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ABSTRACT 
Drilling for mineral resources can be one of the most expensive processes in the 
exploration and production. Hence, drilling industry has been striving since its inception 
for developing drilling techniques which allow for fast drilling rates but ensuring the 
safety of the well and of the workers. Parameters affecting the drilling process can be 
cast in two major categories, rig and bit related parameters and formation parameters. 
The first category includes weight on bit, torque, rotational speed, and hydraulic 
parameters like flow rate, density and rheology of the drilling fluid. The second 
category includes local stresses, rock compaction, mineralogy, abrasivity of formation, 
formation fluids. The drilling parameters can be controlled while formation parameters 
have to be dealt with. To achieve faster drilling rates, drilling industry has developed 
and uses a multitude of sensors which monitor the above parameters while at the same 
time allow for estimation of formation parameters. This information must then be 
analyzed, either in-situ or post-drilling for the design of new wells and appropriate 
software packages have been developed which perform these tasks to a certain extend 
but has been accepted widely, maybe because of the great complexity of the drilling 
process. In this paper we review such available packages and address the issues of the 
capability of a particular software package, Payzone, to be used and tuned, with 
monitored drilling data, so that one can design future wells using information provided 
from an existing well. Bibliographic drilling data are used from various drilling wells, 
the data monitoring is analyzed with the view of having the best available data and 
future designs are proposed which would allow for faster drilling rates. 
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INTRODUCTION 

Drilling may be the most expensive process during the exploration campaign and the 
ability to predict penetration rates under given subsurface conditions with the various 
drilling rigs is very essential for the safe design and the accurate cost prediction before 
the start of the drilling campaign. Prior experimental and field evidence has already 
demonstrated that penetration rate depends on two groups of parameters, formation 
properties and drilling parameters. In the first group, these involve local stresses, rock 
compaction, mineralogical content, and fluid pore pressure. The most significant 
drilling parameters are applied weight on bit and torque, rotary speed and hydraulic 
parameters (flow rate, density and rheology of drilling fluid). Bit condition is equally 
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important because there is blunting while drilling progresses, which depends on the 
formation being drilled. Drilling tools have evolved significantly over the years but 
modelling of the drilling process and the interaction of bit – formation rock has yet to be 
modelled adequately, which would allow for better penetration rate prediction. 

Improvements in bit design and on operating procedures could offer, especially in deep 
wells, improvements in rate of penetration (ROP), with numbers indicated in the range 
of +25% which could translate to significant savings [1]. While drill bit design is at the 
hands of capable drill bit companies, operating procedures can only be applied by the 
operator and availability of such models or simulators could allow for better operating 
procedures, especially in a long drilling campaign in the same field. For e.g. when using 
PDC bits, one is never sure whether to increase weight on bit (WOB) or revolutions per 
minute (RPM). In a field study [2] it was shown through testing that doubling the bit 
RPM in 6,000-psi rock while keeping WOB constant resulted in 70% increase in ROP, 
however, doubling WOB, with RPM constant, resulted in 300% increase in ROP. 
Availability of a good rock-bit interaction model via a well tuned simulator, such as the 
one that will be analyzed below, could alleviate necessity for such lengthy and 
expensive experiments. Of course, besides the simulator, one needs the real data from 
previous similar wells, hence the monitoring of almost everything that is moving is 
more than essential for such successful application of the simulator. Drilling data are 
then essential, gathered from the sensors installed on the rig, for running the simulator 
and as such the following data is needed, surface weight-on-bit, torque, rotary speed, 
pump pressure, flow rate, nozzle configuration, detailed bit grading. 

 
Use of a software program in combination with real time monitoring of drilling 
parameters together with the availability of a drillability model allows one to calculate 
optimum weight-on-bit, pump pressures and rotary speeds [3]. Use of simulators to 
predict effects of changing parameters has been attempted in the past [4,5,6] but 
requirements are such that in order to model the process with fair degree of accuracy, a 
large number of parameters is needed, making them fairly complex, expensive and not 
very flexible in terms of simulating various encountered conditions, thus, they have not 
been accepted widely. Another approach is to produce a simple simulator but based on 
phenomenological modeling; having thus the basic parameters in place and the proper 
model, using then real data from previously run conditions, to tune the simulator, one 
can produce similar results to the real world. Then, the simulator can be used to predict 
conditions for the operating parameters in a new drilling campaign in the same field. 
Such a drilling simulator, under the name of Payzone, has been developed in recent 
years [7,8,9]. Recent developments allow for a slightly different approach to drilling 
simulator allowing the prediction of rock mechanical strength, based on the input of the 
monitoring parameters, giving input to the formation change and alarming the operator 
of any changes [10,11,12]. 

 

The Payzone simulator allows for defining different lithologies along the wellbore, in 
terms the rock type, strength, and abrasivity. Rock-type data are usually available in a 
typical LAS file, strength data are sometimes given, sometimes not, and in these cases, 
estimation is made, either from databases for similar rocks or they are estimated from 
sonic data, although these are fairly crude estimates. This parameter will be further 
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explored later. When all the data is loaded, the simulator is adjusted to reproduce the 
drilling performance observed in the offset or reference well. Then any well can be re-
drilled to see if a better set of operating conditions can be specified. In the same way, a 
new well can be “drilled” and its drilling performance optimized [7-9]. 

 

MAIN FEATURES OF SIMULATOR 
The Payzone drilling is developed for teaching and research purposes [7,8] and it is 
fairly flexible and simple to use. Besides the capabilities, although not so advanced, 
which give a picture of the well drilled and present also the Lithology and drill time log, 
the main feature is the prediction of drilling rate, using Eqn. (1), 
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where, RPM is rotary speed, tooth_length is the average length of the bit teeth, UCS is 
unconfined compressed stress of the rock, D is bit diameter, WOB is applied weight on 
bit; the following modifiable by the user constants are used: C is a constant; 
(aggressivity) is a formation and bit characteristic constant ranging between 20% and 
100% and normally is given the value of 35%; (curv) is  a formation – WOB interaction 
constant and it is usually given the value of 1.5; (flow_factor) is a constant, ranging 
between 50% and 100% and defines the capability of the system to adequately clean the 
bit front by the cuttings [9].  

 

A similar rock-bit interaction model, with adjustable parameters, is the one that has 
been presented by Teale [13] who introduced the concept of specific energy, the energy 
required by the rig to drill a unit volume of rock. The model has been used by many 
researchers and practitioners in the years that followed [14,15] and is given as, 
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where, (Abit) is the bit diameter, (μ) is the coefficient of friction between drill string 
and formation, converting applied WOB to torque, and (eff) is the efficiency of 
transmitting the rock destruction power of the drilling rig to the rock. 

 

One can show that the two models could give similar results when simulating 
experimental data. For e.g., using the above equations and experimental data used by 
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Abouzeid and Cooper [9], the results of Fig. 1 were derived, which show that both 
models, when properly adjusting the constants, could reflect reality. In this simulation, 
the Payzone model was used with the following parameters (aggressivity=25, curv=1.5, 
Tlen=0.5667), while for Teale’s model the parameter values used were (eff=0.20) and 
for the coefficient of friction (μ=0.25). Of course, Payzone has full capabilities for 
simulating a real drilling process, as it is presented below. 

 

 
Fig. 1. Simulation of experimental data for anhydrite, with Payzone and Teale’s 
equation. 

 

ANALYSIS OF CASE STUDIES 
Several case studies have been analyzed and experience so far has indicated that 
Payzone simulator could be used effectively to predict new well designs and 
parameters, after tuning it to the real experimental data. We have used available 
publicly data, primarily from North sea in last decades. For this presentation we will be 
presenting one such case, well 31/3-3 for which a well completion report was available 
[16]. As indicated above, the first steps were to input all available data, especially 
lithologies and drill bit records. Estimation of UCS was made from external sources, 
based on the information of Lithology. We have then tried to re-construct the drill time 
log, i.e. re-drill the well, by adjusting the main bit parameters, using the options 
available on the simulator window.  We have focused on one depth interval, between 
1917 and 2414 m, which was simulated with 18 formation intervals with four main 
lithologies, soft sand, hard sand, coal and shale. Drilling base case was by applying 85 
to 190 kN, 50 to 180 RPM and approximately 2400 lpm flow rate. The actual drilling 
process was simulated well as the data in Fig. 2 indicate where the reported real drilling 
time is given versus the re-drilled time given by Payzone.  

 

Having simulated the data well, we wanted to see what would be the effect if operating 
parameters were changed, for e.g the weight-on-bit, the rotary speed and the flow rate, 
each one individually and all at the same time. In Fig. 3, we show the results of the 
simulations with all other parameters constant, applying extra weight on bit of 44.5 kN 
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(4.5 tons) which represents an increase between 25 and 50%, and extra 50 RPM, which 
represents an increase of 50 to 63%. 

 
Fig. 2. Simulation of real drilling data, well 31/3-3, from 1917-2414 m. 

The results show the beneficial effect of increasing the WOB, giving increased 
performance by 28-35%, of RPM, giving an increase of 14 to 28%, for the given 
conditions, with WOB of course having more significant effect. An increase of the flow 
rate has given a slightly smalle effect than the increase in RPM. Applying all increases 
at the same time, i.e. plus 4.5 tons, plus 50 RPM and plus 200 lpm, the results of Fig. 4 
are obtained, which show reductions of the order of 35 to 50%, depending on the 
particular section. 

Fig. 3. Normall drilling curve [1], drilling 
curve with RPM+50 rpm [2] and drilling 

curve with WOB+45 kN [3]. 

 

Fig. 4. Base drilling time plot [1] and 
simulated drilling time plot [2] by having 

extra 4.5 tons, extra 50 RPM and extra 
200 lpm. 

One of the main parameters affecting the drillability of any formation and of course 
dictating drilling efficiency is the compressive strength of the rock, as it is also evident 
from equations (2) and (3) above. It is a parameter that still intrigues researchers and 
practitioners because it is not definite how should it be used in order to predict rock 
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drillability [17,18]. Furthermore, the accuracy of the values of this parameter is still 
questionable [19]. The simulator can thus be used to determine the effect of the errors 
made in estimating UCS for the various rocks encountered in the drilling of a well on 
the prediction of rate of penetration. In Fig. 5, we present the results for such a 
simulation, for the same sections as above, by increasing UCS by 50% for the different 
rocks encountered, as this type of error is not uncommon [19]. The results show that an 
error in UCS by 50% could have significant effect on the prediction of drilling time for 
given formation which, depending on the conditions, may range between  58 and 96%, 
giving an overall increase in total drilling time for the sections chosen for the simulation 
of 82%. 
 

 
Fig. 5. Normal drilling time plot [2] and simulated drilling time plot [1] when UCS for 
all formations encountered is estimated as increased by 50%. 
 
CONCLUSIONS 
Prediction of rate of penetration is among the most sought after parameters in a drilling 
campaign for oil and gas exploration as it allows for optimization of drilling parameters 
to decrease drilling costs and enhance drilling process safety. There have been attempts 
to have available such simulators but none has been widely accepted because of the 
severe requirements for running them. 
 
Recent advances made available simulators which could be used onsite having been 
adjusted with real time drilling data so that they can be used in future campaigns in 
similar fields. In order for this to be successful, real time drilling monitoring is essential 
with the main parameters at hand such as weight on bit, torque, rotary speed, flow rate. 
We have been testing one such simulator, Payzone, to verify its capabilities and 
determine how different drilling parameters affect drilling process, using publicly 
reported data. For the case on hand, data from the North Sea were used. 
 
The simulator uses a drilling advance model with a few adjustable parameters that can 
be fine-tuned with available drilling monitoring data. Our analysis has shown that the 
drilling rate model is similar to the equation proposed by Teale, in terms of specific 
energy, which contains two adjustable parameters. Fine tuning this model as well use of 
the Payzone simulator, similar results can be obtained. However, the latter allows for 
simulation of full drilling activity with several enhancements. 
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Re-engineering the well and re-drilling it is possible with no major difficulties. The key-
parameters to fine tune the simulator are overall drilling time and rate of penetration, for 
the sections to be analyzed. For the case on hand, an almost perfect 1:1 correspondence 
between simulated and real drilling time has been achieved. Increasing WOB, RPM and 
flow rate had all beneficial effect, i.e. a god reduction in drilling time, for the situation 
analyzed, with WOB having the most significant effect. Application of all 
enhancements at the same time shows that overall decrease in the drilling time can be of 
the order of 30 to 50% on the average, thus bringing significant savings for drilling new 
wells.  
 
An assessment was also made on the effect of errors on estimation of rock strength, one 
of the main parameters affecting rate of penetration, because recent analysis shows that 
significant errors occur currently. Full simulation showed that increasing UCS by 50%, 
can have a dramatic effect on reduction of rate of penetration, giving overall increases 
in drilling time by up to 82%, thus sending the message for better techniques and 
methodologies to estimate rock strength. 
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