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ABSTRACT

In the petroleum industry precipitation of scale onto the inner walls of hydrocarbon pipelines poses a significant 
challenge as, unless treated appropriately, deposits such as sulfate and carbonate scales reduce the overall flow 
area and even lead to blockage of entire sections of the pipework. This may in turn result in costly production  
suspension and maintenance work. Therefore, monitoring and characterization of scale deposits can be said to  
be of great importance. In this work, a preliminary feasibility study is carried out in order to investigate the 
possibility of utilizing photon scattering for scale detection in multiphase oil/water/gas pipelines.  

1. INTRODUCTION

In  the  petroleum industry  the  precipitation  of  scale  onto  the  inner  walls  of  hydrocarbon 
carrying pipelines poses a significant challenge as, unless treated appropriately, scale deposits 
such as sulfates and carbonates may reduce the overall flow area and even lead to blockage of 
entire  sections  of  the  pipework.  The  deposition  of  scale  in  the  pipework  is  a  complex 
chemical process and may be caused by several different mechanisms such as mixing of two 
incompatible  waters,  i.e.  injected seawater  and formation water.  The deposition may also 
come  about  as  a  consequence  of  changes  in  processing  conditions  such  as  changes  in 
temperature and pressure as well as when the produced water is over-saturated with ions such 
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as barium [Ba+2], calcium [Ca+2],  magnesium [Mg+2] and strontium [Sr+2].  Untreated scale 
deposits  in  the  pipework  will  eventually  lead  to  costly  production  suspension  and 
maintenance work.

As stated in  [1],  problems that  arise  as  a result  of scale  deposition in  pipelines cost  the 
petroleum industry several millions of dollars.  Apparently,  the best  strategy in combating 
losses experienced due to  scaling is  complete  prevention of scale  formation.  However,  a 
complete prevention is not always possible as the processing and production conditions will 
change  over  the  lifetime  of  a  hydrocarbon  producing  well  [1-3].  Although  complete 
prevention may not prove to be feasible,  production losses or suspension can be avoided 
through  employing  chemical,  such  as  injection  of  scale  inhibitors  into  the  process,  or 
mechanical, such as milling or using explosives [1], scale-removal techniques. The success 
rate of a scale-removal technique depends, however, on how well parameters such as the 
scale location, thickness and composition are known prior to the application of that technique 
(the most commonly encountered scale types are given in [1]). Therefore, it can be concluded 
that  an early scale-formation-warning system would be of extreme value to  the industry. 
Ideally, such a system would be capable of the following:

 determining whether or not scale is present,
 detecting scale build-up at an early stage, i.e. sufficiently sensitive to thin (of the order 

of a mm or less) layers of scale deposits,
 detecting the location of scale build-up (the instrument should ideally be portable and 

should be sufficiently flexible to allow usage in different conditions),
 determining the thickness and type of the scale deposit.

There exist several in-situ methods for scale detection and characterization. Some of these 
methods are  already employed in different oilfield scale  management programs [2-4].  As 
pointed out in [1], these methods range from electrochemical measurements to measurements 
of natural radioactivity, i.e. the so-called NORM (Naturally Occurring Radioactive Material) 
in the borehole. The state-of-the-art within scale monitoring, detection and characterization 
include the dual energy gamma-ray attenuation in conjunction with a Venturi meter described 
by Theuveny et.  al.  [2], the multiple energy gamma-ray attenuation (MEGRA) method of 
Poyet et. al. [3] and the gamma-ray scanner and radioactive tracer technologies developed by 
Tracerco [4]. Common to all of the above mentioned methods is the fact that they rely on 
gamma-ray  transmission  measurements  which  require  access  to  the  pipework  from both 
sides. The inherent disadvantage of these methods is the transmission geometry itself as it 
may  not  be  possible  to  access  the  pipework  from both  sides.  Moreover,  large  diameter 
pipework may not  allow transmission measurements at  all  as  this  would imply a thicker 
process medium which would attenuate the incident photons significantly. In such cases, it 
would not  be possible to detect  an unwanted scale accumulation by utilizing instruments 
based on gamma-ray transmission measurements. 

In this work, in order to address the shortcomings of scale monitoring methods based on 
measurements of photons transmitted through the pipework, the use of photon scattering, 
mainly  incoherent  scattering,  is  proposed  as  an  alternative  approach.  This  is  because 
scattering measurements require access to the measurement volume from only one side. This 
fact implies also that the attenuation of the scattered photons will be much lower than those 
that are transmitted through the pipework in case of large diameter pipes. Photon scattering is 
a  well-known  non-destructive  examination  (NDE)  technique.  Over  the  last  two  decades 



photon scattering methods have found various scientific, industrial and medical applications 
such as detection of landmines buried in soil [5], flaw detection [6], detection of composition 
variation in alloys and density measurements in tissue and bone [7-10 and references therein]. 
Due to the above mentioned reasons, an online and non-intrusive scale monitoring system 
based on measurements of photon scattering would be of significant interest.
 
The focus in this work has been on performing Monte Carlo (MC) simulations in order to 
determine the theoretical feasibility of the proposed method for scale characterization and 
monitoring in petroleum pipelines. In the remainder of this paper, the proposed measurement 
geometry as well as the results of the pertinent MC simulations are presented and discussed. 

2. MC MODELING

As mentioned earlier, the feasibility study carried out in this work was based solely on MC 
simulations. This is mainly because MC simulations are not as costly as experimental efforts 
and provide a flexibility that may be difficult, or in some cases, impossible to achieve in 
laboratory experiments.

In the pertinent work, MCNP5 (Monte Carlo N-Particle, Version 5) [11] was utilized as the 
MC  simulation  tool.  MCNP5  is  a  well-developed  and  benchmarked  radiation  transport 
simulation code that is capable of simulating photon-electron showers of varying complexity 
in  arbitrary  media  and  geometries.  It  also  allows  the  implementation  of  various  particle 
tallying strategies and variance reduction techniques in order to enhance the computational 
efficiency of the calculations. Therefore, in this feasibility study, it was decided to utilize 
MCNP5. 

The initial problem geometry that was implemented in the MCNP5 code is given in figure 1.

Figure 1:  The initial problem geometry for scale detection implemented in MCNP5. The 
detectors are placed near the source at 120o relative to the incident beam direction. The 

source collimator has an opening of 1 mm diameter. All dimensions are given in cm.  



As can be seen in figure 1, the initially considered geometry consisted of two 1`x1` NaI(Tl) 
scintillators  that  are  placed symmetrically  near  the  photon source  at  120o relative  to  the 
incident photon beam. As the purpose here is to perform bulk measurements, the detectors 
were not collimated. It was thought that, in a practical implementation, this would also ensure 
sufficiently  high  count-rates  in  the  detectors  allowing  better  statistics  within  a  given 
integration time with respect to a measurement setup with narrowly collimated detectors. The 
source was, on the other hand, contained within a lead cylindrical collimator with 3.0 cm 
diameter. The pipe wall was considered to be made of carbon steel. The pertinent chemical 
composition of carbon steel and its density are provided in table 1. 

Table 1:  Chemical composition and density of carbon steel pipe walls considered in this 
work [13]. 

Element symbol Weight fraction Density [g/cm3]
Fe 0.98319
C 0.0015
Si 0.003

Mn 0.012 7.8
P 0.00019
S 0.0001

Nb 0.00002

Table 2:  Chemical composition and densities of process fluids and scale minerals 
considered in this work. 

Process fluid / Mineral scale Element symbol Weight fraction Density [g/cm3]
Water H 0.1111 1.0

O 0.8889
Oil C 0.85 0.8

H 0.15
Gas C 0.75 0.032

H 0.25
Calcium carbonate (CaCO3) Ca 0.4004

C 0.12 2.83
O 0.4796

Barium sulfate (BaSO4) Ba 0.5883
S 0.1373 4.5
O 0.2744

Strontium sulfate (SrSO4) Sr 0.4771
S 0.1745 3.96
O 0.3484

In order to be able to simulate a more realistic case, the pipe dimensions were obtained from 
previously published vendor data [12]. In this case, the pipe had an inner diameter of 7.9 cm 
and an outer diameter of 8.4 cm. The chemical compositions and densities of the process 



fluids and mineral scales considered in this work are given in table 2. In all simulations, the 
photon cut-off energy was set  equal to 1.0 keV which is  also the lower limit  for photon 
transport in MCNP5. The only variance reduction technique considered in the simulations 
was the source biasing technique which was used to confine the emission of source photons 
to a narrow cone (practically a pencil beam) toward the pipe. Occasionally photons may leave 
the sensitive area of the detectors without suffering any collisions. In such cases, a count 
cannot be registered at the detector output. In order to correct for this, the f8 tally, which also 
is referred to as the pulse height tally [11], was used to in order to determine the scatter 
response of both detectors. Each MCNP5 run was performed for 107  photon histories which 
ensured a statistical uncertainty of about 1.0% in each run.

3. RESULTS

A disadvantage  of  using  uncollimated  radiation  detectors  as  shown  in  the  simulation 
geometry above (see figure 1) is the fact that the scatter response in the detectors will be 
contaminated by a certain contribution from the pipe walls.  Photons incident on the pipe 
walls may scatter back into the detectors and make an unwanted contribution to the scatter 
response. In the current geometry, this cannot be avoided. However, this contribution should 
be minimized. Moreover, in order to enhance the signal-to-noise ratio (SNR) of the gauge, the 
total number of photons that scatter back into the detectors should be kept at a maximum. As 
both  of  these issues  will  be a  strong function  of  the incident  photon energy,  a  series  of 
simulations were performed using sources of varying energies in order to identify the optimal 
photon energy. Simulations were performed with the pipe filled with water, oil, gas, CaCO3, 
BaSO4 and  SrSO4.  In  a  similar  manner  to  that  of  [5],  a  contrast  was  defined  to  be  the 
contribution  from scattered  photons  incident  on the  detectors  through the  process  /  scale 
normalized  to  the  source  intensity.  Finally,  a  figure-of-merit  (FOM) was  defined  as  the 
product  between  the  contrast  and  the  total  number  of  photons  incident  on  the  detectors 
including the contribution from the pipe walls. The resulting FOMs for the above mentioned 
photon sources are given in figure 2.

By definition, the optimal photon energy / source would yield a high FOM. As can be seen in 
figure 2, for all process fluids and mineral scales, the highest FOM values are obtained for 
configurations 4, 5 and 6 corresponding to Ba-133, Cs-137 and Co-60, respectively. Taking 
also into account the much longer half-life (~30 years) of the Cs-137 radioisotope, it was 
decided to utilize the 662 keV photons from a Cs-137 source in the remainder of this study. 

In order to obtain a solution space, the total number of counts in one detector was plotted 
against the total number of counts in the other when the pipe is filled with; water, oil, gas, 
CaCO3, BaSO4 and SrSO4. Since only the relative change in the scatter response is of interest, 
an attempt to correct for multiple scattering or photon self-absorption in the sample itself was 
not needed. 



Figure 2:  The FOM values calculated through MCNP5 calculations for the geometry 
shown in figure 1. The FOM values are calculated when the pipe is filled with process 
fluids; water, oil and gas, as well as scale minerals; CaCO3, BaSO4 and SrSO4. Total of 

six configurations correspond to the gamma- and X-ray sources considered in the 
simulations.  

Figure 3:  The solution space obtained using the geometry shown in figure 1. The plot 
shows the change in the scatter response of one detector in relation to the other as a 

function of varying densities. The number of counts shown in the figure is normalized to 
the source intensity in each case. Also shown are the ± one standard deviations of MC 

simulated responses.

The solution space obtained through MC simulations is given in figure 3. As can be seen in 
the figure,  due to  the symmetry of the measurement  setup,  a  linear  relation between the 



responses from the two detectors is obtained. It can also be seen from the figure that the 
solution space obtained with the current geometry does not provide unique solutions. The 
gas, oil, water as well as pure CaCO3, BaSO4 and SrSO4 points all line up on the straight line 
which is the best fit to the pertinent data points. The scatter response of a scale-free pipe 
containing water/oil/gas mixtures will always lie somewhere on the straight line joining the 
gas, oil and water points. In the remainder of this paper, this straight line is referred to as the 
operating line. The exact location of the multiphase point on the operating line will depend on 
its density which enables determination of the density of any multiphase mixture. However, 
as can be seen in figure 3, the BaSO4 point appears below the oil point. The SrSO4 and BaSO4 

points  should normally appear  above the CaCO3 point as the incoherent scattering cross-
section is proportional to the density of the scattering object. It is clear from the results given 
in figure 3 that this is not the case in this geometry. This is most likely due to an increase in  
the  photon  self-absorption  as  a  direct  consequence  of  increased  density.  This  makes  it 
impossible to obtain unique solutions from the current measurement geometry. For instance, 
the BaSO4 point could also correspond to the response obtained from a multiphase mixture 
with density of about 0.7 g/cm3. Another important drawback of this measurement geometry 
is the difficulty in early detection of scale build-up and identification of scale type especially 
at high gas volume fractions (GVF).

4. DISCUSSION

As outlined in figure 3, the proposed measurement geometry does provide relatively high 
count-rates due to the use of uncollimated detectors. However, the solution space obtained 
with this geometry cannot be used to provide unique solutions. This is most likely caused by 
significantly high absorption rate of scattered photons within the sample itself. Thus, it was 
thought that perturbing the symmetry of the measurement geometry was considered to be 
necessary. In order to accomplish this, the measurement geometry shown in figure 1 was 
modified as shown in figure 4.

Figure 4:  The modified problem geometry for scale detection implemented in MCNP5. 
The source collimator has an opening of 1 mm diameter. All dimensions are given in cm. 



The idea behind the new measurement geometry is as follows: by recording the overall scatter 
response in the near detector and far detectors (see figure 4), and then by plotting the response 
in the near detector against the far detectors, the solution space would include information not  
only on the backscattering of photons from process fluids and scale deposits (near detector) 
but also on the attenuation properties of these components (far detectors). The aim is therefore 
to obtain information on both scattering and attenuation properties of the fluids and scale 
minerals. MCNP5 simulations were repeated with the new geometry shown in figure 4. The 
results of these simulations are given in figure 5a. As can be seen in figure 5a, the operating 
line as well as process fluid points are now well separated from the pure scale points. It can be 
seen from figure 5a that scale build-up on the inner pipe surface will lead to a shift in the 
operating line to the right, i.e. toward the scale points. The magnitude of the shift will depend 
on the type of scale for a given scale thickness. This is illustrated in figure 5b for a 0.1 cm 
thick BaSO scale  deposit  that  is  assumed to be distributed uniformly over  the inner  pipe 
surface.  

    

    

                                             (a)                                                           (b)

Figure 5:  The solution space obtained using the geometry shown in figure 4. (a) The plot 
shows the change in the scatter response of the near detector relative to the far detectors. 

(b) The solid best fit line shows the scatter response obtained for a scale-free pipe 
(operating line) whereas the dashed best fit line shows that of a pipe with 0.1 cm thick 
BaSO4 deposit. The number of counts shown in the figure is normalized to the source 
intensity in each case. Also shown is the ± 1   prediction band for the fit. GVF (Gas 

Volume Fraction), WLR (Water-to-Liquid Ratio).

As can be seen from figure 5b, a thin layer of BaSO4 build-up leads to a significant shift in 
the operating line toward the scale point in the solution space. Thus, the shift in the operating 
line toward scale points can be utilized as an indication of scale build-up. On the other hand, 
the identification of scale type is based upon the assumption that as scale starts building-up 
on the inner pipe surfaces, any point on the operating line, i.e. the straight line obtained for 
the scale-free pipe, in the solution space will converge in a narrow band toward the pure scale 
point depending on the scale type. This definition implies determination of the scale type 
over a period of time where the scale is allowed to build-up for the subsequent identification. 
However, even in cases of constant scale thickness, the slope of the straight line joining the 
original scale-free point with the new point obtained in presence of scale should be indicative 



of the scale type as this would be close to the slope of the straight line joining the original 
scale-free point with the pure scale point. The validity of the above mentioned method for 
determination of scale types was investigated for the case of pure water in the pipework. The 
results are given in figure 6.

Figure 6:  The change in the scatter response of the near detectors relative to the far 
detectors as a function of increasing scale thickness for different scale types when the 

pipe is filled with water only. The solid best fit line shows the scatter response obtained 
for a scale-free pipe. The number of counts shown in the figure is normalized to the 
source intensity in each case. The fitted and extrapolated lines to the data show the 

expected trend of the scatter data as a function of scale thickness.

As can  be  seen  in  figure  6,  the  data  correspond  well  with  the  assumptions.  Due  to  no 
collimation  on  the  detectors;  a  certain  degree  of  non-linearity  in  the  scatter  response  is 
expected. This is also illustrated in figure 6 where straight lines are fitted to the first four 
points corresponding to scale thicknesses of 0.1, 0.5, 1.0 and 2.0 cm for each case and then 
extrapolated to show the expected trend of the scatter data if the response obtained from the 
proposed measurement setup were perfectly linear. It is clear from the figure that the non-
linearity in the scatter response is especially more pronounced in the case of BaSO4 deposits. 
As can be seen from figure 6, this is due to a saturation effect in the near detector starting at 
about a thickness of 2.5 cm. Although much less pronounced, similar effects perturb also the 
linear response in the case of SrSO4 and CaCO3. The obvious drawback of the non-linear 
scatter  response is  that  it  makes  the identification of scale  types  a more difficult  task to 
perform.  Finally,  identification  of  the  scale  type  in  case  of  constant  scale  thickness  is 
demonstrated where a build-up of 0.5cm thick SrSO4 was assumed. As can be seen from 
figure 6, the presence of scale will lead to a shift in the scale-free point toward the pertinent 
pure scale point. As illustrated in figure 7a, the slope of the straight line joining the scale-free 
point to the new point with scale suggests that the pertinent scale mineral is SrSO4. On the 
other hand, the scale thickness can be obtained from the attenuation of scattered photons as 
shown in figure 7b.  



     
                                             (a)                                                           (b)

Figure 7:  (a) The scale-free water point is shown together with the straight line joining 
this point with the water point obtained in the presence of 0.5cm SrSO4 scale. The slope 

of this line is closest to the slope of the line joining the scale-free water point with the 
pure SrSO4 point (shown as SrSO4 line); (b) Total number of counts in the far detectors.

5. CONCLUSIONS

In this work, the initial stages of the design of a photon scatter gauge for scale monitoring and 
characterization  were  considered  as  a  scatter  gauge  would,  as  opposed  to  transmission 
gauges,  eliminate  the  need  for  access  to  both  sides  of  the  pipework  for  the  required 
measurements. An important drawback of scatter gauges is their inherently low SNR values 
as both the source and the detector are collimated in order to define a measurement voxel  
within the object of interest. In most cases, the heavy collimation of these components leads 
to long integration times in order to obtain statistically satisfactory data. For scale detection 
and characterization,  however,  a  well-defined measurement  voxel  is  not considered to be 
necessary. Therefore, the method described and discussed in this work was based on using 
uncollimated detectors whereas collimation was considered only for the photon source. In 
practice  this  would  allow  shorter  integration  times.  As  described  in  the  text,  the  scale 
detection method was based upon using several detectors in a certain geometry that would 
allow acquisition of data on both photon backscattering and attenuation properties of the 
process fluids and scale minerals. It was shown that a solution space could be constructed 
using backscatter and attenuation (more precisely attenuation of scattered photons) data; that 
monitoring  the  change in  the  backscatter  data  relative  to  the attenuation of  the  scattered 
photons would allow rapid detection of scale build-up in the pipework as well as determining 
the  composition  of  the  pertinent  scale  mineral.  It  was  also  pointed  out  that  a  non-linear 
response  in  the  solution  space  would  complicate  the  process  of  scale  identification.  The 
problem geometry considered in this work is merely an example and may not be the most 
optimal measurement geometry. The final design would need much more work for further 
optimization as the degree of linearity or non-linearity in the solution space will depend on 
several  parameters  such  as  detector-source  positioning,  detector  collimation,  detector 
dimensions,  source  collimation  as  well  as  primary  beam energy.  All  of  these  parameters 
should  be  evaluated  rigorously  in  order  to  determine  the  most  optimal  response  of  the 
proposed scatter instrument that would allow rapid detection of scale build-up and simple 
identification of the scale type. As the results reported in this work are based solely on MC 
simulations, a careful experimental benchmark of these is also needed.
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