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Velocity Signals 

The velocity signal showed the wire velocity as the BHA was pulled. The velocity was 

measure to see if the tension was affected by it, and if the velocity was constant in the system. 

Four different velocities are presented in Figure 27. The scale for all the velocity charts go up 

to 20 cm/s, except for the lower right chart, with ultra high velocity, scaled up to 30 cm/s. 

 

Figure 27: Velocities; Low (upper left), High (upper right), Super High (lower left) and Ultra High (lower right) 

 

The velocity measurements were fairly accurate when compared with calculated velocities in 

Table 4. The lowest velocity had the more accurate reading because less oscillation in the drill 

string was involved. Not all the runs had major discrepancies in the velocity as the two charts 

on the right. This was due to the wire placement in the winch during the spooling. When the 

wire wound up on itself and then slipped down to a lower level the wire decelerated for a split 

second. 

Raw Data Signals  

Figure 28 shows the difference in the sampling rate, between the filtered and the unfiltered 

program. The left charts show a low velocity while the right charts show a higher velocity. 
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Figure 28: Raw data charts with high sampling rate program (upper left and right) and low sampling program (lower 

left and right) of low (left charts) and high velocity (right charts). 

 

Plotting the raw data made it possible to observe the input signals before they were converted 

and filtered. This was done to verify the quality of the signals coming in. The raw voltage data 

picked up all the noise in the signal. As the sampling rate increased more noise was picked up 

as shown in the two upper charts.  

“Noise” Effect on HKL With and Without Filters 

The difference in the HKL measurements before and after the program in LabView was 

improved is presented in Figure 29. 
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Figure 29: HKL of TM2000 and TM200 from first program without filters (upper left and right) and second program 

with filters (lower left and right). 

 

The filtered signal curve was not affected much by the noise because the number of samples 

from the actual signal was so much greater than from the noise. 

6.1.2. Result Evaluation 

In this section the results are evaluated and compared with some field data and the model. All 

the results presented in the evaluation were taken from TM200, on order to limit the results in 

the report. Both the tension meters showed similar curves, but TM200 experienced less 

interfering friction in the system. 

The result evaluation topics are: 

a) Metal Surface at Different Velocities 

b) Metal Surface with Different Spring Strengths 

c) Dry Sand Surface with Two Spring Strengths and Two Velocities 

d) Water-Wet Sand Surface with Two Spring Strengths and Two Velocities 

e) Three Surfaces with Two Spring Strengths and Low Velocity 

f) Three Surfaces with Two Spring Strengths and High Velocity 

g) Velocity and Spring Strength Influence on Initial HKL 

h) Comparing Experimental Results with Field Data and Model 
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a) Metal Surface at Different Velocities 

The HKL measurements changed as the runs were performed with different velocities. Five 

different velocities were performed on the metal surface. Super high and ultra high velocities 

were performed to see if major changes in the velocity would affect the HKL in any new 

ways. Figure 30 shows all five velocities (low, medium, super high and ultra high) with the 

medium low spring strength. To see the different velocities see Table 4. 

 

Figure 30: HKL on metal surface with medium low spring strength. Run velocity increasing from low to ultra high in 

the following order; top, center left, center right, lower left, lower right. 
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As seen in the charts, the HKL accelerated faster with higher velocity. The initial HKL peak 

increased slightly as the velocities increased. The wave behavior in the HKL was due to the 

elastic behavior in the drill string and the friction under the BHA. This was due to the 

changing friction factors going from static to dynamic state. The lower velocities had lower 

peaks after the initial peak, while the higher velocities had increasing peaks. That could have 

been due to the changing friction factor in the tray. The metal surface in the tray seemed to 

become smoother as more runs were performed on the metal surface. A lot of trial runs were 

performed before the experimental runs were performed, and the surface most exposed to the 

moving BHA was the upper part of the tray. Less runs went further down the tray. With 

higher velocities the BHA traveled further down, running over a rougher surface. 

The peaks of the higher velocity runs were sharper than in the lower velocity runs. This was 

because of the increased accelerated force. Because the runs were faster they also created 

more peaks.  

b) Metal Surface with Different Spring Strengths 

Only the metal surface was tested with all the five springs. The charts in Figure 31 show the 

same velocity; high velocity. The figure shows the changes from the weakest spring strength 

to the strongest (see the different springs in Table 3). 
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Figure 31: HKL on metal surface at high velocity. Spring strength increasing from low to high in the following order; 

top, center left, center right, lower left, lower right. 

 

The stronger the springs were the less elasticity they had, and the faster the HKL increased. 

The stronger springs were shorter with less active coils, which made the springs less elastic. 

The runs with stronger springs reached the initial peak much faster and created sharper peaks. 

All of these runs were performed with the first custom designed program, so it was important 

to not confuse the spikes from the noise with the actual HKL. All the runs experienced an 

increasing HKL further down the tray even with different springs. As mentioned earlier, this 

was due to the change in the metal surface roughness.  
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c) Dry Sand Surface with Two Spring Strengths and Two Velocities 

All the runs on cuttings were performed with the improved LabView program. The charts in 

Figure 32 show the runs on the dry sand surface. The two top charts show the medium low 

spring strength with low and high velocity, while the bottom charts show the high spring 

strength. The scale for the HKL increased up to 130 kg in the charts with cuttings.  

 

Figure 32: HKL on dry sand with two spring strengths and two velocities. The charts show the following: Medium low 

spring strength, low velocity (upper left) and high velocity (upper right); High spring strength, low velocity (lower 

left) and high velocity (lower right). 

 

Tripping with the weaker spring created more oscillations because of elastic behavior, as seen 

in the top two charts. The longer the BHA was pulled the more of the sand surface underneath 

the BHA was plowed away. This made the BHA slide gradually more on the metal surface the 

further it traveled. The HKL with the strong spring increased much faster than with the weak 

spring, because of difference in elastic behavior. The low velocity runs did not have much 

oscillation. The reason they were so similar was because they did not run far enough to plow 

away the sand enough to slide on the metal surface.  

The run in lower right chart with high speed also plowed away the sand. An initial peak was 

reached, but then the oscillation quickly stopped. This was because of the damping effect of 

the spring and the sand.  
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d) Water-Wet Sand Surface with Two Spring Strengths and Two Velocities 

In Figure 33 the runs were performed with water and cuttings.  

 

Figure 33: HKL on water-wet cuttings with two spring strengths and two velocities. The charts show the following: 

Medium low spring strength, low velocity (upper left) and high velocity (upper right); High spring strength, low 

velocity (lower left) and high velocity (lower right). 

 

The HKL did not change much from the dry cuttings. The runs with the more elastic spring 

had more oscillation than with the less elastic spring, just as before. The HKL with the higher 

velocity and high spring strength decreased slightly with time. This was because the frictions 

coefficient of the metal surface was lower than the sand surface. As the sand was plowed 

away the HKL decreased.  

e) Three Surfaces with Two Spring Strengths and Low Velocity 

The charts in Figure 34 show the changes in HKL on the three different surfaces; metal, dry 

sand and water-wet sand. The medium low and high spring strengths were used. All the runs 

were performed at low velocity. The scale for the metal surface charts goes up to 100 kg, 

while the scale for the other charts goes up to 130 kg. 
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Figure 34: HKL on metal (upper charts), dry cuttings (center charts) and water-wet cuttings (lower charts). Both 

medium low spring strength (left charts) and high spring strength (right charts) ran with low velocity. 

 

The HKL on sand increased from the metal surface to the cuttings. The HKL increased by 

approximately 50 kg. This shows that the friction factor on the cuttings was higher than on the 

metal. On cuttings the HKL did not drop much after the initial peak. The dynamic friction 

factor showed to be almost the same as the static friction factor. The run on dry cuttings 

experienced a higher initial peak than on the water-wet cuttings. The run on the water-wet 

cuttings also had smoother transition from static to dynamic state. This means that the friction 

factor for the dynamic state was higher than for the static state on water-wet cuttings.  

Because the friction factors in static and dynamic state were so similar in cuttings, little to no 

potential energy was released from the extended springs, especially the strongest spring. That 

was the greatest reason why oscillations did not occur in those runs. 
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f) Three Surfaces with Two Spring Strengths and High Velocity 

In Figure 35 the charts show the HKL on all the surfaces with the same spring strengths, but 

with high velocity.  

 

Figure 35: HKL on metal (upper charts), dry cuttings (center charts) and water-wet cuttings (lower charts). Both 

medium low spring strength (left charts) and high spring strength (right charts) ran with high velocity. 

 

The HKL on water-wet cutting had even less oscillation than on dry cuttings. 

With the lower spring strength the water kept the BHA from plowing down as fast as on dry 

cuttings. The greater oscillation on water-wet cuttings started later and was more gradual.   

At high velocity the HKL did not oscillate with the stronger spring. The HKL experienced a 

small initial peak on both dry and wet cuttings with the strong spring. This questions the idea 

that the dynamic friction factor is higher than the static on wet cuttings. But the peak could be 

due to the increased acceleration. The HKL decreases over time on cuttings, best seen on the 

runs with little to no oscillation. 
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g) Velocity and Spring Strength Influence on Initial HKL  

Different Frictions 

The main focus of the results was the initial HKL peak. Figure 36 shows the difference in the 

HKL on three different surfaces; metal, cuttings and water-wet cuttings. The medium low and 

high spring strengths were utilized on all the surfaces. 

 

Figure 36: The stabilized “constant” HKL signal vs. type of friction and vs. spring strength at constant velocity (high) 

 

The static friction factor was evidently greater on the cuttings bed than on the metal surface. 

The stabilized “constant” HKL also increased slightly with a less elastic drill string, probably 

due to a higher reactive force build up in the weak spring. 

Pulling Velocity 

The velocity of the drill string affected the initial HKL to a limited degree, as shown in Figure 

37. The velocity can not affect the friction factor, but in the experiment it affected the 

acceleration of the BHA. The higher velocity runs only increased the HKL slightly. 
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Figure 37: Initial HKL vs. velocity at constant spring strength (high) 

 

The friction factor for the water-wet cuttings proved to be slightly smaller than on dry sand. 

The static friction factor for the surfaces can be calculated by using the initial HKL as 

following: 

 
𝜇𝑠𝑡𝑎𝑡𝑖𝑐 =

𝐹𝐻𝐾𝐿

𝐹𝑁
 (28) 

 

Table 9 shows a minimum and a maximum friction factor, because the HKL changed when 

the velocity and spring strength changed. 

 

Table 9: Static Friction Factor vs. Type of Surface 

  

Metal Cuttings Cuttings 

Water-Wet 

μ-min 0,255 0,485 0,486

μ-max 0,332 0,523 0,494

Surface
Static Friction 

Factor
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As shown in the results above, the velocity did not change the friction factor, and neither did 

the drill string elasticity. The actual static friction factor is then smaller than the minimum 

friction factor. This is also deduced from the following equations: 

 𝑚 ∙ 𝑎 = 𝑘 ∙ ∆𝑥 − 𝜇 ∙ 𝑚 ∙ 𝑔 (29) 

 
𝜇 =

𝑘 ∙ ∆𝑥 − 𝑚 ∙ 𝑎

𝑚 ∙ 𝑔
 (30) 

 

 

h) Comparing Experimental Results with Field Data and Model 

The results were finally compared to the field data from Figure 7 (Field Data One Stand 

Tripping Operations (Statoil, 2007)). The field data showed that the HKL increased rapidly, 

and once it surpassed the maximum static friction force the BHA started moving. The HKL in 

the dynamic state did not seem to change from the static state. The HKL also did not have any 

oscillating behavior. It was rather linear. The experimental runs that seemed to behave the 

most like the field data was the ones that ran on cuttings, wet and dry, with the high spring 

strength. The similarities could mean similar characteristics. This implies that the drill string 

had little elastic behavior, because if it was elastic, the HKL would most likely show more 

oscillation as seen in the experimental results with low spring strength (see Figure 34 and 

Figure 35). The static and dynamic friction factors seem to be very similar in the field data, as 

in the experiment.  

The mathematical model with non-elastic behavior (see Figure 9 Matlab; Simple HKL Model 

of Experiment) showed some similarities to the field data and the experimental results. The 

field data did not show any initial peak, but the lab results did. But results showed that with a 

great initial peak, lots of peaks follow, and this is not shown in the model. The linear behavior 

in the dynamic state of the model was seen in both the field data and lab results. The lab 

results showed this when it ran on cuttings. 

The mass-spring model did not have the data to simulate the experimental HKL, and was 

therefore just presented as an elastic model that could have modeled the initial HKL peak.  

There are many uncertainties about the bore hole from the field data. What is certain is that 

the formation is very different from the metal surface in the experiment. The drill string could 
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have been on cuttings or just the naked formation, and the formation walls could have had 

static and dynamic friction factors that were approximately the same. The formation walls 

could also have been coated in fluids and filter cake that also affected the friction factor. 

The friction factors seemed to be very high according to the project supervisor, even when 

considering that they are smaller than the minimum friction factors shown in Table 9 (Static 

Friction Factor vs. Type of Surface). 

The main reason that the HKL oscillation is dampened in wells is due to the high friction 

along the drill string, especially in bends. Another reason is the hydraulic friction. The 

oscillations disappear on the way up. In a vertical well there are few damping affects. 
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7. Discussion 

It was essential for the results that the experiments were well performed. This section 

discusses the quality of the model and the experiment.  

7.1. Quality of the Model 

The non-elastic model was created to simulate the initial HKL in a horizontal well during a 

tripping operation. The numerical models are always an approximation, trying to represent the 

real world. More components and complex factors could always be implemented into the 

model for improved accuracy. Due to the limited time of a master’s thesis it is important to 

implement the most important elements, while excluding the less critical ones. Consequently, 

the model loses precision. 

The non-elastic model is a simple model of Coulomb friction. It neglects a lot of key factors 

involved in the HKL. The HKL will, after reaching the peak, create an oscillation mode if 

there are no damping effects involved. In the experimental set up there were no damping 

elements involved.  

Originally an elastic model was going to be designed to obtain a better understanding of the 

HKL. Certain information about the initial conditions was required to make such a model; 

information about the relative change in distance between the wire and BHA during the 

tripping respectively. This was realized first after the experiments were completed. The mass-

spring model was presented as an example of an elastic model. This model includes 

circulation friction, buoyancy and multiple masses. The experiments were carried out with 

only one mass, the BHA, and no fluid circulation.  

7.2. Quality of the Experiment 

There were no faulty mechanics, wiring or programing from what was observed. The first 

assumption made was that the laboratory experiment did not have any faulty components. 

Many aspects to the experiments could have been improved. The experiment was only as 

good as the assumptions and boundaries dictate. The rig was made sturdy, robust and long 

lasting for future rigs.   
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The electrical wires were coiled up in order to reduce the noise interference in the signal 

readings. This limited somewhat the run distance of the BHA, because the electrical wire 

from TM200, right in front of the BHA, was moving away from the computer. The main 

reason for putting the tension meter right in front of the BHA was to avoid measuring the 

friction forces in the pulley system. If the tension meter was integrated in the dead line the 

friction forces in the pulley system would have been included in the HKL. Any other location 

for the tension meter would have made it further away from the computer, which meant less 

coiling of the wire.  

The start of the HKL was inconsistent. There were two reasons for that; the amount of drill 

string wire that needed to be spooled in before the tension increased and the time difference 

between when the winch and the LabView program started. When the run started with a lot of 

slack in the wire the HKL had a delayed increase. If the recording in the LabView program 

started much later than the winch, the wire would already be in tension when the program 

started.  

When the runs repeated themselves it was very important to recreate the same conditions 

every time. This was especially important when runs were performed on cuttings, because 

they were plowed away. When water was included the tray-surface had to be re-wetted every 

time. Every time the BHA was pulled back the cuttings were evened out with the same 

thickness and water was refilled. The runs were performed under the most consistent 

conditions to eliminate uncertainties.   

The accuracy of the results also depended on the electrical wires, tension meters, dynamo, 

LabView etc. It was assumed that the equipment was in order and that it was working 

properly, since they were calibrated. The electrical wires could possibly have been faulty and 

sent poor signals. The tension meters and dynamo could possibly have sent irregular voltage 

signals. LabView could possibly have acquired the signals wrong, or the custom designed 

program could possibly have been faulty or poorly designed. All of these factors could have 

messed with the results. With limited resources and equipment assumptions were made; as 

long as the results looked reliable they were good.  

The most important thing was how well the experiment could simulate field environment. If 

the results poorly simulated the field data, they could not be applied for tripping operations.  
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7.3. Future Work 

The continued work on tripping operation is very important in order to prevent stuck pipe and 

damaged tools.  

When the results were analysed it was assumed that the surface conditions were the same for 

each run. More runs could have been done under the same conditions to see if the results 

would repeat themselves or if they would change. If they repeated themselves enough it could 

mean that the runs gave a fairly accurate estimate. The non-performed runs could also have 

been performed for more data. 

The noise could have been eliminated by giving the winch operating system new filters, 

putting a screen around it and relocating the position of the operating box.  

One way of improving the plots could have been to integrate the winch and program buttons 

together. That way they would have started at the same time every time. By starting with a 

minimum tension every run, the slack wire problem could have been solved.  

The field environment has a lot of elements that were not included in the simulation. That 

means the lab data could not perfectly simulate a true tripping operation. The results of the 

simulation can only be applied to the field when understanding its limitations.  

To sum up, the further development of this work can be achieved by:  

Concerning the rig 

 Calculating the acceleration of the BHA 

 Using different cuttings 

 Adding mud to the surface of the BHA 

 Creating a cylinder shaped BHA in a half pipe tray for better contact area 

 Creating a surface with cuttings glued to the tray to better simulate rock formation 

walls 

 Designing better draw works for a more stable wire 

 Measuring the positions of the BHA and the wire on either side of the springs 

 Suppressing or eliminating the source of the noise 

 Creating a single stop button for both rig and program 

 Including more variables for a more realistic tripping environment 
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Concerning the model 

 Developing an elastic model that better represents the a tripping operation done in the 

experiment 

 Measuring the velocity on either side of the springs 

 Obtaining more measurements in the experiment to better develop a model 
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8. Conclusion 

The following conclusions have been drawn based on the results, evaluation and discussion of 

this thesis: 

 The HKL model was sacrificed to the focus on building and experimenting. 

 A robust and strong HKL rig was successfully built. 

 The testing and quality checking made certain problems apparent; noise, which was 

eliminated with better wiring and improved signal processing. 

 The HKL signals looked promising and were approved for the experiment. The HKL 

signature resembled field data. 

 The initial peak behavior occurred during every performed run. 

 The friction factor proved to be independent of the velocity and drill string elasticity. 

 The work on tripping needs further development by including more elements to better 

model and simulate the field environment. 

 Furthering the work gives a better understanding of the problems during tripping, 

which can prevent or mitigate stuck pipe and damaged tools, which leads to NPT. 
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9. Nomenclature 

α  inclination 

β  buoyancy 

∆  initial distance between masses  

ε  strain 

θ  angle 

μ  coefficient of friction, friction factor 

μd  dynamic friction factor 

μs  static friction factor 

μviscosity mud mud viscosity 

σ  stress  

x  position of specific mass 

∆x  spring length deformation 

 

a  acceleration 

Acs  cross section area 

c    rate 

Csheave  sheave circumference 

dh  diameter of hole 

ds  diameter of drill string 

dsheave  sheave diameter 

Dt     wire diameter 

Dy     outer diameter 

E  Young' s modulus  

F  force 

F0     initial force in Newton required force before the spring starts to extend 

FD  fluid drag force 

Fdf  dynamic friction force 

Fdl  dynamic load 
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Ff  friction force  

Fmax   maximum permitted force for dynamic load in Newton 

FN  normal force 

Fsf  static friction force 

Fsp  spring force 

FW  force of drill string weight 

g  gravity constant 

k  spring konstant 

L  length 

L0    free length 

L1    permitted extended length for dynamic load 

∆L  length of deformation 

m  mass 

mmax  maximum permitted force for dynamic load in kg 

N  number of lines in hoisting system 

nv     number of active coils 

t  time 

Vest  estimated voltage 

Voutput  voltage output 

v  velocity 

vest  estimated velocity 

W  weight 

WA  angle weight 

WN  normal weight 

X1  voltage input signal 

 

BPOS  block position 

CoF  coefficient of friction (friction factor)  

ERD  extended reach drilling 
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HKL  hook load 

ID  inner diameter 

NFR  norges forskningsråd 

NPT  non-productive time 

NTNU  Norges teknisk-naturvitenskaplige universitet 

OBM  oil based mud 

OD  outer diameter 

POOH  pull out of hole 

RIH  run in hole 

VI  virtual instrument 

WBM  water based mud 

WOB  weight on bit 
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11. Appendix 

 

 


