some important phys-

ical properties of the oil sample. DSC and Cross Polar

Microscopy are preferred methods to determine the WAT.

However, WAT can also be recorded as the temperature of

the deviation of the Arrhenius law as reported in literature

Table 1 Componential analysis result based on SARA method

Component Saturates Aromatics Resin Asphaltene

mass % 73.1 15.6 8.3 3.0

Table 2 Physical properties of the oil sample

Density at

20 �C/

kg m-3

Gel point/�C Abnormal

point/�C

Wax

appearance

point/�C

Wax

content/

mass %

850 6 17 20 7.1
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[58, 59]. It is clear that there is a good agreement in WAT

value for two different determination methods, as presented

by Figs. 1 and 2.

Wax deposition flow loop apparatus

A laboratory flow loop was used to perform the wax

deposition tests, as shown schematically in Fig. 3. This

experimental apparatus can operate under tightly controlled

wall shear rates and temperature gradient conditions that

reflect actual operating conditions in pipelines. In addition,

the test section in the flow loop is removable (demount-

able), which allows to visually inspect the wax deposit, to

determine the deposit mass by weighing, and to retrieve

wax deposit sample for measurements of its physical

properties during any stages of the wax deposition process.

The experimental apparatus consists of a stirred oil tank, a

buffer tank, two delivery pumps, a pipe system, a circulating

water system, and a data acquisition system. The experi-

mental pipe system consists of the reference and test sec-

tions, which are made of two stainless-steel pipes of

u14 9 1 mm, with a length of 1.5 m. They are encapsulated

by a water jacket of u30 9 1 mm and packaged with an

insulating layer. Recirculation water through the annulus

supplied by water bath is used to control the wall temperature

of the test and reference sections, with a maximum 0.2 �C

deviation from the desired temperature throughout the

experiment. The rest pipe sections between the test and ref-

erence sections are well insulated and electrically heat

treated to prevent the accumulation of wax deposit. The tank

volume is 20 L, and it is large enough to avoid the wax

depletion. This oil reservoir feeding the oil into the flow loop

is immersed in a hot water bath to heat the oil to the specified

testing temperature. In addition, a matched stirring paddle

may be employed to agitate the oil sample confined in the oil

tank to obtain a uniform temperature distribution. Screw and

peristaltic pumps are used to drive the flow of oil through the

flow loop, and the flow rate can be varied by adjusting the

electric motor speed. A liquid mass flow-meter with a range

0–600 kg h-1 and accuracy 0.25 % is used to monitor the

mass flow rate. Specially, a peristaltic pump is equipped to

avoid the crude sample changing during experiments due to

the shear effect. The buffer tank next to the peristaltic pump

can effectively eliminate the resulting fluctuation from the

flow and shear. A bypass is installed on both ends of mass

flow-meter to facilitate calibration for the flow rate. Ther-

mocouples with a maximum error of 0.2 �C are installed in

the oil tank, in the outlet of the pump, in the inlet and outlet of

the test section, in its jacket, in the reference section, and in

the outlet of its jacket to monitor the temperatures. Two

differential pressure indicators, with a maximum range of

186 kPa and accuracy of 0.1 %, are placed over the test and

reference sections, which can be used to measure the pres-

sure drop over the test and reference sections so as to cal-

culate the thickness of wax deposit. In addition, a data

acquisition system can continuously record the flow rates,

wall temperatures, and inlet temperatures of the fluid along

with differential pressure readings in the test and reference

sections. The calculated wax deposition thickness is dis-

played on the computer screen in real time to monitor the wax

deposition process. Other details of this flow loop can be

found in the literature [47].

DSC

At present, DSC technique is widely used to quantify the

wax precipitation by virtue of its simplicity and fast

response in petroleum industry [60–68]. In this work, both

the deposited waxes and crude oil samples were performed

thermal analyses using a computer-controlled TA2000/

MDSC2910 DSC apparatus. The DSC has a 0.1 lW heat

flux accuracy and 0.1 �C temperature-controlled accuracy.

During a DSC analysis, the apparatus was continually

flushed with N2. The sample is first loaded into the alu-

minum pan within the apparatus and heated to 80 �C, held
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at this temperature for one minute and then cooled from 80

to -30 �C at a cooling rate of 5 �C min-1. In the pro-

gramed cooling range, the temperature of the test sample

tends to be higher than the reference sample because of the

release of latent heat during wax crystallization. In this

process, the temperature difference DT turns from zero to

non-zero. In order to keep DT at zero and keep the test and

reference samples the same at the programmed tempera-

ture, the DSC automatically supplies different heat flows

for the test and reference samples, and draws a thermal

spectra to show the relationship between the heat influx and

temperature. In the thermal spectra, the heat influx curve of

the test sample deviates from the reference baseline to form

a heat flow peak, because of the release of produced heat in

the process of phase change involved. With the wax pre-

cipitation decreasing, both the phase-change-produced heat

and temperature difference drop accordingly until the two

curves superpose.

The temperature point in the cooling curve that starts to

deviate from the baseline is called the wax appearance

temperature (WAT). And the curve peak corresponds to the

so-called wax peak temperature. The integral area between

the heat flow curve and the baseline from WAT to -20 �C

was used to calculate the average wax crystallization latent

heat. With the average heat of wax crystallization, the wax

content of the sample can be obtained. In addition, by

measuring the average wax crystallization latent heat dur-

ing phase transition and assuming the constant enthalpy of

crystallization, the concentration of precipitated wax as a

function of temperature or the wax precipitation curve

(WPC) can be obtained. The fundamental of this method is

established on the fact that the heat released by the test

sample during cooling is proportional to the amount of

precipitated wax [47, 69, 70].

Viscosity and gel point measurement of the crude oil

The viscosity profile was measured by the coaxial cylinder

sensor system MVDIN of HAAKE VT 550 viscometer

under the guidance of the Chinese Standard Petroleum Test

Method SY/T 0520-2008. The water bath of HAAKE C25P

was used for temperature control with an accuracy of

0.1 �C. The sample was transferred to the coaxial cylinder

system preheated at the same temperature as that of the

sample, then cooled the sample to the test temperature at

the cooling rate of 0.7–1.0 �C min-1, and kept at that test

temperature for 15–20 min before the test. Then, the test

was started, and the viscosity characteristics under different

shear rates were measured. All the tests were repeated three

times for each experimental condition, and the repeatability

was good.

The gel point was determined by the Chinese Standard

Petroleum Test Method SY/T 0541-2009. As stipulated by

the method, the sample was firstly transferred to the gel

point tube preheated at the sampling temperature, and then

cooled at a rate of 0.5–1.0 �C min-1, and the flow ability

was checked at an interval of 2 �C to determine whether

the sample was gelled or not from 8 �C above the expected

gel point. The gel point is defined as the highest temper-

ature at which the movement of the sample surface by

gravity in a test tube cannot be observed when the tube is

held horizontally for 5 s. In this study, the measured gel

point was finally obtained from three repeated tests for

each experimental condition, and the reproducibility was

good. For the repeatability of rheological measurements

and uniformity of the sample, the experimental crude was

heated to 55 �C and then sampled to measure the vis-

cosity and gel point before starting every flow loop

experiment run.

Water bath 2

dP2

dP1

Water bath 1

Buffer tank

Mass flowmeter

Oil tank

Screw
pump

pump
PeristalticdP1, dP2: Differential Pressure Transducer

Reference section

Test section

Fig. 3 Schematic diagram of

the experimental apparatus for

wax deposition
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Deposit thickness determination

At present, there is no technique that enables direct and

continuous measurement for the thickness of wax deposits

during experiments. In addition to the traditional weigh-

ing method, other indirect measurements, such as the

pressure-drop method, heat-transfer method, and liquid

displacement-level detection (LD-LD) method, have been

applied to determine the thickness of wax deposits [71–

73]. The pressure-drop and heat-transfer methods are

established based on the principle that wax deposition

inside the pipe increases the frictional pressure drop and

insulating effect. The pressure-drop method can be per-

formed online without interrupting the experiment and it

is the only method available that can record the devel-

opment of the wax thickness over time. In the application

of the heat-transfer method, the thermal conductivity of

the wax deposits must be known in advance. However, it

is highly dependent on the wax content. Since the wax

content is changing with time (aging) [1, 21], there is no

reliable way to determine the thermal conductivity of the

wax deposits accurately. This becomes the major diffi-

culty for applying the heat-transfer method. Additionally,

measurements using the above two methods cannot reflect

the non-uniform distribution of the wax deposit along the

axial and circumferential direction. To overcome this

limitation, an online measurement of the deposit thick-

ness, the LD-LD method, based on the volumetric dis-

placement method at the end of each test, has been

developed. It enables the measurements of spatial distri-

bution of the wax thickness, which is not captured by the

traditional methods [73]. Due to the complexity involved,

this method was not used in the current study. A prom-

ising laser technique to determine asymmetric distribution

of the wax thickness was reported by Hoffmann et al.

[19]. This laser-based optical method, inspired by Chak-

rabarti et al. [74], is also capable of detecting spatial

variations of the wax deposits but only when the exper-

iment is interrupted.

In this study, the weighing method was used to deter-

mine the deposit thickness throughout the experiments due

to its reliability and laboratory limitation. At the end of the

experiment, the deposits were collected from the test sec-

tion in the flow loop to estimate the mass. Note that the

remaining oil in the test section must have been completely

drained for applying the weighing method. The measured

deposit thickness is an average over the test section.

Although the real circumferential and axial deposit thick-

ness distributions cannot be exactly obtained by the

weighing method, the average deposit thickness can also

reflect the wax deposition characteristics under different

operating conditions well.

Wax deposit composition analyses

In order to further investigate the deposit composition

characteristics under different operating conditions, in this

study, the test section tubing was removed from the flow

loop after each experiment and then the deposit samples

were collected for further DSC analyses. The percentage of

groups of wax species present in total wax content during

the crystallization of the deposits that would crystallize out

at different cooling temperatures in terms of constant

temperature interval of 5 �C was determined in detail by

DSC analyses. By this way, another form of WPCs for the

collected deposits was obtained. In this work, this method

was used to pronounce the effect of operating conditions on

the wax composition of deposits. In addition, WAT of the

deposits was also investigated to extrapolate information

about their wax composition.

Experimental design and procedure

It is well known that no deposition occurs when the wall

temperature in the pipeline is always higher than the WAT.

Hence, during the experiments, the wall temperature of the

test section is maintained below both the WAT and oil

temperature to induce wax to be deposited on the cold pipe

wall. However, contrary to the test section, the wall tem-

perature of the reference section is kept at the same tem-

perature as that of the oil to prevent the wax deposition.

Moreover, before the waxy oil sample enters the test sec-

tion, it flows through an entry section with length over 1 m

to allow the oil flow to be fully developed at the test sec-

tion. All the tests are started after removing the molten

deposits from the flow loop completely, and all the

instruments including the mass flow rate meters are all pre-

calibrated before starting each experimental run. Since the

maximum achievable Reynolds number based on the cross-

sectional averaged speed and inner diameter is *2,000, all

the experiments were conducted in laminar flow.

In a typical flow loop run, the crude oil is first poured

into the feeding tank and heated to the desired temperature

for removing any thermal history, and then the crude oil is

allowed to cool slowly to the experimental temperature.

During this process, the crude sample is continuously

stirred in the tank. The temperature in the water bath at the

reference section is adjusted to the oil temperature, and the

temperature in the water bath at the test section is main-

tained at the experimental pre-set temperature which is

below the oil temperature. Oil is then pumped into the flow

loop from the feeding tank through the test and reference

sections, ultimately returned to the oil tank. When the wax

deposition reaches certain level or time interval, oil flow

will be stopped. Pressurized air is then used to clean up the
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residual oil out of the flow loop from the oil draining hole.

The air pressure is kept at a certain value so that it gen-

erates the same shear force on the wax layer as the oil flow

does and thus the wax deposit layer does not change its

characteristics. After that, the test section is demounted

from the flow loop. Then the temperature of recirculation

water flowing through the annulus between the water jacket

and the text section is raised up to a high temperature by

controlling the water bath until all the wax deposits in the

pipe wall are completely molten. At last, the flowing

molten deposits were collected in a weighing beaker for the

weighing and DSC analysis.

Results and discussion

In this section, the average deposition rate was calculated

from the deposit mass to compare the deposit formation

under different operating conditions qualitatively. Also

DSC analysis regarding WAT and WPC was performed for

the deposit samples retrieved from the flow loop tubing

after each experiment to interpret the wax composition of

the deposit.

Effect of inlet oil temperature on deposition

Waxy crude oil flow will almost certainly be turbulent in

the long distance pipelines due to the large diameters.

Based on a turbulence correlation of the Darcy/Fanning

friction factor with the Reynolds number on a smooth pipe,

the shear rate of a Newtonian fluid in turbulent flow in a

real pipeline can be calculated from Eq. (1) [75, 76].

_cw ¼ 4:94� 10�3Re0:75 8V

d
ð1Þ

where _cw is the pipe wall shear rate in s-1, Re the Reynolds

number, V the oil flow velocity in m s-1, and d is the inner

pipe diameter in m.

Thus, the typical operating conditions at wall shear rates

and, therefore, wall shear stresses for the target export line

of /610 9 8 mm are determined by Eq. (1), as shown in

Table 3. It is observed from Table 3 that the pipe wall

shear stresses are approximately on the order of 1–6 Pa.

This stress level falls into the range of applicable shear

stresses (1–10 Pa) typically encountered in the export lines

as reported by Tinsley [18]. In order to ensure the reli-

ability of the flow loop simulations, the flow loop tubing

wall shear rate (or shear stress) has to be tightly controlled

to equal to that of the actual field pipeline as revealed

above. So throughout the experiment involved in investi-

gating the wax deposition characteristics under different

thermal conditions, the experimental flow velocity in the

flow loop is always maintained constant at 0.30 m s-1

(corresponds to a shear rate of 200 s-1) based on the shear

rate formula [Eq. (2)] for the laminar flow in the laboratory

flow loop [75].

_cw ¼
8V

d
: ð2Þ

The inlet crude oil temperature is observed to be of

secondary in importance among factors affecting wax

deposition amount by Valinejad and Solaimany Nazar [56].

In order to investigate the effect of the inlet oil temperature

on deposition, an oil sample with 7.1 mass % of wax dis-

solved entered the test section at different inlet oil tem-

peratures, where the wall temperature of the test section

tubing was maintained constant at different levels for 10,

15, and 17 �C, respectively. Fig. 4 shows the average

deposition rate and the WAT of the deposit formed at

different oil temperatures and constant wall temperatures

(10, 15, and 17 �C). It is observed from Fig. 4 that as the

oil temperature increases, the deposition rate for different

operating wall temperature levels increases similarly with

different steps. In the case that the wall temperature was

kept constant at 10 �C, the deposition rate grows at a fast

linear rate initially and then decreases to a slower rate until

it reach the maximum after the DT exceeds 5 �C (oil

temperature above 15 �C). It is emphasized that with a

WAT of 20 �C for the investigated oil sample, the exper-

iments were performed with constant wall temperature of

10 �C and oil temperatures between 12 and 20 �C—refer-

red to as the ‘‘cold flow’’ conditions. This result is in

agreement with the conclusion made by Bidmus and Me-

hrotra [33]. In contrast to this case, the deposition rate

increases almost continuously but not sharply when the

operating wall temperature is much higher (15 and 17 �C),

and no sign of level off in the curve was observed. In short,

the effect of the operating oil temperature in the lower wall

temperature level (10 �C) is more significant than in the

higher wall temperature levels (15 and 17 �C). Experi-

mental results confirmed the fact that the increasing driving

force for heat transfer, DT, always accelerates the wax

deposition.

As reported previously by Huang [53] and Han [67], the

precipitation characteristics of the dissolved wax in oil is

closely related to the shape of the DSC curve of the tested

oil sample, so the gradient of solubility with respect to

temperature greatly affects the precipitation and thus the

deposition. Hence, the DSC curve as shown in Fig. 2 can

be used to explain the observed variation trends of the

deposition rate in Fig. 4. It can be seen from Fig. 2 that the

thermal spectra curve of the tested oil sample just starts to

deviate from the baseline gently when the oil temperature

decreases from 20 to 15 �C. This indicates the wax mole-

cules start to precipitate out of the solution and a small

amount of wax crystals appear in the solution in this
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temperature range. The solubility factor of wax in oil

becomes much higher, and the amount of the precipitated

wax crystals in the solution begins to increase rapidly when

the cooling temperature changes in the range of 10–15 �C,

indicated by a steep rising in the DSC curve. Hence, it can

be concluded that more wax crystals would precipitate near

the pipe wall and then probably participate in the wax

deposition process at lower operating wall temperature

condition of 10 �C. In this case, the shear dispersion may

be believed to be the principal mechanism responsible for

the deposition process, instead DT as the driving force for

molecular diffusion becomes a much weaker influential

factor for wax deposition, and thereby, the deposition rate

at the oil temperature above 15 �C for this lower wall

temperature condition (10 �C) is almost the same (corre-

sponds to the level section in Fig. 4). In comparison to the

higher oil temperature condition ([15 �C), the precipitated

waxes with lower carbon numbers are in the majority of the

solution in the lower oil temperature condition of 12 �C (as

will be explained below), although the concentrations of

precipitated waxes in the solution are higher in such low oil

temperature. Thus, the resulted wax deposit may incorpo-

rate more waxes with lower carbon numbers. However, the

adhesive force of those lower carbon number waxes is

much weaker, and part of them is easily eroded by the

stronger fluid shear force induced by the lower oil tem-

perature and thus higher viscosity (the sloughing/erosion

effect), in which the adhesive failure between the waxes

and the deposition substrate occurs. Hence, the deposition

rate in lower oil temperatures is much lower.

For higher wall temperatures (15 and 17 �C), the cor-

responding operating oil temperature mainly ranges from

20 to 25 �C (WAT = 20 �C) as shown in Fig. 4, so

essentially the waxes are all dissolved in the bulk flow. In

this case, the molecular diffusion induced by the temper-

ature gradient from the bulk toward the pipe wall is the

predominant mechanism responsible for the wax deposi-

tion. Using the molecular diffusion equation [Eq. (3)], the

dependence of wax deposition rate on oil temperature can

be illustrated as follows. As the oil temperature increases,

the temperature gradient dT=drð Þ and in turn the concen-

tration gradient of dissolved wax in oil dCw=drð Þ increases.

In addition, the higher temperature results in a lower vis-

cosity of the crude, thus a higher diffusion coefficient (Dw)

[see Eq. (4)]. As a result, the deposition rate increases with

the increasing oil temperature for constant higher wall

temperatures. This conclusion is consistent with the results

reported by Lashkarbolooki et al. [72] and Creek et al. [77].

The molecular diffusion model is given by

W¼qwDw

dCw

dr
¼qwDw

dCw

dT

dT

dr
; ð3Þ

where W is the wax deposition rate in kg m-2 s-1, qw the

wax density in kg m-3, Dw the diffusion coefficient of wax

in oil in m2 s-1, dCw

dr
the radial concentration gradient of

dissolved wax molecule in m-1, dCw

dT
the change of

Table 3 Conditions for shear rate and shear stress regimes operated in the studied pipeline

Flow velocity/m s-1 ‘‘Low’’ flow rate ‘‘Moderate’’ flow rate ‘‘High’’ flow rate

G = 400 9 104/t a-1 G = 600 9 104/t a-1 G = 1,000 9 104/t a-1

0.60 0.89 1.48

Fluid viscosity l = 10 mPa s

Wall shear rate/s-1 91.6 182.8 445.1

Wall shear stress/Pa 0.92 1.83 4.45

Fluid viscosity l = 20 mPa s

Wall shear rate/s-1 54.5 108.7 264.6

Wall shear stress/Pa 1.09 2.17 5.29

Fluid viscosity l = 30 mPa s

Wall shear rate/s-1 40.2 80.2 195.1

Wall shear stress/Pa 1.21 2.41 5.85

The pipeline investigated in this work has a geometrical dimension of /610 9 8 mm
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dissolved wax concentration with temperature, i.e., the

gradient of the wax solubility curve of the crude,

10-3 �C-1, and dT
dr

is the radical temperature gradient near

the pipe wall in �C m-1.

The diffusion coefficient of wax in oil Dwð Þ in Eq. (3)

can be written as follows:

Dw¼
B

l
; ð4Þ

where l is the viscosity of the crude oil in Pa s, and B is the

coefficient and approximately constant for a given oil

sample [6].

The wax composition of the deposit sample collected in

previously mentioned conditions was investigated in terms

of the WAT and WPC at different temperature intervals by

DSC after each experiment. The variation of the WAT of

the deposit obtained from the above experimental condi-

tions is additionally illustrated in Fig. 4. It can be seen that

the WAT of the wax deposit increases with the increasing

oil temperature for constant wall temperatures. This indi-

cates that the deposit formed at a higher oil temperature

may have a higher wax distribution. Fig. 5 shows a com-

parison of WPCs for the wax deposits retrieved from the

above experiments at different oil temperatures and three

constant wall temperatures (10, 15 and 17 �C). Note that

each datum for the mass fraction of crystallized waxes in the

total wax content within the deposits was calculated from

released heat influx during cooling at every constant tem-

perature range of 5 �C. In short, the Y-axis on these plots

denotes an accumulated amount for wax crystallization by

mass (mass %). And X-axis displays an average tempera-

ture for each temperature drop region during cooling. This

criterion is adopted for all WPCs over this work. Comparing

the WPCs of the deposits for all the cases shows that a

significant wax peak is present in the curves. This peak in

the WPCs represents the maximum accumulated groups of

wax species in the deposit at the corresponding temperature

ranges. The WPCs for the deposits clearly show the wax

peak temperature shifted from the low temperature toward

the high temperature. In addition, it is seen that the region

occupied by the waxes precipitated in the higher tempera-

tures is increasing considerably for the higher operating oil

temperatures. This is to say that the wax species physically

deposited changes toward a higher carbon number and,

therefore, a higher molecular mass distribution for a higher

operating oil temperature. Deposits containing a great

quantity of high molecular mass waxes might be expected

to offer greater resistance to pigging. Such behavior follows

the trends of the WAT of the deposit shown in Fig. 4 for the

same deposition test. All these results imply a higher

operating oil temperature contributes to a wax deposit with

heavier hydrocarbons.

The reason why the wax composition in the deposits

changes toward the heavier hydrocarbons for the higher

operating oil temperatures is mainly related to the solu-

bility limitation for the different wax species. For the rel-

atively higher operating oil temperatures, the heavier

hydrocarbons crystallized and precipitated first, and

thereby preferentially deposited on the pipe wall whether

or not the shear dispersion worked during the wax depo-

sition. In addition, for the higher heat influx, the molecular

diffusion is more prevalent, and the deposits laid down by
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molecular diffusion are consequently more compact in

which less amount of oil was entrapped. The combination

of these two effects leads to the wax composition in the

deposits changing toward the heavier paraffins.

Effect of cold wall temperature on deposition

In a real application, the surrounding temperature of the

pipeline changes with the variation in seasons, thus the

wall temperature of the pipeline also varies concomitantly.

Hence, in order to investigate the dependence of wax

deposition on wall temperature, a series of experiments in

the flow loop were performed at two constant inlet oil

temperatures of 20 and 25 �C, respectively. The oil flow

velocity is still held constant at 0.30 m s-1 as previously

mentioned during the wax deposition experiments. The

operating wall temperatures in the test section are tightly

adjusted by water bath with recirculation water flowing in

the annulus. Thus, the external wall temperature is always

equal to the desired temperature throughout the experi-

ments. Note that the wall temperature refers to the external

wall surface temperature in this work. The experimental

results are shown in Figs. 6 and 7, respectively.

Figure 6 shows that the deposition rate decreased as the

wall temperature is increased for the two constant oil

temperatures (20 and 25 �C). The main reason for this can

also be interpreted by Eq. (3). In the designed experimental

conditions (Oil temp. = 20 or 25 �C C WAT = 20 �C),

the molecular diffusion predominates the wax deposition.

As the operating wall temperature is increased to approach

the WAT, both the solubility factor of wax crystal near the

pipe wall dCw=dTð Þ as shown in Fig. 2 and the temperature

gradient dT=drð Þ decrease. It is concluded from Eq. (3) that

therefore the deposition rate decreases correspondingly. In

addition, as reported by Hoffmann et al. [19], the adhesion

force between the deposit substrate and the pipe wall for

the higher wall temperatures is so low that the deposited

waxes are eroded from the pipe wall due to the sloughing

effect. Thus, the deposition rate decreases considerably

while the operating wall temperature is ramping up. Also,

this result is in agreement with the conclusion made by

Bidmus and Mehrotra [33].

Again, it is observed from Fig. 6 that in both two cases,

the WAT of the deposit increases initially and then remains

basically unchanged with the increasing wall temperature.

The wax composition change in the deposit formed at

varying operating wall temperatures and two constant oil

temperatures (20 and 25 �C) is clearly reflected by Fig. 7.

Similarly, both the wax peak temperature and the area

under the wax peak in the WPCs shifted from the low

temperature toward the high temperature with the

increasing wall temperature. This result along with that of

the WAT indicates that the fraction of heavier waxes (wax

species with a higher carbon number or a higher molecular

mass) deposited physically in the higher temperature

region is increasing considerably for a higher wall tem-

perature. For example, DSC analysis for the deposit formed

at the operating oil temperature of 20 �C and wall
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temperature of 17 �C shows that all the wax species crys-

tallized at the temperatures above 15 �C, and wax com-

ponents of 65.38 mass % crystallized at the temperatures

above 45 �C during cooling. Whereas, the wax species for

the deposit with operating wall temperature of 10 �C

crystallized at the temperatures below 15 �C and above

45 �C accounted for 2.52 and 13.63 mass %, respectively.

This result indicates that a higher operating wall temper-

ature also leads to a wax deposit with heavier hydrocar-

bons. The results confirmed the experimental results of

Singh et al. [21] and Hoffmann et al. [19].

As the operating wall temperature is increased, the

temperature difference DT between the bulk flow and the

pipe wall decreases. As a result, the molecular diffusion

initiated by DT was weakened, and thus the dissolved

hydrocarbon molecules transported by molecular diffusion

toward the pipe wall were considerably decreased. More-

over, among the precipitated waxes in the vicinity of the

pipe wall, wax crystals from heavier hydrocarbons are in

the majority for the higher wall temperatures, because the

lighter hydrocarbons cannot crystallize out of the crude at

the relatively higher wall temperatures even if they sub-

stantially migrate to the pipe wall. Therefore, it is possible

that such heavier hydrocarbons may participate in the

deposition process preferentially. In other words, the

deposit formed at the relatively higher wall temperatures is

expected to be enriched in the heavier hydrocarbons.

Effect of constant DT on deposition

In this section, the effect of a constant temperature dif-

ference DT between the bulk and the ambient on the

deposition characteristics has been studied. During the

deposition process, the temperature difference DT was held

constant, but the operating oil and wall temperatures were

varied. In the first series of experiments, the oil flow

velocity V(oil) was maintained constant at 0.30 m s-1, but

the oil and wall temperatures were changed synchronously

to obtain a specified constant temperature difference DT (2

or 3 �C) starting with a initial oil temperature of 12 �C. In

the second series of three experiments, the temperature

difference DT between the oil and cooling medium was

always 5 �C, and the oil flow velocity V(oil) was maintained

the same constant value (0.30 m s-1) as the previous

conditions. And the oil temperature was increased for each

experiment by 5 �C, starting at temperature of 15 �C for

the first experiment in the second series.

Figure 8 shows deposition rate versus temperature for

two different constant DT (2–3 and 5 �C). Hereof, the mean

temperature represents an arithmetic average value calcu-

lated from the oil temperature and wall temperature. The

oil flow velocity, V(oil), was maintained constant at

0.30 m s-1. Several observations can be made from these

results shown in Fig. 8. One is that wax deposition at an

operating temperature difference DT of 2–3 �C was found

to form a wax deposition peak somewhere in the interval

between 11 and 15 �C. In fact, this wax peak corresponds

to an operating condition in which the oil temperature and

wall temperature is 15 and 12 �C, respectively. Another

observation is that wax deposition at a constant tempera-

ture difference DT of 5 �C was found to be decreased with

the increasing temperature. This discrepancy is contributed

to the fact that the temperature difference DT reflects an

overall behavior of the temperature or the interplay

between the operating oil and wall temperatures. Also this

confirms the conclusion on the other side that the effect of

temperature difference DT between the bulk and the

ambient is a more important parameter for wax deposition

than that of the oil or ambient temperatures alone [56, 72].

The wax solubility curve has a significant influence on

the wax deposition [53, 67], and thus the wax deposition

characteristics at a constant temperature difference or

temperature gradient condition can be well explained by

the DSC curve. For the first series of experiments

(DT = 2–3 �C), all the experiments were performed under

‘‘cold flow’’ conditions, in which the oil temperature was

held below the WAT (20 �C) throughout the experiments.

In this case, the shear dispersion with respect to solid wax

particles is relatively prevalent comparing to the molecular

diffusion regarding liquid wax molecules during the wax

deposition process. It can be seen from Fig. 2 that the

thermal spectra curve of the oil sample just starts to form

peak until the temperature cools below 15 �C. Thus, only a

small amount of wax molecules precipitate out of the

solution in the relatively higher temperature range from 20

to 15 �C. This results in the fact that the wax deposition

induced by shear dispersion is much lower for the above

operating conditions. However, in the temperature range

from 15 to 11 �C, the DSC curve starts to rapidly escalate.
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Accordingly, the solubility factor of wax in oil becomes

much higher, and a lot of precipitated wax particles in the

bulk flow are present in such low temperatures. Thus, the

shear dispersion allows the precipitated wax to participate

in the deposition process actively. Hence, the wax depo-

sition rate may be much higher in the temperature range of

11–15 �C. While the temperature continues to decrease to a

lower value below 11 �C, the amount of the precipitated

wax crystals is not increased any more. Instead, the lower

operating oil temperature will lead to a wax deposit with

the lower carbon number waxes, as has been explained in

the previous section. It is easily removed by the shear due

to the sloughing effect. Therefore, the deposition rate in the

lower temperatures below 11 �C is also much lower. As a

result, a wax peak is formed in the temperature range of

11–15 �C for the constant temperature difference condition

(DT = 2–3 �C).

For an operating condition in which temperature differ-

ence DT was held constant at 5 �C, the greatest severe wax

deposition is encountered while the oil temperature is

specified at 15 �C (see Fig. 8). When the temperature

increases, the wax deposition is weakened. This is closely

associated with the fact that the growth tendency of the DSC

curve (see Fig. 2) is much steep while the temperature drops

below 15 �C. This result indicates that the amount of the

precipitated wax crystals in the solution is a lot, and thus

probably leads to much more severe wax deposition in the

oil temperature of 15 �C under the control of the shear

dispersion mechanism. When the oil temperature varied

between 20 and 25 �C, the molecular diffusion regarding

the migration of the dissolved wax molecules dominates the

wax deposition. In this case, as the oil temperature increa-

ses, the wall temperature also increases due to the constant

temperature difference condition. In other words, the higher

oil temperature corresponds to a higher wall temperature.

Thus, the amount of waxes precipitated in the vicinity of

pipe wall is much less due to the higher operating temper-

atures. As a consequence, the concomitant wax deposition is

much lower. In addition, Fig. 9 also shows the amount of

precipitated wax from the oil sample at different tempera-

tures. Note that in Fig. 9, the mass fraction of precipitated

wax in the oil has been amplified tenfold to facilitate the

comparison with that of the deposit. In fact, the mass frac-

tion of precipitated wax in the oil is in a unit of mass %,

whereas that of deposit is in a unit of mass %. Since the

temperature difference has been constant for all the exper-

iments, the wax deposition should follow the wax solubility

curve and, therefore, the WPC. At comparable temperatures

(Oil temp. = 20–25 �C), the two curves for deposition rate

and WPC of the crude show a remarkable similarity,

implying that the wax diffusion is indeed the major mech-

anism for wax deposition in this temperature range. In fact,

the temperature region experienced the severe deposition

for constant DT = 2–3 and 5 �C, both falling into a certain

temperature range (10–15 �C), in which the DSC curve

escalate rapidly and much more waxes precipitate (Fig. 2).

In addition, the WAT of the deposit is also shown in

Fig. 8. For all the cases, the WAT of the deposit increases

with the increasing operating temperature. This indicates

that the wax species physically deposited shifted toward

the heavier hydrocarbons with a higher molecular mass

while the operating temperature is increased at the constant

DT. One exception is the operating condition for the oil

temperature of 17 �C and wall temperature of 15 �C at the

constant DT = 2–3 �C. This abnormality can be reason-

ably explained by the shorter running time compared to the

other experiments. It can be also inferred that, based on the

aging model [1, 21], if the experiment was run properly for

a longer experimental time, the wax content in the deposit

will definitely increase with time, and thus the WAT of the

deposit will be high enough to confirm the trend of the

curve well. Another interesting finding is that WATs of the

deposit formed at two different temperature difference

DT are approximately identical at the same operating

conditions. This result is in line with the experimental

results of Huang [69].
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Figure 9 shows a comparison of WPCs for the wax

deposits collected from the aforementioned experiments.

Compared to the crude oil, the deposits in both cases show

a significant wax peak from the high temperature to low

temperature during crystallization. Comparison of the

WPCs for the deposits in both cases shows that the main

crystallization temperature domain in WPCs moved toward

the higher temperatures for the higher operating tempera-

tures and meanwhile shifted their center toward the higher

temperatures. Specially, the WPC of deposit from the

specified experiment in which the operating oil temperature

and wall temperature were held constant at 17 and 15 �C,

respectively, shows an inconformity for the graphic trend,

as mentioned previously for the WAT of the deposit. This

shift to a higher value of crystallization temperature again

interprets the effect of operating temperature difference

DT on wax composition of the deposits. The higher the

operating temperatures are, the much heavier the hydro-

carbons are included within the deposits. Similarly, the

wax composition change for the deposit toward the heavier

hydrocarbons may lead to an increasing hardness.

Effect of flow velocity on deposition

To understand the effect of flow velocity on the deposi-

tion, a separate series of deposition experiments were

conducted in the laboratory flow loop at various flow

velocities in the laminar regime. The oil sample with the

temperature of 15 �C was flown through the flow loop at

flow velocities 0.21, 0.30, 0.56, and 0.82 m s-1 corre-

sponding to Res 107, 153, 286, and 418, respectively. The

wall temperature of the tubing in the test section was kept

constant at 10 �C during the experiments. Due to the

varying flow velocities, the wall shear rate _cw, calculated

by Eq. (2), varies from 140 to 547. The average deposi-

tion rate is smaller for a higher flow velocity, as dem-

onstrated in Fig. 10.

As can be seen from Eqs. (5) and (6), the pipe wall

temperature gradient increases with the increasing flow

velocity (the increasing Re), and in turn so do the con-

centration gradient and the deposition rate in diffusion

model [Eq. (3)]. However, the monitored data of the

deposition rate decrease. This behavior cannot be

explained by a diffusion model [Eq. (3)]. In fact, the

shear dispersion rather than the molecular diffusion

mechanism dominate the wax deposition process. It is

worth pointing out that the pipe flow would be ‘‘cold,’’

and the wax crystals are suspended in the bulk flow for

the above thermal condition, in which the oil temperature

is held below the WAT. As explained previously, the

precipitated waxes with lower carbon number are in the

majority of the solution in the temperature range between

10 and 15 �C, and thus the yielded wax deposit tends to

contain much more waxes with lower carbon number.

However, these lower carbon number waxes are easily

stripped down by the flow shear due to the sloughing

effect. As a result, a higher flow rate contributes to a

lower wax deposition rate. Similar trends are also repor-

ted in previous studies [1, 27, 29, 31, 57, 77].

The radial temperature gradient in the vicinity of the

pipe wall can be determined by a heat-transfer balance

imposed at the wall [6]:

dT

dr

�
�
�
�
w

¼ Gc

kpd

dT

dL
; ð5Þ

where dT

dr

�
�
�
w

is the radial temperature gradient in the vicinity

of the pipe wall in �C m-1, G the mass flow rate in kg s-1,

c the specific heat of the crude oil in J kg-1 �C-1, k the

heat conductivity for the crude oil in W m-1 �C-1, d the

inner diameter in m, and dT

dL
is the temperature drop per unit

length in �C m-1.

By introducing the new parameters Pr and Re, Eq. (5)

becomes

dT

dr

�
�
�
�
w

¼ 1

4
Pr � Re � dT

dL
; ð6Þ

where Pr is the Prandtl number of the crude oil, Pr ¼ lc
k , in

this relation l is the viscosity of the crude oil in Pa s; Re is

the Reynolds number of the crude oil, Re¼ qvd
l , q is the oil

density in kg m-3, and v is the oil flow velocity in m s-1.

A cold-finger investigation for the wax deposition

indicated that the predominant effect of the increasing

shear stress is the removal of entrained oil [51]. In addition,

Venkatesan [24] observed that the total deposition rate is

decreased, and the wax content in the deposit is increased

with the increasing shear under both the laminar and tur-

bulent flow conditions. In order to further understand the

influence of shear on the wax composition in the deposit,
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the deposit samples collected from the experiments

described in this section were analyzed by DSC. Figure 10

shows the WAT of the deposit from various flow velocities.

During the experiments, the oil and wall temperature were

kept constant at 15 and 10 �C, respectively. The WAT of

the deposit increases with the increasing flow velocity. This

result not only agrees well with the result of Huang [69],

but also confirms the conclusion reported by Jennings et al.

[51] from the other viewpoint. For the increasing flow

velocity, the adhesion of lighter hydrocarbons was so low

that they may be stripped from the already deposited wax

layer by the shear force; thus, the mass percentage of the

heavier hydrocarbons in the deposit becomes relatively

higher. As a result, a deposit with a higher WAT yields for

a higher flow velocity.

Figure 11 shows a comparison of WPCs for the wax

deposits that were retrieved from the above mentioned

experiments. For every flow velocity investigated, the mass

fraction of the crystallized waxes showed a maximum when

plotted as a function of the cooling temperature. This peak

value was higher at a higher flow velocity. This implies that

much more waxes crystallized at the corresponding peak

temperature for a higher flow velocity condition. Also, this

maximum did not occur at the same value of the crystallized

temperature for all the flow velocities studied. At a higher

flow velocity, this maximum occurred at a higher temper-

ature. Accordingly, the crystallization temperature domain

shifted from the low temperature region toward the high

temperature region. This shift to a higher crystallization

temperature reflects the effect of operating flow velocity on

wax composition in the deposit. However, the shift of wax

composition in the deposit for varying flow velocities is

slight, especially for the two adjacent WPCs. This is the

result from the smaller changes for the flow velocities.

When the flow velocity is varied significantly, the shift will

be also much more evident. This result implies that the wax

species finally deposited change toward a higher carbon

number (a higher molecular mass distribution) for a higher

operating flow velocity. Such behavior follows the trends of

the WAT of the deposit shown in Fig. 10 for the same

deposition tests. All these results imply a higher operating

flow velocity that contributes to a wax deposit with heavier

hydrocarbons. Also this conclusion verifies the experi-

mental results regarding the wax content within the deposit

by Singh et al. [21] and Hoffmann et al. [19].

Conclusions

A small-scale flow loop apparatus in combination with

DSC technique has been used to investigate the wax

deposition characteristics including the wax composition in

deposit, and the influence of oil temperature, wall tem-

perature, temperature difference between the bulk and the

ambient, and the flow velocity were all studied in-depth.

For a deposition experiment at a constant wall temperature,

an increase in the oil temperature results in a higher

deposition rate, whereas an increase in the wall tempera-

ture for a constant oil temperature leads to a lower depo-

sition rate. A wax deposition peak may exist for a constant

temperature difference condition. In addition, increasing

flow velocity decreases the deposition rate.

The wax deposits retrieved from the flow loop were

performed using DSC analysis after each deposition

experiment. The examination of deposits by DSC with

special designed method in this work clearly indicates that a

wax deposit with heavier hydrocarbons was obtained when

all the operating conditions evaluated were increased.

Especially, the dependence of deposit characteristics on the

operating oil temperature and temperature difference DT,

which is poorly understood previously, was elucidated in

the current work. This investigation for the effect of oper-

ating conditions on wax composition in the deposit will

promote the understanding of the physic of the wax depo-

sition. Moreover, it will provide a solid experimental basis

for quantifying the mechanical hardness of the deposit,

which is an important parameter for pipeline pigging.
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