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ABSTRACT 

An experimental apparatus has been built to measure 

the relative permeability of water and steam in a two 

phase flow through porous rock for a range of flow 

configurations and conditions. In the experiment, the 

pressure gradient will be measured and consequently 

the relative permeabilities of the two phases will be 

assessed. We would like to determine the relative 

permeability as a function of the volume fraction of 

the liquid (water saturation) in the two phase flow. It 

is therefore important to make direct measurements 

of the water saturation at various locations in the 

experimental apparatus. In this paper, X-ray imaging 

equipment (moveable C-beam) was used to quantify 

the liquid fraction in steel pipes filled with different 

materials.  The experiments were done using steel 

pipes of different diameter and wall thickness. Our 

preliminary results showed that useful X-ray images 

could not be obtained with wall thickness greater 

than 8 mm with the X-ray equipment at hand, most 

likely because of limited energy of the beam (max of 

106 keV). X-ray penetration was sufficient when we 

limited pipe diameter to 100 mm and thickness to 8 

mm. This method was used on a pipe with diameter 

76 mm and wall thickness 4.5 mm and filled with 

angular quartz fragments in effort to simulate a 

geothermal reservoir. The pipe was subsequently 

filled gradually with water while taking X-ray images 

every step of the way. Using image software to 

evaluate the images from our experiments we 

observed that as we added water into the pipe the 

grayscale of the image changed gradually. To obtain 

an absolute scale for the grayscale of the images we 

used a step wedge made of steel. This experiment 

shows that we can use X-ray imaging, along with 

absorption reference for comparison (step wedge) to 

quantify water saturation in steel pipes. 

 

INTRODUCTION 

X-rays have been used for medical purposes for over 

100 years, but geoscientists have also been using X-

rays, mostly CT, to ascertain the internal structure of 

core samples, figure out flow in fractures, porosity of 

rocks and consequently their permeability. Numerous 

studies have been made for geothermal purposes 

where experiments were performed to quantify the 

steam-water relative permeability in two phase flow 

of water and steam (W. J. Ambusso, 1996; Dastan, 

2006; G. F. Mahiya, 1999; Satik, 1998). Repeated 

studies on this matter have had difficulty in 

producing consistent result or repeatability because 

of the difficulty of determining the individual steam 

and water flow rates. The traditional Darcy equation, 

used to describe the mass flow for a horizontal one 

phase and one dimensional flow is shown in Eq. (1).     

 k dp
m A

v dx
   (1) 

Where k is the intrinsic permeability of the 

surrounding porous media,  is the fluids kinematics 

viscosity and dp/dx is the pressure gradient of the 

flow. For two phase flow the intrinsic permeability is 

not alone sufficient to account for the fluid 

permeability. A new factor is introduced into Eq. (1), 

called the relative permeability, krw and krs for water 

and steam respectively. Eqs (2) and (3) show the 

mass flow for the two phases in water and steam flow 

where the subscript w accounts for the water portion 

and s for the steam portion. 
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According to these Darcy equations it can be 

assumed that the relative permeabilities act as area 

reduction factors and can therefore be assessed as the 

phase saturation in the permeable matrix. In his 

report, Ambusso (1996) concluded that the steam-

water relative permeabilities were best described with 

the (linear), X-curves see Fig. 1 (Ambusso, 1996).  
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Figure 1: Relative permeability curves, solid line       

from Corey (1954) and the dashed line is 

according to Ambusso (1996) (Horne et 

al., 2000). 

 

Later studies with the same experimental equipment 

(Mahiya, 1999; Satik, 1998), did not succeed in 

confirming these findings but instead, their results 

indicated that Corey curve (as seen in Fig. 1) was 

more likely fitting to the results as can be seen in Fig. 

2 that is showing the results from Mahiya (1999). 

 
Figure 2: Relative permeability curves. Results from 

Mahiya (1999). 

 

To be able to relate the relative permeability to water 

saturation, the water amount in the two phase flow 

has to be determined. Among other methods, X-ray 

has been used for saturation detection where flow of 

water and steam was injected into a tube filled with 

rock material (Dastan, 2006; Horne et al., 2000; 

Schembre & Kovscek, 2003). To what extent X-ray 

can be used for detecting the water saturation in steel 

pipes filled with rock material is not fully known, in 

part because the enclosing steel heavily attenuates the 

X-ray beam rendering it difficult to measure small 

changes in the water-steam ratio. Despite this 

drawback, aluminium enclosure has been used 

(Dastan, 2006). A few experiments have used X-ray 

CT scanners and then the enclosing material was 

non-metallic, for instance made out of plastic (PEEK, 

Ultem) or acrylic material  (Dastan, 2006; Horne et 

al., 2000; Schembre & Kovscek, 2003).  

One experiment has been done on a two phase 

gathering pipe at Svartsengi geothermal power plant 

using the same X-ray equipment as used in this 

project. In that project the aim was to map out slug 

flow in the gathering pipes where video was made of 

the two-phase flow from the X-ray images. The X-

ray equipment was installed in order to have the side 

of the flow visible. Because of the wall thickness of 

the steel pipes the videos are not of good quality but 

some pulses of water flow could be seen showing the 

slug flow (Lund & Thrainsson, 2003).  

Project 

Main tasks of this project are twofold. 

First, find out if detecting and quantifying water in 

steel pipes is possible with X-ray equipment available 

in the Biomedical engineering lab of Reykjavík 

University. 

Secondly, pending on the success of the first task, to 

set up experiments with steel pipes and use the X-ray 

equipment to detect and quantify water saturation in 

steel pipes, both as the only component and also 

mixed with rock material and then process the data 

from those experiments. 

These tasks were performed at the Reykjavik 

University using the existing X-ray equipment. Steel 

pipes were gathered for the project and prepared for 

the experiments in the machine shop at Reykjavik 

University. 

  

 

ATTENUATION OF X-RAYS 

The X-ray beam is attenuated as it travels through 

material and using some simplifying assumptions the 

intensity of the beam after traveling through material 

of thickness d (Fig. 3) is:  

 
 d

out inI I e   
(4) 

Here Iout is the intensity of the outgoing beam and Iin 

the intensity of the incident beam. µ is the linear 

attenuation coefficient which is, and it depends on the 

energy of the beam, the mass density of the material 

and its composition. Strictly, this equation is only 
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valid in a homogeneous material and when the beam 

consists of single energy photons and ignoring 

scattering. Fig. 3 shows how X-rays travel through a 

slab. 

 
Figure 3: Travelling of an X-ray beam through a slab 

(Wolbarst, 2005, p. 153). 

 

If the beam consists of single energy photons and 

travels through a medium that is non-homogeneous 

then the relation between Iout and Iin is: 
  

xout

xin
x dx

out inI I e


  

 
(5) 

A single photon energy X-ray beam is not common in 

imaging equipment but has a continuous spectrum of 

energy, consisting of both characteristic radiation and 

bremsstrahlung. Despite of this continuous spectrum, 

one can often refer to an effective energy of the 

beam. 

 

As can be seen in Table 1, the attenuation is highest 

in Iron and the mass attenuation is similar for all the 

materials at higher energies. The linear attenuation of 

the materials is very different, mostly because of a 

very different density of the materials. For example 

the linear attenuation of air can be ignored for high 

energy X-ray beam.  

 

Table 1: Linear attenuation coefficients for a few 

materials at four different energies 

(Siegbahn, 1955). 

50 keV 80 keV 100 keV 150 keV

Air 2,48,E-04 2,03E-04 1,89E-04 1,66E-04

Water 0,22 0,18 0,17 0,15

Iron 14,95 4,64 2,91 1,574

Concrete 0,84 0,48 0,41 0,336

Glass 0,67 0,42 0,37 0,310

Linear attenuation [cm-1]

 
 

Fig. 4 shows calculated attenuation of x-ray beam as 

it traverses through a steel pipe partially filled with 

water and assuming an effective energy of 80 keV, 

representative for our equipment and setup. As can be 

seen in Fig. 4, only a small fraction of the photons 

make it, unaffected all the way through the test 

subject which is mostly the result of the high 

attenuation of Iron (steel). Just going through 4.5 mm 

of steel the photons go down to 14% of their original 

number. 

 

 

Steel

Thickness 4,5 mm

Water

Air34,6 mm

34,6 mm

X-ray Effective 

Energy 80 keV 

Iout

A

B

C

D

E

Rel. intensity 

penetrating

Photon % 

of Iin

A 100

B 14,0

C 14,0

D 7,4

E 1,0

 
Figure 4: Cross section of a pipe and calculated 

attenuation of the X-ray beam as it 

traverses the steel, air and water assuming 

an effective energy of 80 keV. 

Imaging equipment 

The X-ray machine used in the experiments described 

in this paper was a C-arm machine manufactured by 

Siemens in Germany 1988 owned by Reykjavík 

University and located at the Biomedical engineering 

laboratory. Fig. 5 demonstrates the experimental 

setup for the X-ray equipment in the laboratory at 

Reykjavik University where this experiment was 

performed. 

X-ray tube

Test subject 

#4

Image 

intensifier tube

Rack for test 

subjects

 
Figure 5: The X-ray machine and the experiment 

setup in the Biomedical engineering lab 

at Reykjavik University. 
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The C-arm of the X-ray machine (Fig. 10) is very 

maneuverable rendering the machine very good for 

our experiment. To get the machine to automatically 

go to the desired setting and to close the rest of the 

receiver that the pipe did not cover, there had to be 

good screening or sort of collimator around the pipe 

which was done with steel plates. On one side of the 

pipes there was 15 mm x 50 mm x 300 mm and on 

the other side was 8 mm x 100 mm x 300 mm. For 

adjustment 0.8 mm sheet metal plates could be added 

as needed, usually just one but could go up to three, 

and on the top of that the step wedge (Fig. 6) was 

placed.   

 
Figure 6: Step wedge 

 

Step wedge 

After the first experiment session there was some 

discussion about the next steps of the experiment and 

how it was possible to evaluate the thickness of the 

water in the pipes. The grayscale value of the images, 

region of interest (ROI), changed while water was 

added to the pipes so something was needed to use as 

a reference outside of the pipe. It was decided to 

make a step wedge to use as a reference and it had to 

be of several thicknesses so it could span many 

values of grayscale in the X-ray images. After few 

editions of step wedges a final edition was made and 

was used in all the experiments that included rock 

material and water inside the pipes, The step wedge, 

as seen in Fig. 6, has the function of being a scale 

that is the same throughout the experiments and is 

used as reference when measuring the grayscale and 

therefore the attenuation of the X-rays in the images 

as described in a previous section. Fig. 7 is an X-ray 

image showing the screening, the pipe and the step 

wedge.  

Pipe outlines

15 mm steel plate

8 mm steel plate and 

0,8 mm sheet metal

Step wedge

 
Figure 7: Image with screening and step wedge. 

 

To obtain digital images from the video signal from 

the X-ray machine we used a simple analogue-digital 

converter (ADC) and connected it directly to the 

USB-port of the computer.  

 

Radiation dose is always of concern and throughout 

the experiments with the X-ray machine standard 

preventive measure were taken. The measured 

cumulative dose during one session of several hours 

was only 1.3 µSv, which is very low. The 

background dose rate was measured and was 0 – 0.3 

µSv/h. 

Image processing 

We used the image processing program ImageJ to 

analyze the X-ray images (URL: 

http://rsbweb.nih.gov/ij/download.html). ImageJ 

allows us to easily do quantitative measurements 

based on the intensity values. The intensity value in 

each pixel is a number between 0 and 255 which is a 

normal range in an 8 bit grayscale image. In the 

images in this experiment the grayscale value for 

black is 0 and consequently the value for white is 

255. Figure 20 shows typical measurements we do on 

the X-ray images with ImageJ: first we select region 

of interest (ROI), and then the program provides 

information on how many pixels are in that region, 

their Mean, Min and Max values and standard 

deviation. 
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Figure 8: Demonstration of how the grayscale values 

are obtained for different regions in 

ImageJ. 

MEASUREMENTS 

A pilot study was performed in June 2011 which had 

the sole purpose of finding out if the X-ray 

equipment available in Reykjavik University was 

sufficient for the proposed experiments. Table 2 

http://rsbweb.nih.gov/ij/download.html
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summarizes the steel pipes that were used for these 

experiments. The pipe numbers in the subsequent text 

in this paper refer to Table 2.  

The first three experiments were performed with the 

smaller pipes (nr. 1-4 in Table 2) because it was not 

clear in the beginning that using X-rays to quantify 

water in steel pipes was possible so we used the pipes 

that we had on site at first. Water was poured into the 

pipes so that the water level was in the vicinity of the 

middle of the receiver of the machine and a picture 

was generated. That worked for all the pipes and the 

water level was very visible in them all except in pipe 

nr. 2 which had the greatest wall thickness of the four 

pipes, 8 mm. The next experiments were mostly 

made to improve the setup of the experiments and 

consequently the screening was added and a step 

wedge was made so that there was a reference point 

on the image outside the test subject.  

After the first three experiments it was decided to 

include two more pipes (Table 2). 

 

Table 1: Pipes used in the experiments. 

Number 

of test 

subject

Outer 

diameter 

[mm]

Wall 

thickness         

[mm]

Inner 

diameter 

[mm]

Length     

[mm]

1 89,1 6,3 76,5 292

2 76,2 8,0 60,2 313

3 76,2 3,6 69,0 378

4 76,2 4,5 67,2 370

5 168,0 4,6 158,8 500

6 273,0 5,0 263,0 500  
In the experiments, the pipes 

were installed so their axis 

was horizontal and water and 

rock material inserted into 

the pipes. To close the pipe 

ends, one end of the pipe 

was welded shut and tested 

to be waterproof and the 

other end was also closed to 

approximately half open by 

welding a piece of metal to it 

(as seen in Fig. 9). The pipes 

were prepared in that way so 

that water and rock material 

could easily be inserted into 

the pipes in the experiments. 

On later stages in the 

experiments, this half closed 

end was fully closed using 

Plexiglas fitted with a ruler 

and a hole was drilled on the 

upward facing wall of the 

pipe as a water inlet. The 

material that was used in the 

experiment was inserted into 

the pipe and it then closed with the Plexiglas and 

finally water added through the hole. The benefits of 

closing the pipe completely with Plexiglas are the 

possibilities of filling the pipe completely with water 

and seeing the water level through the Plexiglas. Fig. 

10 demonstrates this setup where the Plexiglas end 

can be seen and the water level in the pipe is also 

visible. The ruler was attached to quantify the water 

amount in the pipe. 

 

 
Figure 10: Pipe with a Plexiglas end with a ruler 

attached. 

 

RESULTS 

Of all the pipes used in the experiments, pipe nr. 4, 

with outer diameter of 76.2 mm and wall thickness of 

4.5 mm, was the one that fitted the experimental 

setup best. This pipe was the only one that was fully 

tested throughout the experiments and was the pipe 

chosen when testing how the Quartz would turn out 

on X-ray image when a few pieces of Quartz where 

placed in the pipe. 

 

The first process was filling it gradually with water 

making X-ray images at every step, then the water 

was poured out and the pipe filled with Quartz and 

the first process repeated and finally the Quartz was 

replaced with Basalt gravel and the first process 

repeated. The final experiments with this pipe were 

performed in November 2011 in the Biomedical 

engineering lab at Reykjavík University and the 

results can be seen in Figures 11-13. Fig. 11 shows 

the results from the first process with pipe nr. 4 

filling the pipe gradually with water and making X-

ray images at every step.  

Figure 9: Pipe with 

welded ends. 
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Figure 11: Results from experimenting with pipe nr. 

4 filling it gradually with water and 

making X-ray images at every step at 106 

keV and 6.4 mA. 

 

The difference between each step of the step wedge 

can clearly be seen in Figure 11 and for this 

experiment a grayscale value had to be obtained from 

the screening outside of the step wedge to go as low 

as the grayscale value for the empty pipe. The 

screening under the step wedge was 10.4 mm thick 

and consisted of 8 mm steel plate and 3 pieces of 0.8 

mm sheet metal, the same size as the 8 mm steel 

plate, made out of the same plate as the step wedge. 

The 2.4 mm of sheet metal was added under the step 

wedge while trying to adjust the automatic setting of 

the X-ray machine up to maximum setting at 106 

keV. The highest grayscale value (217) is at the 

middle of the pipe while it is empty and is no surprise 

because there the steel that the photons in the X-ray 

beam travel through is thinnest, 9 mm. Grayscale 

value of 217 is quite high as the image is very 

luminous. The gap in the grayscale values between 

step 1 and 2 is hard to explain as there is the same 

difference of thickness in the step wedge so there 

should be a trend in the values for the step wedge. 

The grayscale values of the steps in the step wedge 

decrease with increasing thickness of the steel.  

The water level is not at regular intervals which are 

resulting from pouring water into the pipe without 

measuring the water height. The height of the water 

level was calculated after this experiment from the 

volume of water poured in at each step. Data labeled 

“middle” is from ROI at the middle of the pipe where 

the water height is thickest at every step of the 

experiment. That ROI was chosen as it will provide 

the most difference in length of water looking at the 

side of the pipe and therefore the possibility of 

highest difference in grayscale. From the results in 

Figure 28 it can be derived that grayscale value 

measured for the thickness of 1 mm of steel in the 

step wedge is equal to 24 mm of water since the 

measured grayscale level follows the water level 

linearly. This was found by taking difference in water 

height values, between steps 0 – 3 giving 57.8 and 

divide that value with the thickness of the steel 

between the steps which is 2.4 mm.  

The bulk attenuation (1mm in steel equivalent to 24 

mm in water) indicates an effective energy of the X-

ray beam is at approximately 80 keV, which is not 

unrealistic considering that the peak energy, of the 

energy spectrum used is 106 keV.  

To find out the effective energy of the X-ray beam, 

Eq. 5 was used: 
 d

out inI I e   (4) 

If the attenuation is the same for steel and water then:  
 

w w s sd dout

in

I
e e

I

       (6) 

 
w w s sd d       (7) 
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s w
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d




  (8) 

Where dw is the water height difference, ds is the 

thickness of steel, µw is attenuation of water and µs 
is 

the attenuation in the steel. 

 

To be able to calculate this, the attenuation for Iron 

and Water at different energies needed to be obtained 

and are the values for photon energy from 50 to 110 

keV shown in Table 3. 

Table 2: Attenuation for Iron and Water at different 

energies. 

Photon En. Iron Water

[keV] µ [cm-1] µ [cm-1]

50 15,7 0,232

60 9,9 0,213

70 6,8 0,196

80 4,4 0,184

90 3,6 0,179

100 2,9 0,173

110 2,7 0,167  
 

The results from putting numbers into Eq. 8 show 

that the effective energy is 80 keV which is a bit high 

as the peak is 106 keV. This can be the result of beam 

hardening, there is more of high energy photons left 

in the beam so the effective energy is higher. 

 

In Figure 12 the results from experimenting with pipe 

nr. 4 full of Quartz material and gradually filling it 

with water are shown. 
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Figure 12: Results from experimenting with pipe nr. 

4 full of Quartz material and then filling it 

gradually with water and making X-ray 

images at every step at 106 keV and 6.4 

mA. 

 

In Fig. 13 are the results from experimenting with 

pipe nr. 4 filled with Basalt gravel and gradually 

filling it with water. 
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Figure 13: Results from experimenting with pipe nr. 

4 full of Basalt material and then filling 

it gradually with water and making X-

ray images at every step at 106 keV and 

6.4 mA. 

 

The Quartz attenuates the X-ray beam significantly as 

can be seen by comparing the grayscale values at 

water height 0 mm in Figures 11 and 12, the 

difference is 217 – 70 = 147. The grayscale value for 

the “middle” is not only different as expected in Fig. 

11 and 12 but it is also spanning fewer values in the 

latter experiment shown in Fig. 12 which is because 

the Quartz attenuates the X-ray beam more than air.  

As can be seen in Fig. 12 and 13 the line that fitted 

best with the data was exponential but linear line is 

not very far from fitting also.  

For the experiments with Quartz and Basalt, 1 mm of 

steel is the same as 30 mm of water in the pipe with 

Quartz material and 28 mm in the pipe with the 

Basalt material. Probably not a significant difference 

between Basalt and Quartz due to difference in 

volume, due to different grain sizes of the materials 

used. As expected there were higher number than for 

water alone because the water only fills part of the 

total volume due to the rock material. 

DISCUSSIONS 

Using X-rays to detect and quantify water in steel 

pipes has not been performed before in the way it is 

done in this project. Lund & Thrainsson did 

measurements (Lund & Thrainsson, 2003) in the field 

where one of the gathering pipes at the geothermal 

power plant in Svartsengi was studied using the same 

equipment as was done here.  

Most of previous experiments, discussed in 

Introduction, that have used X-rays have either been, 

for example, for medical purposes, non destructive 

research of metal objects or used low attenuating 

plastic material. At least one used thin aluminium 

casing while using CT scan to measure water 

saturation in porous material (Dastan, 2006).  

The X-ray equipment used in this project was 

manufactured for medical applications and not at all 

for industrial purposes. Although it is not designed 

for making X-ray images using steel pipes it worked 

quite well for pipe nr. 4 as described in Section 4.4. 

The main tasks of this project as stated in the Section 

1 have all been covered in this project. It has been 

shown that the X-ray equipment available at the 

Biomedical engineering lab of Reykjavík University 

can be used to detect and quantify water in steel pipes 

up to a certain limit, mostly determined by the wall 

thickness of the pipes. Even though it would have 

been preferred that the equipment available would 

have been more powerful than it was and more 

manual adjustment of the machine wanted, still it 

managed to penetrate pipe nr. 4 quite well. Pipe nr. 4 

had wall thickness of 4.5 mm and from experiments 

with that pipe it was shown that 1 mm of steel is 

equivalent to 24 mm of water.  

This project has shown that X-rays can be used to 

detect and quantify water saturation in steel pipes and 

it is also clear that the wall thickness of the pipe is a 

limiting factor in the experiments. If there is no rock 

material inside the pipe the diameter of the pipe 

becomes irrelevant because the attenuation of air and 

water inside the pipe is insignificant or very small, 

compared to the attenuation of the steel. If there is 

rock material inside the pipe the diameter becomes a 

parameter that needs to be taken into consideration 

when selecting size of the pipe because the X-ray 

equipment has to have enough power to penetrate the 

pipe and the rock material inside the pipe.  

If pipe nr. 4 that fitted best to the X-ray equipment 

had been equipped for having two-phase flow of 

water and steam going through it, the maximum 
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available pressure of the flow was calculated. To find 

out how much pressure pipe nr. 4 can withstand if 

two phase flow of water and steam was run through 

it, the following parameters were used: temperature 

at150°C, the pipe having steel grade 235GH, wall 

thickness 4.5 mm and outer diameter of 76.2 mm. 

Using equation from EN 13480 standard and 

rearranging it so it gives the pressure: pc=2efc/(Do-e)   

Where pc 
is pressure in MPa, fc 

is design stress, e is 

wall thickness and Do is the outer diameter. To find 

the design stress fc the minimum proof strength Rp0.2t 

for selected temperature is divided with 1.5 so the 

design stress is 187 MPa/1.5 = 125 MPa. Putting all 

the variables into the for mentioned equation gives 

15.6 MPa which is then the maximum pressure it can 

safely withstand at 150°C. This shows that using steel 

pipes instead of plastic pipes allows experimenting at 

much higher pressure than plastic pipes can 

withstand. 

CONCLUSION 

This work demonstrates that measuring water 

saturation of two-phase flow in steel pipes using X-

rays and the equipment available at the Biomedical 

engineering lab at Reykjavík University is possible. 

The limiting factors for the application of this 

technique are the wall thickness of the pipe, which in 

this work it was 4.5 mm and the power output of the 

X-ray equipment which was 6.4 mAs and 106 kVp. 

X-rays have previously been used to measure water 

saturation using pipes made of plastic materials but it 

has been shown here that it can be measured in steel 

pipes. Steel pipes can withstand much higher 

pressure than pipes made of plastic materials, which 

opens up possibilities when mimicking conditions in 

geothermal reservoirs, in experiments involving 

saturated two phase flow of water at high pressure. 
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