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Table 2: Pressure drop for slurry flow and clean pipe 

  
Pressure 
drop [bar] Deviation [%] 

Pure oil 2.58 - 
Oil with 10% wax 2.69 4.3 
Oil with 50% wax 3.03 17.4 

 

Table 3: Pressure drop for slurry flow and wax deposition 

  Pressure drop [bar] 
Deviation 
[%] 

Pure oil 6.16 - 
Oil with 10% wax 6.17 0.2 
Oil with 50% wax 6.21 0.8 

 

For the second calculation the deviation is way smaller and is not a major factor for the total 

pressure drop in the pipe. This calculation is done for the entire pipeline, while under a 

pigging operation the length of the pipe that is affected by the slurry flow decreases with time. 

 

4.5 Calculations of Pressure Drop under Pigging Operation 

 

There is a large difference for the pressure drop with and without wax deposition. From 

Chapter 4.2 the pressure drop with the simulated wax profile is 140 % higher than for a clean 

pipe. When a pig is moving through the pipe, wax is removed from the wall and the pressure 

gradient changes. This subchapter presents pressure drop calculations for a pipeline when a 

bypass cleaning pig is in operation. 

The oil flow rate in the pipeline is assumed to be constant, and the pig velocity varies with the 

differential pressure across the pig. The resistance the pig meets through the pipeline varies 

with the wax thickness. This changes the differential pressure and the pig velocity. The pig 

velocity is calculated with Equation 3.28 and is plotted against the pipe length in Figure 27. 

As can be seen, the pig velocity change is very small. Table 10 gives more properties needed 

to do the calculations in this chapter. 
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Figure 19: Pressure drop in the pipeline including pressure drop across pig 
 

The figure above shows the total pressure drop over a pipeline while the pig is in operation. 

The graph is plotted for the position for the pig along the x-axis. At start, the pressure drop is 

just below 6 bar, including 2.5 bar drop over the pig. As the pig moves through the pipeline 

removing wax from the wall, the pressure drop sinks. When the pig is at 4000 metres into the 

pipeline, the total pressure drop for the pipeline is approximately 5 bar.  

The graph below in Figure 20 shows the pressure curve for a pipeline when a pig is halfway 

through the line. Upstream of the pig the pressure falls almost linearly down. The oil flow rate 

is 0.071 m3/s and the pig velocity is changing with the differential pressure. Equation 3.23 is 

used to calculate the bypass flow as the pig moves through the pipe. Because of the bypass, 

the fluid has a slightly higher velocity than the pig. Downstream of the pig the pipeline 

contains wax and therefore the diameter is decrease. In addition a small amount of wax is 

added to the flow. The amount of wax added to the flow is estimated from Equation 3.28. The 

flow rate in front of the pig is assumed to be the sum of the flow rate needed to keep the pig 

velocity in addition to the bypass rate. Equation 4.4 describes the flow rate downstream of the 

pig. The viscosity does also change with the amount of wax removed from the pipe wall, as 

calculated in Chapter 4.4. This, in addition to the higher roughness value for wax gives a 

steeper pressure drop downstream of the pig as seen below in Figure 20.  

 𝑞ௗ௢௪௡ = 𝑢௣௜௚𝐴௣௪ + 𝑞௪௔௫ (4.4) 
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Figure 20: Pressure profile with pig half way in pipeline 
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5 Discussion 

 

The knowledge about the overall heat transfer coefficient is important for prediction the wax 

deposition of a pipeline and finding the pigging frequency. The increase in U-value for the 

pipeline gives a decreased growth for the wax deposition. This means that the area of wax in 

the pipeline gets smaller. For pigging frequency, this should mean that pigging operations 

should happen less often. However, the forces of newly deposited wax are small compared to 

old hardened wax. For the pigging frequency, it is important to pig often to prevent ageing of 

the wax in the pipeline. 

 

5.1 U-value Calculations 

 

The calculations done for the overall heat transfer coefficient are based on properties for a 

typical subsea pipeline. The estimations will not be as accurate as for a real pipeline, but the 

numbers achieved gives a clear indication. The calculations are done with one set of 

properties, and the results may not be transferred to other pipelines with different properties.  

The results from this thesis show that the wax thickness has an insulating effect. The overall 

heat transfer coefficient has a large decrease because of the added wax layer. The result does 

also show that when other factors have a large impact on the U-value, the effect of the wax 

layer is not as extensive. In these calculations, a partly or fully buried pipeline is not 

considered. It is conceivable for this results that the insulating effect of wax deposition is even 

smaller for a buried pipeline. This corresponds well with the conclusion by Christiansen, 

2011. 

Results from the analytical calculations give similar results as by Christiansen (2011). His 

results for calculations of the U-value for increasing wax thickness are shown in Figure 26. 

The small variations in results are assumed to be because of different oil composition. Also 

the seawater properties have been changed slightly. For a clean pipe without wax deposition 

the results correspond well between Hysys and the analytical calculations. The overall heat 

transfer coefficient estimated by Hysys is 5 % higher than for the analytical calculation.  

A test has been done to see if the simulation software Hysys do account for wax deposition 

when estimating the U-value. The results in Hysys for U-value estimation are the same with 
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and without wax deposition in the pipeline for simulations done in this thesis. This means that 

Hysys do not account for the insulating effect when the U-value is estimated. The results in 

this thesis are based on only a few simulations, and with only one set of parameters. The 

simulations are also only based on one version of the software, V.8.3. If this results shows to 

be the case for other users of the software, it is a big weakness that should be investigated 

further. When the overall heat transfer coefficient is estimated higher than in reality, the wax 

deposition will be over predicted. 

In addition to the wax insulation test, Hysys has been tested for the flow velocity as well. 

Results show that Hysys do account for the flow velocity when estimating the overall heat 

transfer coefficient. As presented in chapter 2.1 a higher flow velocity means a higher value 

for the overall heat transfer coefficient. This makes the U-value estimation in Hysys a bit 

more accurate.  

 

5.2 Pigging Principles 

 

In this thesis forces for friction and wax removal is presented. The information can be used as 

a basic model for illustrating the acting resistive forces for a pig in operation. None of the 

force values estimated in this thesis can be directly transferred to another pipe system. The 

properties for the oil/condensate flow must be known, in addition to the pipe and 

environmental properties, to be able to give reasonable values.  

Equation 3.7 is developed by the author and is based on theoretical assumptions for how the 

physics must work for a pig in a pipeline. It is not been tested in real life, and has not been 

used in a simulation software. The equation does however give results that are in the same 

order of magnitude as the contact forces mentioned by Nieckele, et al, (2001). This does not 

mean that the equation is correct, but it may have a potential for describing the forces that acts 

on a pig in operation. It should also be mentioned that the numbers given by Nieckele, et al, 

(2001) is based on only one type of high friction bi-directional pig. In order to validate the 

credibility of Equation 3.7, real experiments should be done.  

A frictional force of 16.5 kN is calculated and presented in the thesis for the given pipe 

diameter. This can give an indication for how large the forces are for friction between the pig 

and the pipe wall. This friction force is based on many factors that can vary. The coefficient 

of friction is one of them. In present calculations a value of 0.4 is used, but it is difficult to 
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obtain realistic numbers without real test data  As mentioned in chapter 3.1, the oversize value 

of the cleaning disc is seems to be the most important factor for the second term of Equation 

3.7. In addition, the width and the number of discs on the pig give different values. 

Equation 3.7 does not account for pig velocity and how the discs acts when the pig moves. 

When in motion the discs may buckle and give less resistive force due to oversize. A much 

lower value for the friction is presented by Botros & Golshan, 2010. They state that the 

frictional force is dependent on pig velocity, as in Equation 3.11. This is for an inspection pig 

tool. These types of pigs have a different structure and may have way lower frictional forces 

than dewaxing cleaning discs.  

It was claimed by Barros, et al, (2005) that wax deposition can be the most important factor 

when it comes to pig stalling. Results from the paper say that the resistive forces by the wax 

can be three times as large due to wax accumulation in front of the pig. When bypass 

introduced, the problem may be reduced. In earlier literature, the focus has often been on only 

the thickness of wax. An investigation is done for the forces for wax removal in present 

thesis. By having a larger focus on the wax properties, more accurate removal forces can be 

achieved. It is shown that a higher wax content of the deposit leads to higher removal forces. 

Ageing of the wax leads to a lower oil/condensate content of the wax, and the deposit hardens 

over time. In addition, the adhesion force plays an important role. These properties should be 

further investigated. It would be of great interest to find a method of predicting the adhesion 

and ageing properties.  

Numbers given in this thesis says that frictional forces are much higher than the wax removal 

forces. It should still be a large focus on the wax forces. As mentioned above, the ageing of 

wax leads to hardening of the deposit. This increases the wax removal forces, but it may also 

have an impact on the pig efficiency. If the material of the pig discs is too soft, and the wax is 

too hard, the pig will start to ride over the deposit. This applies to load model 2 as is explained 

in Chapter 3.2, where the pig efficiency is drastically reduced.  

For the pigging frequency, it does not seem like the thickness of wax is very important, if not 

the effect of ageing and adhesion is considered. The growth of wax will continue for each day 

without pigging, until it stagnates because of the deposition driving force. If the rate of ageing 

is known, this should be considered when choosing the pigging frequency. The wax will 

harden with time, and pigging should happen often to prevent that. If the removal efficiency 

of the pig decreases, it means that pigging must happen even more frequent to remove all the 

deposit.  
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5.3 Pressure Drop Calculations  

 

In Chapter 4.2 pressure drop calculations has been done to see the effect of roughness for wax 

deposition. It is expected from Equation 4.3 that the decrease in pipe diameter due to wax 

deposition will have a large influence on the pressure drop. However, it seems like the 

roughness of the deposits is the dominating part. A roughness value of π-times the wax 

thickness is used. This will give very high values for the roughness when the deposit 

thickness is at its peak. 

The density of oil composition increases from 780 to 800 kg/m3 through the pipe in present 

thesis. For the result for constant roughness in Figure 15, the gradient where expected to fall 

because of the diameter in Equation 4.3. The density increase prevents this and keeps the 

curve in a straight line. The viscosity and density change affects the Reynolds number and 

gives a higher friction factor. This increase keeps the pressure gradient from falling.  

The numbers calculated with Excel was supposed to be compared to the simulated pressure 

drop with Hysys. The results in this thesis show that Hysys estimated the pressure drop with 

and without wax deposit to be the same. The same limitations as described in Chapter 5.1 are 

applicable. Hopefully this it is just an error concerning my version of the software. Otherwise 

it will be yet another weakness for Hysys.  

Figure 16 shows the total pressure drop for the analytical calculations with and without wax 

deposition. It shows that when the wax layer starts at 700 metres into the pipe, the pressure 

falls. The pressure drop for a pipeline after pigging will be reduced by 3.58 bar if the pigging 

efficiency is 100 %. If the pig does not have a 100 % wax removal efficiency, the roughness 

in the pipe can vary if wax is still present in the pipe wall. This can lead to a higher pressure 

drop for the pipeline than expected after pigging.  

How segmenting of the way deposit in a pipeline will affect the pressure drop is shown in 

Figure 17 and Figure 18. The results for segmented wax deposition by Botne (2012) differ 

from the results in present thesis. One reason can be that a much higher value for the 

roughness is used in present thesis. In addition, present thesis uses a lower volume of wax. 

This gives less decrease in diameter for the pipeline. This can mean that the friction factor 

have a bigger influence on the pressure drop than the diameter decrease for high roughness 

values.  
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For slurry flow calculations the wax particles in oil does not affect the pressure drop much for 

a pipe with wax deposition. In addition, the slurry flow situation will only affect the pressure 

drop for a small part of the pipeline in the end of a pigging operation. It is more important to 

look at the difference for the pressure gradient upstream and downstream of a pig. The 

pressure drop in the pipeline is at its maximum when the pig is around 700 m. This is when 

the pig approaches the peak of the wax deposits. The flow rate used in the calculations is 

fairly low. The pig velocity is usually higher than 0.8 m/s, as found in the calculations. A 

higher pressure drop would be achieved if the pig flow velocity was higher. 
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6 Conclusion 

 

x In this master´s thesis it has been shown that wax deposit has an insulating effect in a 

subsea pipeline. Estimation of the overall heat transfer coefficient has been done with 

Hysys. Results show that Hysys do not account for the simulated wax deposit when 

estimating the U-value for a subsea pipeline. On the other hand, Hysys do account for 

changing flow velocity in the pipeline when estimating the U-value.  

 

x The strength of wax is dependent on the oil/condensate content and how the wax 

adheres to the wall. Ageing of wax leads to higher wax removal forces, and the 

removal efficiency of the pig may decrease. Pigging of the pipeline must happen at a 

given frequency to prevent the wax from hardening.  

 

x It has been presented a model for a bypass cleaning pig in operation in this thesis. 

Assumptions have been done to calculate the frictional forces and the wax removal 

forces. Results in this thesis shows that the frictional forces due to contact between 

cleaning discs and the pipe wall are higher than the forces for wax removal. There are 

many factors that affect the contact forces for a pig, and it is difficult to find realistic 

number without experimental data for the real pipeline system.  

 

x Pressure drop calculations for a pipeline with wax deposition have been done. Results 

show that the roughness value for the wax layer has a large influence on the pressure 

drop. A pigging operation reduces the pressure drop in the pipeline if the pig 

efficiency is high.  
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7 Further Work 

 

It should be done investigations of the effect ageing has on the strength of the wax deposit. In 

order to give accurate predictions for the wax removal forces at a given pigging frequency, 

the strength of the wax need to be known. More knowledge about how the wax adheres to the 

pipe wall is of interest when finding the wax removal forces.  

An expression for the frictional force between the pig and the pipe wall has been given in this 

thesis. The equation should be tested against real experiments to check the credibility of the 

expression.  

The wax scraping tool on the pig can be enhanced. A claim stated by Southgate (2004) says 

there is a potential in using more efficient tool geometry for scraping the wax. The pig form 

factor φ can be lowered to reduce the wax removal forces for a dewaxing pig.  
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Tables 

 

 

Table 4: Properties for U-value calculations 
Pipe length 12000 m 
Inner pipe diameter 0.305 m 
Outer diameter, steel 0.329 m 
Outer diameter, concrete 0.380 m 
Steel thickness 0.012 m 
Concrete thickness 0.025 m 
Mud thickness 0.015 m 
Inlet temperature 45 C 
Inlet pressure 52 Bar 
Ambient seawater 
temperature 5 C 
Volume rate 255 m3/s 

 

 

Table 5: Thermal conductivity 

Wax 0.25 W/m⋅K 

Oil 0.2596 W/m⋅K 

Steel 20 W/m⋅K 

Concrete 1.5 W/m⋅K 

Sea water 0.65 W/m⋅K 

Mud 0.6 W/m⋅K 

 

Table 6: Fluid properties 

Density, oil 764.6 kg/m3 
Density, sea water 975.6 kg/m3 
Flow velocity, oil 1.0 m/s 
Flow velocity sea 
current 0.1 m/s 
Heat capacity, oil 2416 J/kg⋅K 
Heat capacity , sea 
water 4200 J/kg⋅K 
Viscosity, oil 1.42 mPa⋅s 
Viscosity, sea water 1.88 mPa⋅s 
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Table 7: Assumed oil composition for the Norne field 
Component Mass fraction [%] Component Mass fraction [%] 

C1 0.14 C27 3.13 
C2 0.16 C28 2.14 
C3 0.3 C29 2.10 
C4 0.60 C30 1.48 
C5 0.65 C31 1.66 
C6 0.90 C32 1.73 
C7 2.51 C33 1.53 
C8 4.47 C34 1.28 
C9 3.41 C35 1.28 
C10 2.87 C36 1.03 
C11 2.78 C37 0.88 
C12 3.07 C38 0.84 
C13 3.82 C39 0.80 
C14 4.26 C40 0.64 
C15 4.52 C41-45 2.81 
C16 3.75 C46-50 1.90 
C17 4.63 C51-55 1.37 
C18 3.83 C56-60 1.03 
C19 3.75 C61-65 0.76 
C20 3.29 C66-70 0.57 
C21 3.26 C71-75 0.47 
C22 2.75 C76-80 0.31 
C23 2.97 C81-85 0.29 
C24 2.35 C86-90 0.23 
C25 2.21 C91-95 0.23 
C26 2.14 C96-100 0.14 
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Table 8: U-value results from simulations with Hysys 

  
Overall HTC 
(OD) 

Overall HTC 
(ID) U-Value 

Inlet 
temp 

Pipe 
segment kJ/h⋅m2⋅K kJ/h⋅m2⋅ K W/m2⋅K C 

1 164.66 208.35 57.9 45.0 
2 162.65 205.80 57.2 38.7 
3 161.07 203.81 56.6 33.4 
4 160.00 202.45 56.2 28.9 
5 159.47 201.79 56.1 25.1 
6 159.12 201.34 55.9 21.9 
7 158.87 201.03 55.8 19.2 
8 158.70 200.81 55.8 16.9 
9 158.59 200.67 55.7 15.0 

10 158.51 200.57 55.7 13.4 
11 158.46 200.51 55.7 12.0 
12 158.43 200.46 55.7 10.9 

 

 

Table 9: Properties for pressure drop calculations 
Inlet temperature, T 45 C 
Inlet pressure, P 52 Bar 
Inner diameter, d 0.3 m 
Pipe length, L 10000 m 
Inlet flow velocity, u 1 m/s 
Flow rate, q 0.071 m3/s 
Roughness  clean  pipe,  κ 35.1  μm 
Overall heat transfer 
coefficient, U 20 W/m2⋅K 
Fluid  density,  ρ 780 kg/m3 
Fluid  viscosity  inlet,  μ 2.14 Cp 
Reynolds number inlet 109805 

 

 

 

 

 



 

58 
 

 
Table 10: Properties for pressure drop calculations with pig 

Bypass area fraction 1 % 
Bypass area 0.00071 m2 

Discharge coefficient, Cd 0.7   
Differential pressure,  ∆P 2.6 Bar 
Oil flow rate, qoil 0.071 m3/s 
Oil velocity, uoil 1 m/s 
Bypass rate, qbp 0.013 m3/s 
Pig velocity, upig 0.83 m/s 
Wax removal efficiency  for  pig,  η 100 % 
Oil content in wax, ϕ 30 % 

 

 

 

Table 11: Properties for wax removal forces 
Pipe diameter, d 0.3 m 
Yield stress, τy 0.28 MPa 
Wax breaking force coefficient,  ɸ  √2   
Wax  removal  efficiency  for  pig,  η 0.95   
Pig form factor,  ϕ 0   
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Figures 

 

 

 

Figure 21: Norne composition (Galta, 2013). 
 

 

 

 

Figure 22: Inputs in Hysys for heat transfer coefficient estimation 
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Figure 23: Wax deposition profile for Hysys U-value estimation 
 

 

 

Figure 24: Wax deposition profile for pressure drop calculations 
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Figure 25: Load vs. extension graph for various oil content wax samples. (Southgate, 2004). 
 

 

Figure 26: Wax deposit thickness vs. U. (Christiansen, 2011) 
 



 

62 
 

 

Figure 27: Pig velocity 
 

 

 

Figure 28: Pressure drop increase for non-evenly distributed deposits (Botne, 2012) 
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Figure 29: Friction and wax removal forces vs pipe length 
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Appendix A – Calculation of friction for a pig 

 

Pipe ID 0.3 m 
E-modulus, E 8 MPa 
Disc width, w 0.03 m 
Friction coefficient, µ 0.4   
Disc size of pipe ID 105 % 
Number of discs, n 6   
Weight of pig, m 50 kg 
Oil density 780 kg/m3 
Steel density 7800 kg/m3 
Polyurethane density 1100 kg/m3 

 

 

𝜖 = ∆𝐿
𝐿௢

 

 

𝜀 = (1.03 ⋅ 0.3𝑚) − 0.3𝑚
0.3𝑚 = 0.03 

 

𝜎ௗ = 𝜀𝐸 

𝜎ௗ = 0.03 ⋅ 8 ⋅ 10଺  𝑃𝑎 = 240  000  𝑁/𝑚ଶ 

 

𝐹௙ = 𝑁µμ + 𝐴ௗ𝑛𝜎ௗµμ 

 

Assuming that 1/3 of the volume of the pig is polyurethane and 2/3 is steel. The weight of the 

pig equals the initial mass minus the weight of displaced oil: 

𝜌௠௜௫ =
1
3 ⋅ 1100

𝑘𝑔
𝑚ଷ +

2
3 ⋅ 7800

𝑘𝑔
𝑚ଷ = 5567 𝑘𝑔𝑚ଷ 
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Volume of the pig: 

𝑉 = 𝑚
𝜌௠௜௫

= 50𝑘𝑔
5567𝑘𝑔/𝑚ଷ   0.009  𝑚ଷ 

Mass of pig: 

𝑚௣௜௚ = 50  𝑘𝑔 − ൬780 𝑘𝑔𝑚ଷ ⋅ 0.009𝑚ଷ൰ = 43𝑘𝑔 

Friction equation:   

𝐹௙ = 𝑚௣௜௚𝑔µμ + 2𝜋𝑟𝑤𝜎ௗµμ𝑛 

 

𝐹௙ = 43𝑘𝑔 ⋅ 9.81 𝑚𝑠ଶ ⋅ 0.4 + 2 ⋅ 0.4 ⋅ 0.15𝑚 ⋅ 0.03𝑚 ⋅ 240000 𝑁
𝑚ଶ ⋅ 0.4 ⋅ 6   

 

𝐹௙ = 0.17  𝑘𝑁 + 16.3  𝑘𝑁 = 16.5  𝑘𝑁 
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Appendix B – Derivation of formula for wax failure stress 

 

 

Figure 30: Load model for wax removal (Southgate, 2004). 
 

Where: 

σ  =  Failure  stress  of  wax  deposit 

D = Pipe diameter 

t = thickness of deposit 

∆P = Pressure differential across pig 

 

The force exerted on the pig by the flowing fluid is 

𝐹௣௜௚ =
𝜋𝐷ଶ

4 ∆𝑃 

It is assumed that the stress on the wax deposit is compressive and aligned to the pipe axis. 

The wax removal force is a product of cross sectional are and the wax failure stress: 

𝐹௪௔௫ = 𝜎௪௔௫ ቆ
𝜋𝑑ଶ
4 − 𝜋(𝑑 − 2𝑡)ଶ

4 ቇ 

Equilibrium: 

𝐹௣௜௚ = 𝐹௪௔௫ 

 

𝜎௪௔௫ ቆ
𝜋𝑑ଶ
4 − 𝜋(𝑑 − 2𝑡)ଶ

4 ቇ =   𝜋𝑑
ଶ

4 ∆𝑃 

 

 

 



 

vi 
 

Rearranging: 

𝜎௪௔௫ =
𝜋𝑑ଶ
4 ∆𝑃

𝜋𝑑ଶ
4 − 𝜋(𝑑 − 2𝑡)ଶ

4   
 

Simplifying: 

𝜎௪௔௫ =
∆𝑃

ቀ𝑡𝑑ቁ ቀ4 −
4𝑡
𝑑 ቁ

 

 

Reference: 

Southgate, J., 2004. Wax Removal using pipeline pigs. PhD`s thesis, Durham University, 

Durham E-Theses Online: http://etheses.dur.ac.uk/2995/, June, 269 pp. 

 

 

  



 

vii 
 

Appendix C - Derivation of formula for volumetric flow through an orifice 

Bernoulli´s equation: 

𝑃ଵ +  
1
2   𝜌𝑉ଵ

ଶ = 𝑃ଶ +
1
2𝜌𝑉ଶ

ଶ 

Re-write: 

𝑃ଵ − 𝑃ଶ =   12 𝜌𝑉ଶ
ଶ − 1

2𝜌𝑉ଵ
ଶ 

 

Continuity equation: 

𝑞 = 𝐴ଵ𝑉ଵ = 𝐴ଶ𝑉ଶ 

𝑉ଵ =
𝑞
𝐴ଵ

    𝑎𝑛𝑑    𝑉ଶ =
𝑞
𝐴ଶ

 

𝑃ଵ − 𝑃ଶ =   12 𝜌(
𝑞
𝐴ଶ
)ଶ − 1

2𝜌(
𝑞
𝐴ଵ
)ଶ 

This can be solved for q: 

𝑞 = 𝐴ଶඩ
2(𝑃ଵ − 𝑃ଶ)/𝜌

1 − ቀ𝐴ଶ𝐴ଵቁ
ଶ  

 

And:  

𝑞 = 𝐴ଶඩ
1

1 − (𝑑ଶ𝑑ଵ)
ସ
  ඨ2(𝑃ଵ − 𝑃ଶ)

𝜌  

Beta factor: 

𝛽 = 𝑑ଶ
𝑑ଵ

 

Adding coefficient of discharge: 

𝑞 = 𝐶ௗ𝐴ଶඨ
1

1 − 𝛽ସ ඨ
2(𝑃ଵ − 𝑃ଶ)

𝜌  
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Meter coefficient: 

𝐶 = 𝐶ௗ
ඥ1 − 𝛽ସ

 

 

This leads to the bypass flow equation: 

𝑞௕௣ = 𝐴௕௣𝐶ௗඨ
2∆𝑃
𝜌  

 

 

Bypass flow: 

𝑞௕௣ = 𝐶ௗඨ
2∆𝑃
𝜌 𝐴௕௬௣௔௦௦ 

Where: 

Cd = Discharge coefficient 

𝜌  = Density of fluid 

ΔP = Differential pressure across pig 

qbp = Volum flow through bypass 

Abp = Cross sectional area of bypass 

 

 

Reference: 

Wikipedia, 2014. Orifice Plate. URL: http://en.wikipedia.org/wiki/Orifice_plate. Date 

accessed: 27.02.14 
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Appendix G - Calculation of the inside heat transfer coefficient hi 

To calculate the inside heat transfer coefficient hi both Reynolds number and Prantl number 

must be calculated. The density, heat capacity, thermal conductivity, viscosity and flow 

velocity of the oil is used to estimate these dimensionless parameters.  

 

𝑅𝑒 = 𝜌𝑢𝑑
𝜇  

 

Reynolds 
Number     
u 1.00 m/s 
d 0.300 m 
ρ 764.6 kg/m3 
µ 1.4282 mPa.s 
Re 160611   

 

𝑃𝑟 =
𝐶௣௙𝜇௙  
𝑘௙

 

 

Prantl 
Number     
Cpf 2416 J/kg⋅K 
µ  1.44 mPa.s 
kf 0.2596 W/m⋅K 
Pr 13.401   

 

 

𝑁𝑢௜ = 0.0255𝑅𝑒௜଴.଼𝑃𝑟௜௡ 

 

Nusselt 
Number   
Re 160611 
Pr 13.401 
Nu 791.240 
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When the Nusselt number is known, the inside heat transfer coefficient can be found by using 

this formula: 

𝑁𝑢௜ =   ℎ௜𝑑௜𝑘௙
 

Nu 791.240   
di 0.300 m 
kf 0.2596 W/m⋅K 
hi 684.687  W/m2  ⋅K 
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Appendix H - Calculation of the outside heat transfer coefficient ho 

 

Reynolds number is calculated by using the density, flow velocity and the viscosity of the 

surrounding sea water. d is the outside diameter of the pipe.  

 

𝑅𝑒 = 𝜌𝑢𝑑
𝜇  

 

 

Reynolds 
number     
u 0.10 m/s 
do 0.38 m 
ρ 975 kg/m3 
µ 1.88 mPa⋅s 
Re 19699   

 

𝑃𝑟 =
𝐶௣௙𝜇௙  
𝑘௙

 

 

Prantl 
number     
Cpf 3985 J/kg⋅K 
µ  1.88 mPa⋅s 
kf 0.6 W/m⋅K 
Pr 12.486   

 

When Reynolds and Prantl number is calculated, the Nusselt number for external convection 

is found by using equation 123. C and m are constants that depend on the Reynolds number, 

see table 12. (Bai & Bai, 2005) 
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𝑁𝑢௢ = 𝐶𝑅𝑒௢௠𝑃𝑟௢ଵ/ଷ 

Reo C m 
4E-01 – 4E+00 0.989 0.330 
4E+00 – 4E+01 0.911 0.385 
4E+01 – 4E+03 0.683 0.466 
4E+03 – 4E+04 0.193 0.618 
4E+04 – 4E+05 0.027 0.805 

 

Nusselt 
number   
Re 19699 
Pr 12.486 
C 0.193 
m 0.618 
Nu 201.836 

 

From this, the outside heat transfer coefficient can be found.  

𝑁𝑢௢ =
ℎ௢𝑑௢
𝑘𝑜  

External 
convection ho     
Nu 201.836   
d 0.3796 m 
k 0.65 W/m⋅K 
ho 345.610 W/m2⋅K 

 

Reference: 

Bai, Y. & Bai, Q., 2005. Subsea Pipelines and Risers, Oxford, Elsevier, 919 pp. 
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Appendix I  

Technical Note 

MODEL FOR MECHANICAL REMOVAL OF WAX IN PIPELINES 

 

Jon Steinar Gudmundsson 

Department of Petroleum Engineering and Applied Geophysics 

NTNU 

Trondheim 

 

March 2014 

 

Mechanical scrapers (pigs) are used to remove paraffin wax deposits in oil and gas condensate 

pipelines. To plan and carry out optimal pigging operations it is preferable to know the wax 

deposit profile along the pipeline and the mechanism(s) of wax removal. The present 

Technical Note addresses the latter by considering the forces required to remove wax 

deposits, assuming single phase liquid flow (oil and/or condensate). 

 

The force that moves a scraper pig in a pipeline is the pressure difference (upstream and 

downstream) of the pig 

 

 
4

2dpFp
S

'  

 

where d is the pipeline inner diameter. In non-horizontal situations the gravitational force on 

the scraping pig (upward or downward) needs to be included. 

 

 

The opposing forces are the frictional force (between scraper and pipe wall) and the wax 

removal force(s) 
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 waxf FF �  

 

Removal Force 

 

The wax removal force will be considered first. It is proposed here that the wax will be 

removed when its compressive stress is exceeded - this is the hypothesis. The scraper pig 

pushes on the deposited wax such that it breaks up and loosens from the pipe wall. It assumes 

that the adhesive force between the paraffin wax and the pipe wall is included. 

 

Axial stress is given by the general relationship 

 

 
A
F

 V  

 

having the unit [N/m2]. The compressive strength of a hard paraffin wax has been reported by 

Hossain et al. (2009) to be 658.4 kPa. Other values reported by the same authors for the 

paraffin wax were density of 0.7855 kg/m3 and modulus of elasticity of 55.7 MPa. Paraffin 

wax deposits in pipelines are a mixture of wax and oil/condensate so the quoted compressive 

strength must be viewed as a maximum value. In lieu of other data, it is proposed here that the 

compressive strength of paraffin wax deposits in pipelines depends linearly on the 

oil/condensate content such that 

 

 � �oilwax IV � 1658   

where oilI  is the volume fraction of oil/condensate. This proposed/assumed linear relationship 

can be improved if more relevant data are found in the literature, or by experiments.  

 

It would not be surprising that the compressive strength decreases faster with oil volume 

fraction than linearly. An exponent n < 1 should perhaps be added to the � �oilI�1  term. In the 



 

xv 
 

case that the compressive strength decreases considerably faster, then an exponential term 

may be more appropriate, for example � �oilnI�exp . 

 

The wax removal force will be given by the expression 

 

 waxwaxwax AF V  

 

The cross-sectional area of a clean pipe will be 

 

 2

4
dApipe

S
  

 

The cross-sectional area of flowing oil/condensate in a pipe with a paraffin wax deposit will 

be 

 

 � �22
4

GS
� dAfluid  

 

and the cross-sectional area of the wax will be 

 

 � �2GGS � dAwax  

 

It follows that the removal force becomes 

 

 � �2GGSV � dF waxwax  
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where G  is the wax thickness. This expression can be improved by including an efficiency 

factor K , based on laboratory experiments and/or field experience. For simplicity, this factor 

will not be included in the following text. 

 

An order of magnitude calculation can be carried out assuming a 24 inch (ca. 600 mm) 

pipeline diameter and a deposit thickness of 6 mm. First, assuming a hard wax deposit (no 

oil/condensate content). 

 

 � �006.0006.06.0006.0658 �����SwF  = 7.37 kN 

 

We note (an equation given above) that for a wax deposit containing 50 % volume fraction 

oil/condensate, the wax removal force will be one-half  this  value;;  that  is  3.68  ≈  3.7  kN  

(assuming a linear effect of oil/condensate volume fraction). 

 

Friction Force 

 

The friction force between the scraper and pipe wall fF  is a difficult quantity to estimate. 

Fundamentally, the friction force due to gravity between an object moving along a flat wall is 

given by 

 

 MgF frictionf P  

 

where frictionP  is the coefficient of friction between to materials, M is the weight of the object 

and g is the gravitational constant. The coefficient of friction relevant for pipeline scrapers 

and may lie in the range 

 

 11.0 �� frictionP  
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Different values are reported in the literature for static and dynamic coefficients. Experiments 

are required to find out whether the above simple equation for fF  can be used. An order of 

magnitude can be calculated assuming frictionP = 1 and M = 50 kg, resulting in a friction force 

of  0.495  ≈  0.5  kN.   

 

We note that the length of the scraper pig is not used in the calculation (the weight, of course, 

depends on the length and diameter of the scraper pig and the materials of construction). The 

sealing disks in pigs are typically some sort of hard rubber, resulting in a relatively high 

coefficient of friction, even greater than 1. Nevertheless, the friction force is much smaller 

than the wax removal force, in the present example. 

 

The coefficient of friction above is a constant. In reality it may depend on velocity, just as 

pressure drop due to wall friction in pipes depends on velocity squared, and the friction factor 

decreases with Reynolds number. Furthermore, the diameter of the hard disks in a scraper pig 

may be a few percentages larger than the pipeline internal diameter. It can be argued that the 

frictional force obtained from the simple equation above is the minimum force. An additional 

force would be that due to the compression/bending of the hard disks. 

 

Force Balance 

 

The force balance for a paraffin wax deposit containing 50 % volume fraction oil/condensate 

will be 

 

 7.35.0 � � waxfp FFF  = 4.2 kN 

 

the minimum pressure drop across the scraper pig (that drives it forward) will be 

 

 26.0
42.4
�

� '
S

p  =  14.8  kPa  ≈  0.15  bar 
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using the full diameter of the pipeline.  

 

The friction force is likely to depend on the scraper pig velocity. Looking for information on 

such an effect, a paper by Botros & Golshan (2010) was found. It was suggested that the 

following polynomial could be used for the friction force (based on pigging a gas pipeline) 

 

 2
210 pigpigf ucuccF ��   

 

1500  c  N 

41 � c  N.s/m 

04.02  c  N.s2/m2 

 

Assuming a scraper pig velocity of 2 m/s the polynomial give the friction force as fF  

142 N = 0.142 kN. This value is much lower than the 0.5 kN value calculated/estimated 

above.  

 

An inspection of the polynomial shows that the 1c  coefficient is negative such that the friction 

force decreases with velocity, assuming a reasonable velocity range. This seems counter 

intuitive and needs to be looked at. A model based on fluid flow in a thin layer between a pig 

and a pipe wall, will depend on both the fluid friction factor and fluid (pig) velocity. The fluid 

friction factor decreases with velocity (Reynolds number). 

 

By-pass pig 

 

A 600 mm diameter pipeline flowing 750 kg/m3 oil/condensate at 2 m/s (upstream of scraping 

pig) has a mass flow rate of 425 kg/s, based on 
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 uAm U  

 

An orifice-type flow restriction can be modelled by 

 

 pCAm ' U22  

 

where C is a coefficient (discharge) and A2 the restricted flow area. The coefficient has 

typically a value between 0.5 and 0.7. Assuming a mass flow rate 10 % of the total flow rate, 

a pressure drop of 15 kPa (estimated above) and C = 0.6 the effective flow area of the 

restriction will be 0.0149 m2 and the diameter 138 mm. This diameter is 23 % of the clean 

pipeline diameter, which seems too high. A more reasonable value would be 10-15 % of the 

clean pipe diameter.  

 

Criterion for what percentage by-pass flow would be required for successful pigging is not 

provided in the present Technical Note. Knowledge about the paraffin wax deposition profile 

would be an important input in selecting/developing a launching a useful criterion for a 

scraper pig. One possible criterion could be that the volume fraction wax in the flow 

downstream of the scraping pig should not be higher than 10 % volume fraction. Slurry flow 

studies may aid in finding a good criterion. 

 

A by-pass pig should have a non-return valve to make it possible to move it by pressurizing 

the downstream side; for example, in case the scraping pig gets stuck. A by-pass pig for 

paraffin wax removal should also have a plate of some sort at the downstream end to 

distribute the fluid directly to the wall (radial fluid jet to aid in removing deposits). A non-

return valve and fluid jet distribution plate would add some pressure drop through the by-pass 

pig. 
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Pressure Gradient 

 

A by-pass flow of 42.5 kg/s may ensure that the scarped-off paraffin wax is carried 

downstream at greater velocity than that of the scarping pig (this is an empirical assumption, 

for illustration purposes). The average fluid velocity downstream the scarping pig is 10 % 

greater than 2 m/s (= 2.2 m/s). The velocity gradient in the pipeline will not be the same 

upstream and downstream of the scraping pig, based on the Darcy-Weisbach equation 

 

 2

2
u

d
Lfp U '  

 

Upstream the diameter is the full pipeline diameter. Downstream, the diameter is reduced by 

the paraffin wax deposit. The densities will be slightly different, but not by much because the 

densities of oil/condensate and paraffin wax are about the same.  

 

The wall friction factor upstream and downstream will be different. This important variable 

will not be considered in detail in the present Technical Note. Experience indicates that the 

effective wall roughness of a paraffin wax deposit is much higher than that of a steel pipe. It is 

proposed here that the effective roughness used in pressure drop/gradient calculations with 

paraffin wax deposits should be π-times higher than the thickness δ. 

 

Other variable of relevance are temperature and viscosity. Temperature in subsea pipelines 

decreases exponentially with length according to 

 

� �
»
»
¼

º

«
«
¬

ª�
�� L

Cm
dUTTTT
p

uu
Sexp12  

  

The surrounding temperature is Tu and U [W/m2.K] the overall heat transfer coefficient 

(ranges from 15 to 25 for subsea pipelines). 
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Slurry Flow 

 

The oil/condensate and scraped-off paraffin wax will flow as slurry downstream of the 

scraping pig. In 1 m length of the example pipeline the volume of the scraped-off wax will be  

 

 � �22
4

GS
� dAwax  

  

 � �2GGS � dAwax  

 

 � �006.0006.06.0006.0 ��� SwaxA  = 0.0114 m2 

 

10114.0 � waxV  = 0.0114 m3 

 

Cross-sectional area of fluid (flowing oil/condensate) in a pipeline with a paraffin deposit 

 

� �
4

2 2GS �
 

dAfluid  

 

� �
4

006.026.0 2��
 
S

fluidA  = 0.272 m2 

 

Checking the numbers 

 

 26.0
4
S

 pipeA  = 0.283 m2 

 

 waxfluid AA �  = 0.272 + 0.0114 = 0.283 m2 
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Volume fraction paraffin wax in oil/condensate will therefore be 

 

 
flowwax

wax
wax VV

V
�

 I  

 

272.00114.0
0114.0
�

 waxI  = 0.040 

 

In other words, the wax volume percentage is about 4 %. This is quite small so the viscosity 

of the slurry can be approximated by the Einstein equation 

 

 � �waxIPP 5.210 �  

 

where 0P  is the viscosity of the oil/condensate (same temperature and pressure) without 

paraffin wax particles. 

 

Addendum 

 

A detailed literature review was not carried out before the work in the present Technical Note 

was carried out. The idea was to try to put together a simple wax removal model based on first 

principles. Subsequently, more detailed studies can be carried out in an academic setting 

together with inputs (discussions and data) from actors in the oil and gas industry. 

 

As mentioned above, during the writing of the present Technical Note, one paper was found 

that gave information about the strength and removal of paraffin wax in pipelines (Barros et 

al. 2005). Therein in a reference was given to Wang et al. (2001). Both papers have a lot of 

useful information. However, the information was presented in such a way that it is difficult 
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to make direct comparisons with all aspects of the overall model presented in this Technical 

Note.  

 

Measured friction forces were reported, but not the compressive strength of the paraffin wax 

removed. In the Wang et al. (2001) paper the measured forces were reported as dimensionless 

force referenced to the normal force, without specifying what normal force. In none of the 

papers was the weight of the scraping pig given (information needed in the model proposed 

here). Only in one of the papers (Barros et al. 2005) was the mechanical friction coefficient 

assumed (in the range 0.3 to 0.4). 

 

Concluding Remarks 

 

The model proposed is quite basic/simple and can be used to illustrate how the main 

parameters affect the pressure required to remove paraffin wax from a pipeline wall. The 

following comments are offered: 

 

1. The force needed to move a scraper pig is simply the pressure drop between the 
upstream and downstream ends of the pig. 

2. The removal force is proposed to be the compressive strength of the paraffin wax, 
assumed to include any other additional effect such as adhesive strength. 

3. The compressive strength is proposed to be directly proportional to the compressible 
strength of hard compacted paraffin wax and some function of the volume fraction of 
oil/condensate in the pipeline wax. 

4. The friction force is proposed to be calculated/estimated directly from the fundamental 
friction-between-solids equation (Coulomb) and hence be proportional to the 
mechanical friction coefficient and the weight/mass of the scraper pig. 

5. Pressure drop through a by-pass pig is proposed to be calculated from a standard flow-
through-restriction equation which includes a discharge coefficient. 

6. Friction factor for fluid and paraffin wax deposit is proposed to be 
calculated/estimated based on a sand-grain roughness equal to the multiple of π and 
the deposit thickness δ. Standard friction factor equation (Haaland) can then to be 
used. 

7. The effective viscosity of the slurry mixture downstream a scraping pig can be 
estimated from a simple equation (Einstein) based on the fluid viscosity and volume 
fraction paraffin wax. 

8. Literature values (if available), laboratory experiments and field test can be used to 
obtain more correct values of the parameters in the model. 
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