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Abstract: As the demand for petroleum resources increases, and oilfields on lands and in shallow-sea become exhausted, the areas for oil production 

are expanding to the deep sea and therefore technologies for flow assurance are coming into the highlight. In low temperature environment such as 

the deep sea, wax is accumulated and prevents stable oil production. Therefore, the development of flow assurance technologies is required. Wax is 

precipitated in crystalline form when the oil temperature decreases below the wax appearance temperature; it then accumulates on the inner walls of 

pipelines causing blockages. In particular, in subsea pipelines, which have a large surface contact area with the surrounding seawater, wax deposition 

problems are frequent. The internal tubular coating can effectively reduce wax deposition without pausing oil production when the coating is 

appropriately designed. This study carried out wax deposition tests on a number of internal tubular coatings under single flow conditions. The results 

were analyzed for the effects that the physical properties of the coatings had on wax deposition. 
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1. Introduction 

As the demand for petroleum resources increases, the areas of oil 

production are expanding into the deep seas; consequently, technologies 

for flow assurance are becoming very important. These technologies 

include various types of engineering applications that enable fluids to 

flow from reservoirs to refinery facilities without interference. 

Petroleum wax is one of the factors that can prevent flow assurance 

under low temperature environments. Wax is a complex substance 

consisting of normal-paraffin, iso-paraffin and cyclo-paraffin, having 

carbon numbers between 18 and 65. When the temperature of oil 

flowing in a pipeline decreases below the wax appearance temperature 

(WAT), wax is precipitated as a crystal substance and accumulates on 

the inner walls of the pipeline, preventing flow assurance. Such material, 

deposited within a pipeline in the Gulf of Mexico between 1992 and 

2002, accounted for a total of 51 blockages and considerable financial 

costs in the resolution of the problems [1]. 

Technologies for flow assurance, which control wax deposition, 

include thermal management systems, wax inhibitors, pigging, and 

coating. An appropriately designed inner-wall coating for a pipeline can 

effectively reduce wax deposition without retarding oil production and 

causing financial losses. In the oil and gas industries, internal tubular 

coatings are commonly used to prevent corrosion of pipelines by carbon 

dioxide, hydrogen sulfide, oxygen, chloride, and acidic components. 

These coatings also improve the hydraulic flow of fluids. It was 

discovered that these coatings also reduced wax deposition in pipelines 

in areas where paraffin oils were produced. Subsequently, internal 

tubular coatings have been widely used as a long-term solution for the 

control of wax deposition in such areas. There have been a number of 

studies in this field. Coatings that are used on the inner wall of pipelines 

to prevent wax deposition include epoxy, also known as fusion  

bonded epoxy (FBE); polyurethane; polytetrafluoroethylene (PTFE) or 

Teflon; and diamond-like carbon (DLC). The physical properties of 

these coatings influence wax deposition; these properties are surface 

roughness, thermal insulation, and wettability. 

This study experimentally analyzed the effects of epoxy, 

polyurethane, PTFE and DLC coatings on the reduction of wax 

deposition. The effects of the surface roughness and thermal insulation 

of the coatings on wax deposition were also analyzed.  
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2. Wax Deposition 

Paraffin wax is a solid material which is precipitated from 

petroleum oil when the oil temperature decreases below its WAT. It 

is a complex substance, consisting of normal-paraffin, iso-paraffin, 

and cyclo-paraffin; the chemical formula is CnH2n+2. Wax consists 

mainly of long linear and chain shaped normal-paraffin, its carbon 

number ranges from C18~C36, and its crystals exhibit large needle-like 

and tabular shapes. This wax, consisting of normal-paraffin with a 

low molecular weight, is defined as paraffin wax or macro crystalline 

wax. Whereas, wax consisting mainly of iso-paraffin and cyclo-

paraffin, which has a higher molecular weight, a carbon number of 

C40~C60 and smaller unclear crystal forms, is defined as 

microcrystalline or amorphous wax [2]. When wax is deposited on 

the inner wall of a pipeline, it decreases the cross-sectional area of 

that pipeline, causing a pressure drop that decreases the oil production 

rate. The elimination of wax deposition involves a considerable 

amount of time and expense, and as a result the operating costs of oil 

production can increase exponentially. When a pipeline at a sea depth 

of 100m is blocked, it usually costs about 200,000 USD to clear it. 

When a blockage occurs at a depth of 400m, the costs can reach 

approximately 1,000,000 USD. When the production losses caused 

by the blockage are added to this, the total financial damages can be 

several million USD. Solid material deposits within a pipeline in the 

Gulf of Mexico, between 1992 and 2002, accounted for a total 

number of 51 blockages and a considerable amount of money was 

spent in resolving the problems [3]. 

 

3.  Coatings 

Tubular coatings are classified into external and internal types. 

External tubular coatings protect pipelines from environmental and 

mechanical effects, such as those caused by contact with soil, water, air 

and solar radiation, all of which cause corrosion. External coatings are 

selected on the basis of the installation environment, availability, and 

cost. At the present time, FBE is widely considered to be the reference 

coating material. For more than 60 years internal tubular coatings have 

been used in the oil industry to prevent the corrosion of pipelines by 

carbon dioxide, hydrogen sulfide, oxygen, chloride and acidic 

components. They have also been used for the hydraulic improvement 

of fluid flow. In addition, it has been found that internal tubular coatings 

reduce wax deposition in pipelines in areas where waxy oils are 

produced. Since that discovery was made, internal tubular coatings have 

been widely used as a long-term solution for the prevention of wax 

deposition in pipelines in such areas. Epoxy, polyurethane, PTFE and 

DLC coatings are the main ones used. 

 

3.1 Epoxy Coating 

Epoxy, or FBE, is the most widely utilized coating to prevent the 

corrosion of pipelines used in oil production (Figure 1 (A)). There 

is an example in the literature, in which wax deposition was 

reduced due to its thermal insulation and smooth roughness 

properties [4][5]. In addition, epoxy coatings have characteristics 

that include improved wear resistance, and thermal stability, and 

therefore can be used over a long period of time [6]. Epoxy has 

been used for the internal tubular coating of pipelines and has been 

suggested as an effective coating to control wax deposition due to 

its the low free surface energy [7]. 

3.2 Polyurethane Coating 

Polyurethane coatings have a high wear resistance and also 

improved roughness characteristics (Figure 1 (B)) [8]. There is an 

example in the literature in which wax deposition was reduced by 

30% due to this coating’s thermal insulation properties. This was 

based on a test result of wax deposition by cold spot apparatus [5]. 

Polyurethane coatings are widely used in the oil industry to control 

wax and scale deposition; these are factors that prevent flow 

assurance. The coating is mainly used in pipelines and oil platform 

risers; it has excellent thermal insulation properties and therefore 

maintains the temperature of the oil above the WAT. 

3.3 PTFE (Polytetrafluoroethylene) Coating 

PTFE coatings have a characteristic fluoropolymer that exhibits a 

low free surface energy. It is expected that PTFE coatings will 

effectively reduce wax deposition because they have a higher 

hydrophobicity and oleophobicity than other types of coating 

(Figure 1(C)) [9].  In general, PTFE coatings form films of both 

primer and top coating and can therefore be attached to almost any 

material. They also have cohesionless characteristics that allow 

them to be easily detached from highly adhesive materials. In 

addition, they are not affected by chemical environments. 

3.4 DLC (Diamond-Like Carbon) Coating 

DLC coatings have characteristics such as high wear resistance, a 

very low friction coefficient and high corrosion resistance. 

Therefore, they are used for pipe joints and to prevent wax 

deposition in pipelines in the oil industry (Figure 1 (D)). The 

testing of wax deposition on DLC coatings indicated that deposition 

was reduced by 66% and the reason for such a reduction was the 

low free surface energy of the coating, which is related to its 

wettability [9]. 
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(A) Epoxy Coating 

 

(B) Polyurethane Coating 

 

(C) PTFE Coating 

 

(D) DLC Coating 

Figure 1: Type of internal tubular coating. 

 

4. Coating Properties 

4.1 Thermal Insulation 

Thermal insulation refers to the prevention of heat transfer and 

thermal conductivity refers to the property value for the amount of 

thermal conduction. A low thermal conductivity for a coating can 

constantly maintain the temperature of the inner wall of the pipeline 

throughout the whole section. This prevents the oil from decreasing 

below the WAT [10]. As illustrated in the graph of Figure 2, the 

thickness of the coating and the wax deposition rate are inversely 

proportional [11]. 

 

 

Figure 2: Measured amounts of wax deposition for different 

coating thickness [12]. 

 

4.2 Surface Roughness 

Surface roughness refers to the extent of the fine embosses on a 

surface. The physical roughness of a pipe surface influences the 

physical properties of the fluid flow. In general, the change from a 

smooth surface to a rough one is due to the increase of Reynolds 

number by the increase of the flow rate. As the surface roughness 

increases energy loss occurs within the flow system. Therefore, internal 

tubular coatings are used to minimize both the surface roughness and 

the pressure required for water or gas injection used in order to increase 

oil production. As illustrated in Figure 3, the deposition of paraffin wax 

increases as the surface roughness increases [8]. It was found that the 

amount of wax deposition on a smooth surface was less than that on a 

steel pipe surface [12]. In addition, the roughness of a surface provides a 

substrate where wax deposition can take place [4][13]. 

 

 

Figure 3: Weights of paraffin deposited on mill-scaled steel 

and on smooth and sandblasted polyurethane [8]. 

 

5. Experiments 

5.1 Oil Properties 

The physical properties of the crude oil sample (Duri) used for 

analysis are described in Table 1. The density was measured using 

DM40 density meter (Mattler Toledo). The viscosity was measured 

using R/S Plus rheometer (Brookfield). The WAT of the oil sample was 

measured using viscometry. The pour point was measured in 

accordance with the method described in ASTM-D6749. Gas 

Chromatographic is used for the compositional analysis and 

chromatogram of the crude oil is exhibited in Figure 4. According to 

compositional analysis, the fluid has significant amount of C20 to C30 n-

paraffins. 
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Table 1: Properties of crude oil (Duri) 

 

5.2 Cold Finger Apparatus 

A cold finger apparatus was used to identify the effects of each 

coating under single flow conditions (oil). Cold finger apparatus was 

designed to simulate the temperature gradient between the inner wall of 

the pipeline and the cross section of the flow, and also the shear rate at 

the wall of the pipeline to the oil flow (Figure 5). The cold finger 

apparatus consists of a cold finger, chamber, cold finger circulator, 

heating chamber circulator and stirrer. The cold finger represented the 

inner wall of the pipeline. The epoxy, polyurethane, PTFE and DLC 

coatings of the finger were made by dipping and spraying methods 

(Figure 6). The chamber represented the inner space of the pipeline 

during the oil production. High temperature water was constantly 

circulated within the water bath chamber while cold water was 

circulated within the cold finger. The cold finger circulator was used to 

maintain a constant temperature of 4℃, which is the minimum 

temperature of the deep sea. The heating chamber circulator was used 

to maintain the temperature of hot oil. The stirrer is used to flow of the 

oil. The chamber temperature of cold finger apparatus was maintained 

at 60℃, this being higher than the WAT, which was assumed to be 

higher than 35℃. The temperature of the cold finger was maintained at 

4℃. This is the minimum temperature of the deep sea. The magnetic 

stirrer generates a shear rate while stirring the oil samples at a constant 

speed to depict the flow of fluids. Testing was carried out for 6 hours, 

sufficient time for wax deposition. 

The experimental procedure is illustrated in Figure 7. First, water or 

antifreeze is injected into water bath. After then, the oil is injected into 

chamber and heated to melt any wax crystals that might be present. 

Next, chamber temperatures are set according to the test conditions. 

Next, rotational stirrer is set. Testing was carried out for 6 hours, 

sufficient time for wax deposition. Finally, after a test is finished, the 

probes are removed from the bath and allowed to dry for approximately 

30 minutes. Deposited wax samples are the taken directly from probe, 

weighed, and later analyzed. 

 

 

Figure 5: Schematic diagram of the cold finger apparatus 

(modified from [14]) 

Properties Value 

Density 22° API 

Pour Point 20℃ 

WAT (Wax Appearance temperature) 35℃ 

Viscosity at 15.5℃ 6719.4cp 

Figure 4: Gas chromatogram of crude oil sample. 
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Figure 6: Various cold fingers through processed coating. 

 

 

Figure 7: The experimental procedure using cold finger 

apparatus. 

 

6. Results 

The varying amounts of wax deposition on the probe with no coating, 

epoxy, polyurethane, PTFE and DLC coatings are shown in Figure 8. 

The test results indicate that, compared to the bar without coating, the 

amount of wax deposition was reduced by 30.5% for the polyurethane 

coating, by 28.3% for the epoxy coating, by 21.6% for the PTFE 

coating and by 12.5% for the DLC coating. These results demonstrate 

that internal tubular coatings effectively reduce wax deposition. The 

amount of wax deposition was reduced on the coated bar because the 

physical properties of the coated bar surface are different from those of 

the uncoated stainless steel one. The physical properties of the surface 

of the bar, such as wettability, surface roughness, thermal insulation, 

wear resistance, corrosion resistance, electric insulation, thermal 

resistance, hardness and adhesion, are changed by the coating. Among 

those coating properties, thermal insulation and surface roughness as 

properties directly affecting the wax deposition were analyzed and 

compared the amount of wax deposition according to the coating 

properties. Surface roughness was measured using a Mahr’s 

Perthometer 2. Thermal insulation was measured by comparison  

 

Figure 8: Mass of wax deposition per unit area depending on 

coatings. 

 

 

Figure 9: Mass of wax deposition per unit area depending on 

surface roughness.  

 

 

Figure 10: Mass of wax deposition per unit area depending on 

thermal conductivity. 
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Figure 11: Mass of wax deposition per unit area depending on 

coating thickness for polyurethane. 

 

between the unique properties of the coating, thermal conductivities, 

and the amount of wax deposition for each coating thickness. The 

thickness of the two polyurethane coatings was 200 μm and 1,000 μm. 

The experiments analyzed the amount of wax deposition for each 

coating thickness. 

Figure 9 shows a graph that presents the amount of wax deposition 

compared with the amount of surface roughness. It indicates that there 

is no definite trend. It is concluded that surface roughness does not have 

an important effect on wax deposition, despite being a factor affecting it. 

Figure 10 shows a graph that presents the amount of wax deposition 

compared with thermal conductivity. It indicates that wax deposition 

reduces as the thermal conductivity decreases. It is concluded that the 

decrease in the thermal conductivity prevents the temperature of the oil 

from decreasing below the WAT. It is also concluded that thermal 

conductivity affects wax deposition relatively more than other coating 

properties do and it can effectively reduce wax deposition. Figure 11 

shows a graph that presents the amount of wax deposition compared 

with the thickness of the two polyurethane coatings. It indicates that 

wax deposition reduces as coating thickness increases. As thermal 

conductivity and coating thickness are factors related to thermal 

insulation, it can be concluded that thermal insulation, of all the 

properties of internal tubular coatings, is the most influential factor in 

the changes relating to the amount of wax deposition. 

 

7. Conclusions 

This study focused on a number of different internal tubular coatings 

and used a cold finger apparatus to identify the effect of these coatings 

on the reduction of wax deposition under single-flow conditions. The 

result of the study can be summarized as follows. 

1. Wax deposition testing under single-flow conditions indicates that 

the amount of wax deposition on the bar with epoxy, polyurethane, 

PTFE, and DLC coatings was reduced by up to 30% compared to one 

with no coating. Therefore it is concluded that internal tubular coatings 

can effectively reduce wax deposition. 

2. The surface roughness property of the coating is a factor affecting 

wax deposition but the results did not indicate any constant trend. 

Therefore it is concluded that surface roughness is not an important 

factor in wax deposition. 

3. Testing indicated that the amount of wax deposition reduces as 

thermal conductivity decreases and coating thickness increases. As 

thermal conductivity and coating thickness are factors related to 

thermal insulation, it is concluded that the thermal insulation properties 

of the coatings are the most influential factors on wax deposition. 

These results can be used effectively in internal tubular coating 

selection for flow assurance in oil fields. 
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