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From The Community Leaders 
Dear Schlumberger Mathematics Community Members! First of all, we would like to thank all the members who partici-

pated in different Mathematics Community activities. A special thanks to all that wrote articles for this Journal. We also would 
like to congratulate everyone with the 15-year Eureka anniversary! 

We are pleased to present the new issue Mathematics Community Journal. This journal consists of mathematics related 
articles that have been written by Schlumberger employees. If you would like to provide your feedback to authors, find them 
in corporate address book. All the community members and other Schlumberger mathematicians are welcomed to submit 
papers for next Journal issues! 

About the Community. Currently, the Mathematics Community has 6 SIGs: Applied Mathematics SIG, Geometric Modelling 
SIG, Inversion Optimization and Uncertainty SIG, Mechanical CAD SIG, Modelling and Imaging SIG and Ocean SIG. We have 
1430 members. There are 4 Fellows, 28 Advisors, 74 Principals and 285 Seniors in the Community. From the total number of 
members joined the Community, there are 33 Community/SIG leaders: 1 Advisor, 4 Principals, 23 Seniors and 5 Eureka mem-
bers. The distribution of members by segment by country presented below: 

 
Figure 0.a - The distribution of Community members by segment 

 

 
Figure 0.b - The distribution of Community members by country 
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This Journal consists of the following articles: 

0. From the Community Leaders 

1. Grain Size Analysis: Revitalizing the Technique for Micro-scale Reservoir Rock Characterization 

2. Planning Optimization Process 

3. Methodology to Select a Production Riser to Reduce Heat Transfer and Prevent Formation of Hydrates and Precipitation 
of Waxes and Paraffins 

4. Association Analysis: Finding Patterns in Email Opt Ins 

 

We really encourage you to submit articles to SIGs and Community Newsletters, technical reviews, interesting news, etc., as we 

think it is an excellent way of sharing knowledge and giving visibility to projects and people. 

 

Best regards,  

 

Børre & Alexander 

Mathematics Community Leaders 2013 
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Grain Size Analysis: 
Revitalizing the Technique 

for Micro-scale Reservoir Rock 
Characterization 

Igor Magdeev, Senior Reservoir Engineer, 
PTS Moscow, Russia 

 

Abstract 

The title problem is one of the keys in the understanding 
of the reservoir rock structure and properties. For the 
unconsolidated sandstone the issue is formation rock 
failure under changing stress state due variation of pres-
sure drawdown. The possible consequent sand production 
requires solutions for completion design procedure and for 
the particular rheological problems of the solid suspension 
flow. Several technical articles’ authors developed the 
complex solid transport models, but rarely the core data 
measurements are mentioned [1, 2 and 3]. For both discip-
lines the very important grain size analysis data is typically 
reduced to the single number only – median of grain size 
distribution. 

This looks like a ‘bottleneck’ connection between differ-
ent domains. Meanwhile, the core samples are much richer 
of information that can be extracted for various modeling 
purposes: from reservoir characterization on the micro-
scale to the production technology issues like erosion and 
solid transport. Although, the number of observations on 
the core samples usually limited, the careful data processing 
being done enables significant increase of the information 
value. 

This study is dedicated to the application of finite mix-
ture modeling tools – one of the popular approaches in data 
mining with particular orientation to the core data. 

Problem statement and solution workflow 

Modern reservoir characterization case studies often 
performed using probabilistic tools [4]. The objective of this 
work is to establish the workflow for processing of core 
data with sufficient output for reservoir modeling purposes. 

Although, in the engineering handbook one can find ex-
amples presenting simple picture of reservoir rock particle 
size [5], typically for general case, the grain size distribution 
can be expressed as complex multi-modal mixture of 
individual components. The numerical simulations of such 
grain size samples may be performed using well known 
finite mixture modeling techniques. To be able to imple-
ment such simulation one should have the estimation of 

parameters: the number of components in mixture n; the 
parameters of each individual distribution and the propor-
tions of each component in overall mixture. 

The solution workflow is described below and consists 
of the following steps: 

1) Prepare core analysis data 
2) Estimation procedure of mixture model parame-

ters 
3) Result validation and analysis 
4) Post-processing, overview and discussion 
5) Conclusions and propositions for future 

1. Prepare core analysis data 

The grain size analyses may be performed using various 
techniques: dry or wet sieve tools, laser diffraction, settling 
columns, either bulk sampling [6]. Typically, distributions 
from core samples measured using laser diffraction method 
have better resolution. 

The laser light scattering technique involves an inverse 
problem solution with important assumptions: normality of 
the solid particle size distribution in log scale and sphericity 
of particles themselves. 

But, in the output client report one can usually obtain 
only the final summary data viz. on Figure 1. The problem in 
a nutshell is “to teach the machine what engineer can see”. 

 
Figure 1 – Grain size distribution example: unconsolidated sand-

stone 

Initial data set of the studied field contains 71 core sam-
ple grain size measurements with output univariate histo-

grams with 1.25 bin size ratio from 1000 m down to 0.16 

m. The bin values further will be taken as check-points for 
model QC. 

After log transform of initial data the very important 
things can be noted: 

- the sense of “median grain size” is lost due to multi-
modal nature of distribution - particular sandstone 
consists of several different Grain Types (GT); 
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- probability density function (PDF) can be expressed 
as mixture of several normal distributions (as it has 
been recognized during measurements); 

- for the reasonable model complexity the number of 
components in fitting and simulations was limited to 
5. 

Once the initial grain size distribution parameters are 
known from the core data, they can be simulated numerical-
ly, which successfully captures the case of multimodal 
distribution. 

2.  Estimation procedure of mixture model parameters 

The PDF for presented above case of grain size data can 
be described in terms of normal distribution mixture – the 
same to assumption used by laser diffraction method: 

   
1

, ,
n

i i i

i

p x N x  


  (1) 

with unknown n, i,  iand i parameters. This class of 
problems typically can be solved by Expectation-
Maximization (EM) algorithm and its modifications applied 
to random sample of observed data. 

To set up the problem for this particular case it is neces-
sary to create a random sample from the input data (there 
are no direct raw observations). The following assumption 
was made for sampling: uniform distribution within each 
input bin. 

To identify mixture parameters for the generated sam-
ple there were two algorithms applied: 

- Model-based clustering (further named MCLUST) [6]; 
- Normal mixture EM (further named NMEM) [7]. 

To derive the optimal number of components from ob-
served sample first algorithm uses Bayesian Information 
Criterion (BIC) with a penalty based on the number of 
components and observations: 

2 logBIC L n m   (2) 

where L – maximum of the log likelihood function. 

The second algorithm can operate in two modes: with 
random guess and specified initial guess about mixture 
parameters. Particular workflow implemented three 
options: 

- MCLUST algorithm only; 
- NMEM without prior (“unsupervised”, random guess); 
- NMEM with prior (“supervised”, specified initial 

guess). 

The last option is the attempt to improve inverse prob-
lem solution by the combination of two methods: specified 
initial guess for NMEM is taken from output of MCLUST. 

3. Result validation and analysis 

Typically, the amount of laser diffraction measurements 
is very limited; thus, it is easy to control all processed 
samples manually. For the core sample presented above 
(Figure 1) the inverse solution by 3 methods is viz. on 
Figure 2. 

 
Figure 2 – Visual QC of three fitted models 

The key summary points are: 
- MCLUST identified 3 components (black line on Figure 

2), which corresponds to the maximum BIC value 
(Figure 3); 

- “Unsupervised” NMEM identified only 2 components 
(green line on Figure 2); 

- Finally 3 Gaussian components were identified by 
“supervised” NMEM with initial guess (blue line on 
Figure 2). 

 
Figure 3 – BIC diagnostic plot 

Obviously, from 3 to 6 components BIC values is almost 
constant, so the preferred model is that one with less 
complexity. But, “unsupervised” NMEM has poorer result – 
2 components  is not enough to capture that grain size 
variation, but output from MCLUST as initial guess for 
NMEM improves identification of individual parameters, 
which can also be confirmed by cross-plot 
with determination R2≥0.95 (Figure 4). 
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Figure 4 – cross-plot of PDF (normalized to 1) fractions at check-

points 

The summary of mixture parameters estimation is given 
below. It can be seen, that mixture parameters variation is 
small, and two options have their own pros and cons: 
MCLUST provided very good fit for fine grains fraction, but 
overestimated peak of the coarse grains, meanwhile NMEM 
improves estimation of coarse fraction parameters, with 
less quality of simulation of fine grains. 

Table 1 – Summary of mixture parameters 

MCLUST NMEM+MCLUST 

i i i 2 di50, m i i i 2 di50, m 
0.345 2.7 0.60 15.0 0.338 2.7 0.76 14.6 
0.307 4.7 0.32 113.7 0.295 4.7 0.56 107.0 
0.348 5.7 0.11 287.3 0.367 5.6 0.34 282.7 

Both algorithms performed with a high confidence level 
of fit to the observed data. There are 3 grain types with 
distinct median diameter d50 values, derived with high 
similarity (the naming of types is provided in section 4). 

NB: one needs to keep track on the input quality data: 
the observed sample was not measured, but has been 
generated based on the histogram, which may contain noise 
or errors. 

Thus, after processing of 71 input core measurements 
there were obtained two intermediate matrices of mixture 
parameters for both options: MCLUST and 
NMEM+MCLUST. 

4. Post-processing, interpretation and discussion 

The grain size classification study using Gaussian multi-
component mixture is well described with application to 
glacial transport of sediments with further attempts to 
classify sedimentation processes and conditions [6]. For 
this particular study the interpretation of sedimentation 
processes goes beyond the objective. However, the result 
obtained on this stage can form the solid basis for deposi-

tional analysis and sedimentary log construction together 
with core-to-depth data binding. 

Once the mixture parameters were estimated for each 

core sample, the plot of MCLUST output in () coordi-

nates provides a very clear picture (is the measure of 

grain size and  – is the measure of sorting [6, 9]). There are 
6 disjoint GT obtained by hierarchical clustering method 
(Figure 5). For the comparison the result from other popu-
lar K-means method is provided, and the clusters better 
recognized by hierarchical method – gray and pink cluster 
(left picture) were collapsed into one pink (right picture), 
while the blue cluster of most coarse grains (left) was split 
into two (right). Also, some “noise” data present between 
red and green clusters, they may represent a different grain 
sub-population (!), which was not recognized due to unre-
presentative sample data in this area. 

 
Figure 5 – Grain types clustering after MCLUST processing 

 
Figure 6 – Grain type clustering after NMEM processing 

The NMEM algorithm (on the previous stage) exposed 
better performance, and the output is also plotted in the 
same way. The picture became blurred due to much more 
“noise” occurred in the processed data (Figure 6). This is an 
indication of the model overlearning or “over fitting” 
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syndrome. Meanwhile, the K-means method better handled 
this data, but the number of clusters variation did not 
improve the final classification. 

Consequently, the MCLUST algorithm provides more 
clear and interpretable result, and can be applied for grain 
size analyses and studies. 

Summary of the grain type classification according to 
the conventional sedimentology scale is presented below 
(Table 2). To finalize the classification the description and 
grade columns were added according to verbal descriptions 
of the grain size distribution parameters [6, 9]. For all core 
samples of the studied filed grain sorting is moderate to 
poor, and may vary within each cluster. The result is also 
plotted in the conventional scale on the (Figure 7). 

 
Table 2 - Summary of grain size characteristics 

Grain 
type 

Size characteristics Sorting 
Mean d50 (xgi) Scal

e 
Wentworth 
Grade 

Sigma gi Descrip-
tion 

Units 
(scale) 

log m log2 log m 

I -0.8 0.5 11 Clay 0.32 1.4 Moderate 
II 2.1 8.4 7 Fine silt 0.59 1.8 Moderate 
III 2.8 17.0 6 Medium silt 0.82 2.3 Poor 
IV 3.0 19.7 6 Medium silt 0.44 1.5 Moderate 
V 4.6 95.2 3 Fine sand 0.49 1.6 Moderate 
VI 5.3 202.1 2 Medium 

sand 
0.32 1.4 Moderate 

 
Figure 7 – Final grain types derived from core analysis data 

 

5. Conclusions and propositions for future 

The Gaussian mixture approach to the grain size analy-
sis data is well known in the sedimentology [6]. Although it 
was not frequently used for hydrocarbon reservoir case 
studies, just limiting the analysis with output for other 
domain disciplines of single parameter – median grain size. 

The laser diffraction method is sufficient for grain size 
analysis and produces high quality raw data. Even though, 
the initial data is not presented in report, the grain size 

distribution parameters can be recovered by solution of the 
inverse problem of finite mixture modeling. 

The established classification of grain types for uncon-
solidated shallow sandstone formation exposed the impor-
tance of comprehensive study due to complex nature of 
clastic sediments texture. 

During the study two modern mathematical algorithms 
were tested on the available data – model based hierarchic-
al clustering with BIC criterion and standard EM algorithm 
with maximization of log likelihood function. The model 
based clustering (MCLUST) produced more robust classifi-
cation with distinct clearly visible clusters. 

Conventional verbal description can assist the under-
standing of the reservoir sediments, but is not sufficient for 
simulation-oriented problems. 

The classification result and finite mixture modeling pa-
rameters can be proposed for further application in the 
following geo-engineering subject matter: 

- Thin sections analyses and enhanced micro-scale rock 
characterization; 

- Petrophysical rock typing and porosity-permeability 
relationship establishing; 

- Sand production problems and completion design; 
- Flow assurance problems of sand accumulation in ho-

rizontal well completion and erosion process model-
ing. 

Nomenclature 

The unit system used through this work is metric. 
n – number of components in mixture 

xi – random variable denoting ith component in mixture 

N(x, , ) – normal distribution PDF of variable x, mean and 

st.dev.  

i – weight (or proportion) of ith component in mixture 

i – location parameter of lognormal distribution of i th component 

i – scale parameter of lognormal distribution of ith component 

m – number of observations 

d50 – median grain size 

xgi – in “geometric method of moments” [9] size parameter 

e i

gi
x


  

gi – in“geometric method of moments” [9] sorting parameter

e i

gi


   
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Planning Optimization Process 

Tahar Amine Mostefaoui, RIG Support Team Leader, 
SIS, Hassi Messaoud, Algeria 

Redha Benyamina, SIS-IM Engineer, 
SIS, Hassi Messaoud, Algeria 

Reda Badache, Information Management Technical 
Team Leader, SIS, Cheraga, Algeria 

Introduction 

This document describes in details the work that has 
been done in modeling and resolving mathematically the 
scheduling jobs versus resources availability problematic. 

In fact the RTOM project is one on the most challenging 
project in terms of managing humans and materials re-
sources as it’s the world wide biggest project in terms of rig 
monitored at the same time (up to 42 rigs), the project that 
has been implemented based on mathematics knowledge in 
order to respond to clients need which is connecting rigs 
and services companies to the remote operations center 
and streams real time data in proper and perfect data 
quality. 

The main Rig support Team mission is bringing all 
streamed data from the rig site to the remote operations 
center, controlling its quality and maintaining the streaming 
infrastructure. 

The Rig Support Team count 8 rig support specialist 
(Contractors) and 1 Team Leader (Schlumberger Em-
ployee), as the most of the team member doesn’t have 
Schlumberger culture that consist in excellence in execution 
at all job delivery aspect, a lean methodology has been 
adopted to face the issues related to the objective. 

The main pillars of the rig support entity are planning 
and operations logistic and job delivery quality, where we 
need to maintain a high level of service delivery quality. 

Problematic 

The operational objectives for the rig support team is to 
connect the WSDH boxes within 5 days after the well SPUD 
and stream 95% of the auxiliary drilling operations (Non 
Drilling Jobs) such as logging, cementing, MWD, LWD… 

In 2011 the project dispose of 4 rig support specialist at 
any time during the year, the client demand at that time was 
15.5 Job/month, the below section give you a picture about 
the rig support team and the logistics management system 
performance: 

2011 statistics: 

 46% cancelled non drilling job 
 25% cancelled non drilling jobs due to lake of re-

sources 
 2.5 sigma of quality level (Quality = Response to 

Jobs demand) 
 Logistic process takes 3+h/day 
 No logistic cost tracking 
 Client complaint letter 

 
Figure 8 – Jobs Demand/Region VS Cancelled Jobs. 

 

Figure 9 – NDJs Cancelling Root Causes 2011. 

Based on this statistic the common sense would say that 
we were in lack of resources, and by filling this gap the 
problem will be resolved, but what is amazing, is the fact 
that with 4 rig support specialist we should respond to a 
demand of 20 Jobs/Month.  
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Modeling Approach 

In order to give a mathematical resolution of the prob-
lem described in the previous paragraph, we’ve used the 
graph theory to model the situation, as we are dealing with 
traveling network the graph theory is one of the most 
powerful tool that can handle this king of problematic, after 
the modeling phase we can use a bench of algorithm to get 
our objective from the model such as the well known the 
shortest way algorithm or the mail man algorithm (i.e.: look 
for the shortest chain for node a to node b, or Hamiltonian 
cycle within the graph (using mathematical terms)). 

Before describing the model let pass first by under-
standing of why we focus the study on the Planning process 
rather than on providing resources. 

 
Figure 10 – Resources and planning. 

 

Root cause analysis 

Before describing the model let pass first by under-
standing of why we focus the study on the Planning process 
rather than on providing resources, by analyzing the root 
causes on the 2011 process performance we distinguished 
one main issue that lead to the other root causes, and then 
using the Pareto principal (80/20) we get the focus point to 
improve the logistic process. 

From this analysis, we can easily deduce the mother 
root-cause that affect our Team performance in term of 
responding to client requests, in fact in 2011 we were using 
the FIFO methodology as logistic system which leads to 
NDJs cancellations and relocations delay. 

Mathematical approach 

To resolve the FIFO methodology issue we used the 
graph theory approach, in fact we model the problem in 
graph and then we define a heuristic that solves the job 
rotation problematic. 

The graph will be the exact copy of the road network 
use by the team to move between the different rigs that 
belong to the RTOM project, the map below show the 
Algeria desert road network (Figure 14). 

The graph is defined as follow: 

  * ,  ,  +, 

  *              ,            ,      ,        , 

          ,                          (   ), 

         ,         ,        ,                ,  

                 +, 

where 
N is the nodes set which defines the regions, 

E is the edges set which defines the road linking two different 

regions, 

X is the edges weight which defines the numbers of hours separating 
two different regions, while traveling using Schlumberger cars and 

Schlumberger driving polices. 

 

Heuristic: Problem solving 

The heuristic that we defined is define based on the re-
sources constraints that faces the logistic decision making 
process, in order to respond to the client requests in most 
efficient way. 

We have been inspired by the shortest way algorithm 
and separate the graph in two sub trees in order to solve 
two sub mailman problems, using the heuristic defined 
below (Figure 16). 
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Figure 11 – FEMA. 

 
Figure 12 – Root Cause Analysis. 

 
Figure 13 – Root Cause Effects Analysis. 
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Figure 14 – Algeria desert road network map. 

 

 
Figure 15 – Algeria desert road network, a graph representation. 

 

 
Figure 16 – Algeria desert road network, a separated graph representation. 
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Rig Support Job responds Heuristic 

Step 1: Graph Separation: 

Separate the graph in two sub trees as follow. We define 
the two sub trees as two main Zones: South HMD, and North 
HMD: 

   *  ,   ,   + 

   *              ,            ,      , 

       ,           , (   )+ 

   *  ,   ,   + 

   *        ,         ,        ,  

                ,                  + 

Step2: Resources Optimization: 

The current resources constraints are: 

 5 Rig Support at any time 

 4 Cars (need 2 cars per trip   We can get only 2 trip at 
the same time) 

 4 Zones (2 accessible by cars, 2 by flight) 

Based on these constraints we define the following 
rules: 

 One trip per zone, we apply shortest way algorithm to 
minimize the path. 

 The NDJ are prioritize on the relocations and deploy-
ment 

 A deployment/ Relocation are done only and if there is 
no NDJ and we didn’t pass the 5 days period after the 
well spud. 

 If two jobs occur in the same zone at the same time we 
send two rig supports on the same convoy, we use the 
shortest way algorithm to minimize the path. 

Step3: Cost Control and fatigue management: 

As we have 5 rig support specialist per rotation at any 
time, and 5 Zone when we include the ROC as departure 
Zone in put in place the following rule in order to control 
the cost and manage the team fatigue, during the 5weeks 
(ON working). 

We have notice that the risk of having defect in job deli-
very by the rig support is proportional to the time that he 
had spent ON working, for example if you send a rig special-
ist to the rig when it’s his last week before going on days off, 
the risk of getting error while doing the job is higher due to 
cumulated fatigue during the last 5 weeks of nonstop work, 
this risk is also affected by the distance that separate the Rig 
from the ROC, thus will include other logistic constraint 

such as one flight per week between In Salah and Hassi 
Messaoud where the ROC is located. 

Base on this analysis we get the following curves: 

 
Figure 17 – Rotation vs. Missing Jobs Risk and Logistic cost vs. 

Zone 

 

On the same way the cost analysis of the 4 Zones shows 
that In Salah is the highest cost Zone due to logistics con-
straints (1 flight per week, Hotel Booking, Cars renting to 
move between the rigs), based on all this constraints we get 
the following Histogram: 

 
Figure 18 – Rotation vs. Missing Jobs Risk and Logistic cost vs. 

Zone Diagram 

 

By Doing a simple comparison between the two analys-
es we get the following zone assigning rule (Figure 19): 
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Figure 19 – Rotation vs. Missing Jobs Risk and Logistic cost vs. Zone Rule 

 

These two analyses lead us to say that for the people 
whom just came from days off they will be assigned to the 
jobs in In-Salah (the farther location), and so on until they 
reach the last week where they will be assigned to the ROC 
as backup resource and help desk tasks. 

By minimizing the risk of having defect on job delivery 
we will avoid extra cost in trying to fix error on jobs execu-
tion. 

By avoiding sending people to far location at the end of 
their rotation this will help us to manage their fatigue and 
getting best performance from them while job execution. 

These two rules will lead us to reduce the cost of red 
money, and also manage the team performance. 

 

 
Figure 20 – Jobs Demand VS Cancelled Jobs (2012).

2012 statistic and control plan 

Since we applied this heuristic starting April 2012, we 
observed a huge changes and impact on our performance 
and revenue, the matrixes below show our 2012 perfor-
mance (Figure 21, Figure 22). NB: This matrix has been put 
in place July 2012. In 2012 we get a pick in the client job 
demand 21.14 jobs/month comparing to 2011 where we 
were having only 15.4 jobs/month. We still cancelling 4,7 
job/month, but none of the cancelling root causes is due to 
lack of resources or logistic management system, and the 
most important point is using this new logistic method our 
capacity of job responds is 30jobs/month by adding only 
one resource comparing to 2011 where we were having 4 
rig supports specialists. 

 
Figure 21 – Jobs Demand VS Cancelled Jobs (2012). 
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Figure 22 – NDJs Cancelling Root Causes (2012). 

 

These changes had a direct impact on our cost, in fact 
we realized $241K as hard saving in 2012, and total of 
$503k of saving when we include the soft saving such as 
time saving and job quality delivery. 

The unit job cost decline from $1004.52.to $844.82 per 
job. Those performances raised the sigma level of the RTOM 
job delivery from 2.5 b to 3.1 b. 

Below is the summary of 2012 performances (All the 
year). 

 
Figure 23 – Cost Evolution Vs Jobs Done (2012). 

 

 
Figure 24 – Summary of 2012 performances (All the year). 

 

 

 

 

 2011 2012 

Total Cost  $                              126,569.06   $                  160,515.70  

Cost/ Job Avr  $                                  1,004.52   $                          844.82  

Total Jobs Done 126 190 

Rig Support Numbers 6 8 

Cars Number 4 4 

Drivers number 2 4 
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Methodology to Select a 
Production Riser to Reduce Heat 
Transfer and Prevent Formation 
of Hydrates and Precipitation of 

Waxes and Paraffins 

Alejandro Cortés Cortés, Well Engineer, 
IPM Well Constructions, Rio de Janeiro, Brasil 

Ascencio Cendejas, National Autonomous University 
of Mexico-Petroleos Mexicanos 

Abstract 

This work presents the mathematical approach to de-
velop the equation that defines the temperature variation 
for convective heat transfer. Considerations over steady 
state and unsteady state regimen were performed. The 
methodology used involves the general energy balance 
equation and viscosity equation for temperature variation 
(Arrhenius´s equation). The results obtained show that the 
affectation level under free convection behavior, greatly 
affects the oil viscosity that flows through a production riser 
system installed at 500 mts (1640 ft) of deepwater. A 
representative behavior of the oil viscosity flowing along 
the production riser was determined. 

 

Introduction 

The exploitation of hydrocarbons in deepwater is a 
technology and scientific challenge because en subsea 
environments, but most in water columns over 200 m 
(656 ft), are presented flow assurance problems. In the 
production engineering area, is essential the knowledge of 
the temperature along the pipe, due to its importance on 
the hydrocarbon viscosity. 

A fluid at a high temperature flowing through a system 
at a lower temperature, suffers physic and chemical struc-
ture changes, like the viscosity raise level, which is caused 
by the temperature decrease. Increasing oil viscosity 
through time under those conditions, the lines and separa-
tors can be plugged when paraffin or hydrates are formed 
generating pressure and production losses, affecting the 
productivity of the well. 

The object of this paper is to derivate the equations that 
defines the viscosity behavior with temperature variation. 
Afterward evaluate the equation for several flow rates 
conditions, oil properties and analyze the results. 

 

Background 

To understand the development of this work is impor-
tant to understand the Heat Transfer modes by Conduction 
and Convection, both evolved in Fourier´s Law. Through 

 

Thermal Conduction 

The conduction is carried out by means of the energy 
transference between adjacent molecules and have place 
every time there is a temperature gradient. 

Materials have a main parameter that regulates the 
temperature, and that is thermal conductivity “k”.  Fourier’s 
law says that the heat flow is directly proportional to a 
thermal constant named “k”, temperature differential and is 
inversely proportional to the differential of length and a 
sectional area of flow. 

 
(1) 

Thermal Convection 

Convection is the mode of transfer of heat from one 
place to another by the massive movement of fluids. Con-
trary to conduction, convection exists in the movement of 
big fluid volumes. 

Convection heat transference means the heat transpor-
tation through a phase and the mixture of hot and cold 
liquid or gas proportions. If the movement of the fluid is 
generated in a natural convection; if this movement is 
assisted by any external flurry, it is named forced convec-
tion. In fluids the heat transmission by conduction is practi-
cally despicable compared to the one obtained by convec-
tion. 

Convective heat transmission of a fluid in contact with a 
hot surface is expressed in the by 

 (2) 

where 
q: is thermal energy (per time). 

h: is heat transfer coefficient. 

A: is the surface area of the heat being transferred. 

Tf: fluid temperature (hydrocarbons). 

Tp: is the surface temperature (pipe). 
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Using the energy balance equation was performed the 
equation used to solve this work, considering that the 
effects of viscosity dissipation are negligible in r y θ then the 

 

Appendix A shows the development of this equation. 

 

Case I “Steady-state” 

Considering flow in z direction, the final equation de-
rived from the mathematical approach to model the 
temperature behavior is represented by 

           
   

  , (3) 

where 
ΔT : Temperature variation. 

   : Differential convective of temperature. 

λ    : dimensionless variable    
  

       
 

h    : heat convection coefficient. 

z    : depth. 

 

Case II “Unsteady-state” 

Carried out an analyzis of our control volume ele-
ment and considering our flow in Z direction is function 
of the time, the equation derived from this mathematical 
approach and that represents the temperature profile is 
the next equation (4) 

   
  

     
     

 

  
 , (4) 

where 
ΔT  : Temperature variation. 

    : Differential convective of temperature. 

λ      : dimensionless variable   
   

       
 

Uo   : Global coefficient of transfer. 

z      : depth. 

    
 

  
  : Heaviside´s function. 

k     : Variable z/vz 

 

Viscous Fluids 

From mechanics of fluids, is knows that the change of 
the viscosity in a fluid is consequence of 4 physical 
effects: 

 Deformation rate,  

 Exposition time to the shear stress, 

 Temperature y finally, 

 Pressure. 

For the mathematical approach in this paper were 
used the equations that define the change in the viscosity 
due to the temperature variation, and the results ob-
tained were compared, to find which behavior show a 
real behavior of the fluid.  

Arrhenius´s equation is: 

        , (5) 

where 
T : Absolute temperature of the equation. 

A y B : Material constant to analyze 

 

Development of the problem 

The approach of the problem starts with some consid-
erations addressed below. 

Suppose a well located in offshore environment, to 500 
m of deepwater, producing oil at 80°C and  00 cp of viscosi-
ty when it arrives to the mudline. The flow in the produc-
tion riser, is interacting with the system where the water 
temperature is  0ºC, and for that reason the viscosity 
increase to 5000 cp. 

The following considerations are: 

 Temperature gradient of the water is negligible; water 
temperature is  0 (ºC). 

 Oil properties: 

 Cpoil   900(J/(kg°C)), 

 Koil  0.3(W/(m°C)) 

 Inside Diameter production tubing  =2.992(pg)   

 Density of the oil is constant. 

 The effects of the heat transfer by conduction are 
negligible for the steady state. 

 Gravity effects are negligible. 
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 Upstream flow in Z direction. 

 Steady state for the first case. 

 Unsteady state for the second case. 

 

 
Figure 25 – Conditions for a well located in offshore environment 

 

Steady State 

Therefore the temperature behavior along the riser in 
steady state is defined by the equation: 

           
   
   

considering the next boundary conditions: 

  0       

 ( ,  )     

To solve the equation is necessary use an iterative me-
thod that meets the following algorithm: 

1. Viscosity computation through the Arrhenius equa-
tion: 

         

where 

     9.  ,   0.035  5        

2. Reynolds number computation: 

   
   

 
 

where 

  
 

 
 

 .8   0   
  

 
 

 (0.038 ) 
 0.0 05  

 

 
  

3. Prant number computation: 

   
   

 
 

4. Nusell number computation: 

    .8  
     

 
 
   

 
  

  

 
 .  

 

where 

  50( ) 

                                              

                                      0°  

5. Coefficient of thermal transmission  

  
   

 
 

6. determination of   : 

           
   
   

where 

          80(° )   0(° )   0(° ) 

        

                           ,       

7. Determination of T: 

        

8. Calculation of corrected viscosity with Arrhenius Eq-
uation with the temperature value in step 7 

9. Repeat steps 2 to 8 until the desired tolerance is met 
for the viscosity value. 

 

Unsteady state 

For the unsteady state regime, the equation that defines 
the behavior of the temperature profile along the riser is: 

   
      

     
     

 

  

  

with the following boundary conditions: 

 (  ,   0)     

 (  0 ,  )     

1. To solve the equation, was used the heat transfer 
coefficient, defined for the above problem therefore was 
repeated from step 1 to 5. 

2. It is proposed to design a production riser formed 
with different materials, each material with a thermal 
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conductivity property, then the analysis was carried out as 
follows: 

The design of the riser was analyzed with the following 
materials 

 Steel. 

 Brine. 

 Steel. 

 Shell of the riser. 

 Sea water to steady conditions. 

 

Assumptions: 

 The oil flow inside transmit heat by convection due to 
its speed. 

 The components of a, b, c, d and e transmit heat by 
conduction. Analyzing a cross-section of the riser, the 
following defined radios and materials: 

  

 
Figure 26 – Heat transmission, components a…e. 

 

6 cases were proposed, in which the packer fluid in the 
riser was changed for different liquids: 

 Brine of NaCl, 80,000 ppm a  0 °C. 

 Diesel. 

 Air. 

 Brine of NaCl, 80,000 ppm a  0 °C with no thermal 
isolation material. 

 Diesel with no thermal isolation material. 

 Air with thermal isolation material. 

Then the equation to define the global coefficient is: 

where: 
ro= 0.036   mm IR of the TP( Steel). 

r1= 0.0437  mmOR of the TP (Steel). 

r2= 0.106  mm IR of the Riser (Steel) 

r3= 0.1203  mmOR of the riser (Steel) 

r4= 0.2  mm OR of the isolation (synthetic foam) 

3. Heat transfer coefficient values were estimated in Sec-
tion 5, to calculate the global coefficient for each L = 50 (m), 
accumulated. 

4. Calculus of   : 

   
      

     
     

 

  
  

where: 

          80(° )   0(° )   0(° ) 

  
   

       

 

                           ,       

5. Calculus of T: 

        

6. Calculation of corrected viscosity using Arrhenius Eq-
uation with the temperature value in step 3. 

 

Results and discussions 

Graphical and numerical comparisons of the degree of 
involvement of temperature on the viscosity were obtained. 
With equations 4 and 5, the profiles of viscosity change as a 
function of temperature were obtained. 

In Figure 28 it can be seen, that the change in viscosity is 
a function of the fluid velocity as mentioned above. 

The degree of change in viscosity is different from equa-
tions 4 and 5. The expression 5 shows a better profile of the 
distribution as shown in Figure 30, for different production 
rates. 

 

Conclutions 

Steady State: 

The flow rate influences inversely proportional to the heat 

loss from the fluid. Figures 27 and 29 shows that as the rate 

increase, temperature decrease at the same height; this is 

because with the increment of the flow exist a increment of the 

velocity and therefore a reduction in the residence time of the 

fluid in the low temperature system. 

In the same way, when the production flow increase, the 

increment of the viscosity, due to the change of the tempera-

ture, decrease along of the trajectory of the fluid. 
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For the unsteady state, is observed that the equation that 

represents the behavior is not dependent of the time, only of the 

velocity.  

Figure 29 and 30 of the Appendix B show, that the heat iso-

lation material with better performance are the diesel and brine 

in the riser involved with synthetic foam. The variation of the 

temperature obtained in both cases is (0.003 °C each 50 m). 

According to the cost of the brain to 80,000 pm and at 10°C 

is economically better that the use of diesel due to the transpor-

tation on the sea. 

The equation to define the variation of the temperature 
for unsteady-state regime, have a numerical limitation for 
velocities below of 150 BPD, because were presented trivial 
solutions. 

 

Appendix A. Development of the Temperature and Viscosity 
equation 

Is necessary predict the velocity and viscosity behavior 
of an oil transported from the mudline to the surface 
through a 3.5 in production tubing of outside diameter and 
a length of 500m. The oil production is 100 BPD, with 80°C 
of temperature at the mudline level.  

The first case, steady state requires a control volume to 
facilitate the analysis 

 
               

                          
 

   
                 

                           
    

 

  
                 
             
               

  0 

                               
  *      (    )+

 0 

Dividing all terms by           : 

            

  
 

  (    )

      

 0 

Applying the limit when    0: 

  

  
 

  

      

(    )  0 

Defining: 

  
  

      

 

        

          

Replacing; the differential equation results: 

   

  
  

  

 
(      ) 

with the boundary condition: 

  0       

grouping variables as follows: 

   

(      )
  

  

 
   

Integrating both sides: 

 
   

(      )
   

  

 
   

  (      )   
   

 
    

 

clearing     

   (      )    
   
 

    

         
   
     

       
   

 
   
 

 

   
   

 
   
 

     

   
  

 
   
 

     

when 

        

          

Applying the boundary condition       (  0 ,  )     

   
  

 
  ( )

 

     

          

         (     ) 

0     (     ) 

    (     ) 

        

replacing    in equation: 
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Finally 

           
   
   

To solve the previous equation is necessary use an itera-
tive method that meets the next algorithm 

1. Calculation of viscosity with Arrhenius equation: 

        

where: 

     9.  ,   0.035  5        

2. Calculation with the Reynolds number: 

   
   

 
 

where 

  
 

 
 

 .8   0   
  

 
 

 (0.038 ) 
 0.0 05  

 

 
  

 

3. Calculation of the Prant number: 

   
   

 
 

4. Calculation of the Nusell number: 

    .8  
     

 
 
   

 
  

  

 
 .  

 

where 

  50(  ) 

                                              

                        0°  

5. calculation of the thermal transfer coefficient. 

  
   

 
 

6. Calculating   : 

           
   
   

where 

          80(° )   0(° )   0(° ) 

        

                           ,       

7. Calculating of T: 

        

8. Calculation of corrected viscosity with Arrhenius equ-
ation using the temperature value calculated in step 7. 

9. Repeat steps 2 to 8 until the desired tolerance comply 
for the viscosity value. 

            

Unsteady-State 

For the second case, involves analyzing the control vo-
lume, including the time as follows. 

  

  
 

   

     
(     )  

  

  
 

Multiplying equation number (4) by    
 , the equation 

is reduced to the next expression: 

  

  

  

  
 

   

       

(     )  
 

  

  

  
 

Reducing terms and proposing a change of variable, 

where   
   

       
 y    (     ), the equation can be 

reduced to: 

   

  
     

 

  

   

  
 

Applying Laplace Transform to the preview equation 
and using the boundary conditions: 

  
   

  
   *   +  

 

  

  
   

  
  

 * (  ,   0)+  0 

 * (  0 ,  )+  
      

 
 

Applying derivative operator in Laplace space and the 
initial condition, becomes: 

       

  
         

      

   

 

Rearranging the previous equation and using to    as 
common factor, thus: 

       

  
        

 

  

    

Solving the preview differential equation through the 
next procedure: 

 
       

      
  

 

  

       

where the solution is 

ln         
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Applying the properties of the exponential, the equation 
become as: 

        
 
 
  

        

As per the exponent properties, is obtained: 

        
 
 
  

    
    

Evaluating the preview equation with the boundary 
condition, the next expression is generated: 

   

      

 
 

Replacing C1 in the general equation, we have: 

   
      

 
 
 
 
  

    
 

Proposing a change of variable   
 

  
 and replace it in 

the preview equation, is obtained: 

   
      

 
 (       ) 

Applying the rule of the exponent, the preview equation 
become in: 

   
      

 

 (  )

     
 

Where the term  
       is not in Laplace space, there-

fore is a constant, then: 

   
 

     
 
      

 
  (  ) 

From the “Handbook of Mathematical Functions” of Ab-
ramowits Stegun, page 1025, equation 29.3.61 the solution 
that describe the solution in the real space is 

 

 
      (   ) 

This equation represents the Heaviside unit step func-
tion. In the approach of this problem, the function was 
assessed in Mathematica 8.0, was deduced that for times 
greater than zero, our sample argument values is equal to 1, 
showing that numerically varying the viscosity does not 
depend on time, depends only on the exponent. Therefore 
the general equation defining the variation of the tempera-
ture is 

   
      

     
     

 

  

  

Appendix B. Results obtained with Arrhenius equation 

For this case, iterations of the viscosity were performed 
under the assumptions of the problem, obtaining the 
following results: 

Table 3 - Results of the variation of the viscosity using Arrhenius 

equation 

 

 

 
Figure 27 – Variation of the temperature according to the depth 

 

 
Figure 28 – Variation of the viscosity according to the depth 

 

Transient regime 

The next tables show the results obtained to different 
rates and conditions according to the assumptions de-
scribed in this work. 

T μ T μ T μ

[m] [C] [Pa*s] [C] [Pa*s] [C] [Pa*s]

500 10.0312 4.9470 18.7643 0.9410 31.4813 0.4357

450 10.0683 4.8823 21.4449 0.7415 34.5269 0.3941

400 10.1517 4.7419 24.6581 0.5966 37.8805 0.3596

350 10.3456 4.4389 28.4582 0.4916 41.5700 0.3307

300 10.8346 3.7975 32.9150 0.4146 45.6271 0.3063

250 12.1855 2.6336 38.1169 0.3575 50.0873 0.2857

200 15.5857 1.3881 44.1731 0.3143 54.9905 0.2680

150 22.3397 0.6936 51.2158 0.2812 60.3811 0.2529

100 33.7431 0.4037 59.4033 0.2554 66.3085 0.2399

50 51.7852 0.2790 68.9226 0.2350 72.8276 0.2286

z
q= 100 [BPD] q= 500 [BPD] q= 1000 [BPD]
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Table 4 - Variation of the viscosity using the Arrhenius equation 

when brine is between the annular apace of the riser and tubing 

 

 

Table 5 - Variation of the viscosity using the Arrhenius equation 

when diesel is between the annular space of the riser and tubing 

 

 

Table 6 - Variation of the viscosity using Arrhenius equation when 

there is no liquid in the annular space of the riser and the tubing 

(only exist air) 

 

 

Table 7 - Variation viscosity using Arrhenius equation when diesel 

is in the annular between the riser and tubing, but there is no 

external insulating around the riser 

 

 

Table 8 - Variation of the viscosity using Arrhenius equation when 

brain is in the annular of the riser and tubing, but there is no 

external isolating 

 

 

Table 9 - Variation of the viscosity using Arrhenius equation when 

no liquid is in the annular of the riser and tubing, and external 

isolating material is around the riser 

 

 

 
Figure 29 – Behavior of the well producing at 100 BPD when 

different fluids are in the annular and there exists an insulating 

material around the riser 
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Figure 30 – Behavior of the well producing at 500 BPD when 

different fluids are in the annular and there exists an insulating 

material around the riser 

 
Figure 31 – Behavior of the well producing at 1000 BPD when 

different packer fluids are in the annular but there is no insulating 

material around the riser 

 

 

 
Figure 32 – Behavior of the variation of the viscosity and tempera-

ture when there are not fluids in the annular, only exists a pres-

ence of air (1) 

 

 
Figure 33 – Behavior of the variation of the viscosity and tempera-

ture when there are not fluids in the annular, only exists a pres-

ence of air (2) 
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Association Analysis: Finding 

Patterns in Email Opt Ins1 

 

Halvor Sehested Groenaas, WOTC, Oslo, Norway 

Terry Miller, Marketing Communications, 

Houston-Richmond, US 

 

Introduction 

Picture the following everyday scenario. You visit Ama-
zon.com with the intention of buying the latest Harry Potter 
book. As you enter the Web site, several lists of books pop 
up that, according to Amazon, should be of interest to you 
based on your recent viewing history. 

As you type in “Harry Potter and the Deathly Hallows”, 
not only do you get hits on the actual book, but also recom-
mendations for other books in the same series, categories 
(Lord of The Rings, Secret of Narnia, and the like). 

 

How does Amazon do this? 

Amazon has developed a system that studies the selec-
tions visitors has made in previous visits and use this 
information to discover patterns, or so-called rules, of 
customer behavior. 

In Schlumberger a similar analysis can be conducted us-
ing the email topic opt ins selected by visitors2. 

The concept involves an association analysis that com-
pares the choices visitors make to determine patterns. 
These patterns help in drawing assumptions about visitor 
interest and can be used to help create content and/or 
email campaigns for specific "visitor types" that align with 
specific patterns. This information can be used to improve 
Search Engine Optimization and advertising programs and 
possibly even develop new product/service bundled offer-
ings. 

                                                                    

 

 
1 Opt in email is a term used when someone is given the 
option to receive "bulk" email, that is, email that is sent to 
many people at the same time. Typically, this is some sort of 
mailing list, newsletter, or advertising.  

http://en.wikipedia.org/wiki/Opt_in_email 

2 See the list of possible choices at 
http://www.slb.com/resources/email_subscriptions.aspx 

This is achieved through a framework called “Associa-
tion Rule Analysis.” In this paper, we will provide a very 
basic introduction to Association Rule Analysis, and how it 
can be applied to mining email topic opt ins for potentially 
interesting information. 

Association Rule Analysis 

Association Rule analysis is one of a set of pattern rec-
ognition/data mining techniques that automatically look for 
associations between items that are stored in a “transaction 
database.” 

Association rules provide information of this type in the 
form of “if-then” statements. Unlike the if-then rules of logic, 
association rules can also attach statistical significance, and 
other measures of interestingness to the rules. 

As an example rule, the output of a “Market basket anal-
ysis” of a supermarket database, could yield rules of the 
form 

*Bread, Butter+   * Jam +3 

This can be read  “If a customer buys bread and butter, 
then he/she is also likely to buy jam” 

 

The Association Rule Problem 

Let I={i1, i2, …, in} be a set a set of binary attributes we 
call items, and let T={t1, t2, …, tn} be a set of transaction 
called the database. T can be represented as a binary 
incidence matrix (see Figure 34). 

 
Figure 34 – Incidence matrix of about 10% of the opt-in data set. 

Black color implies that the registrant opted in for the list. We see 

that some lists are much less popular than others (white horizontal 

                                                                    

 

 

3 While this example is trivial, other associations might not 
be so. A famous example of a more surprising association is 
*Day   Friday, Product   Beer+   * Product   Diapers+ ! 

http://en.wikipedia.org/wiki/Opt_in_email
http://www.slb.com/resources/email_subscriptions.aspx
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bands). The white vertical band towards the end of the image is 

the Christmas/Year-end when there is naturally little activity. 

Each transaction contains a subset of items from I. An 
itemset X is a set of items from I. A transaction,  tj, contains X 
if X ∈ tj. 

The Support of an itemset is simply the number of times 
itemset X occurs in  T, divided by the total number of 
transactions in T: s(X) = {# incidents of X in T}/ 
{# transactions in T}. 4 

An association rule then is an expression of the form 
X   Y, where  X ∩ Y = ∅. 

The strength of the association rule can be measured in 
several ways, of which the two most fundamental are the 
Support and the Confidence. 

The support of a rule, X   Y, is simply  s(X ∪ Y). The con-
fidence is given by  s(X   Y)= s(X ∪ Y)/s(X). 

Thus the support can be interpreted as the probability, 
P(X ∪ Y), of any given transaction in  T containing both X 
and Y; whereas the confidence is the conditional probabili-
ty, P(Y|X),  that given  transaction containing X , also will 
contain Y. 

 

Discovering association rules 

A given association rule discovery task can thus be de-
fined to “Find all rules that has a support larger than min-
sup, and confidence larger than minconf”. 

The actual rule discovery typically proceeds in two 
steps. 

1. Find all the frequent itemsets satisfying 
s(X   Y) > minsup 

2. Derive the strong rules, X   Y , satisfying 
c(X   Y) > minconf 

The first step can be computationally demanding, whe-
reas the second one is typically trivial. 

 

Finding frequent itemsets 

For a database containing |I| distinct item types, the 
possible number of itemsets is 2|I|-1. Because of this expo-
nential growth, a brute force search is generally not feasi-
ble. Amongst others, algorithms for mining frequent item-
sets are typically exploiting an important characteristic of 

                                                                    

 

 

4 More formally, Supp(X) = |ti: X ⊆ ti, ti ∈ T| 

the support, s(⋅), called the Downward-closure property 
(DCP). This property guarantees that for a frequent itemset, 
all its subsets are also frequent and thus for an infrequent 
itemset, all its supersets must also be infrequent. See 
Figure 35 for an explanation. 

Two canonical algorithms for mining frequent itemsets 
are the apriori algorithm, and the ECLAT algorithm. Both 
exploit DCP for efficient searches. The apriori algorithm also 
derives all the rules as it transverses the data space. 

 

 
Figure 35 – Incidence Item lattice (up) showing the enumeration of 

itemsets in a database containing 5 items , {a,b,c,d,e}. Instead of 

applying the brute-force approach of calculating (counting) the 

support of every possible itemset in the lattice, we can exploit the 

downwards-closure property to either prune away supersets of 

itemsets that we know are below the requested support, or 

instantly include itemsets that we know will have sufficient support. 

The example above, we use the knowledge that itemset {ab} has a 

support less than minsup to remove all super-itemsets of {ab} from 

the search space at an early stage. 
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The email optins case revisited 

If we go back to the original problem of mining email 
optins, we have a Webactivity database with 47 different 
items (newsletter mailing lists), and about 100k transac-
tions (visits). To get an impression of the magnitude of the 
task of mining this dataset without using a structured 
approach, the following numbers should help: 

At a glance: Combinatorics of the www.slb.com email 
option data set 

 Number of distinct itemsets: ≈ 1.4e14; 

 Number of possible rules: ≈ 2.7e22; 

 Number of cells in the human body: ≈ 1e14. 

 

By running an R implementation of the ECLAT algo-
rithm on the data, and subsequently forming rules using 
prespecified minimum support and confidence, we get 
results similar to those in the table below. These rules can 
then be used to generate customized Web content, new 
email campaigns, help in the selection of keywords for 
Adwords campaigns, and provide data that could indicate a 
particular Web traffic path that needs to be enriched. 

 

 

Table 10 – Output from running the ECLAT algorithm on opt in topic data and then forming strong rules 

Rules Support Confidence 
{NT_Schlumberger_Press_Releases} => {NT_Schlumberger_News} 0.162 0.893 
{DT_Wireline_Open_Hole} => {DT_Res_Software_Interpretation} 0.149 0.931 
{DT_Wellconstruction_Products} => {DT_Intelligent_Completions_Monitoring} 0.122 0.969 
{DT_Drill.Bits_Directional_Tools_Services, ,DT_Well_Testing} => 
{DT_MWD_LWD_MudLogging} 

  

… … … 
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