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ABSTRACT

Three major methods that the production engineer uses to quantify formation 
damage in terms of well performance based on the total skin factor after drilling 
operations are: production logging, flow measurement and well test data. The total 
skin factor is used in the flow equations to estimate the production rate in wells that 
are affected by formation damage in order to optimise the flow system to enhance 
productivity.
The most common source of formation damage has proved to be drilling operations. 
The drilling skin contributes the highest percentage of the total skin. It is however, 
not possible to quantify the contribution from drilling fluid to the total skin. In addition, 
the mechanisms of drilling fluid filtration and impact on productivity performance are 
not well understood. Furthermore, a satisfactory model for field applications to 
simulate the near-wellbore damage before drilling in terms of well performance 
Integrated from laboratory core test analysis is still not available.
In recent times, the oil industry has shown increasing awareness towards 
maintaining optimum well productivity through better drilling/completion fluids design.

This thesis presents a new tool which can predict impact of drilling fluid filtration on 
formation damage and well performance from laboratory measurements carried out 
on samples of formation and drilling fluids. This tool is also capable of quantify the 
formation damage in terms of drilling skin (Sd) before drilling at the design (planning 
stage), during drilling and post drilling (evaluation stage).

In this thesis, the results of in-depth experimental research into rheology, filtration 
and formation damage phenomena at elevated temperature and pressure with both 
water-based and oil-based fluids and the relationships between them are presented. 
The experimental data combined with data analysis provide a better understanding 
of filtration and formation damage mechanisms under downhole conditions. They 
also provide the database for the semi-empirical mechanistic models that have been 
developed. These models have been combined and incorporated into a design and 
evaluation tool - the productivity tool, for predicting the effect of drilling fluid filtration 
on formation damage in terms of well productivity. The productivity tool is useful as a 
design and analysis tool for applications in the lab and in the field.
The field applications of the productivity tool based on the drilled wells studied shows 
it can be used to investigate the influence of many parameters such as drilling and 
static operational time, overbalance pressure, temperature, reservoir permeability, 
types of drilling fluids, rheology design, etc. on well performance. This tool is also 
capable of being utilised to screen different drilling fluids desired for achieving 
minimum formation impairment and maximum production capacity, which can reduce 
the overall well cost in terms of time and operations.

A number of results are presented to illustrate how the new tool can be used to 
evaluate the damage factor of a given fluid, specify the invaded zone skin and the 
depth of invasion as well as the economic implication of the skin zone on well 
productivity. Recommendations are also made for further work on this fascinating 
field of study, based on a range of new experimental techniques developed in this 
research.
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NOMENCLATURE

Cross-sectional area of filter cake

Also pressure coefficient defined in equation 

(6.3), (6.7 to 6.15) and (6.18 to 6.27)

Constant

Constant

Also empirical structure parameter in equation (4.7)

Static filtration coefficient

Constant defined in equations (6.8 & 6.13)

Static filtration coefficient

Constant defined in equations (6.7 & 6.12)

Dynamic filtration coefficient

Also viscosity constant for Newtonian fluid 

defined in equation (3.62)

Temperature coefficient defined in equation (6.3),

(6.7 to 6.15) and (6.18 to 6.27)

Constant

Constant

Also pressure constant defined in equation (6.3)

Also temperature constant defined in equation (5.19)

Also constant defined in equations (6.9 & 6.14)

Dynamic filtration coefficient

Also static filtration rate defined in equation (3.61)

Also conversion factor defined in equation (6.52)

Constant

Dynamic filtration coefficient

Also static filtration volume constant

[m^/NJ

[-]

[l/’C]

[s]
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Also conversion factor defined in equation (6.52) [-]

C' Constant [s]

C3 Dynamic filtration coefficient

Also conversion factor defined in equation (6.53)

C' Constant

C4

C5

Conversion factor defined in equation (6.53)

Conversion factor defined in equation (6.53) [-]

C. Constant

Cf Constant

C Constant

c H' Constant

D, Annular inner diameter

d Constant defined in equations (6.10 & 6.15)

Also Constant defined in equations (6.20 to 6.27)

Also Constant defined in equations (6.20 to 6.27)

di The diameter of drill pipe [m]

d2 The diameter of wellbore [m]

D pore Pore throat diameter

d p Particle diameter

dso Mean particle diameter ImJ

F Constant

Also constant defined in equations (6.9 & 6.14)

f

Also constant defined in equations (6.10 & 6.15)

The coefficient of internal friction of the cake surface layer

Also volume of cake defined in equation (3.4)

Also friction factor defined in equation (4.34)

fc Intenial geometry [-]
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Fr 

heq

Resistivity formation factor

Filter cake thickness at equilibrium stage

[-]

[m]

h Constant defined in equations (6.20 & 6.25) [s/m^]

Also Constant defined in equation (6.21 & 6.26) [m/s®'^]

Also Constant defined in equation (6.22 & 6.27) [m']

K Permeability [m'j

Also consistency index defined in equation (5.3) [Ns/m^]

k Constant defined in equation (3.46) [-]

a; Average permeability [m']

^avg The average filter cake permeability [m']

Kc Filter cake permeability [rn'l

K<i Permeability Damage [m'l

Kf Formation permeability [m'j

Kv Vertical permeability [m']

Kh Horizontal permeability [m']

ki. Constant for specific mud Im']

kx Dynamic filtration erodability coefficient [kg/Ns]
kz Kozeny constant [-]
L The length of filter bed [m]

Also filtercake thickness defined in equation (3.1) [mj
L The length of tube or rock sample [m]

La Actual length of rock sample [m]

Le The length of filter cake [mj

Ld The depth of solids invasion [m]

Lf The length of filter medium [m]

Constant [m^/s]

Mg Constant [s/m*’]

M' A number defining filter cake characteristics [s/m*^]
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m Ratio of wet to dry cake mass [-]

Ng

n

P

Pa

Pl

Ps

AP

APe

APf

^Pmeff

AP,

PI‘ ^actual

Plideal

q

Req

R

R,

R|.

Rm

Rmcff

r

Also constant defined in equation (3.46)

Also cementation factor in equation (4.7)

Constant

Constant defined in equation (3.46)

Number of cones n equation (3.66)

Also Power Law index

Filtration pressure

Applied pressure

Hydraulic pressure

Pressure on solids

Pressure differential

Pressure differential across filter cake

Pressure drop across formation

Pressure differential across effective filter medium

Total pressure drop across filter cake and formation

Productivity index after formation damage

Productivity index before formation damage

Filtrate How rate per unit area

Dynamic equilibrium filtrate flow rate

Resistance

Resistance of filter cake

Ratio of filtrate volume/volume of deposited solids

Resistance of filter medium

Effective resistance of filter medium

The internal radius of the tube

Also the constant resistance of filter medium

defined in equation (3.65)

[-]

[-1
[N/m^]

[N/m^]

[N/m^]

[N/m^]

[N/m^]

[N/m^]

[N/m^]

[N/m^]

[N/m^] 

[ST/Dm^/N] 

[ST/Dm^/N]

[m/s]

[m/s]

[1/m]

[1/m]

[1/m]

[1/m]

xxxix



Ff The depth of filtrate invasion

S Sortivity

So Specific surface of solids [1/m]
s Solids percentage concentration in the slurry

Also a compaction function of the cake 

defined in equation (3.52)

Sb Blockage skin

Sc Solids percentage concentration in cake

Sc Partial completion skin

Sd Drilling skin

Sp Perforation skin

Gravel-pack skin

T Temperature

t Time [s]

teq Dynamic equilibrium time

to Time

tsp.

V

Spurt loss time

Cumulative filtrate volume

V' Cumulative filtrate volume

V A function of cake compressibility

Also defined as ratio of volume of filter cake to

volume of filtrate in equations (3.53) and (3.65) [-1
V* ann Annular mud flow velocity

Vb Bulk volume

Vp Pore volume

Vsp

w
Spurt loss volume

Cumulative deposited solids weight per unit area

Wc Filter cake weight per unit area

xl



We Eroded solids weight per unit area

Ws Solids weight as laid on filter medium [kg]

W, Weight of dry core [kg]

W,

X

Weight of saturated core

Pressure exponent

Fluid loss concentration defined in equation (6.9)

Also permeability constant defined in equation (6.20)

Also shear rate constant defined in equation (6.20) [rpm]

GREEK SYMBOLS

a Specific filter cake resistance [m/kg]

tta Specific filter cake resistance [m/kg]

Olavg

P

Average specific filter cake resistance [m/kg]

Non Darcy Oow coefficient [l/m]

Y Shear rate [1/s]

Yw

3
Shear rate at wall [1/s]

fl

fie

f*P

fif
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

Oil and gas, as found in nature, are trapped underground within the myriad of 

microscopic pores of reservoir rocks into which they migrated from source rocks over 

a period of millions of years. They are derived almost entirely from decayed plants 

and animals. These source rocks were deposited in ancient seas, rivers or lakes. 

Impervious sediments, deposited on top of the porous reservoir formations, sealed the 

reservoir underground, in many cases preventing the hydrocarbons from seeping 

away to the surface. To reach underground oil and gas, operators drill boreholes (i.e. 

wells) through subterranean rock, generally up to several thousand meters deep, 

making wells. The wells are completed by installing production tubing.

During drilling operations, it is necessary to pump a fluid (drilling mud) downhole 

through the bore of the drill-pipe and the bit nozzles. This mud then flows upwards 

through the drill-pipe / wellbore annulus, carrying the rock cuttings generated by the 

rotating bit. At the surface, the cuttings are then removed by solids control equipment 

before the mud is again pumped downhole [Figure 1.1].

The drill-bit can be directly connected to the drill-string or, instead, to a mud motor 

which in turn is connected to the drill-string. The latter configuration allows the bit to 

be rotated without rotating the drill-pipe and is hence often employed for drilling 

deviated sections of the well path. The former configuration is usually used for 

straight sections.

The fluid (generally called “drilling mud” because of its physical appearance), 

consists of base Huid (water or oil), various special chemicals and frequently a 

weighting element (e.g. barite).

One of the major functions of a drilling fluid is the control of formation pressure. In 

order to prevent formation fluids from flowing into the borehole, the hydrostatic 

pressure of the mud column is usually made to exceed the formation pressure. This 

differential pressure provides the driving force for a flow of mud movement through
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Figure 1.1 Schematic of rig-site drilling fluid circulation system 
the borehole wall into the formation. During drilling the dynamic filtration is 

influenced by the equivalent circulation density which in turn is a function of fluid 

rheology, solids content, chemical additives, etc. The deposition of solids on the face 

of the formation creates a wall cake. A steady state flow regime, characterized by a 

constant filtrate invasion rate and a constant thickness of filter cake (dynamic 

equilibrium), is generally observed. Excessive loss of liquid and associated drilling 

mud solids can result in formation damage and contribute to borehole instability.

The formation damage depends upon a large number of parameters such as drilling 

fluid type, formation properties and operating conditions (overbalance pressure, shear 

mte, etc.). The formation damage can be characterised by the following factors: the 

static and dynamic fluid losses, damaged permeability in the zone occupied by 

internal cake, properties of external cake such as cake thickness, permeability, etc., 

pressure drop across cake and sand face, and the depth of solids and filtrate invasion. 

Drilling rigs are equipped only with static filtration cells and low pressure-low 

temperature (LP-LT) Viscometer. The static fluid loss test that is used in the rig site 
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gives only a vague indication of downhole static and dynamic fluid loss. Fluid 

rheological properties are strongly affected by pressure and temperature. The 

rheological behaviour of the drilling fluid has a major impact on pressure distribution 

in the wellbore and hence affects drilling overbalance pressure and thus filtration. 

Therefore, to adequately predict downhole filtration and impact on formation 

damage, it is also necessary to predict downhole fluid rheology, so that the pressure 

distribution can be computed and hence pressure drops across cake and sand face and 

filtrate and solids invasion can be calculated. However, an extensive database 

requires to be generated from controlled experimental studies in order to develop 

models to predict these factors accurately. The laboratory experimental database 

needs to be integrated for field application in order to quantify formation damage and 

evaluate the well productivity.

In recent times, the oil industry has given increasing awareness attention to 

maintaining optimum well productivity through better drilling/completion fluids 

<lesign, since minimising filtration is beneficial to borehole stability and production. 

Yet the engineer is left with some ad-hoc approach and a few bench tests to guide 

him through decisions which may ultimately cost thousands of dollars in mud 

materials additives, stimulation treatments and lost production.

Overall the studies and practices to date showed limitations because:

They mostly concentrate on LP-LT water based muds (WBMs).

The effect of the rheological behaviour of the drilling fluid on filtration 

mechanisms and fluid invasion is still not clearly understood.

Addition of fluid loss additives (FLA) to the drilling fluid is based only on 

standard rig site static filtration tests. Filtration control with different fluid loss 

additives has a considerable impact on drilling fluid properties and performance, 

on drilling cost and well productivity.

Most of the existing filtration models are limited in application to LP-LT 

WBMs; rigs are equipped only with API HP-HT static cells and field engineers 

need to deduce dynamic filtration characteristics from static filtration data.

1.

2.

3.

4.

3



5. No consistent relationship has been established between static versus dynamic 

filtration.

6, Three major tools that the field engineer uses to quantify formation damage in 

terms of well performance after drilling operations are, production logging, flow 

efficiency and the total skin factor estimated from well test data. The most 

common source of formation damage has proved to be drilling operations. The 

drilling skin contributes the highest percentage of the total skin. It is however 

not possible to quantify the contribution from drilling fluid to the total skin. In 

addition, a satisfactory model for field applications to simulate the near

wellbore damage before drilling in terms of well flow performance integrated 

from laboratory core test analysis is still not available.

Furthermore defining the complex relationship between key operational parameters 

makes the situation more difficult.

The economic impacts of wellbore formation damage justify a thorough study of this 

problem in order to find ways to minimize its effects on well performance.

Therefore, the main aim of this study is to link laboratory measurements to field scale 

applications and to provide a better understanding of filtration mechanisms and 

impact on formation damage in order to evaluate well performance and optimise fluid 

selection.

1.2 PROJECT OBJECTIVES
This thesis represents the results of a combined experimental and theoretical study of 

the fluid rheology and the filtration properties of WBM and OBM (oil base mud) in 

relation to formation damage (Figures 1.2a and 1.2b). The tested muds cover the most 

commonly used HP-HT drilling fluids, including lignosulphonate muds, emulsion 

muds and synthetic oil muds, both barite-weighted and unweighted.

1.2.1 Experimental Programme

The experimental programme was designed to identify the effects of a number of key 

parameters that govern the filtration process, the fluid rheology and formation 
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damage mechanisms, to generate a database from controlled experimental studies at 

different operating conditions in order to develop theoretical models and to 

investigate:

■ Rheological characterisation of WBM and OBM for temperatures ranging from 

150 F- 300°F and pressures ranging from 15 psi-17000 psi.

■ Filtration characteristics (static and dynamic) for WBM and OBM under the 

effect of the following factors:

Parameter Range

Pressure, psi 200 to 900

Temperature, “F 150 to 300

Solids concentration, % 6 to 20

Permeability (natural cores, synthetic cores, and filter 

paper), md

40 to 4000

Shear rate, sec ' 80 to 240

FLA, Ib/bbl 0 to 6

Formation damage characteristics for WBM and OBM under the above 

conditions.

1*2.2 Theoretical Programme

The theoretical programme was designed to integrate (scale) laboratory test results to 

field applications which required the following models:

■ Development of a rheology model to predict rheological properties under 

downhole conditions for WBM and OBM in order to compute wellbore pressure 

distribution and hence drilling overbalance pressure.

■ Development of pressure drop models to predict pressure drop across formation 

and filter cake in order to compute depth of invasion.

■ Development of a static and dynamic filtration model to predict static and 

dynamic filtration properties (fluid loss and filter cake) for WBM and OBM in 

order to compute filtrate invasion.
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Development of a dynamic filtration versus static filtration model to predict 

dynamic filtration from API static filtration test data.

Development of solids and filtrate invasion models to predict depth of solids and 

filtrate invasion.

■ Development of a productivity tool to predict the impact of drilling fluid 

filtration on formation damage in order to evaluate well performance and 

optimise fluid selection.

Extensive experimental studies need to be conducted in order to support the models 

predictive features at different operating conditions.



Figure 1.2b Project Objectives
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1.3 PROJECT METHODOLOGY

1.

To achieve the above research objectives, the following programme was undertaken: 

Literature Search and Review: as a first step towards the provision of a thorough 

understanding and to build up knowledge on drilling fluids, filtration 

mechanisms, drilling fluids rheology, formation damage and experimental 

facilities and current technology an extensive literature search and review has 

been carried out in line with the project objectives.

Experimental programme: to analyse and investigate drilling fluid rheology, 

filtration and formation damage with respect to the main key parameters that 

affect the filtration mechanisms. Extensive resources of sophisticated 

experimental equipment have been used for this study.

Characterisation of filtration and formation damage:

(a) Sourcing and selecting common drilling fluids (WBM and OBM), each type of 

mud has been mixed twice in order to achieve the best fluid properties with 

optimum chemical concentrations.

(b) The chemicals used for mixing drilling fluids (WBM and OBM) were 

selected from the same manufacturing batch for consistent test results.

(c) The experimental programme was conducted using the same fluid batch for 

accurate test results.

2.

3.

(d) A new experimental testing technique has been developed for selecting 

optimum emulsifier concentrations for (WBM and OBM).

(e) The static and dynamic sag tests were conducted for any fluid mixed for 

optimum fluid design to ensure that the mud is not sagging as this could 

affect the accuracy of experimental results.

4. Homogenous Clashach sandstone rock samples were selected for the present 

work with support from the Core Analysis Company (Corex Company). The 

selected core samples exhibit a wide range of porosity, (10 to 28 percent), and a 

wide range of permeability, (from less than 50 md to few thousand md 

“millidarcy”).
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(a) The depth of solids invasion requires knowledge of the morphological 

characteristics. Therefore measurements of porosity, permeability and

resistivity factor were performed.

(b) Pore Size Distribution studies from capillary pressure tests using mercury 

injection were carried out for selected samples and used for comparison

against derived models.

(c) An attempt has been made to establish a relationship between the 

morphological characteristics of Clashach sandstone such as permeability, 

porosity, particle diameter, tortuosity, resistivity factor, average pore throat 

diameter, non-Darcy flow coefficient and to use these to classify flow in

porous media.

5. Extended rheological characterisation has been carried out for the most common 

water and synthetic oil based muds used for downhole applications’:

(a) The best rheological model to fit water and oil based muds is Herschel-Bulkley 

model.

(b) Rheological models for water and oil-based muds were developed which can 

predict rheological properties for a given shear rate under downhole 

conditions.

(c) The effect of rheological properties has been incorporated into the description 

of the filtration and formation damage mechanisms under downhole 

conditions.

6. Classic models of drilling fluid filtration have been sourced from the literature 

and modified to establish:

(a) The classic static filtration equations for WBM and OBM, which show 

substantial advantages when adapted to fit static filtration data of drilling fluids

(WBM and OBM).

(b) The dynamic filtration equations for WBM and OBM, which provided more 

realistic results when adapted to fit dynamic filtration data of drilling fluids 

(WBM and OBM).
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7.

8.

(c) The drilling fluid filtration models developed can predict static and dynamic 

filtration behaviour or dynamic from static filtration data.

(d) Filter cake characteristics such as average specific cake resistance and 

cake permeability have been predicted and described, which has been

established a greater insight into filtration mechanisms.

The laboratory test results database has been extrapolated to field scale 

applications (the productivity tool).

The productivity tool can predict the impact of drilling fluid filtration on 

formation productivity in terms of depth of solids and filtrate invasion, drilling 

skin, flow efficiency and loss of revenue.

1.4 SUMMARY OF ACHIEVEMENTS

Details of the attempts to analyse the impact of drilling fluid filtration on formation 

damage have been presented. The analysis has been based on the results of in-depth 

experimental research into rheology, filtration and formation damage phenomena. 

The main contribution to knowledge from this work can be summarised as follows;

Controlled Experimental studies combined with data analysis of fluid rheology, 

static and dynamic filtration and formation damage models provides a better 

understanding of filtration mechanisms under downhole conditions . This 

analysis also considers different variables such as solids, shear rate, medium 

type and permeability, fluid loss additives, pressure and temperature.

The experimental data also provided the database for the semi-empirical 

mechanistic models that were developed. These models have been combined and 

incorporated into a design and evaluation tool - the productivity tool (PRT), for 

predicting the effect of drilling fluid filtration on formation damage in terms of 
a

well productivity (Appendix D). The productivity tool is useful as a design and 

analysis tool in laboratory and field scale, which can be used for predicting 

formation damage mechanisms caused by particulate and filtrate invasion'*. The 

10



field applications^ of the productivity tool based on the drilled wells studied 

(Appendix D) shows it can be used to investigate the influence of many 

parameters such as drilling and static operational time, overbalance pressure, 

temperature, reservoir permeability, types of drilling fluids, rheology design, etc. 

on well performance.

The productivity tool can be used before drilling at the design stage (planning tool), 

during drilling and post drilling for evaluation and comparison tool with well test 

data. This predictive tool is capable of being utilised to screen different drilling fluids 

desired for achieving minimum impainnent and maximum production capacity, 

which can reduce the overall well cost in terms of time and operations. As a result of 

this, the considerable economic implication of the skin zone on well productivity can 

be greatly minimised.

1.

2.

A new application testing technique*^ has been introduced using a Particle Size 

Analyser for the following purposes:

Selecting optimum emulsifier concentrations for water-based muds.

Selecting optimum primary and secondary emulsifier concentrations for oil

based muds.

3.

4.

5.

6.

A quality control tool for comparison of different types of emulsifiers.

Selection and comparison of emulsifiers can be achieved in a short time, thus 

reducing economic impact.

A backup tool for the dynamic sag test.

Particle size classification analysis for static and dynamic filtration filter 

cakes.

It was discovered that there exists a critical overbalance pressure zone for water-
□

based mud where decreased permeability impairment occurs . In this zone a 

minimum invasion depth was observed in the overbalance pressure range from 

400 to 650 psi. This has been explained in terms of tight particle bridging, 

compaction and lower filter cake permeability, thereby allowing fewer particles 
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to move into the formation through the cake. This is an important effect, as it is 

common practice for oil operators to drill with lower differential pressure in the 

belief that this will minimise the formation permeability damage. However, 

contrary to this expectation it has been found that the permeability damage will 

be higher at lower differential pressures.

The mixing procedure order for OBM components described in API RP I3B-2 

has been modified.

1.5 ARRANGEMENT OF THESIS

Chapter 2 presents HP-HT drilling fluid chemistry and inhibition mechanisms, the 

fundamental concepts of drilling fluid filtration, formation damage mechanisms and 

associated problems.

Chapter 3 presents an extensive review carried out on the experimental studies of 

filtration properties of drilling fluids. Previous studies on the effects of the individual 

parameters under downhole conditions on filtration performance are compared with 

the present work. This is followed by a review of classical filtration models.

Chapter 4 presents the experimental studies and quality control procedures. The API 

oil-based mud mixing procedure has been modified and a new major testing 

technique using the Particle Size Analyser for optimum emulsifiers selection has been 

established. Design criteria to classify the fluid flow regimes in porous media and a 

quality control approach has been established for formation damage testing 

procedures. The main experimental facilities are also described and presented.

The experimental results of the rheological, filtration and formation damage 

characterisation test results are presented and discussed in chapter 5.

Chapter 6 presents the development of the theoretical models to predict downhole 

drilling fluid rheology, static and dynamic filtration and formation damage. An 

attempt to validate these models using experimental, independent test and field data 

has been made under different applied factors and conditions. Attempts have also 
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been made to integrate the lab database analysis for field applications to predict the 

effect of drilling fluid filtration on formation damage in terms of productivity 

impairment.

Chapter 7 presents the insights gained into fluid rheology and filtration mechanisms 

and their application to the problem of formation damage productivity impairment. A 

number of mechanistic models developed have been combined and incorporated into 

a design and evaluation tool (called the productivity tool) for predicting the effect of 

drilling fluid filtration on formation damage in terms of formation productivity. 

Applications of the PRT have been carried out using field data from North African 

oilfields with both WBM and OBM. The PRT shows good agreement with the field 

measurements based on the drilled wells studied.

Chapter 8 the final chapter, summarises the findings of this research and makes 

recommendations for further studies Figure 1.3.
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Figure 1.3 Thesis Arrangement
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CHAPTER TWO

DRILLING FLUIDS FILTRATION AND FORMATION DAMAGE

MECHANISMS

HP-HT drilling fluid chemistry and inhibition mechanisms, the fundamental concepts 

of drilling fluid filtration, formation damage mechanisms and associated problems are 

presented in this chapter.

2.1 HP-HT DRILLING FLUIDS

Drilling fluids are commonly classified according to their base fluid into three main 

groups ’ : (1) water based mud, (2) oil based mud, and (3) gaseous based mud.

Over the years a considerable number of drilling fluid formulations have been 

developed to suit various subsurface conditions. Selection of the best fluid to meet 

anticipated conditions will minimise well costs and reduce the risk of potential 

problems such as stuck pipe, loss of circulation and kicks. Consideration must also be 

given to obtaining adequate formation evaluation and maximum productivity^ [Figure 

2.11.

Basic drilling fluid systems are used in the initial stages of drilling usually converted 

to more complex inhibitive systems as the well depth increases and the wellbore 

temperature and/or pressure increases. The common types of HP-HT drilling fluids 

are listed in Table 2.1.

2.1.1 High Temperature Wells Related Problems

From the drilling fluid standpoint, high temperatures can be considered as those 

above which conventional drilling fluid additives begin to thermally degrade at an 

appreciable rate. This degradation leads to loss of product function and system 

maintenance becomes difficult and expensive.
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Table 2.1 HP-HT inhibitive drilling fluids systems

System Type of mud Temperature 

limitation F

Remarks

WATER BASED MUD Saturated saltwater 300 Extended to 350

Potassium chloride 300 Extended to 350

Polymer drill 300 Extended to 350

Lignosulphonate** 350 Extended to 500

OIL BASED MUD Diesel oil 600

Mineral oil 600

Synthetic** 600

** Mud types selected for this study
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The majority of mud treatment chemicals begin to degrade at temperatures between 

212 and 250 *^F. However, the main problems in high temperature (HT) wells can be 

summarised as follows^:

1.

2.

3.

Mud products degradation: With the exception of weight material the 

constituents of drilling fluids degrade with time at elevated temperatures; the 

higher the temperature the greater the rate of degradation. The polymers 

(FLA) are, however, susceptible to thermal degradation.

The two primary reactions responsible for polymer breakdown are oxidation 

and hydrolysis. Both temperature and the rate of degradation at that 

temperature must be taken into account when specifying the temperature 

stability of mud or mud product. The critical temperature for each mud 

product should be calculated or established by experience. Mud product 

degradation can affect all mud properties.

High-temperature gelation: High temperatures both disperse and flocculate 

bentonite suspensions. Hydration of bentonite increases with temperature and 

an increased number of clay platelets are split from aggregated stacks. A 

greater number of particles are then present in the suspension and the 

viscosity of the suspension increases. The split of aggregated stacks presents 

fresh surfaces for adsoiption of hydroxyl ions producing a consequential drop 

in pH (hydrogen-ion concentration). A pH drop will tend to increase 

flocculation within the suspension. In general WBM HT-gelation is caused by 

clay flocculation and compounded by degradation of polymers, a drop in pH 

and an increase in the filtrate loss. In OBM it can be caused by interaction 

between colloidal particles (clay and fluid loss additives) and breakdown of 

emulsifiers may cause gelation 1 Figure 2.2].

Fluid loss: Regardless of the type of drilling fluid, the static and dynamic fluid 

losses usually increase with temperature and pressure. This is largely due to 

loss of product function, and to changes in filter cake compressibility with 

changing temperatures.
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4. Rheological properties: Due to mud product degradation and gelation the 

rheological properties are affected and cause increase in viscosity [Figure 

2.2]. In commonly utilised oilfield drilling fluids all rheological properties 

decrease with increasing temperature. However, under downhole conditions 

this effect may be reduced by increased pressures (e.g. OEM’s) and the 

viscosity may be increased by the increased hydration and flocculation of 

clay. Properly controlling the rheological properties in the field depends on 

efficient solids-control equipment and high-performance drilling fluid 

additives. Small increases in colloidal-sized drilled solids can rapidly escalate 

the fluids rheological properties, leading to unacceptable pressure losses, 

barite sag and drilling fluid gelation, which causes excessive swab, and surge 

pressures. Conversely, low rheological properties promote poor hole cleaning, 

barite sag (settlement of solids), and a non-uniform density profile in the 

annulus that can promote drilling fluid losses to the formation or potential 

well control problems.

5. Density: The mud weight can vary significantly with temperature; a decrease 

in density (less than 6%) with increasing temperature is due to the volumetric 

thermal expansion of the fluid phase. This is particularly true of oil muds as 

the oil continuous phase has a greater expansion than does water.
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6. Alkalinity; Temperature rise increases the rate and the extent of most chemical 

reactions. The increased yield of clays results in more sites being available for 

reaction with ions, particularly hydroxyl ions. The end result of this is a 

reduction in alkalinity and an increase in flocculation.

In OBM s the increased reaction of lime with surfactants greatly increases 

with temperature and reductions in mud alkalinity are common, particularly 

after lengthy trips. Often the performance of the mud will be hindered by lack 

of a good excess of lime.

2.2 FORMATION AND MUD CHEMISTRY

Understanding the formation chemistry and drilling mud interactions is crucial for 

selecting the type of drill-in/completion fluid (i.e. fluids used to minimise formation 

damage), in tenns of wellbore stability and formation productivity.

2.2.1 Formation Chemistry

The stability of the borehole and formation productivity depends to a large extent on 

interactions between the drilling fluid and the formations present.

The physiochemical properties of clays, which are of great interest to petroleum 

engineers, are (1) base exchange capacity “BEC”, and (2) adsorption of water 

(swelling). Base Exchange is defined as cation exchange between the clay building 

unit and a solution e.g. displaces Na*. However when two ions of different 

valences are present, the one with the higher valence is generally adsorbed 

preferentially. The order of preference usually is:

H'^>Ba-*>Sr-’>Ca'’>Cs'>Rb’> K’>Na'>Li‘

The field procedure for determining cation exchange capacity is called the methylene 

blue capacity test.

Two swelling mechanisms are recognised: crystalline and osmotic. Crystalline 

swelling (sometimes called surface hydration), results when water invades the pores 

of a typical clay structure and forces the clay particles apart. Osmotic swelling causes 
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much larger increases in bulk volume than does crystalline swelling [Figure 2.3]. 

Remedial treatments for swollen clays are commercially available, but it is easier to 

prevent clay swelling by using inhibited drilling fluids than it is to reverse it (section 

2.3.1).

2.2.2 Chemistry of Water Based Muds

The mud system^’’^ consists of: (1) a continuous phase; water or oil, (2) a dispersed 

phase: clays (bentonite, attapulgite), (3) chemical additives: reactive such as 

chemicals used to control mud properties, and non-reactive chemicals such as barite. 

Clay minerals originate from the degradation of igneous rocks, and mostly belong to 

the group of silicates having layer structures. The two common members used in 

water based mud drilling fluid are sodium montomorillonite (bentonite) from the 

smectite group, which is used in fresh water muds, and sepolite from the attapulgite 

group, which is normally used for salt water muds.

Clay minerals, i.e., hydrous aluminium silicate [Figure 2.3], provide the colloidal 

base of many aqueous muds, and are also used in oil based muds.

Based on clay particle orientation there are four structure mechanisms, aggregation, 

dispersion, flocculation, and deflocculation [Figure 2.4].

1. Aggregation is face to face linkage leading to thicker plates. This decreases the 

number of particles and causes a decrease in the plastic viscosity and increased 

filtration volume.

2.

3.

4.

Dispersion is the reverse of aggregation and leads to a greater number of 

particles and to higher plastic viscosity and gel strength.

Flocculation refers to edge-to-edge and/or edge-to-face association of particles. 

This causes an increase in viscosity, gelation and filtration volume.

Deflocculation is the disassociation of flocculated particles. This removes the 

attraction that results in edge-to-edge and/or edge-to-face bonding between clay 

particles and causes a decrease in the viscosity.
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Figure 2.3 Water hydration of calcium Figure 2.4 Association of clay particles 

and sodium inontniorillonite

The fluid loss additives (FLA) can be used for more than one function. The two most 

frequent FLA applications are for filtration control and to build viscosity.

The filter cake properties such as permeability are affected by the type, amount and 

molecular size of the FLA. The FLA mechanisms can be divided into:

2.

Blocking and plugging of filter cake pores creates low permeability filter cake.

Coating mud particulates and creating impermeable layers preventing escape of 

water into the formation.

3.

e-g-

Viscosifying the base fluid.

sodium carboxymethyl cellulose (CMC) combines the flocculation and 

deflocculation, creates link structure (encapsulation) which trap water in between and 

avoid water escape.

Clay interactions, solubility of various components, corrosion, and effectiveness of 

additives are all dependent on pH.

2.2.3 Chemistry of Synthetic Oil Based Muds

The synthetic oil based muds (SBMs) can be divided into first and second 

generations*^. Typical physical properties for the first generation are shown in Table 
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2.2. Esters, ethers, and acetals contain oxygen in their structures giving an active 

carbon site that is susceptible to attack by either acidic or basic reactants; the result is 

degradation.

Table 2.2 Typical Properties for First-Generation Synthetic-Base Liquids

Typical properties Ester PAO Ether Acetal

Density (SG) 0.85 0.80 0.83 0.84

Viscosity @40°C (Cst)" 5.0-6.0 5.0-6.0 6.0 3.50

Flash point (°C) >150 >150 >160 >135

Pour point (°C) <-15 <-55 <-40 <-60

Aniline point (°C) 25 108 40 -

**Cst - centi-stokes = cP/SG

Second-generation base liquids: Typical physical properties of these are shown in 

Table 2.3. However, all the olefin products are thermally stable under HT 

applications and tolerate contamination well.

Table 2.3 Typical Properties for Second-Generation Synthetic-Base Liquids.

Typical properties LAO IO LP

Density (SG) 0.77 - 0.79 0.77 - 0.79 0.77

Viscosity @ 40°C (Cst)’* 2.10-3.10 3.10 1.75-2.50

Flash point (°C) 113 - 146 137 >90

Pour point (“C) -12-+3 -24 -10

Aniline point (°C) -94 -94 >93

Poly-Alpha Olefin (PAO), Linear Alpha Olefins (LAO), Internal Olefins (10), and 

Linear Paraffins (LP).
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2.3. INHIBITIVE MUDS

Inhibitive muds are defined in the “Glossary of Drilling Fluid Terms’” (API, 1974) as 

any drilling fluid having an aqueous phase with a chemical composition that tends to 

retard and even prevent (inhibit) appreciable clay hydration and dispersion through 

chemical and/or physical means. Several mud types fitting this description are listed 

in Table 2.1.

2.3.1 Inhibition Mechanisms

Inhibitive muds can be prepared by addition of:

1.

1.

3.

4,

5.

Cation exchange - electrolytes to prevent clay swelling by addition of salts such 

as sodium (Na^) and potassium chloride (KCl) [Figure 2.5aJ.

Coating the clay or shale in an impermeable viscous shell such as 

Lignosulphonate (encapsulation).

Plugging the pore spaces to prevent water invasion by use of Alpex and 

Glycol.

Fluids having an aqueous phase with a chemical composition that tends to 

prevent reaction with the formation such as OBM.

Combination of two or more of the above.

It is interesting to summarise the inhibition mechanism of lignosulphonate water 

based mud because this has been selected in this study.

Browning and Perricone’ have discussed the chemistry of lignosulphonates. 

Basically, lignosulphonate molecules are attached or adsorbed onto the clay surface 

creating a viscous multilayer. Lignosulphonate molecules also exhibit strong lateral 

attraction among themselves when adsorbed on clay surfaces, which further stabilises 

the viscous multilayer.

These viscous multilayers prevent flocculation of the clay particles by physically 

preventing them from coming close enough to each other. These results in the 

reduction of viscosity, yield point, and gel strength.
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Water loss is reduced because the strong lateral attraction between lignosulphonate 

molecules results in the formation of a continuous impermeable layer when the clay 

particles are deposited on the formation face. Lignosulphonate molecules prevent the 

escape of water into the formation (Figure 2.5b], prevent hydration and also fill pore 

spaces that may exist between deposited clay particles.

Shale lability

Salt concentration, %
Relationship between salt and shale stability

(a) Inhibition mechanism by addition of electrolytes

The K* ion penetrates the clay interlayer

Adsorption of lignosulphonate molecules on clay surface

water droplet
(b) Inhibition mechanism by addition of lignosulphonate

Figure 2.5 Schematic diagram showing inhibition mechanisms

2.4 TYPES OF FLUIDS SELECTED

Two common inhibitive HP-HT mud systems have been selected and used in this 

study, viz: 1. Fresh water lignosulphonate mud (WBM).

2. Synthetic oil based mud “linear alpha olefin, LAO” (OBM).

2.4.1 Fresh Water Lignosulphonate Mud

In 1955 Roy Dawson introduced the Lignosulphonate system to the oil field drilling 

industry and in June 1956, the first application was used successfully in West 

Hackberry Field, Louisiana'*’ '^. This is the most widely used inhibitive water based 
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mud and was specifically designed for the following attributes; rheological stability, 

excellent shale inhibition, tolerance to contaminants, favourable logistics.

2.4.2 Oil Emulsion Mud

In brief'^ ’^, the conclusion was that the emulsification of oil improved the 

performance of WBMs as evidenced by an increase in drilling rate, bit life, and 

improved productivity, which was cited as a major advantage of oil emulsion mud.

2.4.3 Synthetic Oil Based Mud Description

Commercial oil based muds became available in 1960, and higher initial oil 

production was usually noted’^’^"^. Coring for reservoir information was a frequent 

application of oil mud^'*, and release of stuck drill pipe was another^^’^^. A new record 

was set in 1974 in the 1 Benevides well of Shell Oil Company and El Paso Natural 

Gas Company with a temperature of 555 measured at a depth of 23,837 feet^^. The 

mam component of the OBM is called “base oil which is made up from :

1. Crude oil: This was the first to be used but is seldom employed now because of 

environmental concerns.

2.

3.

4.

Diesel oil; It is less expensive and still used in some cases, particularly when 

there are regulations that require oil mud cuttings to be processed at a disposal or 

treatment site.

Low-aromatic mineral oil; In early 1980s, efforts were made to reduce the 

environmental impact be reducing the amount of aromatic hydrocarbons present 

in the oil.

Synthetic oils: An environmentally acceptable substance was first seen in 

March 1990 with the use of a mud made from synthetic-base fluid (an ester) in 

the Norwegian sector of the North Sea. The first poly-Alpha Olefin (PAO) was 

used in May 1991. Other synthetic base fluids were introduced to the industry in 

the following order: Linear Alpha Olefins (LAO), Internal Olefins (IO), and 

Linear Paraffins (LP).
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2.5 FILTRATION BEHAVIOUR OF DRILLING FLUIDS

2.5.1 Definition of Liquid Filtration
Filtration®® is the separation of suspended particles from a fluid stream by passing the 

suspension through a porous substance referred to as a filter medium. As the fluid or 

suspension is forced through the voids or pores of the filter medium, the solid 

particles are retained on the surface and in the pores, while the fluid, referred to as 

the filtrate, passes through.

2.5.2 Borehole Filtration Mechanisms
There are three types of filtration^® process that can occur during drilling and 

completion operations:

1. Filtration Beneath the Bit

Very little filter cake forms on the bottom of the hole because the action of the mud 

jets leads to erosion®''®'*.

2. Dynamic Filtration

During circulation of drilling fluid, filtration takes place under dynamic conditions. 

When the surface of the rock is first exposed, the rate of filtration is very high, and 

the cake grows rapidly; the rate of growth decreases as time passes, until eventually it 

is equal to the erosion rate at the equilibrium stage. Thereafter the thickness of the 

cake and the flow rate are both constant and attain plateau values. During dynamic 

filtration the rate of cake build-up is the difference between the rate of particle 

deposition by filtration and the rate of particle erosion by the circulating mud. The 

particle deposition rate is the mass flux of particles carried toward the formation face 

by the fluid flowing in the direction normal to the cake surface. The erosion rate of 

particles from the filter cake is assumed proportional to the shear stress exerted by the 

circulation of the drilling fluid on the cake surface.

3. Static Filtration

Static filtration takes place when the mud is not being circulated; the thickness of the 

filter cake increases as filtration continues. Examples include wiper trips for bit 

changes, logging, etc.
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[Figure 2.6] shows a typical filtration curve for a sequence of dynamic- static 

filtration^'*'^*’. During the initial dynamic filtration period I ,,to T,, the filtration rate 

and the cake thickness increase. From T,to the thickness of the cake remains 

constant, but the filtration rate continues to decrease, because, according to 

Outmans^ ’̂^^, the filter cake continues to compact. (Presumably, therefore, the rate of 

deposition equals the rate of compaction). This suggested that the permeability of the 

cake decreases because of a classifying action as the mud stream erodes and redeposit 

particles in the cake surface, gives another explanation. At time T, an equilibrium 

condition is reached, and both filtration rate and cake thickness remain constant to T3, 

which depends upon the properties of the dynamically deposited filter cake. The next 

phase of the curve coiTesponds to the period of static filtration T ,to . A static cake 

is thus laid down on top of a dynamic one, so the filtration rate decreases and the 

filter cake thickness increases. The third phase T^toT^ is after circulation is

resumed; the soft upper layers of the static cake are eroded, and the thickness of the 

cake decreases, but most of the static cake remains. This infers that upon restarting 

circulation the shear is insufficient to erode the static cake except for the gelatinous 

outer layer. This confirms the theory proposed by Ferguson and Klotz^"*.

Figure 2.6 A typical plot of cumulative filtrate volume collected as a function of time 

for subscquential filtration
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The thickness of the cake again remains constant while the filtration rate decreases to 

a new equilibrium filtration rate. Thus the thickness of the cake increases with each 

dynamic-static cycle, but the amount of increase is small. However the growth of the 

filter cake is limited by mechanical wear when the drill string is rotating, and by 

abrasion when pulling or running pipe; however, these effects cannot be quantified 

(as discussed earlier).

Vaussard et al.^'^ found out that the dynamic rate was reduced by a period of static 

filtration, but increased if the annular flow rate was increased - markedly so at the 

onset of turbulence, which occurred at about 1,800 1/min in their experiments [Figure

Figure 2.6 Filtration versus flow rate changes

The process of drilling a well results in alternating periods, of varying duration, of 

dynamic and static filtration. The relative amounts of filtrate entering the formation 

during each of these phases will be dictated by the filtration characteristics of the mud 

and these will be a function of the mud composition, formation properties and 

operating conditions (overbalance pressure, shear rate, etc.).

2.5.2.1 Mechanisms of Bridging and Invasion of Filtrate into Formation

The invasion of filtrate occurs once filtration starts. It is well known that there is a 

mud spurt at the start of a filtration process before filtration proper begins. The mud 

contains particles of the size required to bridge the pores of the rock and establish a 

base on which the filter cake can form. Only particles of a certain size relative to the 
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pore size can bridge. Particles larger than the pore openings cannot enter the pore, 

and are swept away by the mud stream. Particles considerably smaller than the size of 

the pore throat can also bridge when they enter a pore throat simultaneously. But 

particles of a certain critical size stick at bottle-necks in the flow channels and form a 

bridge just inside the surface pores. Once a primary bridge is established, 

successively smaller particles, down to fine colloids, are trapped, an external filter 

cake starts to establish on the borehole wall and thereafter only filtrate invades the 

formation. The mud spurt period is very brief, a matter of a second or two at the 

most ’̂*'.
Q

As a result of the mechanisms just described, three invaded regions are established in 

a permeable formation, which are shown in [Figure 2.8J.

1. An external filter cake on the walls of the borehole;

2. An internal filter cake, extending a couple of grain diameters into the formation;

3. A zone invaded by the fine particles during the mud spurt period, which 

normally extends about an inch into the formation’i.42^4

Experimental results reported by Krueger and Vogel**’ suggest that these fine particles 

do not initially cause much permeability impairment, but may do so after filtration 

has progressed for some hours, presumably because of migration and consequent pore 

blocking.

Uncontaminated formation

External filter cake
Bridging zone
Zone invaded by the mud spurt

Figure 2.8 Invasion of permeable formation by mud solids
In 1992 Schechter"^^ [Figure 2.9] illustrated possible modes of particle entrapment. 

Large particles transported to the surface of the porous medium will bridge over the 

surface pores and form an external filter cake (first mode). Smaller particles passing 

through the porous medium may adhere to the surface of the pore bodies (second 
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mode), resulting in little permeability impairment. Particle bridges in the pore throats 

(third mode) effectively plug the pores. However the relative size of the fines and the 

pore throats are primary factors in determining whether formation damage due to 

fines movement will occur.

2,5.2.2 Mechanism of Flow through Filter Cake

As suspended solids are deposited during cake filtration, liquid flows through the 

cake interstices as a result of the pressure difference over the cake. A drag force is 

therefore exerted on the solid particles [Figure 2.10] and since the force on each 

particle is transmitted to its neighbours the total drag force increases as the filter 

medium is approached. The compressive stress, Ps, within the particles will therefore 

also increase.

Figure 2.10 Schematic diagram for drag force on solid particles

If the cake is incompressible then no compaction of the solids occurs as a result of the 

drag pressure and the porosity is constant throughout the cake.
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However, drill-in fluid filter cakes do undergo compaction of the solids as Ps 

increases^.

These compressible filter cakes exhibit non-linear permeability and porosity profiles, 

with the porosity a maximum at the cake surface (i.e., where x = L) and a minimum at 

the filter medium surface (i.e., where x = 0). The cake is dry and compacted near the 

medium whereas the cake surface is wet. A schematic definition of this system is 

illustrated in Figure 2.11.

Figure 2.11 Schematic diagram of important parameters in cake formation

Figure 2.12 illustrates pressure relationships in which (P) drops from the applied 

pressure P to Pi, the pressure required to overcome the resistance Rm of the medium.

Figure 2.12 Pressure drop relationships
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2.5.3 Jamming Ratios (JR)

The jamming ratio is defined as the ratio between particle size diameter (dso) and pore 

throat diameter (Dpore). The expression for particle/pore size ratio is derived from the 

Carman-Kozeny equation for permeability'*’:

Particle/Pore Size Ratio = ——0.957*7

Where Dpore

dso - mean particle diameter, pm and Kg is permeability in md

■ pore throat diameter, pm

Basically jamming ratios cover three main aspects:

Solid particles: to determine particulate invasion from relationship between the 

mean grain size diameter and average pore throat diameter.

Pore size distribution: to determine the average pore throat diameter from any 

crushed core sample or even drilling cuttings from the shale shaker screen. 

Selection of appropriate size for loss circulation control systems, and gravel.

1.

2.

3.

Solids Particles 

The mechanism of solid particles plugging a porous medium has been studied by 

many researchers'*^'*’^. Abrams'*'* proposed empirical criteria for rock permeability 

impairment from suspended solid particles, which can occur by one of the following 

mechanisms:

(a) Particles larger than 1/3*** of the pore diameter can bridge the pore entrance at 

the formation face to form an external cake.

(b) Particles smaller than 1/3*** but larger than 1/7**' of the pore diameter invade the 

formation and are trapped, forming an internal filter cake.

(c) Particles smaller than 1/7*** of the pore diameter cause no formation 

impairment, because they are carried through the formation.
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bund to be unsatisfactory by several researchers ' . New rules have

a. For instant bridging b. For invasion and deposition

d50> 0.33 * 0.1 *D^„„<d5o< 0.33 *D^

This rule was

been developed as follows:

Researchers Jamming ratio

Van Velzen and Leerlooijer^'* 1/3-1/4

Pautz and Crocker 1/5

Zhang and et al.^'^ 1/8

Peden et al.^^ <5

2. Pore Size Distribution

In many oil field applications a rule-of-thumb method is used to give an estimate of 

average pore throat diameter. This rule estimates the average pore diameter in 

microns (////;) as roughly equal to the square root of the formation permeability (in 

md). However, in 1989 Pautz and Crocker^^, extensively studied and compared both 

methods, capillary pressure method and rule-of thumb. They conclude that generally, 

the average pore throat diameter is not equal to-v^ and the ratio of particle size to 

laboratory measured average pore throat diameter is not a good indicator of 

permeability reduction.

In 1999, Cargnel and Luzardo*’’ compared the rule-of thumb method and the SEM 

method. For instance, the permeability of the 10-micron porous element tested was 

950 md to gas. The square root of this value is 30.80 microns, which is three times 

the average pore throat diameter measured by SEM.

This is because Cargnel and Luzardo*’’ used permeability to gas, without applying gas 

correction factor (Klinkenberg effect), which gives a very big difference in 

comparison. (However in chapter 4 a relationship has been established between gas 

ynd liquid permeability).
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The average pore throat size of the formation, generally computed using Coberly or 

Blake-Kozeny equations*’^ defined as follows:

A. Coberly equation:

D^„,,= d5o/6.5O

B. Blake-Kozeny equation:

0 = porosityr>^,e=d5O0/3(l- <t»

Peden et al.^^ found that effective management of particulates generally requires a 

predicted pore size 2-3 times bigger than predicted by Coberly or Blake-Kozeny 

equations. (Details of analysis will be discussed in chapter 4).

2.6 THE PROBLEMS CAUSED BY FILTRATION OF DRILLING FLUIDS

The problems can be classified into two categories:

1. Formation damage problems: normally discovered after drilling operations, 

which may lead to an expensive operational treatment or well abandonment if 

not successful. The main formation damage problems are: swelling and 

migration of clay particles, particle plugging, wettability, water blocking, 

emulsion, scale and precipitates, and unconsolidated sands.

2. Drilling problems: usually occuning during drilling operations, the main drilling 

problems can be listed as: differential sticking, hole instability, logging tool 

response, and cementing. These drilling problems may lead to an expensive 

fishing operation, if unsuccessful the well will be sidetracked or abandoned. The 

well plan for selecting drilling fluid will be crucial. The following gives a 

summary of these problems.

2.6.1 Formation Damage

When filtrate enters the formation the outcome can be a number of potentially serious 

problems that result in substantial permeability impairment of the formation and a 

lower than expected hydrocarbon recovery. However formation damage generally can
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be considered to be caused by physical or chemical interaction between the 

following:

1.

2.

3.

The solid constituents of the invading fluid and the reservoir rock;

Invading fluid liquid phase and the reservoir rock constituents;

Invading fluid liquid phase and the reservoir fluid.

These can all lead to a reduction in the effective production capacity or injectivity of 

a given reservoir formation. Three basic mechanisms exist by which filtrate invasion 

can effect a reduction in permeability of the formation;

(a) Reduction in the formation absolute permeability - results from plugging of 

pore channels by particles in the invading fluid.

(b) Alteration in the relative permeability of the formation to a specific fluid - 

results from an increase in water saturation or oil wetting of the rock.

(c) Alteration in the viscosity of the mobile fluid - results from high treating fluids 

(e.g. emulsifiers).

Diagnosis of formation damage problems has led to the conclusion that formation 

damage is usually associated with either the movement or bridging of fine solids and 

chemical reactions*^^'*^. The fine solids may be introduced from wellbore fluids or 

generated in situ by interaction of invading fluids with rock minerals or formation 

fluids. Some of the important formation damage mechanisms, which related to 

borehole filtration are shown in Figure 2.13 and briefly discussed below.

Sand grains ____ Filtrate invaded

clay

Q

Original conditions Clay swelling

Q Q Q

Solids plugging Emulsion blockage

Figure 2.13 most common types of formation damage
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Krueger ’̂*, Amaefule and Kersey*’^, and Economides and Nolte^^ provided an 

extensive analysis of formation damage problems. They all recognise that from the 

time the drill bit enters the formation until the well is put on production, invasion of 

mud filtrate and solids are the major causes of permeability damage.

Keelan and Koepf^’^ identified three main types of near-wellbore permeability damage 

that can be evaluated by core analysis:

1. Clay hydration and swelling of clay particles, dispersion and their movement 

with produced or injected water.

2. Plugging of pores and pore throats by solids introduced during drilling and 

completion.

3. Fines production from unconsolidated sands, causing loss of well productivity.

2.6.1.1 Swelling and Migration of Clay Particles

When formation clays come in contact with drilling or completion fluids as a result of 

filtrate invasion, clay swelling occurs and usually causes plugging of flow channels 

and reduction in well productivity, and is now the subject of intensive experimental 

and theoretical investigations.^**'^**

2.6.1.2 Particle Plugging

Near-wellbore plugging occurs from the fine solids carried by wellbore fluids. As 

distinct from particle migration, this tenn refers to the entry, movement and 

subsequent deposition in the pore spaces or pore throats of the porous media. The size 

of the particles which can invade the formation will depend on the porosity, 

permeability and stability of the filter cake on the wall of the borehole****^’’^^'’^.

2.6.1.3 Wettability

The use of complex organic chemicals such as finely divided particles (e.g., asphalts), 

and surfactants in muds can have adverse effects on the wettability of the formation. 
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If reservoirs are converted from being water wet to oil wet the relative permeability 

may be greatly reduced in the near-wellbore region.

2.6.1.4 Water Blocking

The introduction of the water-based filtrate during drilling and completion operations 

into the formation can cause a reduction in reservoir productivity as a result of an 

increase in the water saturation of the reservoir.

Treatment to remove water blocking involves the use of surfactants and alcohols to 

reduce interfacial tension between the oil and water. However, if the filtrate has a 

very high viscosity, e.g., it contains polymers which are not completely soluble, then 

the impairment might be more difficult to remove.

2.6.1.5 Emulsions

The formation of an emulsion of water and oil is promoted by a high degree of 

turbulent mixing of the two phases and/or by the presence of chemical emulsifiers as 

used in oil emulsion mud systems. In the borehole filtration situation, it is unlikely 

that the filtration How rate will be high enough to give rise to turbulence except may 

be during the spurt loss period. Chemicals which act as emulsifiers could be present, 

e.g., asphalt and some dissolved emulsifiers will cause emulsion blockage resulting in 

increased viscosity and thus impair the mobility of crude oil.

2.6.1.6 Scale and Precipitates

The formation and subsequent deposition of precipitates or scales can occur when an 

In situ reservoir fluid is in contact with an incompatible filtrate. The salts so formed 

can be insoluble such as BaSO4 or CaSO4 (Barium and calcium sulphate) and once 

present in the pore space they are difficult to remove.
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2.6.1.7 Unconsolidated Sands

A wellbore in an unconsolidated formation is likely to be unstable, and usually leads 

to sand production and consequent reduction in well productivity. Increases in the 

drawdown also lead to the movement and production of formation sand. High 

drawdowns also can cause premature compaction due to sudden changes in the stress 

state near the well, which invariably result in caving and subsequent flow of sand into 

the wellbore.

2.6.2 Drilling Problems Associated with Filtrate Invasion

There are a number of drilling problems related to the use of drilling fluids, viz.;

1. Differential pipe sticking.

Hole instability.

Logging tool response.

Cementing.

2.

3.

4.

2.6.2.1 Pipe Sticking

Thick filter cakes can cause the drill string to become mechanically stuck during 

tripping or pipe connection. A combination of high differential pressure and a thick 

filter cake is the major cause for the drill string to become stuck by a mechanism 

known as differential sticking which has a major impact on drilling efficiency and 

well cost. This phenomenon was first recognised by Hayward^’ in 1937, and Helmick 

und Longley demonstrated the mechanism**'’ in the laboratory in 1957. Differential 

sticking can occur opposite permeable sections if the drill string or logging tools are 

•eft stationary in the hole or the string is not rotated (e.g. when slide drilling). It is 

thought to arise when the pipe becomes embedded in the dense part of the filter cake 

near the rock formation, such that a pressure seal exists which prevents the drilling 

fluid from equalising the pressure around the pipe. The excess overbalance pressure is 

then exerted against the pipe, holding it against the side of the well and increasing the 

friction between the pipe and the filter cake, preventing the pipe from being moved^’.
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Thick filter cakes can also contribute to excessive torque when rotating the pipe, 

excessive drag when pulling it, and high surge and swab pressures while tripping, 

with the possibility of lost circulation.

2.6.2.2 Hole Instability

The filtration properties required for the successful completion of a well depend 

largely on the nature of the formations to be drilled. Stable formations^ with low 

permeability, such as dense carbonates, sandstones, can usually be drilled with little 

or no control of filtration properties. But many shales are water sensitive, i.e., on 

contact with water, they develop swelling which causes caving and hole enlargement. 

Sealing of incipient fractures by mud filter cake will help to control the caving, but 

the type of mud used and the chemical composition of its filtrate are more important 

factors. Optimum filtration properties are also necessary when drilling in 

unconsolidated sands, which will slump into the hole unless protected by the rapid 

formation of a filter cake.

2.6,2.3 Logging Tool Response

Many studies have been can ied out to investigate the effect of the filtration properties 

on the logging tool response’*^ '^^. The response of many logging tools can be affected 

by the presence of thick filter cake and filtrate invasion, as briefly discussed below.

1. Neutron logs respond to the amount of hydrogen present in the formations 

containing water or oil and reflect the amount of liquid-filled porosity. The 

presence of polymers, and water, all of which contain large amounts of 

hydrogen, will affect the estimation of formation porosity.

2. The formation density log is used for identification of minerals, the detection of 

gas and the determination of hydrocarbon density. The problems caused by 

filtrate invasion are therefore similar to those found with Neutron tools. Any 

roughness of borehole wall from enlargement or presence of thick filter cake will 

affect the contact of the tool with the formation.
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3. Resistivity logs can be affected by the invasion of mud (during the spurt period) 

and mud filtrate into the formation. As the filtrate moves into the formation it 

displaces the native fluids and, since the filtrate resistivity is usually different 

from the formation water resistivity, the resistivity of the formation changes. 

Accurate analysis of these logs will require information on the depth and 

properties of the invading filtrate.

2.6.2.4 Cementing

The nature of the mud filter cake is of central importance to a good cement job. Ravi 

et al.‘^^ stated that the potential outcome of primary cement jobs is mainly affected by 

the condition of the wellbore when the cement is pumped downhole. A successful job 

requires removal of both mud and filter cake by the use of casing movement, and 

casing scratchers prior to cement placement. A mud cake with low shear strength 

would appear to be the best for removability. Sherwood^"* has considered the 

formation of a cement filter cake above a pre-existing mudcake. For this reason 

Bannister et al.'^^ stated that care should be taken to minimise mud fluid loss to 

pemieable formations prior to wellbore cementing.

2.7 FORMATION DAMAGE MECHANISMS

2.7.1 Permeability Damage from Foreign Solids

Ther e are many published studies related to fonnation damage mechanisms caused by 

suspended particles in injected fluids, drilling and completion fluids.

Barkman and Davidson^^ proposed four mechanisms of well impairment: wellbore 

narrowing (external cake formation), particle invasion (internal cake or deep bed 

filtration), wellbore fillup, and perforation plugging.

Davidson’^ reported that there is a relationship between particle movement through 

porous media and linear flow velocity.
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Gruesbeck and Collins^*^ found that there exists a critical velocity, or flow rate, below 

which entrainment of fines does not occur and above which the rate of entrainm.ent 

increases linearly with flow rate.

Vetter et al.^'^ provided a critical review of previous laboratory and model studies on 

formation damage and conducted particle filtration tests. Their results show that 

particles of all sizes from 0.05 through 7 microns cause formation damage.

The larger particles cause a rapid decline in permeability with the damage region 

being shallow. Smaller particles (in the submicron range) enter the core and cause a 

gradual permeability decline. The higher the linear velocity, the greater the depth of 

particle penetration.

Other researchers have used the jamming ratio to estimate a minimum particle size 

that would contribute to permeability reduction. This rule was found to be 

unsatisfactory by several researchers^^’^*’.

In summary, there are three common mechanisms of foreign solids transport in 

porous rocks by which permeability damage can occur during filtration process:

(I) gradual pore blocking, (2) single pore blocking, and (3) cake formation.

Gruesbeck and Collins'^*’ defined gradual pore blocking as a surface-type deposition 

and showed that during this mechanism the rate of deposition is directly proportional 

to the solids concentration in the How stream.

Previous studies on pore blocking mechanisms in sandstone cores by Wojtanowicz’\ 

have attempted to define three distinct mechanisms [Figure 2.14] that can occur in a 

porous medium invaded by foreign particles, namely:

1. Gradual pore blocking mechanism: this is a phenomenon in which the particles 

migrate through the pore throats but deposit on walls resulting in a gradual 

reduction in pore size and permeability. This mechanism is characterised by:

a. Parabolic-type permeability reduction, and

b. Steady decrease in the size of invading solids. The duration of this 

mechanism is a function of size and concentration of solid particles in the 

drilling fluid.
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Plugging Surface deposition Bridging

Figure 2.14 Particle retention in porous media

2. Single-pore blocking mechanism: this phenomenon occurs when 

particles of size close to the pore throat size (critical size) instantly 

individual pores, thus eliminating them from the flow system, 

mechanism is characterised by:

a. Linear-type permeability reduction,

b. Deep invasion of particles, and

c. Single particle migration.

3. Cake-forming mechanism has two characteristics:

a. Hyperbolic-type permeability reduction, and

b. Limited invasion distance.

Van Bingo et. aP^ studied the pore blocking mechanisms in gravelpacks [Figure 2.15] 

in order to define the permeability decline as a function of production time. Five 

mechanisms were identified namely:

1- No interaction {d^1 £>^^,^^>15): represents the phenomenon in which there is free

single

block

This

passage of fines due to very large pores existing in the gravelpack. It is 

characterised by a trend of constant permeability which remains unchanged with 

fines invasion.
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2.

3.

4.

5.

Pore filling <15): This mechanism is associated with the 

phenomenon of gradual deposition of particles in the pore spaces of the 

gravelpack resulting mostly in a hyperbolic reduction of permeability with time. 

Combined internal bridging and single pore blocking (6.5<d^/£)^„^^<10): The 

phenomenon is one of initial pore blocking followed by accelerated build-up of 

particles at the shallow section of the gravelpack. In this shallow zone the 

permeability reduction is hyperbolic.

Internal bridging / single pore blocking

Figure 2,15 Pore blocking mechanisms

Shallow internal bridging (5<t/^/£)p„^^<6.5): Particle bridging occurs at pore 

throats close to the gravelpack face. The particles can be easily removed by 

backflow.

No invasion {d^1DWhen the gravelpack pores are too small to allow

any invasion by the fines. External cake results without damage to the 

gravelpack.

2.7.2 Permeability Damage from Formation Fines

Formation fines may be generated as chemical precipitates from chemical reactions 

between the completion fluid and formation water, or released from the surface rock 

as the completion fluid interacts with the various clay and non-clay minerals present 

•n the formation rock. Once mobilised, these fines can damage the permeability in a 

similar manner to foreign solids.
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2.7.3 Drilling Fluid Selection

In recent times, the oil industry has made increasing efforts to maintaining optimum 

well productivity through better drilling/completion fluids design. However, the 

mechanisms of drilling fluid filtration and impact on productivity performance are not 

well understood.

In open hole completions the productivity losses are critical because the near

wellbore damage is not by-passed by perforations.

A key parameter in quantifying formation damage is the skin factor^^. The skin factor 

estimated from well test data is used in the flow equations to estimate the production 

rate in wells that are affected by formation damage.

Generally, when rating the performance of various drill-in fluid formulations, the 

permeability damage evaluation is quantified through oil return permeability 

measurements and flow-initiation pressures performed on core samples damaged 

during mud filtration tests

Extensive studies of fonnation damage in the laboratory and several modelling efforts 

for prediction of formation damage have been reported in the literature. Few attempts 

were made to transfer these laboratory data into a near-wellbore model to evaluate the 

permeability damage. Liu et al.simulated formation damage by fluid injection and 

mud filtration and Scott Lane'*^'^ and Semmelbeck at al.*^ simulated filtrate invasion 

for improving log interpretation, but their impact on well performance was not 

investigated. Some workers'•’^•*** studied well performance using representative 

formation damage, but laboratory tests were not integrated in their studies.

Filter cake removal in open hole completions where formation impairment cannot be 

bypassed by perforation remains a challenge. Flow initiation pressure has been used 

iis a measure for filter cake removal during drawdown’^^'"^. Formation damage 

modelling is obviously complex. Some attempts have been made to evaluate and 

compare the various models^'*’’’ and the conclusion from these studies are as 

follows: 

1 • Most of the work has been conducted on incompressible fluids.

2. Each of these models has its own limitations.
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3.

4.

5.

Increasing the number of model parameters increases model complexity.

Most of the models were developed on linear core scale.

Lack of realistic values for particle invasion depth.

In addition, a satisfactory model for field applications to simulate the near-wellbore 

damage before drilling in terms of well flow performance integrated from laboratory 

core test analysis is still not available.

In this thesis the full process of near wellbore damage is modelled from link 

laboratory measurements to field scale applications. The fluid rheology, static and 

dynamic filtration, filter cake properties and permeability damage obtained from 

controlled specific laboratory measurements are used to model the formation damage 

for fluid optimisation and selection.
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CHAPTER THREE

DRILLING FLUIDS FILTRATION MODELS

In this chapter, an extensive review is carried out on the experimental studies of 

filtration properties of drilling fluids. Previous studies on the effects of the key 

parameters under downhole conditions on filtration performance are compared with 

the present work.

The models which govern the filtration process are presented. Having such 

information on hand, one should be able to predict improvements in existing 

knowledge in filtration of drilling fluids under downhole conditions. Also a number 

of classical models, which are relevant to the definition of filtration phenomena in a 

wellbore, are reviewed.

3.1 LITERATURE REVIEW ON FILTRATION PROPERTIES

It is meaningful to identify and summarise the effects of the key variables upon the 

filtration process which has been used in this study and to compare some of these 

studies with the present work. These variables discussed below include, pressure, 

temperature, formation characteristics, annular hydraulics, mud constituents and 

properties.

3.1.1 The Effect of Individual Wellbore Variables

3.1.1.1 The Effect of Pressure

If the filter cake were of constant permeability then the volume of filtrate obtained 

would be proportional to the square root of the pressure differential according to 

Darcy s law, and a log-log plot of filtrate volume versus pressure should yield a 

straight line with a slope of 0.50. Actually, this condition is never met because 

drilling mud filter cake is to a greater or lesser extent compressible, so that the 
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permeability is not constant, but decreases with increase in pressure (which agrees 

with Larsen"'’).

Larsen"'’ found that fluid loss is proportional to the one-half power of time and an 

exponential function of pressure. For the mud tested (WBM&OBM), the exponent 

varies between 0 and 0.24 and depends largely on the size and shape of the particles 

composing the cake (which agrees with Darley and Gray ), but is always less than 

0.50.

Arthur et al.’" reported that the spurt loss was a power function of pressure with 

exponent varying between 0.05 and 0.25. Actually it is very difficult to model spurt 

loss as you can do for commutative fluid loss.

Jones and Babson"'' and Hall and Dollarhide"'' observed that in going from the 

differential pressure of 100 to 500 psi, the pressure had a significant effect on the 

fluid loss and the mud cake thickness deposited was little affected the variations in 

pressure above 500 psi, Since the relationship between the fluid loss and pressure is a 

power law for compressible fluids and 500 psi is the critical pressure. Therefore 

increased pressure results in increased rate of compaction and the cake permeability 

decreases for the WBM and OBM tested.

The mud spurt increased with increase differential pressure, which might be 

attributed to the increase in velocity of the mud solids at the instant of application'^'". 

Simpson’^^’' ’̂^ found that the greatest effect of pressure was on the viscosity of oil 

(compared with water) and no simple calculation could be made to normalise the 

effect of pressure.

The effect of temperature and pressure on WBM and OBM has been studied in the 

current work and a model developed to predict viscosity at downhole conditions was 

used to describe the effect of fluid rheology on the dynamic filtration process as will 

be discussed (in chapter 5).

Bezemer and Havenaar"’' found that the erodability of the cake surface and the 

equilibrium rate at a constant value of shear rate was independent of the filtration 

pressure.
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Fisk and Jamison'^^ studied the dynamic filtration of four types of drilling fluids 

namely, dispersed and lime-water based muds, diesel and mineral oil based muds. 

They concluded that filtration pressures greater than 300 psi had a minimal effect on 

the dynamic filtration rates of the oil and water base fluids at all temperatures.

The formulation and properties of the WBM and OBM used by Fisk and Jamison 

may be questioned. First, for the WBM there is no FLA and 17 Ib/bbl clay 

concentration was used for 16 ppg mud and this value should not exceed 8 Ib/bbl to 

avoid mud flocculation and gelation especially at higher temperature. Second, oil 

based muds were formulated with high concentrations of emulsifiers (16 Ib/bbl), 

these should not exceed 10 Ib/bbl. The FLA mixed at 20 Ib/bbl concentration also 

very high and should instead be in the range of 6 to 8 Ib/bbl. Furthermore, yield point 

(YP = 3 to 6) is too low to avoid barite sag which affect tests results.

William'^*’ found that the equilibrium dynamic filtration rate was a function of 

pressure. WBM and OBM were tested in the current study and showed that increased 

filtration pressure and temperature increase the filter cake erodability and equilibrium 

filtration rate.

3.1.1.2 The Effect of Temperature

Larsen”'’ studied the effect of temperature on cumulative filtrate volume and 

proposed that;

A(7'2)

Where V and p are cumulative filtrate volume and filtrate viscosity at temperature T| 

and T2 respectively.

Other researchers'report filtrate volumes higher than givn by Larsen’s 

equation.

Byck'^“ reported that no existing method would permit even an approximate 

determination of the filtration rate at higher temperatures from data obtained at room 

temperature.
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Arthur et al."^ reported that filtrate viscosity can be used to provide good estimates of 

fluid loss when test temperature is not greatly different from the temperature of 

interest.

These discrepancies between researchers may be explained from the tests conducted 

for WBM and OBM in the current work. Increase in temperature may increase the 

filtrate volume in several ways. Firstly, it reduces the viscosity of the filtrate. 

Therefore if changes in the cake structure and properties do not occur with changing 

temperature, then the cumulative filtrate volume will be inversely proportional to the 

square root of the viscosity. The viscosities of the water and 6% brine are shown over 

a range of temperature in Table 3.1*^. It is evident that changes in temperature will 

have a substantial effect on filtrate volume because of changes in filtrate viscosity. 

However WBM and OBM filtrate viscosities have been studied and Figure 3.1 shows 

the comparison between Darley and Gray s’^ work on brine/water viscosity and the 

current work on filtrate viscosity.

Change in temperature may also affect filtrate volume through changes in the 

electrochemical equilibria which govern the degree of flocculation and aggregation of 

the clay particles, thus altering the permeability of the filter cake. As a result of such 

effects, filtrate volumes may be higher or lower than predicted from Larsen's 

equation"^ but are usually higher. Furthermore, the filter cake permeability has been 

tested in the current work for WBM and OBM using the Particle Size Analyser, 

which will be discussed in (chapter 5).

Chemical degradation of one or more components of the mud is a third mechanism by 

which high temperatures can affect filtrate properties. Many organic filtration control 

agents start to degrade significantly at temperatures above 212’F. and the rate of 

degradation increases with further increase in temperature until filtration cannot be 

adequately maintained.

Jones et al.”** found that both fluid loss and cake thickness increase with increase in 

temperature.

Bezemer et al.’^'* found that the dynamic equilibrium filtration rate is independent of 

temperature change. The explanation is that if the temperature increases, and 
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accordingly the filtrate viscosity is reduced, the filtrate rate will increase giving rise 

to increased deposition of cake solids and increasing cake resistance (thickness).

Table 3.1 Viscosities of Water and 6% Sodium Chloride Brine at Various temperatures*

Temperature
0 

( C)

Temperature

(°F)

Viscosity of Water

(cP)

Viscosity of Brine (cP)

0 32 1.792 -

10 50 1.308 -

20.2 68.4 1.000 1.110

30 86 0.801 0.888

40 104 0.656 0.733

60 140 0.469 0.531

80 176 0.356 0.408

100 212 0.284 -

WBM 
OBM 
water 
brine

2.25

Temperature, F

1.75
1.5

1.25
1

0.75
0.5

0.25

Figure 3.1 Comparison between effect of temperature on mud filtrate, 

water and brine viscosities

Accordingly the balance is maintained. It is unlikely that this will be true for all muds 

because the WBM and OBM tests show that increased in temperature increases the
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131 dynamic filter cake erodability and equilibrium filtration rate. However Byck 

found that, of six muds tested, the permeability of the cakes increased 

correspondingly, from 2.2 to 4.5 x lOTnd (an increase of over 100%) and the 

permeability of the cakes for another three muds remained constant.

Hence the static and dynamic filtration models reported in this thesis take into 

account filter cake properties, filtrate viscosity and mud constituents and can be used 

to predict static and dynamic filtration under downhole conditions; Larsen's equation 

should be ignored.

3.1.1.3 The Effect of the Filter Medium

The researchers on this subject have reached conflicting conclusions. Williams and 

Cannon’^^ concluded that the filtration properties of muds are governed by the 

amount and size of solids in the mud, and therefore independent of formation 

permeability.

Larsen’"’ published data in support of his claim that the filtration rates he obtained 

were independent of the filter bed materials used, namely compressed sand, natural 

sandstone, and filter paper.

Byck’'^’ measured fluid loss and the permeability of cake deposited on a range of 

tiller materials with different muds, and concluded that:

1. Filter cake permeability does not depend upon the formation permeability.

2. Fluid loss does not depend upon the formation permeability but does depend upon 

the amount and nature of the mud solids.

Nowak and Krueger'”’ suggested that it is primarily particle plugging that controls 

liltrate flow. Their results indicated that the cumulative volume seemed to be 

inversely proportional to the core permeability for most cases although the exact 

behaviour depends on the mud type. In some cases, this was due to higher spurt loss 

and in others to higher filtration rates. These experiments were performed with 

dynamic filtration. In addition, for static filtration using cores within a permeability 
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range of 744 md to 896 md, both spurt loss and cumulative filtrate were inversely 

proportional to core permeability.

Beeson and Wright’^*^ reported that although the type of filter paper used did not 

affect the fluid loss, it was greatly increased when sand cores acted as the filter 

medium. The following results were concluded:

1. The mud might give a negligible loss on filter paper, but give a large one on a 

permeable formation downhole.

2. The difference between the fluid loss on filter paper and on sand indicated that 

mud particles entered the pore channels prior to and during formation of the cake 

in the sand media.

Glenn and Slusser'*^ concluded that the spurt loss increases with sample permeability 

and from the experimental volume-time data obtained during exposure of filter paper 

or a consolidated porous medium to a mud under differential pressure that there could 

be three stages involved in an experiment, viz.:

1. Mud spurt period - An initial period when mud particles bridged pores inside 

porous medium and initiated filter cake formation. Filtration rates were very 

high.

2. Non-uniform cake thickness period - An intermediate period during which filter 

cake build-up inside porous medium occurs and the differential pressure across 

the cake increases. Additional particles were “piled-up” behind the bridging 

particle or particles so that a “filter cake” was rapidly built up. Filtration rates 

were in continuous decline.

3. Constant pressure filtration period - A later stage in which pressure drop across 

the filter becomes constant. Filtration rates were constant.

Shremp and Johnsondivided the filtration process into two steps:

Stepl: Bridging of openings in the filter medium.

Step 2: Filtration of fluid through the filter cake that developed on the filter 

medium as filtration takes place.
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Homer et al?^ measured fluid loss beneath the bit and found that it was dependent 

upon formation permeability since a permanent filter cake does not exist, and this was 

confirmed by Young and Gray"^’.

Ferguson and Klotz ‘̂* reported that mud particle bridging and plugging limit the flow 

of filtrate to the formation even beneath the bit where no mud cake exists.

Simpson’^^ simulated downhole conditions and observed higher dynamic fluid loss 

with low permeability cores (0.5 md) than with high permeability cores (500 md), 

which suggested an internal cake was deposited limiting filtration in high 

permeability cores. Meanwhile the thin sheet of filter paper used in the API test does 

not provide pore spaces where internal filter cake might start.

Peden et al.’^^ reported that the filtrate loss is highly dependent upon core 

pemieability for dynamic filtration.

Young and Gray” found that the filtration was independent of rock permeability, 

except in the case of synthetic media^'^

Hall and Dollarhide"'^ found that increasing rock permeability resulted in an 

increased spurt loss but the final filtration rates remained the same.

Dickey and Bryden’^'* observed internal bridging by semi colloidal particles which 

were transported into the pore space where they bridged thus plugging pore throats 

and preventing further filtration.

The discrepancies were probably due to different experimental conditions used by 

individual researchers. The experimental results from the current work for WBM and 

OBM tested show that increasing permeability of natural cores will decrease filtration 

due to deposition of an internal cake limiting filtration, whereas increasing the 

permeability of synthetic cores increased the dynamic fluid loss, as also concluded by 

others'*”’. However synthetic cores should be ignored for filtration experimental 

evaluation.

Therefore, the relationship between the pore size distribution of the filter medium and 

the particle size distribution in the mud will control, to a large extent, the amount of 

particle invasion into the filter and the time taken for a surface filter cake to be 

initiated. If the particle size in the mud is such that particles are capable of flowing 
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into the porous rock resulting in plugging, then the filtrate loss may be lower in a 

high permeability formation. However in low permeability formations, in which this 

cannot occur, an external filter cake will only be formed due to bridging and the fluid 

loss increases. If the particle size distribution of the mud is such that it provides good 

bridging for all permeabilities then the fluid loss will appear to be independent of 

filter medium permeability.

3.1.1.4 The Effect of Annular Hydraulics on Dynamic Fluid Loss

Although a number of researchers have studied dynamic filtration, few have 

attempted to evaluate the relationship between the hydraulics in the annular space and 

dynamic fluid loss. The following variables are involved in this relationship;

1. Annular fluid circulation velocity.

2. Fluid shear rate/shear stress on the surface of the cake.

3. Reynolds numbers in the annulus, which cover turbulent or laminar flow 

regimes in the annulus.

Larsen”*^ reported that fluid loss is independent of circulation rate, provided it was 

not sufficient to remove the filter cake.

Williams'^^ concluded that the dynamic filtration rate was proportional to the square 

root of the volumetric flow rate, and this was confinned by Ferguson and Klotz"’'*. 

They added that for cake erosion to occur, the hydrodynamic shear of the circulating 

ntud must exceed the cake shear strength.

Frokop^** concluded that the dynamic fluid loss was greater than static fluid loss. The 

reduction of dynamic filter cake thickness, due to erosion action of the flowing mud, 

leads to increased filtration rates compared with static filtration. He also indicated 

that the rate of cake erosion was approximately proportional to the square of the 

circulation velocity for turbulent flow.

Ferguson and Klotz^"* found that the initial dynamic filtration rate starts high, about 

the same as the rate of static filtration and thereafter the dynamic filtration rate 

becomes constant, whereas the static rate continues to decrease.
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William’^*^ observed that the value of the equilibrium filtration rate was related to a 

constant thickness filter cake, which resulted from equilibrium between the 

deposition and the erosion of solids. This value is a function of mud circulation 

rate'“

Havenaar’^^ reported the following:

A state of equilibrium was eventually reached, i.e., both cake thickness and 

filtration rate attained constant values.

1.

2.

3.

The rate of shear at the cake surface is a good measure of the effect of mudflow 

on dynamic filtration.

The equilibrium filtration rate was found to be linearly proportional and the 

equilibrium cake thickness inversely proportional to the shear rate at the cake 

surface.

Peden et al.’^’’’’^^ reported that the statically deposited filter cake could be largely 

eroded during mud circulation. Also they observed that dynamic filtration rates 

decreased with increase in annular velocity when circulating KCL polymer mud. 

They suggest that the reason was that high annular velocities tended to erode the 

coarser particles and increase the deposition of the polymer chains, thus decreasing 

the permeability of the filter cake. This conclusion may only be restricted to Kcl 

polymer mud which was formulated without bentonite.

Bizanti'^** found that an increase in Reynolds number increased dynamic fluid loss. 

The dynamic filtration rate decreases if the rate of circulation is reduced.'^*'

There appears to be no correlation between the API static filtrate and dynamic filtrate 

under borehole conditions?^’’'*’'^'’'^’'’’'''*’

Fordham*"*^ reported the fluid loss in the dynamic phase varies with the tested mud 

systems at approximately the 0.60 power of shear rate.

A'PM and OBM have been tested in the current study and the results show that with 

increasing shear rate, the dynamic fluid loss and dynamic filter cake erodability 

increases, while the cake thickness decreases for OBM significantly more than WBM.
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3.1.1.5 The Effect of the Mud Constituents and Properties

Most of the published research in this area has been directed at understanding the 

relationship between the size distribution of the particulates in muds and the control 

of filtration through the establishment of a low permeability filtercake.

It appears that the permeability of the filter cake is the key parameter that controls 

both static and dynamic filtration. It more truly reflects downhole filtration behaviour 

than does any other parameter.

Cake permeability is, however, influenced by the kind of colloid as well as by the 

amount and size of particles. For instance, filter cakes of bentonite suspensions in 

fresh water have exceptionally low permeability because of the flat, filmy nature of 

the clay platelets, which enables them to pack tightly normal to the direction of 

filtrate flow.

Williams et al."^ and Fisk et al.’*® indicated that drilling fluids containing clay form 

compressible filter cakes.

Larsen"*’ reported that fluid loss was increased by calcium ion flocculation of the 

mud.

A wide range of particle sizes with a high percentage of colloids is conducive to fluid 
10Ss'26->27.,33,.36 a range of particle sizes sufficient to plug off the surface of 

the formation, limit particle invasion and initiate a filter cake of low permeability is 

also needed.

The degree of dispersion/flocculation and hydration of the clays present has 

considerable influence on filter cake pcrmeability^^’’*^’’^*’*^®’’**-*^^ Qjjy flocculation 

results in more permeable filter cakes and hence increased filtration rates.

Bo et al."^ concluded that cake porosity was affected by particle size and size 

distribution in a way analogous to the effect on permeability reported above. 

Minimum porosity was obtained when there was an even gradation of particle sizes, 

because the smaller particles then packed in the pores between the larger particles.
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Early investigators of filtration behaviour measured cake permeability. Williams and 

Cannon et al.”^ obtained values between 0.2 and 0.6 x 10”’ md at 8-atmosphere 

pressure for Gulf Coast field muds, and 72 x 10”’ md for a West Texas mud.

Byck”^ measured permeabilities between 0.46 and 7.42 x 10”’ md at 34-atmosphere 

pressure with California muds. It was shown that the filtration rates depend only on 

the permeability of the filter cake.

Di Jio et al.’**^ reported that oil based mud filter cakes consist primarily of water 

droplets stabilised by colloidal particles and emulsifiers. The results achieved in this 

current work show that OBM filter cakes have less resistance to shear than WBM.

This is due to the fact that the filter cake structure is made from water droplets hence 

has less solids concentration, and is less resistant to shear rate than WBM cakes. New 

applications have been developed by the author using Particle Size Analyser which 

shows that the water droplet size < 4 micron.

Gates and Bowie’^^ measured the permeability of 20 field muds and 40 laboratory 

muds, and obtained values from 0.31 to over 250 x 10”’ md at 6.8-atmosphere 

pressure (100 psi). They correlated mud filtration properties against the particle size 

distribution in the mud and reported the following results:

1. The best filtration control was provided by mud composed of 65% colloids, 30% 

silt-size particles and 5% sand-size particles.

2. The poorest filtration control was observed in muds having a very low 

concentration of colloids.

This point, regarding the contribution of colloids to fluid loss control, was earlier 

suggested by Sawdoi?'*'*, and Krubien et al.''*^

Prokop”* reported that the filter cake deposited during continuous circulation would 

gradually decrease in permeability as long as the experiment continued. This was 

shown by a continual decrease in filtration rate after the filter cake had reached a 

constant thickness.

Glenn and Slusser"*^ reported that the initiation of filter cake deposition and the 

consequent control of spurt loss are dependent upon mud particulate bridging against 

the pore throats of the porous medium. This bridge can take place inside or outside 
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the porous media. The bridging phenomenon and the presence of particles in the 

filtrate indicated that the spurt loss depends upon the particle size distribution of the 

mud and the pore entry size distribution of the porous medium.

Darley"*’, who confirmed the significance of the colloidal fraction on fluid loss 

control, has suggested from experimental measurements that this initial bridging 

process is accomplished in less than a second for many drilling fluids. Meanwhile he 

suggested that there was a crucial size range for bridging in the surface pores.

The rapid control of the fluid loss has been attributed to the presence of the bridging 

particles in the drilling fluid by several authors'*’’’’*^'''*^. They investigated the effect of 

addition of sized particles to the mud to control spurt loss for rocks in the 

permeability range of 70-350 md and fluid particle sizes in the range of 1-6 jjm were 

effective.

The bridging process and spurt loss will therefore be characterised by the relationship 

between the mud particle and mean formation pore size as indicated by the results of 

Beeson and Wright'^®. Darley'^’, in a paper discussing productivity impairment, 

suggests that presence of a mixture of particle sizes with a range 2-150/zm will 

bridge most formations. It has been reported that invasion due solely to the spurt loss 

period can extend to a depth of one inch in consolidated sandstone.

In addition McGuire et al.’^® questioned the validity of the 1/3 bridge rule when 

applied to CaCO,/ HEC suspensions. This rule was also found unsatisfactory by 

several other researchers.

Wyant et al.'^"* studied dynamic fluid loss measurement of oil mud additives for low- 

toxicity mineral oil. They found that the optimum fluid loss additives (FLA) at a 

concentration of 4 Ib/bbl decreased static and dynamic fluid loss, while higher 

concentrations of polymer-based FLA increase dynamic fluid loss.

Fisk et al.’"**^ reported that the soluble FLA increases attractive forces during 

dewatering and makes the filter cake hard to erode under shear rate force.

Krueger^** investigated the effect of several WBM fluid loss additives on API static 

fluid loss and compared results with the dynamic fluid loss volumes. The results 
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showed that there are various relationships between dynamic filtration rate and API 

static fluid loss for the different type of FLA [Figure 3.2], Furthermore, the API fluid 

loss decreased continuously with an increase of all the fluid additives, but the 

dynamic rates decreased to a minimum, and then increased and there is no reason 

given.

The effect of three FLA mechanisms on WBM and OBM has been studied 

extensively in the current work and the results show that the difference between the 

effect of FLA on static and dynamic filtration depends on the type of FLA 

mechanism and concentration. This is due to the fact that dynamic fluid loss 

decreased then increased with increase FLA due to increase filter cake permeability 

and filter cake erodability at certain fluid loss concentration as will be discussed in 

chapter 5.

Figure 3.2 Comparison of dynamic fluid loss rate with API fluid loss 

as a function of fluid loss additives concentration'*

Larsen”^ reported that fluid loss was inversely proportional to the one-half power of 

the filtrate viscosity.

Homer et al.^^ found no correlation between the rheology of the mud and the dynamic 

fluid loss. Fisk and Jamison'^^ found that decrease in fluid rheology increased 

dynamic filtration rates for WBM and OBM. This discrepancy arose because Homer 

et al.'2 plotted rheology and dynamic filtration of different types of fluids (WBM and 
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OBM) and was trying to find trends between them. Actually each drill-in fluid has 

different rheological behaviour and should each be correlated separately in order to 

determine trends.

Prokop^^ suggested that the rheology is significant and that it influences the flow 

regime in the annulus for dynamic filtration.

The addition of diesel oil into water-based mud decreased the API static filter 

loss^*’’’'^'’^’'’^^, but increases the dynamic fluid loss.^*^'’'*^''^^

The addition of 3 to 13 % by volume oil to WBM has been tested in the current work 

and led to decreases of the static and dynamic fluid loss. These discrepancies may be 

because the rheology of the mud mixed by the other researchers is very low which 

could affect the results achieved.

Peden et al.’^’’”’ found that the presence of barite in the mud results in more 

permeable, less compressible filter cakes, reduction in fluid loss and increase in cake 

thickness.

Sharma et al. and Black et al. reported that increased concentration of barite and 

other weighted material in the mud results in more permeable, less compressible filter 

cakes and increased fluid loss and cake thickness.

These discrepancies are probably because of different experimental conditions used 

by various researchers. Peden et al.’^’ ’^^ used WBM with solids concentration of 

10% and other researchers used WBM with solids concentration ranging from 4 to 

20% by volume.

However, WBM has been tested in the current work with solids concentration ranges 

from 6 to 20 % by volume and it was found that the results agree with Sharma et al. **’ 

and Black et al.’^'. Furthermore a critical solids concentration of 11% was observed 

where cake permeability and fluid loss increases. OBM shows that increase in solids 

concentration decreases cake permeability. Furthermore, from practical experience 

there is a critical ratio between clay and barite concentrations for WBM; above this 

ratio the mud properties and the fluid loss increase.

Plank et al.’^^ reported that the starch polymer forms characteristic bridges within 

filter cake pores. PAC polymer is absorbed into the edge of clay platelets and forms 

60



few bridges. Furthermore, synthetic HT-polymer was imaged extending into the pore 

space.

The potential use of the Scanning Electron Microscope technique for evaluating filter 

cakes has been reported’^’. However the use of such a technique has highlighted the 

complex structure of both mud additives and filtercake properties. '^^■’•^■■'53-157

3.2 KEY PARAMETERS FOR FILTRATION MECHANISMS

The key parameters that govern filtration mechanisms under downhole conditions are 

as follov/s:

1. Cake characteristics:

a. Filter cake thickness

b. Cake mass ratio

c. Filter cake porosity

d. Filter cake permeability

e. Density of cake solids

f. Filter cake pore size (function of size, shape, and distribution)

2. Viscosity of filtrate

3. Density of filtrate

4. Shear rate and shear stress

The shear rate and shear stress are functions of hole size, mud viscosity, mud type, 

etc. under downhole conditions. However a specific rheological model of mud type 

should be determined under existing application conditions.

5. Mud constituents and properties:

a. Mud type and mud density

b. Mud particle (function of size, shape, and distribution)

c. Fluid loss additives (FLA) mechanisms

6. Time

7. Temperature
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8. Differential pressure (function of mud weight and pore pressure)

8. Filter medium characteristics:

a. Formation type

b. Morphological characteristics (including permeability, porosity, pore 

size distribution, etc).

c. Filtration area

In order to achieve a better understanding for filtration mechanisms therefore, the best 

filtration models which take all these parameters into account and develop the 

functional relationships between time, flow rate, pressure, temperature, mud 

constituents and shear rate will be selected.

3.3 FLOW THROUGH THE FILTER CAKE

AND POROUS FORMATION

A simplified model of cake filtration is the handling of the permeability of a bed of 

porous material. While cake filtration is concerned with the passage of liquid through 

a porous medium with continually increasing thickness, permeability deals with the 

passage of liquid through a porous bed of fixed dimensions. Most of the existing 

mathematical models of the filtration were adapted from the basic Darcy’s law 

equation.

The linear Dow Darcy'^** equation is given as:

/CAAP
q =---------

/J.
(3.1)

Where: q - flow rate of fluid

A - cross-sectional area

AP - differential pressure over filter bed

jj. - fluid viscosity

K- permeability of porous rock

L - length of filter bed
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3.4 DERIVATION OF FILTRATION EQUATION

Static Filtration3.4.1

Darcy’s law for flow through a porous bed, Sperrys'^’ showed that theUsing

filtration resistance consists of two parts in series (the cake and the medium). 

Ruth'^^’’*’* first recognised the parabolic nature of the filtrate volume against time plot 

and the assumption that the cake resistance is directly proportional to the amount of 

cake solids deposited and yields the so-called “classical” static filtration equation 

(3.2).

p.s . uKt =-----—- , V' +-^V
2(1-ms) AAP

(3.2)

Where;

t - time, V = volume of filtrate, p - filtrate viscosity,

AP - differential pressure, m - ratio of mass of wet cake to mass of dry cake, 

a - specific cake resistance. Rm - filter medium resistance 

s - mass fraction of solids in the slurry, 

A - cross-sectional area of filter cake

pf- filtrate density

This equation is only valid on condition that the filter cake is incompressible and the 

differential pressure across the cake is constant. In fact, in drilling engineering the 

filter cake formed from the mud is compressible. It is understood that the pressure 

differential across the cake at the initial stage of the filtration process increases from 

zero to maximum while the pores of the filter medium are plugged and bridged and/or 

the first layer of the filter cake is forming. It is clear therefore that the assumption of 

constant pressure filtration is approximate. The equation needs to be modified before 

it can be used for predicting drilling fluid filtration under downhole conditions.

Since cake permeability is defined as the ease with which liquid is passed, cake 

resistance is conversely defined as the difficulty with which liquid is passed. Thus 

K=l= 1
R a
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The modified Darcy equation is:

dV
dt 

(3.3)

Where a is the cake resistance. If it is assumed that each layer of cake as deposited is 

identical, then L may be replaced as follows: cake volume = LA = f V where f is the 

volume of cake produced per unit volume of filtrate, A is the cross sectional area and 

V is total of filtrate.

Then L =
A

and (3.4)

Substitute L in equation (3.4) into (3.3), then: 

dV _ A^P

dt a fj. f V
(3.5)

For a constant pressure filtration, we may rearrange and integrate, thus

IPA^
(3.6)

This is the equation for a parabola. Early attempts to use this equation to correlate 

time- volume filter discharge data met with little success because the equation fails to 

take into account the resistance of the filter medium. Assuming that the filtration 

resistance consists of two parts in series (the cake and the medium), both of which 

follow the Darcy equation, the following was derived: 

dV _ PA- 

dt ^ko^ + R^A)
(3.7)

Here is the resistance of the filter medium while a is the resistance of the cake.

Integration at constant pressure gives:

2PA^ PA

Or

(3.8)
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(3.9)
y tiPA- ) PA

Equation (3.9) has been arranged to conform with the standard equation for a straight 

line, y = mx + b. Thus when — is plotted versus V, apf UPA" may be equated with 

the slope, m to evaluate a and pR^/PA with the y intercept, b, to evaluate filter 

medium resistance, R,„. In rearranged equation form:

a = 2mPA ~ I pf (3.10)

and

/?„, =bPAlM (3.11)

The Sperry filtration rate equation adequately relates the principal variables in a cake 

filtration and is valid only for incompressible filter cakes.

The assumption of equation (3.4) could be obtained from a macroscopic mass 

balance: Weight of Slurry = Weight of Wet Filter Cake + Weight of Filter

Or symbolically;

Ill

.V

W
—+ (3.12)

Where; W, - solids weight as laid on filter medium

Pf - the density of filtrate

s, s,,- the solids fraction in slurry and filter cake respectively

Comparing equation (3.4) with equation (3.12), then

(3.13)

m =l/s^ the ratio of weight of wet filter cake to dry filter cake.

Then equation (3.9) becomes:

pa PfS , uR
t =-----^-—2-—V * + V

2(1-/us)A"AP AAP
(3. 14)
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For compressible filter cake the basic filtration equation can be modified to allow for 

variation in and (t)avg in the initial stages of filtration. The above equation is then

rewritten to include a correction term yielding:

2{\-ms)A^\P AAP
(3.15)

The spurt volume and spurt time can be subtracted from the data of cumulative 

filtrate volume versus time. Filtration then commences with solids already deposited 

in the pores and on the surface of the filter medium.

(3.16)

Where Vsp is the spurt volume and R is the resistance of solids deposited during the

spurt period of duration t .

Putting:

t-t =t'■'p a (3.17)

a
~ 2A\\-ms}Ap

(3.18)

Gives: t'= ‘'+rZ|V'+ Zq (3.19)

This is the modified static filtration equation can be used for drilling fluids.

The modified static filtration equation is then used to fit experimental data points V - 

t and by using the least squares second order polynomial method the values of the 

static filtration coefficients tg, a,and a, are obtained and the static filter cake 

characteristics can be described for lignosulphonate and synthetic oil based muds as 

will be discussed in (chapter 6).
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From the modified static filtration equation then the cake characteristics can be 

described as follows;

1. Average specific cake resistance;

~ ___ ^^2 (3.20)

2. Effective filter medium resistance:

AFA 
------  «1 

A
(3.21)

3. Average cake porosity ((Jiavg):

(w-1)

(m-l) + ^
Ps

(3.22)

4. Average cake penneability (kavg):

_____________________K (3.23)

The above equations can be used to determine the average cake porosity and average 

cake permeability based on the ratio of wet to dry filter cake mass, average filter cake 

resistance, the density of the filtrate and solids, which can be obtained experimentally 

chapter 6.

3.4.2 Dynamic Filtration Equation

The modelling of drilling fluid filtration mechanisms is based on the following 

assumptions:

f The weight of eroded solids from the cake is proportional to the duration of 

circulation, the filter cake area, and the shear stress on the filter cake surface if the 

mud is circulated.

67



2.

3.

4.

In

Filter cake build-up is a continual process of deposition and erosion, and these 

actions occur simultaneously.

Flow through the filter cake is laminar, which implies that Darcy s law applies. 

The filter medium resistance is constant through out the whole filtration process.

Figure 3.3, if the eroded mass of solids is expressed in terms of equivalent filter

cake mass, the external mass balance can also be used:

W = (3.24)

Where:

W, = Filter cake weight per unit area (Kg/m “)

W, = Eroded solid weight per unit area (Kg/ni “)

W = cumulative deposited solids (filter cake) weight per unit area (Kg/m *)

According to the above assumption, we may express as:

(3.25)

Or:

W =Z?z (3.26)

Where:

t - time, B - dynamic filtration coefficient

T - shear stress on filter cake surface, - dynamic filtration erodability coefficient

- is defined as the eroded solid mass per unit of shear stress on a unit of filter

cake surface area.

Writing the external mass balance:

W W V
A

Solving equation (3.27) for W, we obtain:

.S'
(3.27)

1 - ms A
(3.28)
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Where: m = —

Substituting in equation (3.26) and equation (3.28) for W , then in equation 

(3.24), becomes:

(3.29)

PfS V
Or W, = --------- Bt

1 — ms A
(3.30)

Figure 3.3 Relationship between filter cake and cumulative deposited cake

Applying Darcy s law:

AF_ AF
/zF /z(F^+F„)

(3.31)

The filter cake resistance R,,is defined as:

(3.32) 
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Where a is the specific cake resistance. Therefore, combining equation (3.30) and 

equation (3.32) for and inserting into equation (3.31) and by rearrangement, we

get:

dt Ps
d\ APA APA

(3.33)

This equation is a first order non-homogeneous linear differential equation, if all the 

terms on the right handside, except t and V, are assumed to be constant with time. 

Solving for t versus V with the boundary condition V = 0 when t - 0, we can get;

(3.34)

Peng'’’^ gave the details of solution of equation (3.34).

However, equation (3.34) should be modified before it can be used. The spurt volume 

and spurt time should be subtracted from cumulative filtrate volume vs. time. Then it 

becomes;

/' =C,V' - C, (1 - ) + to (3.35)

Where: C, =-------------------
(l-/«.s)A/C,r

(3.36)

AP/7,5
(3.37)

(3.38)

By fitting the dynamic filtration experimental data points V vs. t to equation (3.35) 

and using the least squares non-linear regression method then the dynamic filtration 

coefficients C,, C,, Cj, and t^ are obtained and dynamic filter cake characteristics 

can be described for lignosulphonate and synthetic oil based muds as will be 

discussed in chapter 6.
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3.5 APPLICATION OF THE FILTRATION EQUATION

3.5.1 Static Filtration Equation

Equation (3.33) is the general equation of filtration, which applies to both static and 

dynamic filtration. It is apparent that if r= 0, then equation (3.33) can be integrated, 

then:

t = c/j V’+a,V (3.39)

This is the classic static filtration equation.

3.5.2 Erodability of Dynamically Deposited Cake

Differentiating equation (3.34) on both sides with respect to time:

l = c,— —
dt dt

By rearranging the above equation:

dt ~ C.-C.Cye-^^''

(3.40)

(3.41)

■c,v
eq at V-^a

■> —, therefore; 
C,

q* t;q
 1 (1-Z/Z5)B

pfS
(3.42)

is defined as the dynamic equilibrium filtration rate.q eq

By combining equation (3.25) and equation (3.26), it is obtained:

B = K^ t (3.43)

Inserting equation (3.43) into equation (3.42), we obtain;

eq (3.44)
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Equation (3.44) represents the relationship between the dynamic equilibrium filtration

rate and shear stress on the filter cake surface. From equation (3.44), we can get:

=----- —------
(1 - ms')TAC^

(3.45)

The static and dynamic filtration equations (3.19) and (3.35) combine all the most 

important parameters that governing the static and dynamic filtration processes. 

These two equations have been modified in an empirical form in chapter 6 to predict 

static and dynamic filtration under downhole conditions. An attempt has also been 

made to predict dynamic filtration from static filtration data. Since the modified 

filtration equations can predict the static and dynamic filtration coefficients such as 

(^i,a2, C|, C2. and C3) therefore the filter cake characteristics such as cake resistance.

permeability, porosity, etc. can be computed and described for the WBM and OBM.

3.6 REVIEW OF DRILLING FLUIDS FILTRATION

Earlier published papers on cake filtration, in which the investigators concentrated 

their efforts to obtain relationships between Bow rate, applied pressure, and mud 

constituents for compressible filter cakes, will now be briefly reviewed.

Almy and Lewis'^’’ derived from experiments a formula of filtration for any particular

fluid:

= k^ 
V"

(3.46)

Where: k, m, and n - constant for any experiment 

dV/dt - the rate of discharge of liquid through the cake 

m- an exponent of P varying with nature of the solids 

n- an exponent of V depending upon the solids
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of the form:

Flow rate is proportional to P"'. The superscript m was defined as the compressibility 

coefficient, having values from zero to 0.50. Incompressible fluids have m = 0.50 

while for compressible fluids, the value is less than 0.50.

Baker'**'* reported an equation called “the fundamental law of filtration”

t/v _ c aV;*'
dt ~ V"

Where:

(3.47)

C is proportionality constant, depending upon the nature of the sludge 

Wiber and Harshey'^^ produced the rate equation of the form:

1 dV

A dt

Pg A 

ajLiCV
(3.48)

Carman modified Kozeny s equation in the form:

AP_ 1 dV
A dt ~ A L (3.49)

Where: (j) - porosity of the filter cake, kz - Kozeny' s constant

Sq - specific surface area of solids, i.e., surface area per unit volume of solid

According to Darcy s law, the permeability coefficient should be:

(3.50)

Williams and Cannon^® predicted the static filtration of drilling fluids.

V /-------------—
A

(3.51)

Where:

(3.52)

_ ApfkAP,.} 
" vR AP[

(3.53)
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!

Where: w - subscript represents Williams

s - a compaction function of the cake, R - a function of resistivity of the cake

- pressure drop across cake

V - ratio of volume of filter cake to volume of filtrate

p f (P)- a function of the resistance of the filtration medium

p - resistance coefficient of filtration medium and sludge contained therein

Williams found that filtration rate during dynamic conditions became constant after a 

short time and this constant rate attained in any particular test depended on the 

pressure, rate of mud circulation, and mud properties. The equilibrium filtration rate:

(3.54)

Where: Q - mud flow rate, C - empirical constant

M - determined in equation (3.52)

Williams also extended equation (3.51) for borehole radial filtration as:

2;zZ.AP'’'
V =

;7K(1-5)
(3.55)

developed a static filtration equation for incompressible cake from Darcy sLarsen "f’

law: V=k, (3.56)

Where: R, = Ratio of filtrate volume/volume of deposited solid;
Veaie

k - Constant for specific mud

further investigated the validity of the above equation by varying theLarsen”**

applied differential pressure. It can be seen from equation (3.56) that V should be 

proportional to the square root of the differential pressure; however, the experimental 

results showed that the following relationship was valid:

V = k^P" (3.57)
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Where x < 0.5 and could be evaluated from the log-log plot of volume versus 

pressure. Further, Larsen also studied the effect of temperature on the cumulative 

filtrate volume and proposed that;

(3.58)

Where V and /z are the cumulative filtrate volume and filtrate viscosity at 

temperature T, and T respectively.

Glenn and Slusser"*^ used the classic static filtration equation to evaluate the filtration 

characteristics of drilling muds in the form;

~ = M,.V + N,.V

Where:

(3.59)

M^, - a coefficient defined by physical characteristics of the mud filter cake

and conditions imposed during filtration

N - a constant defined by the fluid flow characteristics of filter medium

They considered that the septum resistance is very small compared to cake resistance.

It was then neglected without appreciable error. Then equation (3.59) becomes:

—=M„ V‘ (3.60)

Hassen'*’^ proposed a series of equations to predict the filtration as follows:

(3.61)

Where: q - filtrate flow rate per unit area 

CI - static filtration rate constant

Equation (3.61) represents filtration under constant temperature and pressure 

conditions. In order to include the effect of temperature, it is compensated for by a 

factor as shown in equation (3.62);

r/2 = <7i exp (3.62)
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Where: B - viscosity constant for Newtonian fluid

He believed that the effect of temperature is caused by the change of filtrate viscosity.

The effect of pressure on filtrate flow rate considered is described by equation (3.63):

^11
'ap/

(3.63)
p

Where: p - pressure correction exponent for filter cake.

If the filter cake is incompressible, p is 0.5. In fact, in most cases, p is less than 0.5. 

Bezemer and Havenaar'^'* reported the relationship between equilibrium filtration rate 

and rate of shear at the cake surface could be given by:

1 dV\
d.., C,Y (3.64)

Where: eq - subscript refemng to equilibrium conditions

Cb - constant for specific mud, y - rate of shear at the cake surface

Pt
-------= <c—)V A + u r
VIA 2

(3.65)

Plotting (Pt)/(V/A) vs. (V/A) should yield a straight line an intercept of (//r) and 

slope of (/7a/2).

Havenaar'*'’* derived the following equation for filtration through the bottom of the 

hole while drilling:

4
(3.66)

Where:

D - annulus diameterQ - filtration rate in cm’/sec,

n - the number of cones on a bit rotating at, m, times per second and C can be 

determined from equation (3.67)
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H’ (3.67)

Where:

= volume of cake, Q^. - volume of filtrate

He compared the filtration rates calculated by this equation. The poor correlation 

obtained with oil-base mud is probably because cakes of oil-base muds are easily 

eroded and also equation (3.66) neglects erosion by mud jets.

Martins et al.'^^ recently proposed the following equation to predict the static

filtration as follows:

A5

5
(3.68)

Where:

Kf- formation permeability 

Ke - cake permeability
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CHAPTER FOUR

THE EXPERIMENTAL STUDIES AND QUALITY

CONTROL PROCEDURES
The experimental programme was designed to identify the effects of a number of key 

parameters that govern the fluid rheology, the filtration process, and formation 

damage mechanisms, to generate a database from controlled experimental studies at 

different operating conditions in order to develop theoretical models.

This chapter presents material analysis, which includes brief descriptions of mud 

system selection, composition, mud testing procedures, results and quality control 

testing techniques. The API oil-based mud mixing procedure has been modified and 

new major testing technique using Particle Size Analyser for optimum emulsifier 

selection and particle size classification for filter cakes has been established. The 

main experimental facilities are also described and presented. Core preparation and 

extensive experimental analysis has been carried out on Clashach sandstone 

moiphological characteristics and a number of approximate correlations have been 

established and validated with experimental and external field data. These 

correlations have been incorporated into design criteria to classify the fluid flow 

regimes in porous media and a quality control approach has been established for 

formation damage testing procedures.

4.1 MATERIALS PREPARATION AND ANALYSIS

4.1.1 Mud System Analysis

4.1.1.1 Mud System Selection

Two commonly used types of HP-HT inhibitive drilling fluids have been selected and 

tested, viz:

1. Synthetic oil-based mud (oil/water ratio of 75/25).

2. Lignosulphonate water-based mud.

OBM and WBM were formulated with 9, 11 and 13 ppg (pounds per gallon) mud 

weight in each case and loaded with drilling solids of 35 Ibs/bbl (pounds per barrel) in 
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order to represent the typical wellbore conditions, mixed in a Silverson mixer and 

tested using API Standards’^® '^^ and developed modified methods.

4.1.1.2 Mud System Composition

The compositions of the two HP-HT muds used are listed in Tables 4.1a and 4.1b. 

The main components and their function are presented in Tables 4.2a and 4.2b. 

Emulsion-based mud prepared by the addition of diesel to the lignosulphonate mud 

was also tested.

Table 4.1a Composition of Mud System 1: Lignosulphonate Water Base Mud

COMPONENT (9.2, 11,13 PPG MUI)

WEIGHT)

BRAND I CONCENTRATION (LBS/BBL)

Fresh Water - 1 322.46,298.86.273.01

Non Treated Bentonite BENTONITE

Caustic Soda CAUSTIC SODA

HT-Fluid Loss Agent RESINEX 1

High Viscosity-PAC POLYPAC-R I 1

Weighting Agent BARITE 1 20, 100,32,210.21 respectively

Thinner SPERSENE p

HT-Stabiliser LIGNITE p

Drilled Solids DRILLED SOLIDS L

COMPONENT (9, 11, 13 PPG MUD

WEIGHT)

BRAND CONCENTRATION
(LBS/BBL)

Base Oil NOVATEC-B 172.79, 156.57, 140.34

HT-Clay VERSAGEL-HT 7

Brine (water + calcium chloride) Brine (water + calcium 

chloride)

(77.06+27.86), (70.23+25.39),

(63.40+22.9)

Primary Emulsifier NOVATEC-P 6

Secondary Emulsifier NOVATEC-S 3

Lime LIME 5.5

Fluid Ixjss Agent NOVATEC-F 3

Weighting agent BARITE 41.07, 150.79, 260.51

Drilled Solids DRILLED SOLIDS 35
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Table 4.2a Brief Description of HP-HT Mud Component

Mud System 1: Lignosulphonate Water Base Mud

♦Trademark of M-I L.L.C

COMPONENT DESCRIPTIONS

WYOMING

BENTONITE

Mainly sodium montmorillonite clay used primarily to 

impart rheological properties to the mud and to control 

fluid loss by the formation of filter cakes of low 

permeability

CAUSTIC SODA Sodium hydroxide used for increasing pH to activate 

chemicals functions

POLYTEMP* Polymeric dispersant of sodium salt, HT-fluid loss 

control as viscosifying agent

RESINEX* Synthetically formed sulfonated lignite with resin used as 

HT-fiuid loss control, coating agent and rheology 

stabiliser

POLYPAC-R Polyanionic cellulose polymer, a more refined cellulose 

which gives viscosity and fluid loss control

BARITE Barium sulphate used for increasing density

SPERSENE * Thinner, shale inhibitor, fluid loss control, emulsifier and 

an excellent rheology stabiliser at HT

CHROM-LIGNITE* HT-fluid loss, thinner and rheology stabiliser at HT

drilled solids 75 micron sized calcium carbonate and OCMA clay
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Table 4.2b Brief Description of HP-HT Mud Components

Mud System 2: Synthetic Oil Base Mud

*Trademark of M-l L.L.C

Fcomponent DESCRIPTIONS

NOVATEC-B* LAO base liquid, continuous phase (Linear Alpha Olefin

CuC.J

NOVATEC-P* Modified calcium salts of higher organic acids, used as 

primary emulsifier of water in oil

NOVATEC-S* Oil soluble surfactant, used for primary oil wetting of solids 

and emulsion stability

CALCIUM

CHLORIDE

Water phase activity (CaCI 2)

LIME Calcium hydroxide, used as a source of alkalinity and to 

activate primary and secondary emulsifiers

NOVATEC-F* Surfactant blend in organic solvent, used for primary fluid 

loss control as particle coating agent

GILSONITE* Organophylic lignite colloidal particle, used for primary fluid 

loss control as plugging agent

ECOTROL* Methyl styrene acrylate resin, used for primary fluid loss 

control as viscosifying agent

VERSAGEL-HT* High perfoiTTiance blended clay, used for primary 

viscosifying to impart HT-rheological properties and to 

control fluid loss by the formation of filter cakes of low 

permeability

drilled solids 75 micron sized calcium carbonate and OCMA clay
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4.1.1.3 Mud System Preparation

1.

2.

3.

To maintain high quality testing results the following steps have been followed:

Mix the required mud volume from the same chemical-manufacturing batch.

Mix the required mud volume in one mixing batch.

Ensure that the quality control testing procedure has been applied.

All the muds were mixed in batches of 1400 ml (4 “lab barrels”), and because large 

volumes were required, separated batches were mixed and combined before testing.

Mixing was undertaken in a 2 litre conical metal jug in a standard Silverson mixer 

fitted with a high shear square hole screen. A cold water bath was used throughout to 

prevent excessive heating (maximum 150 F). The mixing heads were positioned 

appropriately to ensure adequate mixing at height of 1-2 inches above the base of the 

container, being raised if required such as during the addition of barite. The mixer 

speed was maintained at 6000 rpm throughout the mixing, checking it at intervals 

with a tachometer.

4.1 ■ 1,3.1 Laboratory Mixing of Fresh Water Lignosulphonate Mud

The list of components in Table 4.3 is the order in which the chemicals were added 

over a total time interval of 1 hour and the following is a summary of the procedure:

1. Add WYOMING BENTONITE gradually to the fresh water whilst stirring with 

a Silverson mixer. The mixture then can be left for 16 hours to allow the

2.

3.

4.

bentonite to pre-hydrate.

Mix for 5 minutes and adjust pH to 10.5 with caustic soda.

Add POLYPAC-R and RESINEX slowly over a 4-minute period, ensuring that 

all polymers were completely dispersed and that none adheres to the sides of the 

mixing vessel or the mixer shaft. Mix for a further 6 minutes.

Add the weighting material (BARITE) gradually over a 2-minute period. 

Mix for a further 8 minutes.

5. Add dispersants (SPERSENE and LIGNITE) slowly over a 5-minute period.

Mix for a further 5 minutes. Adjust pH to 10.5 with caustic soda if necessary.
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6. Add the simulated drilled solids (CALCIUM CARBONATE and CLAY) 

oyer a 2-minute period.

7. Continue to mix the whole mud during the remaining time in the hour (13- 

minutes).

Table 4.3 Order and Timing of Mixing HP-HT Drilling Fluids

Mud System 1: Lignosulplionate Water Base Mud

Order Addition of 
Chemicals

Add after 
time 
(min)

Addition 1 
time 

(min) 1

Mix 
time 
(min)

Component

1 Prehydrated 
Gel

0 - 1 5 Wyoming Bentonite

[2 pH 5 I 1 4 Caustic Soda
3 Black 

Powder
10 1 3 Resinex

4 Polymeric 
additiyes

15 1 3 Polypac-R

5 Weighting
Agent

20 2 1 8 Barite

6 Dispersant 30 " 1 8 Spersene & LigniteL
pH
Adjustment

40 1 5 a.a

n Drilled 
Solids

45
1

13 Calcium Carbonate & OCMA Clay

4.1.1.3.2 Laboratory Mixing of Fresh Oil Emulsion Mud

The mud was prepared by addition of diesel oil to the same fresh water 

lignosulphonate mud mixed aboye. Emulsification was achieyed by mechanical 

agitation using a high shear rate mixer and also by substances already present in the 

mud, such as lignosulphonate. Three samples of mud were tested with commonly 

used diesel percentages (as a percentage of the total yolume of mud) of 3, 8 and 13%.

4.1,1.3.3 Laboratory New Mixing Procedure of Synthetic Oil-Based Mud

The mixing order for OBM components described in APl'^’ RP 13B-2 has now been 

modified. API RP 13B-2 recommended mixing in a sequential order, i.e. oil. 
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emulsifier, lime, brine, clay, wetting agent and barite. This procedure makes the brine 

to be tightly emulsified in oil and therefore the clay will have difficulty to react with 

water to yield properly. Consequently, the mud properties will be very low and barite 

sag could occur. The new procedure developed makes the clay to react with brine and 

yield properly before the addition of emulsifiers. The list of components in Table 4.4 

represents the new mixing order in which the chemicals were added for a total time 

interval of 1 hour and the following is a summary of the new procedure:

1. Pour synthetic base oil in the Silverson cup and add organophillic clay 

gradually over a 1-minute period. Mix for a further 4-minutes.

Add the brine phase (pre-dissolved calcium chloride in water) slowly over a 2- 

minute period. Mix for a further 8 minutes.

Add primary and secondary emulsifiers gradually over a 1-minute period and 

mix for a further 4 minutes. Add lime and mix for 5-minutes.

1.

3.

4.

5.

6.

7.

Add fluid loss additives gradually over a 1-minute period. Mix for a further 4 

minutes.

Add the weighting material (barite) slowly over a 2-minute period. Mix for a 

further 8-minutes.

Add the simulated drilled solids (calcium carbonate and clay) over a 2- 

minute period.

Continue to mix the whole mud during the remaining time in the hour (13- 

minutes).
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Table 4.4 Order and Timing of Mixing HP-HT Drilling Fluids

Mud System 2: Synthetic Oil Base Mud
Order Addition 

of 
Chemical 

s

Add 
after 
time 

(min)

Addition 
time 

(min)

Mix time 
(min)

Component

I Base Oil 0 - - Synthetic Oil
2 HT-Clay c u 1 4 HT-Clay |
3 1 Brine 15 2 8 Calcium Chloride |
4 Emulsifier 

/Wetting 
Agent

20 1 4 Novatec -P/ I
Novatec-S

5 Lime 25 1 4 Lime

1 Fluid Loss
Additives (

30 1 4 Novatec-F,Gilsonite71
Truflo-100 1

7 1 Weighting
Agent 1

35 2 8 Barite |
? 1

Drilled
Solids 1

45
2 I

13 Calcium Carbonate 
and OCMA Clay

4.1.1.4 Test Results for Initial Mud

Upon completion of the mixing procedure all the sample batches were blended 

together to ensure uniformity before commencement. The mud was initially tested 

using the techniques described in API and the results obtained are given in

Tables 4.5a and 4.5b.

Test technique (API RP)

1. Density at ambient temperature-70° F measured using pressurised mud balance.

6 speed rheology (600, 300, 200, 100, 6, 3 rpm), at 120°F using Fann-35 

Viscometer and thermostatically controlled Viscometer Cup.

Electric stability at 120°F for oil based mud using Electric Stability Meter.

HP-HT fluid loss at 300° F and 500-psi differential pressure using HP-HT Filter 

Press.

2.

3.

4.
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5. The initial muds were hot rolled using the 350 ml cell pressurised to 100 psi and 

then submitted for hot roll (8 hours for WBM and 16 hours for OBM) at 

300'’ F using Heat Roller Oven.

6. A pressurised 350-ml mud bomb was placed vertically in the oven for static 

ageing to measure static sag factor at high temperature. The static and 

dynamic sag measurements are summarised in (section 4.1.1.4.1 and 4.1.1.4.2).

The purpose of conducting static and dynamic sag tests is to ensure the absence of 

barite sagging during experimental work as the presence of it could affect test results. 

After the ageing period the samples of mud were again blended together to ensure 

uniformity and homogeneity. They were mixed for 15 minutes prior to testing using 

the techniques described in API RP. Testing for this particular mud, static and 

dynamic filtration was carried out taking into account complete rheological properties 

and electric stability.

Descriptions of routine testing equipment are given in Appendix A [Figures Al to 

A14J.

4.1 ■ 1,4.1 Static Sag Measurement

The sag factor is a measurement of the amount of sag or settlement of solids during a 

static ageing test and is an important test to ensure that the mud during HT static 

filtration test is not sagging as this could affect the accuracy of experimental results. 

Measurement Procedure

After cooling the bombs Appendix A |Figure A9] , carefully open the valve and note 

the release pressure, if no pressure release occurs, it is likely that the bomb has leaked 

and the test should be repeated.

1. Carefully extract any free water (or free oil) from the top of the cell using a 

syringe. Record volume of free liquid.

2. Weigh a clean lO-ml syringe, then sample the top part of the bomb, and 

ensure that the mud sample contains no air. Record the volume and reweigh the 

syringe to calculate the weight of mud sample and hence the density (DI).
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3.

4.

5.

Carefully remove the remaining mud with a syringe leaving 20-40 ml in the 

bottom of the bomb. Note any hard solids settlement.

Sample the mud remaining at the bottom of the bomb. Record the density of the 

bottom portion of the mud as (D2).

The syringes used for measuring the initial and final densities of the mud are 

accurate if care is taken to eliminate trapped air.

Calculate the sag factor as: Density of bottom portion / (Density of top 

portion -I- Density of bottom portion).

In general the closer the sag factor is to 0.50, the better the result. The water and oil

based muds show 0.51.

6.

4.1.1,4.2 Dynamic Sag Measurement

The dynamic sag tester shown in Figure 4.1 is a new device developed by 

Schlumberger Cambridge Research (SCR), which is designed to measure dynamic 

sag at low shear rate. The sag test followed a standard period of 30 minutes, under 

ambient conditions, to ascertain the dynamic barite sag potential of the mud. 

Measurement Procedure

1.

2.

3.

4.

Weigh the 5 ml empty syringe and re-weigh with 2.5 ml mud and inject into the 

bottom of the sag tester. Ensure that the mud sample contains no air.

Fill the space inside the sag tester with mud using the 10 ml syringe then rotate 

the bob at 6 rpm (which is equivalent to 10.20 sec"' shear rate) and start the 

clock.

After 30 minutes, stop the rotation and draw out 2.5 ml plus syringe of 

mud, exactly level it to 2.5 ml and weigh.

From the weights of the syringes, calculate the density of mud prior and after the 

sagging (Do and Ds respectively). For a 2.5-ml syringe, the density is given by: 

400 X (weight of full syringe (g) - weight of empty syringe (g)) kg/m^
a

Calculate the excess density as: (Do - Ds) kg/m . The higher the excess 

density, the more it is prone to sagging. The factor 400 in the equation 

5.
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above is obtained by dividing 1000 by 2,5 (volume of mud weighed). Dynamic 

sag for WBM and OBM is about 0.52.

6. The syringes used for measuring the initial and final densities of the mud are 

accurate if care is taken to eliminate trapped air.

Figure 4.1 Sag tester
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Table 4.5a Initial Testing of HP-HT Drilling Fluids

Mud System 1: Synthetic Oil Base Mud

RPM Reading

BF*150^F

@ 14.70 psi

MUDSG=

150" F

@ 15 psi

1 1.321

AH*

150"f

3000 psi

200"f

6000 psi

250 "f

10000 psi

300 " F

12000 psi

600 50 49 59 1 I 50

300 30 29 39 36 1 34

200 25 24 32 30 1 29 25

100 19 18 23 22 21

6 II 9 12
” 1

12 10

3 10 8 10 II 10

Gel strength 12718 10/17 11/16 10/17 1 10/16 10/17

O/W 75/25 75/25
_________________________

WPS 181.151 181,151

Electric stability 510 950

Static sag Factor 0.51 0.51

Dynamic sag Factor 0.52 0.52
1

Tabic 4.5b Mud System 2: Fresh Water Lignosulphonate Mud

RPM Reading Mud SG=: 1.321

AH*

BF*150" F 15O"F 150"F 2OO"F 250" F 3OO‘’F

@ 14.70 psi @ 15 psi 3000 psi 6000 psi 10000 psi 12000 psi

600 85 82 92 62 49 40

300 51 49 56 28 1 22

200 39 38 43 22 1 18

100 25 24 26 ” 1 1 13

6 7 6 6 5 1 5 4

6 5 5 4 4 3

Gel strength 11/18 10/16 10/15 9/13 1 8/11 7/11

pH 1 10.50 10.50
—1 1

Static sag Factor 1 0.51 0.51 1 1
Dynamic sag Factor I 0.52 0.52 1 1
*BF- Before hot rolling
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4,1.2 Development of a New Method for Optimum Emulsifier Selection

Using the Particle Size Analyser Testing Technique

The new method developed can be used for;

1.

1.

Selection of optimum emulsifier concentration for water-based mud.

Selecting optimum primary and secondary emulsifier concentrations for oil

based mud.

3.

4.

5.

6.

A quality control tool for comparison of different types of emulsifiers.

The selection and comparison of emulsifiers can be achieved with minimum 

time of testing, thus reducing economic impact.

A backup tool for dynamic sag test.

Measure particle size classification for filter cakes (chapter 5).

4.1.2.1 Brief Introduction to Emulsification Mechanisms

The occurrence of barite sag has been recognised, but it is a poorly understood 

phenomenon in the drilling industry. Problems such as lost circulation, well control 

and stuck pipe have resulted from the occurrence of barite sag. Invasion of filtrate 

includes excess emulsifiers, which may result in altering the rock wettability.

In recent times, the oil industry has shown increasing awareness of borehole 

instability and formation damage. Optimum drill-in/completion fluid design and 

selection are essential to the control of these problems.

Oil-in-water and water-in-oil based muds require additional emulsifiers to maintain 

emulsion stability. However it has become crucial to find a technique for optimum 

emulsifier concentration and performance.

The oil-in-water emulsion drilling fluid is prepared by adding 5 to 15% by volume oil 

to WBMs. Emulsification of oil takes place by the addition of surfactants using an ad- 

hoc approach.

OBMs are essentially water-in-oil emulsions with an aqueous dispersed phase (water) 

varying from 10 to 40 percent.

OBM chemicals are more expensive than WBM. Emulsifiers are common to oil mud 

systems, which aid to drilling mud stability: however when filtrates from such muds 
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invade, they may include some of these emulsifiers and result in an altering of rock 

wetting characteristics^^.

Nigel et al.'^^ described a method to characterise emulsifier performance. Several 

studies’^'*''^^ concluded that low shear rate viscosity is a rheological parameter of 

importance in determining the capacity of a drilling fluid to minimize or prevent the 

occurrence of barite sag, particularly dynamic sag. They correspond to “low shear 

rate” at the 3 rpm dial reading (5.1 s '), corresponding to the lowest operating speed 

of the Fann 6-speed viscometer.

The frequency of problems associated with barite sag is higher with invert emulsions, 

compared to water-based systems, when drilling highly deviated wells'^'*.

Up to now, there is no accepted method to select optimum emulsifier concentration. 

Drilling fluid performance has a significant economic impact on the petroleum 

industry, and justifies a thorough study of this problem.

4.1.2.2 Fundamentals of Emulsion, Emulsifiers and Wettability

An emulsion is formed between two liquids by lowering the interfacial surface 

tension of one liquid with an emulsifier, or surfactant, to enable that liquid to form a 

stable dispersion of fine droplets in the other liquid.

In most regular emulsions, the oil phase is dispersed as fine droplets in the continuous 

or aqueous phase. This is commonly known as in oil-in-water (O/W) emulsion. Water 

based mud, containing oil as the internal phase is an example of this type of emulsion. 

In an invert emulsion, the aqueous phase is the dispersed phase and the oil phase is 

the continuous phase. This is known as a water-in-oil (W/0) emulsion. The present 

state-of-the-art OEMs are invert-drilling fluids.

Invert emulsions may contain as much as 40% by volume water. This water is broken 

up into small droplets and uniformly dispersed in the oil phase. The more water 

present in an emulsion, the distance between droplets is decreased, thereby the greater 

the chances of the water droplets coming together and coalescing.

To emulsify water-in-oil, there must be sufficient chemical emulsifier to completely 

form a film around each water droplet [Figure 4.2].
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If there is insufficient emulsifier, the emulsion will be unstable. From the standpoint 

of stability, the smaller the droplet the more stable the emulsion. Large droplets will 

coalesce more easily than smaller droplets. To obtain small droplets, energy or work 

must be applied in the form of shear. This is done through agitation by the high shear 

units, bit jets, mud guns or centrifuge pumps.

OBM

Figure 4.2 Schematic of invert and regular emulsion

z
Z'^water
I droplet J

k /

The water droplets aid in the reduction of fluid loss in invert muds (they plug filter 

cake pores). In addition, the droplet size also contributes to the rheological properties 

of drill-in fluid.

When oil (continuous phase) is added, the emulsion becomes more stable because the 

distance between droplets is greater. The reverse is also true, additional of water will 

decrease stability because the distance between water droplets is less. The addition of 

oil decreases viscosity while addition of water increases viscosity.

The inclusion of solids into a water-in-oil emulsion may have either positive or 

negative effects depending upon the manner in which they become wetted. Figure 4.3 

illustrates the five principal states of wetting that can occur in three-phase systems 

(solid/liquid/liquid) such as oil-based mud. Each condition is contingent upon the 

angle contact formed between each liquid and the solid. By definition, if the angle, 0, 

formed by a liquid and a solid is less than 90® the solid is said to be preferentially 

wetted by the liquid. Thus, in Case 1 (Figure 4.3], when the angle 0w formed by the 

water and solid is less than 90® then the solid is said to be preferentially water wet. If 

the contact angle, 0, becomes 0®, the solid is said to be totally wetted by the liquid. 

Cases 4 and 5 illustrate the concept of total wetting of a solid by a liquid.
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Oil mud systems contain certain surfactants which alter the contact angle (wettability) 

of the solid/liquid interface. These chemicals will cause a solid to become 

preferentially oil wet or totally oil wet if used in excess.

In an oil mud system it is necessary to maintain the solids in a preferentially oil-wet 

condition. Solids, which become preferentially or totally water wet, will ciuster 

together and settle out of suspension. Settling of this type is characterised by soft 

settling or “sag” as it is sometimes described. Additions of wetting agents will alter 

the wetting condition and cause these clusters to disperse into more easily suspended 

particles. These particles will then exist in a preferentially oil-wet condition whereby 

clustering does not occur. Solids which have become totally oil-wet, may settle into a 

very compacted hard type of settling.

water 0o 0w

00 0w
»■

SOLID

Case I: 0^<9O®/

(Solid water wet)

SCilD
I--------------

Case II: 0„=0„ =90® :
(Solid is non preferential in wetting)

'o ♦ 0w )w

SOLID ♦.
♦

-
Case III: 00 <90°
(Solid is preferentially oil wet)

SOLID

Case IV: 0„ = O"
(Solid is totally water wet)

00 SOLID

Case IV: 00 = 0° 
(Solid is totally oil wet)

Figure 4.3 Contact angles in three phases

The measurement of contact angles is difficult, imprecise, and not practical in an oil 

mud drilling fluid. Several simple tests have been developed which indicate the need 
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to change the wettability of the solids from water wet to a preferentially oil wet 

condition.

In the past, it had been advised that adequate amount of emulsifiers should be added 

and at the same time over-treatment avoided. The word “adequate” was often used in 

the drilling engineering mud programme to avoid any problems. In practice, however, 

there were no definite guidelines for the optimum level of treatment. As a rule of 

thumb, the electrical stability and traces of water in the HP-HT filtration were used as 

an indicator of the emulsion quality. However, Erhu et al.*^^ have developed a 

method for optimum wetting agent (secondary emulsifier) selection using dynamic 

sag equipment. They found that the plastic viscosity (PV) reduces dramatically until 

reaching a certain plateau level. Thereafter a further increase in the concentration of 

wetting agent has little effect on the PV and no explanation has been given for these 

phenomena. This procedure shows two major limitations:

1. It is only valid for the wetting agent but not for the primary emulsifier.

2. Over treatment with primary emulsifier could occur.

However this study shows an alternative and better method has been developed using 

Particle Size Analyser based on water droplet size.

4.1.2.3 Testing Procedure and Results

Modify and create refractive indix (RI) for Particle Size Analyser to measure oil-in- 

water and water-in-oil particle size.

Basically, pilot mud should be mixed (base oil, brine, and lime) using a Silverson 

mixer at 6000 rpm without emulsifiers and weighting material. Then the mud sample 

can be tested with different emulsifier concentrations and at each additional 

concentration the water droplet size can be measured with a Particle-size Analyser. 

One can observe a dramatic decrease in water droplet size and an optimum level of 

emulsifier can be selected when there is no further decrease. After the addition of a 

wetting agent sample testing can be started and again the water droplet size will 

decrease smoothly until a point is reached where there is no further reduction in water 
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droplet size. This can be used also as an optimum level of wetting agent as shown in 

Figure 4.4 for synthetic oil-based mud.

This method can also be used for selection of optimum emulsifier concentration for 

water-based mud when addition of oil is required. Oil droplet size can be measured 

and dramatically reduced when emulsifier is added. Therefore the optimum emulsifier 

concentration can be selected when there is no further reduction in oil droplet size as 

shown in Table 4.6.

Furthermore, electric stability and Fann-Viscometer readings can also be determined 

and used, if other results are required during this particle-size analysis and again one 

can observe the same trends as discussed above for monitoring reduction of water or 

oil droplet size. Electric stability as an example will increase sharply with the 

addition of emulsifier and it becomes steady when the optimum level of emulsifier is 

achieved. The addition of a wetting agent increases electric stability until it reaches a 

steady value, which indicates that the optimum level is achieved [Figure 4.5]. As a 

guideline, with the addition of emulsifiers, the filtration volumes and rheology of 

drilling fluids decrease until they reach steady values. Electric stability also increases 

until it reaches a steady state.

OBM filter cake'^’^consists of fine water droplets, clay and barite. The new 

application technique developed in this study shows that the water droplet size is less 

than 4 microns.

However, this interesting method need further study for comparing the performance 

of different emulsifiers or designing different fluid formulations. The technique can 

be also applied with same manner to de-emulsifiers selection and performance.
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Figure 4.4 Relationship between emulsifier concentration and water droplet size

Figure 4.5 effect of emulsifier concentration on OBM
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Table 4.6 Relationship between emulsifier concentration and oil droplet size for 

WBM

BASE FLUID (OIL IN WATER) OIL DROPLET, D50 (MICRON)

1% oil 33.72

3% oil 35

5% oil +0.25 Ib/bbl emulsifier 6.65

8% oil + 1 Ib/bbl emulsifier 5.55

13% oil + 1 Ib/bbl emulsifier 12.79

13% oil + 2 Ib/bbl emulsifier 7.59

16% oil + 2 Ib/bbl emulsifier 7.80

16% oil + 3 Ib/bbl emulsifier 5.80

16% oil + 4 Ib/bbl emulsifier 2.47

16% oil + 8 Ib/bbl emulsifier 2.44

16% oil + 12 Ib/bbl emulsifier 2.44

4.1.3 Core Analysis
4.1.3.1 Core Preparation

The core preparation was carried out through the following steps:

(i) Filter Media: The filter media used were Aloxide Ceramic Discs with 2.50 inch 

diameter, 0.25 inch thickness and had permeability ranges from 400 to 5000 md. 

Natural sandstone cores were drilled from natural Clashach blocks. The cores were 1 

inch diameter, about 1.20 inch length and had permeability values between 40 and 

4000 md. Selective synthetic cores were used with the same dimensions and 

permeability of 3000 md. Selective tests were run on filter paper (Whatman no. 50) 

for result comparison.

(ii) Core Samples: The petroleum industry has standard porous media for formation 

damage laboratory experiments, and uses several quarried sandstone and carbonate 
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rocks. The data obtained from these tests are usually compared to similar reservoir 

cores. These rocks are chosen because they are relatively inexpensive, readily 

available and relatively homogenous. They are also outcrops of producing subsurface 

formations. The most commonly used “rock standard” includes Clashach and Berea 

sandstone and Baker carbonates. The cores were measured for their exact length and 

diameter using a Vernier gauge. The core weights were also measured accurately 

using a highly sensitive digital mass balance. (When not in use the cores were stored 

in a dessicator).

(iii) Core saturation: All the cores and Aloxide Discs were vacuum saturated in brine 

for WBM and in base oil for OBM filtered on 0.45-micron filter paper. A vacuum 

pump was used and the brine (NaCl 2 45,000 PPM and CaC12 4,500 PPM), which is 

(4.1):

mostly similar to the formation water was then allowed to flow through the core or 

Disc. Once saturation was completed, the outer valve was then closed for 10 minutes 

and samples removed after venting the pressure. Saturation was carried out before 

each single filtration test for experimental confidence.

The core weights were measured accurately and porosity calculated using equation 

Vp Pore Volume

Bulk Volume
(4.1)

Where V^, Bulk volume = .zrr^L, cm^ (4.2)

W -W 3
V^,Pore Volume = —------- f , cm' (4.3)

P

<t> - porosity, fraction p= specific gravity of saturated fluid, gm/cm"

W2 = weight of saturated core, gm 

L = core length, cm

W| - weight of dry core, gm 

r = core radius, cm

(iv) Core permeability: Using Nitrogen Gas Permeameter unit (90101) the 

permeability to gas was measured for selected natural and synthetic cores. Meanwhile 

initial (liquid) permeability has been measured for all the natural Clashach sandstone 

cores using core holder equipment.
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4.1.3.2 Morphological Formation Characteristics

2.

The formation characteristics have been investigated in depth in order to:

1. Study Clashach sandstone formation characteristics such as permeability, 

porosity, etc.

Establish a general model to predict mean pore throat diameter.

Compare model predictions against experimental data and validate with 

external field data.

3.

4.

5.

Compare model prediction with classic jamming ratios.

Set up design criteria of formation damage testing procedure for quality 

control assurance.

6. The depth of solids invasion requires the knowledge of the formation 

morphological characteristics such as permeability, porosity, tortuosity etc.

However in order to achieve the above objectives some empirical correlations need to 

be first defined'^'^. The tortuosity factor, T , is defined by:

L , r = (^)- (4.4)

Where L is the length of the rock sample, and is the actual length of the flow path.

Different methods can be used to measure tortuosity such as CT Scan, SEM and 

Precision Component Analyser. Therefore, tortuosity has been defined in terms of 

other quantities that can be measured in laboratory. Formation factor (F^) using

Precision Component Analyser (Appendix A) and porosity {</)) can be used as 

follows: The general expression for tortuosity in porous media can be calculated 

from:

F = —If J.0
(4.5)

(4.6)

Archie s'^^ formula can be approximated by:

F =-^ (4.7) 
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Where m = 1.70, which is referred to as the “cementation” factor, as defined by 

Guyod’^® , structure parameter (a) is function of the shape and distribution of pores. 

It is determined from a plot of the formation resisitivity factor versus porosity on log

log graph. A straight line having slope m generally can approximate such a plot.

The general form to estimate the formation factor can be expressed as:

(4.8)

Doveton'**’ concluded from a study of morphological characteristics of sands of 

varying shape and size distribution that the exponent (m ) is a function of pore shape, 

and (a) is a function of both pore size and pore shape.

Unalmiser and Funk'^^ concluded that the structure parameter (a) is a tortuosity 

factor, is usually close to unity, but normally lies between 0.5 to 1.50.

Typical values for (zzz) for various minerals and porous media as given by Hilchie'^’ 

are shown in Table 4.7.

Table 4.7 Cementation Factor values for different minerals

MINERALS AND SOLIDS m MINERALS AND SOLIDS m

Na, montinorollonite 3.28 Carbonates 2.0

Ca, montinorollonite 2.70 Shell Fragments 1.90

Muscovite 2.46 Kaolinite 1.87

Attapulgite 2.46 Cemented sand 1.80

Mediterranean clays 2.40 Natural sand 1.60

Sandstone 2.15 Platy sand 1.52

Illite 2.11 Rounded quartz sand 1.40

Table 4.8 permits the selection of the approximate values of (//z) from a lithological 

description of the core of interest summarised by Pirson'^'’.
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Table 4.8 Rock description versus {m) values

ROCK DESCRIPTION m VALUES

Unconsolidated 1.30

Very slightly cemented 1.40-1.50

Slightly cemented 1.60-1.70

Moderately cemented 1.80-1.90

Highly cemented 2.0-2.20

The Archie equation has been studied widely and proposed in many different forms 

for different types of sandstone, carbonates and other rock types. Table 4.9 indicates 

different coefficient and exponents summarised by Asquith.

Table 4.9 Values of m and a as function of rock type

F„=l/0^ for carbonates (limestone, dolomites)

=0.81/^' for consolidated sandstone

for consolidated sandstone (Humble equation)

I-\ =1.65/^’-'’ for shaly sands

F^ =1.45/^'™ for calcareous

F^ for Pliocene sands (California)

F\ =1.97/0'-’ for unconsolidated Miocene sands (US Gulf Coast)

for clean granular formations

4.1.3.3 Results of Rock Characteristics

4.1.3.3.1 Porosity and Permeability Relationship

Clashach sandstone is brownish to yellow in colour, and mostly well sorted, medium- 

to coarse grained with well-rounded quartz grains and silica cemented. The selected 
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core samples exhibit a wide porosity range, which varied from 10 to 28 percent and 

permeability from less than 50 to a few thousand millidarcy. Figure 4.6 clearly 

demonstrated strong correlation between porosity and permeability. The permeability 

appears to increase with increasing porosity.

4.1.3.3.2 Tortuosity and Formation Resistivity Factor

Figure 4.7 demonstrates the relationship between tortuosity, permeability and 

porosity. Figure 4.8 shows the non-linear relationship between formation resisitivity 

factor versus porosity and permeability.

Figure 4.9 shows a plot of the formation resisitivity factor versus porosity on log-log 

graph and (m ) can be approximated from the slope of such a plot.

Figures 4.10 and 4.11 show the best morphological characteristics relationship with 

formation resistivity factor. Figure 4.10 clearly demonstrated that the formation 

resistivity factor has a non-linear relationship with porosity. Parameters a and m for 

Clashach sandstone formation used in the present work can be approximated by 

equation (4.9), which agrees closely with the Humble formula’^'* and can be 

expressed as:

F,
, 0.65
« - ^2.10 (4.9)

Figure 4.11 shows the relationship between formation resisitivity factor, tortuosity 

and porosity, which agrees with equation (4.5). However equation (4.9) for Clashach 

sandstone formation has been correlated with external field data from two Middle 

Eastern carbonate reservoirs (Dixon 1990)’®*^ [Figure 4.12]. Equation (4.10) shows 

the best fit for carbonate reservoirs.

Parameters a and ni for carbonate formations can be expressed as:

„ 0.89 (4.10)
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4.1.3.4 Modelling Mean Pore Throat Diameter () 

4,1.3.4.1 Modelling Pore Throat Diameter from Laminar Flow

There are four basic quantitative description methods available for the experimental 

determination of pore size distribution (PSD). These are: mercury injection method, 

centrifuge method, dynamic capillary pressure method and porous diaphragm 

method.

In the present work, the mercury injection method was used. The basis of this method 

is to inject mercury into the test sample at incremental pressures and derive the 

mercury injection versus capillary pressure relations. However, mercury injection 

tests are very expensive and have been carried out on four selected samples with 

permeability ranges 88 to 3982 md to determine the mean pore throat diameter 

(^/;ore) [Rgurcs 4.13 to 4.20J. In order to establish an empirical model, which can 

predict in terms of morphological characteristics and compare the results with 

experimental data, four common models from literature have been used.

1. 1 .The Blake-Kozeny equation for laminar flow:

1 _ 150(1-<^)^ 
K ~ (4.11)

and (4.12)....... :■3(1-0)
Coberly equation: 

.A_

6.50

Poiseuille's equation: 

n n r'*'

I 8/z ,

4. Darcy s equation:

2.

Dpore (4.13)

3.

AP
L

(4.14)<7 =

<7 = (4.15)
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Comparing equation (4.11) and (4.12), we can get a relationship for D^in terms of k 

and <f)-.

=4.10.

By definition, the porosity is: 

, _ _ n7l r^L _ tiTl
~ AL ~ A

(4.16)

(4.17)

Substituting from equation 4.4 into equation 4.14 and Substituting A =

n 71 !(j) into equation 4.15. Then equating equations 4.14 and 4.15 and solving for

k, we can get a relationship for in terms of K, <f> and t:

^^=4.10 (4.18)

To predict and to compare results with experimental the validity of these 

models equation (4.12), (4.13) and (4.18) was tested first. The models have been 

utilised to predict mean particle size diameter (c/^) especiallyand porosity 

whereas permeability from the experimental data are available and can be used. Table

4.10 shows the model prediction of particle diameter {d ).

This comparison required particle size diameter from sieve analysis to be compared 

with model predictions of both equations with experimental data. The main results 

can be summarised as follows:

1. Based on results for Clashach sandstone the Coberly equation and modified 

equation 4.18 are valid for prediction particle size diameter for any particular 

formation permeability and for prediction ofD^^,^^. The Coberly equation

requires ddata from sieve analysis.
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2. Blake-Kozeny equation may be considered to be accurate for predicting particle 

diameter for typical reservoir permeabilities (less than 1000 md) [Table 4.10].

3. An empirical correlation for Clashach sandstone has been established to predict 

mean particle size diameter (din equation (4.19) as shown in [Figure 4.21]

and mean pore throat diameter in equation (4.20) as shown in [Figure

4.22] in terms of K and (j).

! K= darcy, d- micron a = 65.0 (4.19)

= micron a =10.0 (4.20)

Dividing equation (4.19) by equation (4.20) the result will be the Coberly equation 

(4.13).

4. Comparison between experimental and Blake-Kozeny equation and modified 

equation 4.18 has been tested to predict [Figure 4.22] and the results are

given in Table 4.11.

The result shows that modified equation 4.18 gives reliable prediction of only if

the tortuosity T can be measured.

Table 4.10 Comparison between Coberly, Blake-Kozeny and modified 

equations for particle diameter prediction

Permeability

(darcy)

Porosity 

fraction
pore

micron

dCobcrly

micron

Modified eq.(4.18)

micron

dp Blake-Kozeny

micron

88 0.12 8.52 5.54E+01 5.53E+01 1.73E+02

204 0.14 19.40 1.26E+02 7.63E+01 3.35E+02

1028 0.16 28.20 1.83E+02 1.59E+02 4.28E+02

3982 0.26 38.30 2.49E-t-02 2.51E+02 3.17E+02
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Table 4.11 Comparison between experimental Blake-Kozeny and modified 

equations for pore throat diameter prediction

Permeability

(md)

Porosity 

fraction
pore

(experiment)

(micron)

Modified eq. (4.18) 

calculated 

micron

^poffBlake-Kozeny 

calculated 

micron

88 0.12 8.52 8.52 2.07

204 0.14 19.40 11.10 5.30

1028 0.16 28.20 21.80 8.41

3982 0.26 38.30 27.20 16.20

4.1.3.4.2 Modelling Pore Throat Diameter from Laminar and Turbulent Flow

In order to find the relationship between and the formation eharacteristies to

establish a predictive model for pore throat diameter from laminar and turbulent flow 

equations, an attempt has been made to combine four common equations namely:

1. Blake-Kozeny equation for laminar flow:

AP _ 150/zV(l-^)-
L

(4.21)

2. Burke-Plummer equation for turbulent flow:

AP _ 1.75pV\l-^)
(4.22)
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3. Ergun equation combined Equations 4.21 and 4,22: 

AP _ 150/zV(l-<^)~ 1.75/?V^(1-^)
(4.23)

Equation 4.23 accounts for laminar, transitional and turbulent flow regimes.

In laminar flow, viscous forces dominate and the pressure drop described by the left 

hand term of equation 4.23.

In turbulent flow, inertia forces dominate and the pressure drop described by the right 

hand term of equation 4.23.

In transitional flow both viscous and inertia forces are significant and the pressure 

drop described by the complete Ergun equation 4.23.

4. Forchheimer equation can be defined as;

Lk
(4.24)

Comparing the coefficients of Ergun equation (4.23) with that of Forchheimer 

equation (4.24), we can see that:

// _ 150//(l-<z))^

l.75p(l-(»)

(4.25) and

(4.26)

Comparing equations (4.12), (4.25) and (4.26) and, the relationship between in

terms , K and <p can be obtained:

0.035
(4.27)

pore
 I3K<I>
0.035

(4.28)

K

This is a general equation to predict the mean pore throat diameter , which is 

derived from the laminar and turbulent flow equations. Figure 4.23 clearly 

demonstrated agreement between experimental and theoretical values forZ)^^^^.
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Furthermore, predicted pore throat correlation equations (4.18), (4.20) and (4.28) has 

been validated with external field data obtained from three selected sandstones; the

Berea, from (a quarry in Ohio), Noxie and Cleveland both from Bartlesville, 

Oklahoma'^^. The ranges of porosity is 0.16 to 0.27, permeability ranges from 300 to 

1700 md and a wide range of pore throat diameter ranges from 6 to 30 microns. 

Figure 4.24 clearly shows agreement between predicted correlations with external 

validated data.

30

5

0

f-i 
& 
£

0

■ :
■

♦ 4
► ♦

♦

I1
♦ Expermieiital D^ore
■ Current work Eq. (4-18) R2*94 

Current work Eq.(4.20) R2=91
♦ Current work Eq.(4w28) R2-93

I 1 1

Fieuz« (4.24) Valida.tion Cumnt Model* With External IXata

500 1000 1500 2000 2500 3000
Permeability (md)

In equation 4.27 substitute for from equation (4.18), and then evaluate:

(4.29)

This IS an empirical model for the non-Darcy flow coefficient of a porous rock. 
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In general the relationship between morphological characteristics of Clashach 

sandstone has been correlated to KI (/) and it can be concluded that:

I. The mean particle size diameter and mean pore throat diameter are directly 

proportional to KI (j).

11. The formation resistivity factor, tortuosity and non-Darcy coefficient are 

inversely proportional to K10.

Non-Darcy flow effects are much more significant in gas wells than oil wells, chiefly 

because of the higher flow velocities as a result of the much lower viscosity of the 

gas. Furthermore, in hydraulically fractured gas wells the velocity can be very high, 

resulting in large pressure drops due to non-Darcy flow. Failure to consider these 

pressure drops leads to errors in the design of hydraulic fracturing treatments, etc., 

which reduces the efficiency of completion methods for these reservoirs.

In the past several years many empirical correlations have been established ‘ to 

calculate the non-Darcy coefficient^ . These are summarised in Table 4.12.

Based on extensive experimental work conducted on sandstone, limestone and 

dolomite cores, Janicek and Katz’^^ concluded there is no significant difference 

between non-Darcy coefficients for the various rock types.

Based on results for Clashach sandstone the porosity, tortuosity and the non-Darcy 

coefficient depend on the morphological characteristics of the formation.

As the mean pore throat diameter increases the permeability increases, the porosity 

increases, the tortuosity decreases, and non-Darcy coefficient decreases sharply 

[Figures 4.25 and 4.28].
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Table 4.12 Empirical correlations for the non-Darcy coefficient (/3)

For all equations; (j) = porosity as a fraction, T - tortuosity (dimensionless), and

INVESTIGATORS EQUATION UNIT OF P UNIT OF K

Ergun'**"

(a=1.75, b= 150)

1/cm Darcy

Dacun et al?*” 11500

K<f)

1/cm Darcy

Jones'"^' 6.15x10"*
/*- ^1.55

1/ft md

Nonian et al.*'*" 1.12x10"
K'^

1/ft md

Geertsma ’’ 4.85x10' 1/ft md

Tek et al.''"" 5.5x10’ 1/ft md

Katz et al. 4.20x10"* 1/ft md

Coles et al.''*'’
P ~ j^l.88

1/ft md

Janicek''*^ 1.82x10^ 1/cm md

Liuetal.''*" S.OlxlO^r

K <f)

1/ft md

Thauvin et al.'’’ 1.55x1 O'r’” 1/cm md

Cooper et al.""*’ 10’-*-^’r'’'-*
P- ^.,02.3

1/cm cm*

K = permeability
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We can see all the correlations for exhibit a lot of scatter.

Figure 4.29 shows that the best relationship between the non-Darcy coefficient and 

the morphological characteristics of the formation and can be approximated by;

>5 = 16.56x10’

(4.30)

Therefore the Forchheimer equation (4.24) can be written approximately as follows:

-11.50

AD
-K— = //p +16.56x10^ 

AL
r

<P

(4.31)

Furthermore, screening all of the non-Darcy models in Table 4.12 and the best

models to the established model equation (4.30) has been plotted in Figure 4.30.

Figiut (429) WoxDarcy CMfficiext Vs. Ttrtrosily, Penxeatilily wer Pxresiiy Figure (4 30) Noi-Darcy Ctefficiext Midels Caxqi iristx
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4.1.3.5 Quality Control Tool for Formation Damage Testing Procedure

4.1.3.5.1 Formation Damage Evaluation

Normally evaluation of formation damage from drilling and completion fluids is 

undertaken in three stages as follows:

1. Initial permeability measurement in the formation to wellbore direction.

2. Static and dynamic filtration process in the wellbore to the formation direction. 

Return permeability measurement as production direction.3.

4.1.3.5.2 Permeability Measurement Methods

Basically two well known methods as follows can determine the production 

simulation;

1 .Constant flow method

The flow is maintained until constant flow stability is achieved. The flow rate for 

return permeability is the same as used during the initial permeability.

2.Constant pressure method

A constant differential pressure to simulate drawdown conditions should be 

maintained until stable flow is achieved. The return permeability can be 

determined using the same constant pressure and procedure as used in the initial 

permeability determination.
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In recent years there has been considerable interest in the development and 

standardisation of recommended practice for formation damage testing from several 

oil companies, drilling fluid companies and core analysis laboratories which will 

allow good levels of repeatability and reproducibility. Meanwhile the testing 

procedure submitted to all the oil companies, and the test materials (plugs, muds, oil 

and brine) are as uniform as possible. The result of these studies shows that the goal 

has not been achieved and significant variations are obtained, both between and 

within laboratories^^^’’^’’^. A major factor, which limits this practice, there is no 

standard procedure exists for this type of testing.

The general guidelines, which have been used in the current work as a quality 

assurance technique for formation damage testing procedures, are:

1. Mix all the required volume of drilling fluid to be tested in one batch.

To prevent imbibition all the cores should be saturated in the base fluid (water or 

oil) as base mud mixed.

Establish design criteria to characterise flow regimes in porous media in order to 

eliminate formation fines migration during flow measurement in the transition or 

turbulent flow regimes (see section 4.1.3.5.3).

1.

3.

4,1.3.5.3 Flow in Porous Rocks

In flow of fluids in porous rock, it is important to know if the flow is laminar or 

turbulent. The laminar flow regime is dominant if the fluid particles move along 

smooth streamlines parallel to the wall of the pore throat passage. The velocity of the 

flowing fluid is virtually constant with time during laminar flow. The turbulent flow 

regime is dominant if the fluid velocity at any point in the pore throat passage varies 

randomly with time. In 1883, Osborne Reynolds’^^ first investigated the differences 

between these two flow regimes. His experimental and theoretical work showed that 

the nature of the flow regime in pipes depends on the Reynolds number (Re=Dvp/p), 

where D is the pipe inside diameter, p and p are the density and viscosity of the fluid 

respectively.
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In a similar manner the Reynolds number of a porous rock (the ratio of inertial to 

viscous forces) can be defined in terms of rock parameters K, (f> and v.

Re
P

(4.32)

Substitute for equation (4.18), then evaluate:

(4.33)

From analysis of the experimental studies (Clashach sandstone) it was possible to 

develop a coiTelation between the friction factor (f) and the Reynolds number (Re) of 

a porous rock. Figures 4.31 and 4.32 show three regions:

I. Re < 400, flow is in the laminar region viscous forces dominate (Darcy flow).

f-
5

Re'-“
(4.34)

II. 400 < Re < 600, the nature of the flow regime is transitional, i.e., the flow is in a 

region in which both viscous and inertia forces are significant.

10
Re'-^

(4.35)

III. Re > 600, the flow is fully turbulent (inertia forces dominate).

1.50

Re
(4.36)

/ =

f =
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4.1.3.5.4 Quality Control Tool Testing Methodology

Based on the formation morphological characteristics the fluid flow through a porous 

medium has been characterised in terms of the Reynolds number and the friction 

factor for the porous rock, as in equations (4.34), (4.35) and (4.36). Therefore, the 

testing procedure for formation damage evaluation has been established as shown in 

Figure 4.34.

Table 4.13 shows an example of the criteria chosen to classify the fluid flow regimes 

in a porous medium.

With reference to the draft recommended practice for formation damage testing^*” the 

following method may be adopted:

1. Core preparation, characterisation, and fluid preparation can be carried out as 

recommended with the following additions:

(a) An attempt has been made to establish a correlation equation 4.37 between 

gas permeability and liquid permeability as shown in Figure 4.33. Because 

the company supplying the cores (Corex) did not use the gas correction factor 

(Klinkenberg effect) for obtaining the core permeability.

(4.37)
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(b) The core plug should be saturated in brine for water-based mud or same base 

oil for oil based mud. The saturation fluid should be filtered to 0.45 /Jin.

(c) The core plug should be installed on the core holder cell where all the 

measurement will take place.

(d) The pressure transducer should be selected with a maximum pressure of 100 

psi and measurements taken to 3 decimal places for accuracy.

2. Initial permeability measurement;

Establish Excel spread sheet to set the criteria for flow regimes using 

Reynolds number (Re) and the friction factor of a porous rock to identify 

laminar and turbulent regimes as shown in Table 4.13. Tables 4.14 to 4.16 are 

given in Appendix A [Tables Al to A3].

The core plug should be flooded at laminar flow conditions with a minimum 

of fifty pore volumes and stability should be 

measurements are undertaken.

(a)

(b)

achieved before any

(c) The flow should be maintained between Re = 200

volumes and the pressure should be maintained until 

achieved.

- 400 with fifty pore 

a constant flow rate is
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Figure 4.34 Flow chart for the quality control procedure of formation damage evaluation
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(d) Three points in the Darcy flow regime can be taken as references for initial 

permeability measurement [Figure 4.35]. The core plug can be flooded at 

higher flow rates (turbulent regime), and then the flow can be decreased to the 

original three reference points. Fines mobilisation can be distinguished if 

permeability decreases before the reference point. However 

sandstone does not show fines migration.

Clashach

Figure 4.35 Flow Regimes

3. Dynamic filtration measurement can be followed as recommended 

minimum of one pore volume filtrate is obtained.

4. Return permeability measurement is undertaken with the 

recommendations;

or until a

following

(a)

(b)

Clean the mud from the cell without disturbance to the filter cake.

Flow initiation and cake-lift off pressures should be recorded with respect to 

time.

(c)

(d)

After a minimum of fifty pore volumes has flowed and flow stability is 

achieved the return permeability can be recorded at the initial three reference 

points.

The core plug should then be flooded with a minimum fifty pore volumes in 

the turbulent regime then the return permeability can be measured again for 

comparison with the above.
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Porosity Permeability K. um 0 pore, m Are*, m2

0.17 530 0.62 9.92E-08 7.73E-11

FcHmMton (•sistivM;! i«ctcx : 29.33
Tofluofnyi 4.98
Ac(u«l (low p«(b » 7.07 cm

Table 4.t3 Criteia to ciassiFy the Fuid Flow legiems

fr-f volume, m3ite pore «♦!. m2 velocMy. m?$»c density, kgm-3 diameter, m vise, kgm-ls-1 Reynold r>o. Actual, pressur.psi Ideal.pressure.psi
1 6E-01 2.29E-10 7.73E-11 2 96E+00 780 9.92E-06 0.0014 16 38 1
3,1E-O2 7.29E-10 7.73E-H 9.43E+00 780 9-92E-O6 0.0014 52.14 1
1.9E-02 1.23E-09 7.73E-11 l,39E+01 780 9.92E-06 0,0014 87.90
1.4E-02 1.73E-09 7.73E-11 2 24E+01 780 9 92E-06 0,0014 123.65 2
1 lE-02 2.23E-09 7.73E-11 288E*01 780 9.92E-O6 0.0014 159 41 2
8.7E-03 2.73E-09 7.73E-11 3.53E+01 780 9.92E-06 0.0014 195.17 3
6 3E-03 3.23E-09 7.73E-1I 4 ISEeOl 780 9.92E-06 0,0014 230 93 3
5 6E-03 3.73E-09 7.73E-11 4.82E+01 780 9 92E-06 0.0014 266 69
5.OE-O3 4.23E-09 7.73E-11 5 47E*01 780 9.92E-06 0,0014 302 45 4
4 2E-03 4,73E-09 7.73E.11 612E+01 780 9 92E-O6 0.0014 338 21 4
3.7E-03 5.23E-09 7.73E-H 6.76E+01 780 9.92E-O6 0.0014 373,97
3 8E-03 5.73E-09 7.73E-11 741E+01 780 992E-06 0.0014 409.72 5 5
3.4E-03 6.23E-09 7.73E-11 8.06E*01 780 9.92E-06 0.0014 445.48
2 9E-03 6.73E-09 7.73E-11 870E*01 780 9 92E-06 0.0014 481 24 6
2.6E-03 7.23E-09 7.73E-11 9 35E*01 780 9 92E-O6 0.0014 517.00 6
2,4E-O3 7.73E-09 7,73E-n 1.00E*02 780 9.92E-O6 0.0014 552.76
2 2E-03 8.23E-09 7.73E-11 1 06E+02 780 9.92E-06 0.0014 588 52 7
2 lE-03 873E-09 7.73E-11 1 13E+O2 780 992E-06 0.0014 624.28 7
1.9E-03 9.23E-09 7.73E-11 1 19E*O2 780 9.92E-06 0.0014 660.04 8
1 8E-03 9,73E-09 7.73E-H 1 26E+02 780 9 92E-06 0.0014 69579
1.8E-03 1.02E-08 7.73E-II I 32E+02 780 9 92E-06 0.0014 731 55 8 9
1.7E-03 1.07E-08 7.73E-H 1.39E+02 780 9.92E-06 0.0014 767.31
1.6E-03 1.12E-08 7.73E-11 1 45EeO2 780 9 92E-06 0.0014 803 07
1.5E-03 1.17E-08 7 73E-11 1 S2E*O2 780 9 92E-06 0.0014 838,83 9 10
I 4E-O3 1.22E-08 7,73E-ll 1 58E+02 780 9.92E-06 0.0014 874,59
1 4E-03 1 27E-08 7.73E-11 1 65E+O2 780 9 92E-O6 0.0014 91035 11
1 3E-03 1.32E-08 7 73E-11 1 71E+O2 780 9.92E-06 0.0014 946 11 10
1.2E-03 1.37E-08 7,73E-11 1.78E*02 780 9.92E-06 0.0014 981 86 12
1 2E-03 1.42E-08 7.73E-11 1 84E+02 780 9.92E-06 0.0014 1017.62
1 2E-03 1 47E-08 7.73E-H 1 91E*02 780 9.92E-06 0.0014 1053.38 11
I. IE-03 1.52E-08 7.73E-11 1 97E+02 780 992E-06 0.0014 1089.14 13
l.lE-03 1.57E-08 7,73E-n 2.03E*02 780 9.92E-06 0.0014 1124.90 12
1 lE-03 1.62E-08 7.73E-11 2IOE*02 780 9.92E-O6 0.0014 1160.66 14
I lE-03 1.67E-08 7.73E-U 2.16E*O2 780 9.92E-06 0.0014 1196.42
1 .OE-03 1.72E-08 7.73E-11 2.23E+O2 780 9.92E-06 0.0014 1232.18
9 7E-04 1.77E-08 7.73E-11 2 29E+02 780 9.92E-06 0.0014 1267.93 13 15
9 5E-O4 1.82E-08 7.73E-11 2 36E*02 780 9.92E-O<S 0.0014 1303.69
9,1E-O4 1.87E-08 7.73E-11 242E+02 780 9.92E-O6 0.0014 1339.45
8 9E-04 1.92E-08 7.73E-11 249E*02 780 992E-O6 0.0014 1375.21 14
8 5E-O4 1.97E-08 7 73E-11 2 55EeO2 780 9 92E-O6 0.0014 1410.97
8 4E-O4 2.02E-08 7 73E-11 2.62E*O2 780 9 92E-06 0.0014 1446.73
8 2E-04 2.07E-08 7.73E-11 2 68E+02 780 9 92E-06 0.0014 1482.49 15
89E-O4 2.12E-08 7.73E-11 2 75E*02 780 992E-06 0.0014 151825
9.0E-04 2.17E-08 7.73E-li 2.81 E*02 780 9.92E-O6 0.0014 1554.00
9 6E-04 2,22E-08 7.73E-11 2.88EeO2 780 9 92E-O6 0,0014 1589.76 20
9.6E-04 2.27E-08 7.73E-11 294EeO2 780 9 92E-O6 0,0014 1625,52 20
I .OE-03 2.32E-08 7.73E-n 3.00E+02 780 9.92E-06 0,0014 1661.28 25
1 lE-03 237E-08 7 73E-H 3.07E*02 780 9 92E-O6 0,0014 1697.04 25
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Open the cell and visually observe the filter cake; if this is completely removed then 

the test is completed otherwise it is manually removed and the return permeability 

measurement is repeated. Therefore the fluid design can be discussed or a suitable 

cake clean-up procedure can be proposed.

The design criteria established has been used as predictive criteria for formation 

testing procedure and it shows interesting results, which can be summarised as 

follows:

1. Fluid flow behaviour in medium and high permeability formations shows that 

the deviation from Darcy linearity occurs in the turbulent regime as expected 

[Figure 4.36J. Figure 4.37 is given in Appendix A (A 15).

2. Fluid flow behaviour in low permeability formations shows that deviation 

from Darcy linearity can occur in the laminar regime which is different from 

expected range (~ Re<400) as shown in Figures 4.38 and 4.39 in Appendix A 

(A16and A17).
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Figure 4.36 Tabular and graphical display for permeability measurement and 

deviation in linearity in the turbulent flow regime
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4.2 FILTRATION EXPERIMENTAL STUDIES

4.2.1 Apparatus Description

The equipment, designed and built by Schlumberger Cambridge Research (SCR) for 

static and dynamic filtration studies, permits testing to be completed at realistic 

temperatures, pressures and fluid shear rates under dynamic conditions [Figure 4.40],

The equipment consists of a core holder [Figure 4.41] containing the plug (natural 

core) or modified cell containing a ceramic disc is placed in one end of a modified 

(elongated) HP-HT cell. The modified filtration cell originated from a cell that was 

previously used for API static filtration with filter paper and modified to be open 

ended for installation of a porous disc.

The cell has a capacity of 160 ml mud and is capable of working at pressures up to

3200 psi. Also provided is a controlled pressure source, a system for heating the cell.

a suitable frame to hold the cell and heating system, and pressurised collection cell 

with capacity of 15 ml to provide a back pressure in order to prevent evaporation of

the filtrate.

I --------nttor

------ naa/stiircr
ooqpliiigs

gus supply Io 

dilfoutial 
pesairc tor 
fillratKii

nui filtrate

filtrate collected and 
voluiie vsd^ted

buckpnssuv 
applied

drilliitg tliid 
sunpie
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Figure 4.40 Schematic diagram of the apparatus for HP-HT dynamic filtration
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A shim measuring 500 pm is placed on the core and the paddle adjusted so that it 

touches the shim. The shim is then removed and the fluid to be tested added. This 

method ensures that the paddle is a standard distance from the core face for all the 

experimental tests. The paddle is rotated via a motor drive connected to a stirrer 

[Figure 4.42]. The paddle speed is controlled by means of a control unit, which 

allows a maximum speed of 1000 rpm. An accurate rotation speed is displayed on the 

digital display. Whilst waiting for the test cell to heat up, a pressure of 100 psi was 

applied from the top valve.

The bottom valve stem was closed and the mud stirred at a low shear rate to ensure 

fluid homogeneity. The filtrate volume was collected, weighed and recorded for each 

core plug tested. Due to equipment limitations the maximum temperature used was 

300° F and 900 psi differential pressure.

The spurt loss was measured at 20 seconds. The filtration weight was measured 

manually with respect to time due to the restriction at the bottom valve when used 

above 200 F.

The first filtration test conducted was stopped after seven hours and when equilibrium 

was achieved, dynamic filtration was recorded after about two hours. Thereafter the 

bottom valve was initially closed followed by the top valve and after cooling, the 

pressure was then carefully released. The top cover was then removed, the mud 

drained off, the bolts were loosened and the bottom cover and core were then 

removed. Any excess mud lying on the surface of the cake, especially from the static 

filtration test, was then gently scraped and the filter cake thickness was measured by 

caliper. The total weight of the wet filter cake was recorded and it was then placed in 

a heated oven at 90°C for two days to dry out. To ensure the cake was dried 

completely the oven temperature was then raised to 120 °C for another day. No 

decrease in weight was recorded after this second drying period. Finally, the cell was 

cleaned carefully and dried with pressurised air.
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Figure 4.41 Core holder and natural core Figure 4.42 Paddle stirrer

4.2.2 IIP-HT filtration Testing Procedure

The HP-HT filtration testing procedure is given in Appendix A (A4.2.2).

4.2.3 Analysis of Results

The static and dynamic filtration results for WBM and OBM are given in Appendix A

[Tables 4.14 (Al) to 4.40 (A27)].The analysis of the results is discussed in Chapter 5.

Oil-and water-based mud filtrate viscosities and densities were measured using a 

Cannon-Fenske Glass Capillary Viscometer (no.25763) and Density Meter. Results 

are presented in Figures 4.43 and 4.44 respectively.
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Figure 4.43 Filtrate viscosity of water and oil based muds

4.3 FORMATION DAMAGE EXPERIMENTAL STUDIES

4.3.1 Apparatus Description

The formation damage apparatus [Figure 4.45] is designed to measure initial and 

return permeabilities after the rock core has been exposed to a drilling fluid, or any 

other fluid which comes into contact with the reservoir.

The equipment consists of an HP/HT filtration cell, sample cell holder as shown in

Figure 4.41, a base plate, a rubber Hassler sleeve (2mm wall thickness), a stainless 
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steel pressure ring and a stainless steel locking ring. Core plugs of 25 mm in diameter 

and 30 mm in length were used.

Pressure line

B leed va ve

HP-HT Jacket

Balance B eed valve

Figure 4.45 A schematic of the formation damage apparatus

£

data 
logging Reservoir 

Fluid

The core holder was placed and fixed with a clamp and then connected to a reservoir 

delivering brine or base oil. The digital pressure transducer recorded up to 60 psi. The 

pressure was set and the flow rate was recorded on the electronic balance connected 

to a PC running the data logging software.

4.3.2 Permeability Measurement Method

The constant pressure method has been used in the current study.

4.3.2.1 Initial and Return Permeability Testing Procedure

The formation damage testing procedure is given in Appendix A (A4.3.2.1).

4.3.3 Analysis of Results

The analysis of the results is discussed in Chapter 5.
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4.4 RHEOLOGICAL CHARACTERISATION EXPERIMENTAL STUDIES

4.4.1 Apparatus Description

The Fann-70 HP-HT Viscometer (Figure 4.46) is a sophisticated apparatus capable of 

measuring the rheology of fluids using 6-speed dial reading, at conditions up to 500 

“F and 20,000 psi and is only available in research labs.

The dial reading measurements are undertaken at rotor speeds of 600, 300, 200, 100, 

6, and 3 rpm respectively. For the fluid to be homogeneous, constant temperature was 

maintained and pressure varied up to 17000 psi. Temperature was increased in steps 

from 150 ®F up to 300 "F.

The time duration for one particular test varies depends on the number of 

measurements but could take a minimum of four hours including preparation, testing, 

re-installation and cleaning. This equipment was used for fluid rheology 

characterisation under downhole conditions because of its relevance to the 

programme objectives of this research work.

Figure 4.46 HP-HT Fanii-70 Viscometer

4.4.2 HP-HT Fanii-70 Rheometer Testing Procedure

The testing procedure is given in Appendix A (A4.4.2).

4.4.3 Analysis of Results

The results are listed in Tables 4.41 and 4.42, given in Appendix A (Tables A28 and 

A29]. The analysis of results is discussed in Chapter 5.
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4.5 PARTICLE SIZE EXPERIMENTAL STUDIES

4.5.1 Apparatus Description

The Malvern Mastersizer Micro Plus (Model No. MAF-5001) analyser is shown in 

Figure 4.47. The instrument (computer controlled) is capable of measuring particle

size distribution over the range of 0.05 jjm to 550/zw, which is adequate for most oil

1.

field applications. The equipment has been used to measure particle size distribution 

for WBM and OBM. It has been adapted by the author to measure:

Particle size distribution for static and dynamic filter cakes.

Particle size of water and oil droplets to achieve optimum emulsifier 

concentration for water and oil based muds.

2.

3. A quality control tool for comparison of different types of emulsifiers.

Figure 4.47 Malvern Mastersizer

4.5.2 Basic Theory for Particle Size Analysis (PSA)

The Malvern Mastersizer instrument uses the main technique, namely, laser 

diffraction. With the laser diffraction technique, an ’’equivalent sphere” is the sphere 

which would produce the same scattering intensities as the particle being examined 

and characterised by a single linear dimension, the diameter or radius. That is, it is a 

sphere of approximately equal volume. When light is scattered by the presence of 

particles in a beam of light, the pattern of light intensity shows variations with angle.
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Small particles scatter at large angles and conversely large particles scatter at small 

angles. The light scattered from the distribution of particles is measured by a series of 

detectors and the data subsequently processed to give an estimate of the initial size 

distribution relative to the volumetric distribution of particle sizes present. This is 

done by using a mathematical model (Mie theory) which takes into account the 

Refractive Index (R.I.) of the medium, R.I. of the particle and relative R.I. of 

absorption, thus giving a better prediction of the equivalent volume diameters of the 

particles.

4.5.3 Particle Size Distribution Testing Procedure

The Malvern Master-sizer Micro Plus particle size analyser measurement procedure 

is given in Appendix A (A4.5.2).

4.5.4 Analysis of Results

The analysis of the results is discussed in Chapter 5.
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CHAPTER FIVE

FLUID RHEOLOGY, FILTRATION AND FORMATION

DAMAGE CHARACTERISATION

This chapter presents the experimental results of the rheological, filtration and 

formation damage characterisation studies, which extend the rheological, filtration 

and formation damage characterisation data available under different applied factors 

and conditions for the most common HP-HT drilling fluids. The effect of rheological 

properties has been incorporated into the description of the filtration mechanism 

under dynamic conditions. It was found that a critical overbalance pressure zone for 

water based mud exists where decreased permeability impairment occurs. A new 

application testing technique developed for the Particle Size Analyser to measure 

particle size distribution for static and dynamic filter cakes is also presented.

5.1 FLUID RHEOLOGY

Background

Rheology is an extremely important aspect of drilling fluids, completion fluids and 

cements. In drilling operations, the term rheology refers to the significance of the 

shear stress, shear rate, and time relationships of drilling fluids. The shear rate is 

determined by the How rate of the fluid through a particular geometrical 

configuration. Resistance of the fluid to the applied rate of shear is called the shear 

stress, which is related to the pump pressure for the circulating system.

The accurate description of the fluid rheological properties is fundamental to specific 

applications such as:

1. The prediction of pressure drops and equivalent circulating density in the 

wellbore which can minimise fluid loss and avoid fracture of the formations

crossed due to the under estimation of the annular pressure drop.

2. The design of optimum hydraulics for effective wellbore cleanup and stability.
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3.

4.

5.

6.

The determination of optimum operating conditions such as pumping rate and 

circulation pressure.

The detection of unexpected changes of the stand pipe pressures due to a change 

in the hydraulic drilling circuit and decisions on action to restore the original 

conditions.

The suspension and transport of solids including cuttings and milled tools.

The design for the concentration and type of chemical additives for optimum fluid 

fonnulation.

Consequently, mud rheology is monitored on a continuous basis during drilling and 

adjusted with additives or dilution to meet the needs of the operation.

5.1.1 Rheological Characterisation of Drilling/Completioii Fluids

It is essential to use a minimum of 6-speeds in a viscometer to characterise drilling 

and completion fluids. The common multi-speed instrument is the six-speed Fann 

model35A. The operating speeds are 600, 300, 200,100, 6 and 3 rpm. At the rig 

site the rheological properties of drilling fluids are measured at ambient pressure and 

at elevated temperature, usually 120 or 150 ®F. Rotational viscometers exist for the 

measurement of rheological properties at elevated temperatures and pressures, which 

reflects downhole conditions. Costly devices such as HP-HT Fann-70 viscometer are 

only used in the laboratory for specialist studies, such as the present work.

5.2 NEWTONIAN FLUIDS^’

Fluids in which the shear stress is directly proportional to the shear rate are called 

Newtonian. Water, brine and diesel oil are some examples of Newtonian fluids. The 

viscosity of Newtonian fluids, i.e. the ratio of the shear stress to shear rate is a 

constant for any given temperature and pressure. In Figure 5.1 the flow curve for the 

Newtonian fluid passes through the origin, i.e. at zero shear rate there is zero shear 

stress. The equation defining a Newtonian fluid is:

T = p(Y) (5.1)
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Figure 5.1 Flow curves for typical drilling fluids rheology models

5.3 NON-NEWTONIAN FLIjID"'’’

The viscosities of most drilling fluids change with shear rate and thus they do not 

behave as Newtonian fluids. A fluid with a viscosity which is dependent on shear rate 

is called non-Newtonian. The multitude of functions performed by a drilling fluid are 

most often not met satisfactorily by a fluid having a constant viscosity at all shear 

rates. It is desirable for a drilling fluid to have a very low viscosity around the bit for 

better penetration rate and bottom hole cleaning, a relatively low viscosity in the pipe 

to minimise pressure losses in the drill string and higher viscosity in the annulus for 

hole cleaning. A fluid whose viscosity decreases as the shear rate increases - a so- 

called shear thinning fluid - meets these requirements. The variation of viscosity with 

shear rates for typical drilling fluids are shown in Figure 5.2.

A large number of rheological models (a minimum of 15 models) have been proposed 

which relate the shear stress to shear rate. Rather than describing the stress-rate 

relationship with one constant (the viscosity) as for a Newtonian fluid, two or more

135



constants are required for non-Newtonian fluids. The complexity of the model and its 

application increases as the number of constants increase. The two-and three- 

parameter models, which have found considerable use in the drilling industry for 

describing the rheological behaviour of drilling fluids[Figure 5.1], are discussed in 

section 5.3.1.

Figure 5.2 Variation of the effective viscosity of typical drilling fluids with shear 

rate

5.3.1 A Review of Rheological Models

Non-Newtonian fluid flow behaviour is characterised by a number of rheological 

models. Five models are listed in Table 5.1.

Table 5.1 Expressions for non-Newtonian rheological models

Basic Expression

Bingham- Power- Herschel- Robertson-Stiff^***^ Casson^’** D

Plastic^ Law-"’ Bulkley-**

I = YP -I- PV (y) T = K(y)" T = To + K(y)" T = (yo + Mo y)" T = [(To + MoyfV

y- shear rateWhere; T- shear stress
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PV-Bingham plastic viscosity

K- consistency index

To- true yield stress

YP- Bingham yield point 

n- flow behaviour index

go-high shear rate viscosity

Yo- shear rate intercept

5.3.1.1 Bingliani Plastic Model

In the early 1900s, E.C. Bingham^*’^ first recognised that some fluids exhibited a 

linear shear stress - shear rate behaviour after an initial shear stress threshold has been

reached. Plastic viscosity (PV) is the slope of the line and yield point (YP) is the 

threshold stress. The Bingham Plastic model is one of the simplest non-Newtonian 

models used for describing drilling fluids and can be expressed mathematically as 

follows:

(5.2)T = YP + PV (Y)

The two parameters PV and YP are used extensively in the drilling fluids industry 

due to the relative ease in calculating these parameters. Plastic viscosity is used as an 

indicator of the size, shape, distribution and quantity of solids, and the viscosity of 

the liquid phase. The Bingham yield point is a measure of electrical attractive forces 

in the drilling fluid under flowing conditions.

5.3.1.2 Power Law Model

205The Power Law model is traditionally used to represent the fluids whose viscosity 

decreases as shear rate increases. This shear-thinning phenomenon can be described 

mathematically as follows:

T = K (Y)" (5.3)

5.3.1.3 Ilcrscliel-Bulkley Model (Modified Power Law)

The rheological behaviour of the Herschel Bulkley'”*' model at low shear rate often 

falls below the Bingham Plastic model and above the Power Law. On the other hand. 
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a procedure suitable for field use has been proposed for the Herschel-Bulkley 

modeP’’^. Not suprisingly, the Herschel-Bulkley model is rapidly gaining importance 

in industry as a more accurate description of drilling fluid than the two traditional 

models, namely Bingham Plastic and Power Law models .

The reason for this is that the Herschel-Bulkley model is a three-parameter model and 

thereby offers greater flexibility in matching viscometer data. The Herschel-Bulkley 

model can be described mathematically as follows:

T = To + K (Y)" (5.4)

The three parameters: Tq, K and n are the true yield stress, the consistency factor and 

the behaviour index respectively.

If the exponent n is equal to one, equation (5.4) reduces to Bingham Plastic model. If 

the yield stress To is zero, equation (5.4) reduces to the power Law model. If n = 1 

and To = 0, then equation (5.4) describes a Newtonian fluid with a viscosity of K.

5.3.2 Effective Viscosity of iion-Newtoniaii Fluids

The effective viscosity, (ge). >s defined as the ratio of the shear-stress to the shear-rate 

and can be described mathematically by;

Me = T ! Y (5.5)

The expressions for the effective non-Newtonian viscosity (pe) for the five 

rheological models discussed are given in Table 5.2.

The variation of the effective non-Newtonian viscosity, p,e with shear-rate, y is 

depicted for the Bingham Plastic, Power Law and Herschel-Bulkley models in Figure 

5.2. It can be observed that the non-Newtonian viscosity, p,e is characterised by high 

values at low shear-rates, drops rapidly with increasing shear, and levels off at high 

shear - rates.
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Expressions for non-Newtonian viscosity

Table 5.2 Expressions for non-Newtonian viscosity for various rheological models

Bingham-Plastic Power-Law Herschel-Bulkley Robertson-Stiff Casson

YP
— + PV
7

Il + A'/"-' (Zo+AoZ)"

7 L 7 J

5.4 METHODOLOGY FOR CALCULATING PARAMETERS

AND SELECTING THE BEST MODEL

Most of the relevant literature provides expressions for parameter estimation for 

Bingham Plastic, Power Law, and Herschel-Bulkley fluids. These parameter 

estimation procedures were developed for quick, field computation.

Representative rheological model selection can only be performed through the 

evaluation of relative model performance against measured viscometer data.

The problem of recent work ’ ’ is that the fluid characterisation for the whole 

flowing system is based on an assumption that the fluid can be characterised based on 

readings at high shear rates (typically Ogoo and 6300), where Of,00 represent the actual 

reading taken at 600 ipm and Ojoo is the same for 300 rpm. This results in poor fluid 

characterisation for low shear rates.
212 213The author agrees with the work of Bailey et al. and others who conclude that 

the fluid characterisation should take into account both low and high shear rates.

5.4.1 Calculating Model Parameters

This section outlines a simple analytical method for model parameter calculation and 

defines the correct approach for selecting the most suitable rheological model.

Direct parameter solution refers to the method of rheological solution using rotational 

viscometer readings to solve a set of equations derived from the rheological model 
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itself. The computation of a simple parameter solution for the standard Fann

Viscometer can be made as follows:

Shear rate y, sec ’ = 1.7032 x RPM

Shear stress T, dynes/cm^ = 5.1 x 6300 

1. Bingham Plastic

The API method uses readings directly from the Fann viscometer as follows:

PV = 0600 - O3OO cP (5.6)

YP -- PV- O300 Ibs/lOOft^ (5.7)

Where Oooo and 0300 represent the actual readings taken at 600 rpm and 300 rpm 

respectively.

2. Power Law

n = 0.50 logio (O3OO/03) 

K = (100 X 0300/ 511" )

(5.8)

cP (5.9)

3. Herschel-Bulkley - Simple Parameter Estimation Procedure

To = (2x03)-O6 Ib/lOOf? (5.10)

Where Go and O3 are respectively the readings at 6 rpm and 3 rpm.

T300 - (T300) - To (5.11)

r'y = (T3) - To (5.12)

Where T300 and T3 represents the shear stresses at 300 rpm and 3 rpm respectively.

n = 0.50 Iogio(r3oo/r0 (5.13)

K = (100x 511") (5.14)
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5.4.2 Calculating Shear Stress

The shear stress for each particular shear rate can be calculated using equations (5.2) 

to (5.4) for the Bingham Plastic, Power Law and Herschel-Bulkley models 

respectively.

5.4.3 Model Selection

Goodness-of-fit criteria have been used to compare measured and calculated shear 

stress and the most suitable rheological model selected. Statistical measures of 

goodness-of-fit are necessary to determine appropriate rheological models to be 

employed^''*'^'^.

Residual of Error Method (RMS):

It is standard practice to analyse residuals of error in order to detect the inadequacies 

of a model as:

N ( cc _ cy
i predicted i measured

\2

Percentage of Error =
i predicted

— A 100 (5.15)
N

where:

SSj predicted

measured

shear stress predicted from the model 

shear stress from experimental data 

total data pointsN

5.5 PREVIOUS RESEARCH

A number of publications have dealt with the behaviour of drilling fluids at various 

combinations of temperature and pressure using common rheological models namely, 

Bingham Plastic, Power Law, and Herschel-Bulkley models.

McMordie et al.^’^ concluded that the Power Law model gave the best mathematical 

description of the viscosity of an invert oil base mud at constant temperature and 
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pressure. However, the Power Law constants for each mud must be determined 

experimentally. DeWolfe et al. in a study of lower toxicity base oils found the 

Herschel-Bulkley model fitted their data very well. Politte^*^ chose to model invert 

oil base mud as a Bingham plastic fluid. Bailey et al.^’^ used the Bingham model to 

describe the rheology of low toxicity oil base mud, but noted that at higher 

temperatures the data departs from this model. Rheological behaviour of the drilling 

fluid may change at different temperature and pressure, therefore the methodology for 

calculating parameters and selecting the best model (section 5.4.1) should be tested at 

several different pressures and temperatures. Houwen et al. investigated invert oil 

base mud and found the Herschel-Bulkley model fitted the data very well.

Studies of water based muds have also attempted to fit rheological models to 

experimentally determined rheograms. Gucuyener studied weighted bentonite 

fluids and found the Casson model fitted the data. Wanneng et al.^^^ studied the high 

shear rate viscosity at the bit nozzle for low solids bentonite fluids and found that the 

Casson model gave the best fit. Aiderman et al. studied bentonite polymer fluids 

and found the rheograms best fitted using the Herschel-Bulkley model. Davison et 

al/^^ studied invert and synthetic oil base fluids and water base fluids to evaluate the 

impact of cold temperature rheology on the equivalent circulation density and found 

the Herschel-Bulkley model fitted their data very well.

The correct selection of a rheological model to describe drilling fluid rheology is very 

important for engineering hydraulics calculations such as hole cleaning, equivalent 

circulation density, etc. However, for wells with small margins (narrow drilling 

window) between pore and fracture pressure, careful evaluation and analysis of 

effects of temperature and pressure on wellbore hydraulics and kick probability is 
1*7*7 *7 *7 C ^'7/'

essential tor management of bottom-hole pressure. ’ '

Overall the studies and practices to date showed limitations because;

1. Most of the existing models are limited in application and rigs are equipped only 

with the LP-LT Fann viscometer which is inadequately for a field engineer to 

predict fluid rheology accurately under downhole conditions.
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2. The effect of the rheological behaviour of the drilling fluid on filtration 

mechanisms and formation damage is still not clearly understood.

The rheological behaviour of the drilling fluid has a major impact on the pressure 

distribution profile in the wellbore, hence affecting drilling overbalance pressure and 

in turn drilling fluid filtration and formation damage mechanisms. Therefore, to 

adequately predict impact of downhole filtration on formation damage, it is also 

necessary to predict downhole fluid rheology.

The current increase in HT developments presents unique challenges for drilling fluid 

design and application. Therefore drilling fluid studies should be extended to include 

HP-HT drilling fluids such as lignosulphonate water based mud and synthetic oil 

based mud as new applications.

5.6 RHEOLOGICAL CHARACTERISATION

OF HP-HT DRILLING FLUIDS

The rheological characterisation of the freshwater lignosulphonate and synthetic oil 

based muds was investigated using HP-HT Fann 70 measurements at temperature 

values of 150, 200, 250 and 300°F and pressure values from 15 to 17000 psi. In 

Appendix B the results are given in Tables Bl (5.3) to B4 (5.6) (for WBM) and in 

Tables B5 (5.7) to B8 (5.10) are (for OBM).

The rheological behaviour of water and oil based muds were described using the three 

most common rheological models, namely, the Bingham Plastic, Power Law, and 

Herschel-Bulkley models.

Figures 5.3 to 5.10 show the rheological behaviour of water and oil based muds as 

functions of temperature and pressure. The experimental data clearly demonstrates 

the following trends:

• Figures 5.3 and 5.4 show the range of temperature and pressure conditions used in 

this study. The Herschel-Bulkley model most accurately describes the water and 

oil based muds (see section 5.3.1.3). The reason for this is that the Herschel-
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Bulkley model has three-parameters and thereby offers greater flexibility when 

calibrated against viscometer data.

The shear stress for a given shear rate decreases significantly as the temperature 

increases from 150 ° F to 300 F [Figures 5.5 and 5.6].

The shear stress for a given shear rate increases with increasing pressure. This 

increase is more pronounced at high shear rates than at low shear rates for OBM 

[Figure 5.7 to 5.10].

The shear stress for a given low shear rate is less dependent on pressure and 

temperature than the shear stress at higher shear rates.

Temperature and pressure affects the behaviour and interactions of water or oil, clay, 

polymers and solids in mud. The effect of increasing the temperature of a liquid is to 

reduce the cohesive forces while simultaneously increasing the rate of molecular 

interchange. The former effect tends to cause a decrease of shear stress, while the 

latter causes it to increase. The net result is that liquids show a reduction in viscosity 

with increasing temperature.

The effect of increasing the pressure on OBM is to increase the cohesive forces, 

which tends to increase the viscosity.

Also the following differences were recognised between water and oil based muds:

• Pressure dependence was much more pronounced for oil based mud 

compared with water based mud.

• Effect of pressure is nearly equal to the effect of temperature for oil based 

muds [Figure 5.7b].

• For water based mud, the pressure effect was much smaller than the 

temperature effect.
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Figure ( 5.5) Fitting Rheogram for Best Fitting Model for OBM Figure ( 5.4) Fitting Rheogram for Best Fitting Model for WBM
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5.7 EXPERIMENTAL RESULTS OF STATIC FILTRATION

FOR WATER AND OIL BASED MUDS

The average value for the 95% confidence limits for some repeated tests is reasonable 

and reflects the inaccuracy in measuring the spurt loss volume due to variation in: a) 

the rate at which the outlet valve was opened, b) the exact time at which stopwatch 

was started and the first reading taken, c) the degree of saturation of the filter 

medium.

5.7.1 Spurt Loss and Cumulative Filtrate Volume

5.7.1.1 Effect of Pressure and Temperature

The experimental data in Tables 4.17 to 4.29 [Appendix A] clearly demonstrate that 

the effects of differential pressure and temperature on filtration process are 

significant. Generally an increase in pressure and temperature results in an increase in 

spurt loss and cumulative filtrate volume, and this is supported by other workers

The experimental data clearly show that the cumulative fluid loss is an exponential 

function of pressure, which agrees with Larsen"*" [Figures 5.12 and 5.13].

Figures 5.14 and 5.15 clearly demonstrate that for WBM an increase in temperature 

corresponds to an increase in the pressure exponent. This implies a decrease in filter 
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cake compressibility and hence an increase in filter cake permeability and a 

significant increase in fluid loss. Meanwhile increasing temperature for OBM shows 

a decrease in pressure exponent, implying an increase in filter cake compressibility, 

no significant effect on filter cake permeability and hence only a slight increase in 

fluid loss. Therefore the pressure exponent (equation 5.18) is directly proportional to 

temperature effects for WEM and inversely proportional for OBM. These differences 

probably reflect the different dominating media in the WBM and OBM filter cakes, 

namely bentonite and brine droplets respectively.

Figure ($.15) Filter Cake Permeability a« Funcdan ef Temperature f»r WBMZl OBM

Larsen”** present the relationship between the fluid loss (Vcum.) and the differential 

pressure (Ap) in the form:
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(5.16)

where;

a - constant for specific mud X = pressure exponent < 0.50

This general equation (5.16) has been modified to include the effect of temperature 

on the pressure exponent (x). The pressure exponent has been predicted from a plot 

of filtrate volume versus pressure at each temperature tested for WBM and OBM. 

Then the pressure exponent (x) has been correlated with temperature as shown in 

Figure 5.14. Therefore the pressure exponent and temperature relationship can be 

written in the form:

X = (5.17)

where:

b = constant for specific mud 

C = temperature coefficient, 1/“F

For: WBM b = 0.17 and

T = temperature (°F)

C = 0.002

OBM b = 0.85 and C = - 0.0066

(using filter paper as a filter medium) inThe relationship reported by Arthur et al.'°'^

which the spurt loss is an exponential function of pressure for LP-LT WBM was not 

found in this study [Figure 5.11[.

5.7.1.2 Effect of Solids Concentration

Three typical oilfield solids concentrations were considered in the studies (6, 12 and 

19%). For WBM, Figure 5.16 shows that an increase in solids concentration (in this 

case barite) by up to 12% by volume results in a decrease in cumulative filtrate 

volume, while an increase in solids concentration above this range results in an 

increase in cumulative filtrate volume. This is because at higher mud weights (solids 

concentration) the filter cake becomes less compressible and this increases both filter 

cake permeability [Figure 5.17] and cumulative filtrate volume.
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Figure ( 5.16) CumuUdve Volume Per Unit Aree as FuaoUon of SoMs ConoenIraCion for VBM
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Figure 5.18 shows the relationship between cumulative filtrate volume, filter medium 

and amount of solids in the drilling fluid. At lower solids concentrations (<6% by 

volume) spurt loss and cumulative filtrate volume are directly proportional to 

medium permeability, while at higher solids concentrations cumulative volume is 

inversely proportional to medium permeability, which agrees with Nowak et al.'^®.

Figures 5.19 and 5.20 show a comparison between filter paper and natural core as 

filter media. Figure 5.19 shows that in using filter paper, an increase in solids 

concentration results in a decrease in cumulative filtrate volume, which gives 

misleading results when compared with Figure 5.20, which is based on natural core 

as a filter medium. This is due to the fact that the filter paper does not provide pore 

spaces where internal filter cake might start to form (unlike natural cores), and these 

findings agree with those of others ' .

The spurt loss and cumulative filtrate volumes of OBM are expected to be lower than 

those of WBM. An increase in solids concentration results in a decrease in 

cumulative filtrate volume [Figures 5.21 and 5.22J. Primarily, water emulsion 

droplets and organophillic clay form the filter cake in OBM where barite is absorbed 

on the surface of the water droplets and prevents coalescence . In this study the new 

application using the particle size analyser (see section 4.1.2) showed that the size of 

these water droplets is less than four microns.
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5.7.2 Filter Cake Thickness

5.7.2.1 Effect of Pressure and Temperature

In general, an increase in temperature and pressure is expected to lead to an increase 

in the filter cake thickness. The driving force and the rate of filtration increases more 

slowly than the rate at which the pressure increases. The effect of pressure has two 

opposing actions. One increases the filter cake thickness by piling up solid particles;

the other decreases the filter cake thickness by compacting. The two actions tend to 

compensate for each other, resulting in a small change in filter cake thickness with 

increase in pressure [Figure 5.23J. The result is largely in agreement with the findings
118 121 of other researchers '

150



5.1.2.2 Effect of Solids Concentration

Figure 5.24 shows that increase in solids concentration results in an increase in filter 

cake thickness for both WBM and OBM as expected.

FifUR (5 J3) Hew uni Filler Cake Tkickneri ai FuxtieA af Pni lut iii W£U fiCUR (5 J4) Fiber Cake DuckMir m FukImi af SalUt CaMotratia* lar WBN

5.7.3 Wet to Dry Cake Mass Ratio (m)

5.7.3.1 Effect of Pressure, Temperature and Solids Concentration

Generally it was found that cake mass ratio (m) declined with increase in pressure, 

temperature and solids concentration, which suggests that the filter cakes formed 

under downhole conditions are more compressible for OBM than for WBM.

5.8 EXPERIMENTAL RESULTS OF DYNAMIC FILTRATION

FOR WATER AND OIL BASED MUDS

The dynamic equilibrium filtration rate was attained between 2-3 hours for all muds 

tested. Specifically, the time to reach equilibrium for OBM was less than that for 

WBM tested under the same conditions.

5.8.1 Spurt Loss and Cumulative Filtrate Volume

5.8.1.1 Effect of Shear Rate

A reduction in effective viscosity due to increased shear rate and temperature was 

found to result in an increase in filtrate volume. The mud stream can continuously 
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erode the freshly deposited cake and under this condition the cumulative filtrate 

volume will increase until equilibrium is attained. However under higher shear rates, 

the erosion rate will decrease the time to reach equilibrium [Figure 5.25], the mud 

cake is thin and equilibrium filtrate rate is higher, and this is supported by
✓ IO/" 1*^/^ 1^0

others ’ ’ [Figure 5.26]. Additionally, an increase in pressure and temperature

results in an increase in equilibrium filtration rates [Figures 5.27 and 5.28].

5.8.2 Filter Cake Thickness

5.8.2.1 Effect of Pressure, Temperature and Solids Concentration

In general, the effect of temperature, pressure and solids concentration on the filter 

cake was found to be the same as obtained under the static conditions but with 

smaller cake thickness due to effect of shear rate, which agrees with others^"*’^^.

5.8.2.2 Effect of Shear Rate

The effect of shear rate on filter cake is considered to lead to process of erosion and 

sorting, leading to a more compacted filter cake. An increase in shear rate was found 
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to lead to significant decrease in filter cake thickness for OBM as shown in Figure 

5.29. This is due to the fact that the filter cake structure is largely made from water 

droplets, less solids content which are less resistant to shear rate. Figures 5.30 shows 

that there was no significant effect on filter cake thickness for WBM, because the 

filter cake contains higher solids content and is hence harder and highly resistant to 

shear rate.

5.8.3 Wet to Dry Cake Mass Ratio (m)

5.8.3.1 Effect of Pressure, Temperature and Solids Concentration

Figures 5.31 and 5.33 show the measured wet to dry cake mass ratio (m) as a function 

of pressure, temperature and solids concentration; and was found to be similar to that 

obtained under static conditions but with lower values due to the effects of shear rate 

and compaction.
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5.8.3.2 Effect of Shear Rate

Generally, m was found to decline with increase in shear rate. This is due the fact that 

during dynamic conditions the particle size selection, sorting, and compaction will 

cause more fluids to be squeezed from the pore space and create lower m values 

compared with static filter cakes.

5.9 EFFECT OF FLUID LOSS ADDITIVES (FLA) UPON

STATIC AND DYNAMIC FILTRATION

Generally, fluid loss can be controlled with different types of additives and the rate of 

filtration will depend on type and concentration of each additive. Such additives 

include Gilsonite, Resinex, etc. Different filtration mechanisms for these additives 
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have been studied by different investigations, a summary of which is presented in

Table 5.11.

5.9.1 Effect of Fluid Loss Additives (FLA) on Spurt Loss, Cumulative Filtrate

Volume, Cake mass Ratio and Cake Thickness in Static and Dynamic

Filtration

Generally, an increase in the concentration of fluid loss additives (FLA) results in a 

decreases in spurt loss, cumulative filtrate volume, filter cake mass ratio, and cake 

thickness in both static and dynamic filtration [Figure 5.34],

Table 5.11 Fluid loss additive mechanisms for WBM and OBM

Type of Mechanism Fluid loss additive 

for WBM

Fluid loss additive 

for OBM

Blocking and plugging filter cake pores creates low 

permeability filter cake

Oil agent Gilsonite agent 1

Coating mud particulate and creating impermeable 

layer preventing escape of water into the formation

Resinex agent Novaec-F agent I

Viscosifying base fluid Poly-temp agent Truflo-l(X) agent

}

Figure (5.34) Measured Ratio Vet {Dty Cake Ratio as Function of Plugging agent For VBM in Static Filtration
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For OBM, Figure 5.35 clearly demonstrates that an increased concentration of 

viscosifying and plugging agents results in a significant decrease in static and 

equilibrium dynamic filtration. Meanwhile, increasing the coating agent results in a 

more smooth decrease in static filtration and a sharp decrease in equilibrium dynamic 

filtration. Figures 5.36 and 5.37 demonstrate that an increase in FLA could be more 

beneficial for static than for dynamic filtration. Furthermore, an increase in 

viscosifying and plugging agents results in a decrease in filter cake thickness more 

than for a coating agent in both static and dynamic filtration [Figures 5.38 and 5.39].

For WBM Figure 5.40 clearly shows that an increase in concentration of viscosifying 

and plugging agents significantly decreases both static and equilibrium dynamic 

filtration and filter cake thickness. Furthermore, the addition of coating agent shows a 

much less significant decrease in static and equilibrium dynamic filtration and filter 

cake thickness [Figures 5.41 and 5.42J.

From the above evaluation, it can be concluded that the selection of fluid loss 

additives (FLA’s) should be based on performance under both static and dynamic 

filtration conditions.

156



OBM
Mud weight 11 ppg 
Penaea] iUty;406 nd 
Teiiftei itURiZSI F .
Diiferei till pieu ue506 pl 
SheurleJOKFd

CdktiAC agent 
Plugging agent 
Vifceiifying6.1$

6.14

0.66

ronreut "atiouui
0

Fiyw* (B-3S) Con^MisM ciMk Md dyaMiw HhiatkM as f«n«(kM of (FLA) lot OBM

0 0.0$

mtrea * FLA

6.1 LIS
Static Fluid Uii (nU^cm)

06H 
Uudva cKtillni

.J

—hasa mod
-•-0.25 IMUI

* 1

n«idla 
Teaatur

tudditbu 
tunOHl

Kouttnig ------ 2 BUI

-^4 BUI
Oi&nj 
Shaurr

tiulpruMi 
tt:tO ipm

ittiMpai

t

I 4

7

Tuae(nu*J n«U Um AUitbtf (bMl)

Ftyvra (l.3t) Maaswad FMat Caka TMakaass at Fwaboa of FLA ta Static FMtratioa (or OBM

0A4

0.7$

CdkOng agent 

Plugging agent 

YbcnsiMne went

WBU 
ttndw^Um 

ad
IuvuMunsZH:
Diflilt tdalircsi iraiiWui,
ShMritkMRn

OB 
Mb

1 
.wuie ltd 11 ae

—cautinc

Pec
’"1

Mchi Un4^
.lu

Imd
1 ■ -a-uicatiWn(

DU innti ilpn fund Hpai

Fi«m Lass (hu/s<xm)

Fifwa ($.39) Maaswad FMar Caka Tltickaacs as FwMtioo FLA ia Dyaamic FikraliM (or OSM Fifwta ($■*!) Co«A**>*o* $*t«aa« statia a»d dyaaiw* (MratioR as (uMlioo o( (FLA) (or VBM

7

iVBM 
hdwnicki 
'tiMtahUi

Hm 
r:4M»d

♦ fiosm 

-------Cealing

—Vlsdnsifjdnglui lacc ai 
enacrutv

UitMt 
!i2Mr

dfbnntu piutann: Upti

6nuM U«< Ca>c«ntz*6aM (Bt-oal)

157



5.10 PARTICLE SIZE ANALYSIS

5.10.1 Particle Size Analysis for Static and Dynamic Filter Cakes

A new application technique has been introduced for a Particle Size Analyser to be 

used for:

1.

3.

4.

5.

1. Selection of optimum concentration of emulsifier and wetting agents. 

A quality control tool for comparison of different types of emulsifiers. 

Minimum time of testing and cost.

A backup tool for dynamic sag test.

Particle size analysis for static and dynamic filtration of filter cakes.

Points 1-4 have been discussed previously in chapter 4 (section 4.1.2).

Point 5: Figure 5.43 clearly shows that under static conditions the particle-size 

distribution of the filter cake is the same as the particle-size distribution of the base 

mud. However, under dynamic conditions, the dynamic filter cake has a coarser 

particle-size distribution than the static filter cake. Because in dynamic conditions the 

“size-classification cycle” takes place under the effect of shear rate, the two-action 

erosion and sorting processes of the particles, which appear to be active 

simultaneously, can be considered. However, as the filter cake builds it requires a 

particle of specific size to fill each opening or pore throat. The deposited particle does 

not fit the opening the flowing stream quickly sweeps it away. As a result of erosion 

and well-sorted particle size, the dynamic filter cake is compacted; fluid is squeezed 

out from the pore space resulting in a lower ratio of wet to dry cake mass. Hence 

dynamic filter cakes have lower cake permeability and porosity than static filter 

cakes, which explains the big difference between static and dynamic filter cake 

permeability.

Several experimental tests were conducted to emphasise these phenomena under the 

different effects using the Malvern Particle Size Analyser. The main results can be 

summarised as follows: 

1. Figure 5.43 clearly demonstrates that an increase in shear rate has no significant 

effect on the particle size distribution of the dynamic filter cakes. This suggests that 

selection of a suitable shear rate could cause the particles to be deposited in a well- 
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sorted manner with improved plugging to give a more compacted and higher 

resistance filter cake.

2. Figures 5.44 and 5.45 show the particle size distribution of the top, middle and 

bottom layers of a dynamic filter cake. Finer particle sizes are found towards the 

top surface.
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cS 
a
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U

Figure 5.43 Comparison chart between particle-size distributions of 11 ppg OBM, static 

and dynamic filter cakes

Figure 5.44 Particle size distribution of dynamic filter cake (OBM)
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(a) Bottom filter cake

(b) Middle filter cake Result: Analysis Tabla
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(c) Surface filter cake
Figure 5.45 Particle size distribution of dynamic filter cake (OBM)
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5.11 FORMATION DAMAGE CHARACTERISATION

5.11.1 Experimental Results

The data logging programme records the volumes from the balance against time in an 

Excel spreadsheet. These data were plotted on a graph of volume versus time and the 

best straight line fit obtained with a regression coefficient close to unity. The equation 

for the straight line was obtained. The coefficient for this line will be the flow rate 

(ml/sec). For greater accuracy multi-point method (three reference points) three 

coefficients were plotted and final straight line coefficient has been used as flow rate. 

Using the core dimensions, fluid viscosity, pressure and measured flow rate, the core 

initial permeability is calculated according to Darcy’s law of linear flow.

As back flow is imposed, a peak in the pressure was observed which appears to 

correlate with cake rupture. Some authors have used this pressure peak as an explicit 

value to signify the reservoir drawdown needed to initiate flow through the drilling 

fluid filter cake. Others have used the difference in peak pressure with equilibrium 

flowing pressure in damaged core and define this as the flow initiation pressure.

Two pressure peaks can be recognised during flow back procedure. One represents 

the initial peak for flow initiation and the second represents the cake lift-off pressure 

peak. Flow is maintained until a steady-state flow is recorded from which a final 

permeability is obtained (Figure 5.46].

During back flow two phases may be distinguished in the clean up process. First, the 

flows will scour out some of the invaded solids and filtrate. As flow is initiated part 

of the filter cake seperates from the core plug (lift-off). A second phase of clean up 

occurs when flow increases so the cake rupture take place and the cake is completely 

removed [Figure 5.471 from the core plug and more solids scoured out. Furthermore, 

flow initiation occurs at laminar flow conditions while cake-lift off occurs only in 

turbulent flow regime for WBM.

For OBM one phase can be recognised as the flow initiated the filter cake rupture 

(pinholing) [Figure 5.47] and scours any invaded solids, filtrate and polymer from the 

core plug. This is associated with a maximum flow initiation pressure.
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Furthermore, flow initiation and cake pinholing occur in the Darcy laminar flow 

regime for OBM.

Figure 5.46 Mud cake and cleanup test

OBM cake

Figure 5.47 Cake rupture for WBM and OBM

Table 5.12 clearly demonstrates that for all the testing conditions the OBM shows the 

main damage represented by filter cake and very high reversible permeability 

achieved and can also be shown in Figure 5.48.

Table 5.13 clearly demonstrates that the main factor that governs permeability 

impairment for WBM is the overbalance pressure.
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One would expect an increase in depth of invasion with increasing differential 

pressure in the sense that higher pressures would force the mud particles and the 

filtrate to penetrate deeper into the formation. However, contrary to this expectation, 

the experimental results for WBM indicate that at lower pressures the permeability 

damage increases and then as pressure increases from 400 to 650 psi the permeability 

damage decreases. But, as the pressure increases further the permeability damage 

increases in line with the expectations.

For WBM Figure 5.48 shows three pressure zones: in the first zone, representing 

pressures of 100 to 300 psi, return permeability decreases significantly. This is 

because at lower pressures the deposition is uncompacted forming loose particles and 

unconsolidated filter cake. Permeable filter cake allows filtrate and fine particles to 

pass resulting in deeper migration. This zone is characterised by lower return 

permeability. In the second zone, as differential pressure increases to 650 psi, the 

particles form tight bridging, compacted and lower cake permeability, thereby 

allowing less particles through them to move into the formation. This is seen by the 

higher return permeability achieved.

The third zone, representing increases in pressure beyond 650 psi results in deeper 

particle invasion and lower return permeability.

Therefore a critical pressure zone exists for WBM where decreased permeability 

impairment occurs. This is an important effect, as it is common practice for oil 

operators to drill with lower differential pressure in the belief that this will minimise 

the formation permeability damage. However, contrary to this expectation it has been 

found that the permeability damage will be higher at lower differential pressures.

Khan et al. investigated the depth of invasion using x- ray mapping and found that 

minimum depth of invasion occurs at pressures between 300 and 500 psi; below or 

above this range the depth of invasion increases.
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Table 5.12 Results of returned permeability versus testing parameters for OBM

1. Pressure (psi)
100
200
300
500
800
900

Gas Perm, (md)
804
852
874
896
901
885

Fluid Perm, (md)
424
425
454
480
464
485

Return Perm. (%)
97
97

93R
95
87
89

2. Temperature (F)
150 800 450 97
200 852 425 97
250 737 345 96
300 761 355 Failure
300 845 421 94

3, Shear Rate (rpm) 
0 974 525 97

40 985 399 95
80 996 355 95
120 998 367 93R
160 1001 534 92
200 1003 403 91
240 1073 442 Failure
240 1083 600 95R

4. Permeability (md)
13.90% solids 3323 1550 98
6.60% solids 3325 1856 91
6.60% solids 114 41 94
3.85% solids 3200 2000 89R
3.85% solids 260 132 93
3.85% solids 90 36 95R

R - repeated test
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Table 5.13 Results of returned permeability versus testing parameters for WBM

1. Pressure (psi) Gas Perm, (md) Fluid Perm, (md) Return Perm. (%)
100 805 377 27
200 848 426 58R
300 795 375 76
400 794 359 92
450 817 377 94
500 883 408 97
550 835 392 97
600 725 378 98
650 766 351 91
700 778 377 65
800 716 371 57
900 780 369 41R

2. Temperature (F)
150 815 405 95
200 795 385 97
250 883 408 97
300 825 395 94

@ 500 psi

3. Shear Rate (rpni)
0 914 455 59
80 848 426 58
160 893 442 47
240 913 440 47

@ 200 psi

4. Shear Rate (rpm)
0 936 427 97R
80 883 408 97
160 933 383 96

@ 500 psi

5. Permeability (md)
12% 223 110 47

@ 200 psi 848 426 58
3475 1819 72

6. Permeability (md)
5% 971 457 55R

@ 200 psi 3430 1803 52

R - repeated test
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5.11,2 Pore and particle Size Distribution Analysis

In many field applications an ad-hoc approach is used to estimate the average pore 

throat diameter. This rule estimates average pore diameter in micron (pm) as roughly 

equal to the square root of the formation permeability (md). Over the years, another 

rule of thumb has been used called the “Jamming ratio”, which is defined as the ratio 

between pore throat diameter and particle size diameter. Previous work shows 

different jamming ratio ranges from 1/3-1/7, 1/5, 1/8 and 1/3-1/4.

However, a jamming ratio analysis has been carried out according to the 1/3 

d< in Dpure rule discussed in chapter two and the results calculated from Figure 

5.49 are summarised in Tables 5.14 and 5.15. The average pore throat diameter has 

been computed based on correlations developed in chapter 4.

For example, in Table 5.14, the particle size range for the core with a 22.05 /mu pore 

throat average diameter falls between 7.35 < d^< 3.15. The WBM has a - 9.13 

/Mu, a cumulative size of 54.64% greater than 7.35 (bridging), a cumulative size of 

17.11% between 3.15 /Mn and 7.35 /mu (invasion), and the rest 28.25% pass through 

the core.

The bridging % represents the percentage of particle size in the remaining mud and 

the particle size that bridges the pore entrances at the formation face forming an 

external filter cake. The invasion % represents the percentage of the particle size 

invading the formation and bridging at some pore throat, forming an internal filter 

cake.

Pass through core % represents the smaller particle size carried through the 

formation.

The conclusions from the analysis are:

1. Generally, the average pore throat diameter is not equal .

2. The ratio of particle size to measured average pore throat diameter is not a 

good indicator of permeability reduction and inconsistent with any of the 

existing jamming ratio values.
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Figure 5.49 Particle size distribution of WBM
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Table 5.14 Jamming ratio analysis for WBM

Solid

%

Mean 

particle 

size

Permeability

(md)

Mean pore 

size

Calculated 

(/Mn )

Mean pore 1

size rule 

of thumb”

Jamming

ratio

Pass 

through 

core %

Invasion

%

Bridging

%

5.50 9.13 971 22.05 31.16 0.39 28.23 17.11 54.64

3430 26.45 58.56 0.34 31.88 15.50 52.62

12 11.27 223 11.87 14.93 0.94 13.76 11.57 74.67

761 20.40 27.58 0.55 20.25 17.51 62.24

914 19.61 30.23 0.57 20.25 17.51 62.24

3475 26.81 58.94 0.42 23.06 57.70

**Average pore throat diameter =

Table 5.15 Jamming ratio analysis for OBM

Solid

%

Mean 

particle 

size 

(P»)

Permeability

(md)

Mean pore 

size 

calculated 

(P»)

Mean 

pore size 

rule of 

thumb**  

(/Z/Zt)

Jamming

ratio

Pass 

through 

core %

Invasion

%

Bridging

%

3.85 8.88 90 9.72 9.48 0.91 15.70 11.70 72.60

260 12.82 16.12 0.69 18.03 14.78 67.19

3525 26.81 59.37 0.33 30.88 20.07 49.05

6.60 12.88 114 10.63 10.67 1.21 19.07 9.88 71.05

3325 26.04 57.66 0.49 28.05 14.95 56.55

13.90 16.76 737 18.76 27.14 0.89 20.12 12.09 67.71

1003 20.54 31.67 0.81 20.16 13.70 66.14

1001 20.52 31.63 0.81 20.16 13.70 66.14

1083 1 21.34 32.90 0.78 21.37 12.49 66.14L

3323 26.35 57.64 0.63 23.87 13.31 62.82 I

**Average pore throat diameter = -Tk
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CHAPTER SIX

DEVELOPMENT OF DRILLING FLUID RHEOLOGY,

FILTRATION AND FORMATION DAMAGE PREDICTION

MODELS

In this chapter the theoretical models used to predict downhole drilling fluid 

rheology, static and dynamic filtration and formation damage are developed using a 

data base generated from controlled experimental studies. These models were 

developed for a typical synthetic oil based mud (OBM) and a typical lignosulphonate 

water based mud (WBM). Based on the models developed, the filter cake 

characteristics such as average specific cake resistance, cake permeability and 

erodability can be calculated and described. The developed models provide more 

reliable results and substantial advantages when used to fit and describe static and 

dynamic filtration mechanisms under different applied factors and conditions. An 

attempt to validate the model predictions using experimental, independent test and 

field data has been made under different applied factors and conditions.

Attempts have also been made to integrate the lab database analysis for field 

applications to predict the effect of drilling fluid filtration on formation damage in 

terms of productivity impairment.

6.1 DRILLING FLUID RHEOLOGY ANALYSIS OF

WATER AND OIL BASED MUDS

Drilling fluid rheology has been investigated in depth in order to:

1. Characterise drilling fluid rheology under downhole conditions.

2. Develop a pressure and temperature dependent model, which can predict 

downhole rheology.

3. Relate fluid rheology to the fluid filtration and formation damage mechanisms. 

Rheological characterisation for both water and oil based muds has been carried out 

using the Fann-70 HP-HT viscometer. Factor analysis technique has been applied to 
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analyse the data in order to identify the dominant parameters affecting drilling fluid 

rheology.

6.1.1 Introduction to Factor Analysis technique

Factor analysis is a multivariate statistical analysis technique used for the analysis of 

data that is both descriptive and predictive. There are at least four distinct ways in 

which the technique is useful.These are:

1. Factorisation of a set of variables into a smaller number of dimensions.

1.
3.

4.

Factorisation of a group of objectives, rather than a set of variables.

Factor analysis can be used as a device for determining which of a large group of 

potential explanatory variables should be include in a regression.

Factor analysis can be used for summarisation of a complex set of potential 

explanatory variables in yet another way. Instead of using the estimated factor 

loading for identification of relevant variables, it is possible to find values for the 

factors themselves and then use them as inputs to the multiple regression 

analysis.

A factor is a linear combination of the observed variables. In other words.

F = + (I2X2 + + + n n

where (x) is the variable and (a) is the correlation coefficient of the variable.

The observed variables are grouped in such a manner that more than one factor is 

obtained e.g;

F, = + (12^2 +

F. ^4X4 + UjXj

^3-

Each factor has, in fact, coefficients for all variables in the analysis but that these may 

be zero or close to zero for all variables other than those grouped in that factor. 

Therefore in factor analysis each individual is assigned a factor score. Thus

F, = «,x, + (12X2 + cZjXj +
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When the factor score is correlated with the observed score on each variable, the 

resultant correlation is called a factor loading.

If we square the loading of each factor and sum it, we get a “sum of squares” which is 

technically called the eigenvalue “variance” of that factor. Each eigenvalue 

summarises a fraction of total variance related to the number of variables in that 

factor.

The variance of each variable summarised by each factor is called communality, and 

when the communality values are close to one (unity) this indicates that all the 

variables are well presented by these factors.

When the data result is very difficult to interpret the factor analysis technique may 

provide “new” factors from initial results by the methods of rotation. A rotation is 

something like staining a microscope slide; different stains reveal different structures 

in the tissues. However the most common is the varimax rotation, this criterion 

strives to maximise the variance of the square of the loading in each column in the 

factor pattern.

6.1.1.1 Methodology of Data Analysis

Since it is observed that the fluid rheology at higher and lower shear rates behave 

differently at different temperature and pressure levels, the factor analysis is applied 

separately for lower shear rates (5.1, 10.2 sec ') and higher shear rates (170.2, 

340.40, 510.60, and 1021.20 sec''). The procedure for data analysis is as follows:

Select MINITAB statistical software programme ’ for data analysis.

Set up worksheet with input data for four columns of raw data including a total 

of forty sets of viscometer measurements at different pressures, temperatures and 

shear rates.

1.

2.

3.

4.

Perform factor analysis with the raw data:

Choose Stat Multivariate —> Factor Analysis.

Enter the measurement data in the variable column for each condition.
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5.

6.

7.

Specify the number of factors to extract. Using principal component, the default 

number is the number of variables, i.e. 3.

Select type of rotation as varimax rotation.

Click Results, sort Loadings and click OK twice.

Interpreting the Results

The factor analysis results for WBM and OBM are shown in Tables 6.1 to 6.4. Each 

table comprise three subtables showing loading and communalities: unrotated, 

rotated, and sorted rotated.

(A). Results from unrotated Factor Loading and Communality

The rows and columns represent linear combinations of variables and factors 

respectively. Examine the proportional of variability by output line % Variance and 

communality values. The unrotated factors explain 99.0% of the data variability and 

the communality values, which is close to 1.0 indicating that all variables are well 

represented by these factors. The result from unrotated three factors is very difficult 

to interpret. Therefore varimax rotation has been applied.

(B). Results from rotated Factor Loading and Communality

Varimax rotation where applied gives factors from initial results. Three 

factors describe the significant effects of temperature, pressure and shear rate on 

shear stress for WBM and OBM accurately.

The loadings are distributed between the factors, and the results are easier to interpret. 

Tables 6.1 to 6.4 for WBM and OBM show variations in the factors (1,2 and 3) 

loading distribution with respect to shear rate, temperature and pressure.

(C). Results from Sorted rotated Factor Loadings and Communalitv

Sorted and rotated results showing variables that have their highest absolute 

loading (correlation coefficient) with respect to factors are printed first and the other 
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next, in sorted order as shown in Tables 6.1 and 6.2 for WBM. The tables show in 

order loadings of shear rate, temperature and pressure and their effects on shear 

stress. It was found that there is no significant effect of pressure on shear stress for 

WBM.

Tables 6.3 and 6.4 for OBM show in order loadings of shear rate, pressure and 

temperature and their effects on shear stress.

The following is a summary of the analysis;

1.

2.

3.

4.

It is interesting to estimate the effect of pressure, temperature, and shear rate on 

fluid rheology, which is clearly demonstrated by the factor loading for each 

variable and its effect on shear stress as shown in Tables 6.1 to 6.4.

The pressure dependence was more pronounced for OBM compared to WBM.

The pressure dependence was much smaller than the temperature effect for

WBM.

There is a balance between the effects of pressure and temperature on OBM as 

can be observed in Factors 2 and 3, rotated factor loadings. Table 6.4.

The factor analysis results show that the drilling fluid rheology is highly affected by 

two dominant factors, temperature and pressure.

However, according to the analysis above, OBM and WBM can be utilised within a 

single empirical model, with specific coefficients for temperature and pressure to 

predict downhole rheology (section 6.2.1).
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Table 6.1 Application of Multivariate Analysis for WBM Rheology

(Low-Shear Rate)

Factor Analysis

PRINCIPAL. COMPONENT FACTOR ANALYSIS OF THE CORRELATION MATRIX

a. Unrotated Factor Loadings and Coininunalities

Variable Factor 1 Factor 2 Factor 3 Communality

Pressure 0.230 0.804 -0.547 0.999

Temperature -0.826 0.456 0.310 0.986

Shear Rale 0.494 0.384 0.777 0.995

Shear Stress 0.990 0.002 -0.002 0.980

Variance 1.9589 1.0022 0.9990 3.9601

% Var 0.490 0.251 0.250 0.990

b. Rotated Factor Loadings and Coininunalities (Variniax Rotation)

Variable Factor 1 Factor 2 Factor 3 Communality

Pressure 0.046 0.001 0.998 0.999

Temperature -0.987 0.091 0.052 0.986

Shear Rate 0.08.3 0.994 -0.007 0.995

Shear Stress 0.876 0.419 0.190 0.980

Variance 1.7521 1.1723 1.0357 3.9601

% Var 0.438 0.293 0.259 0.990

c. Sorted Rotated Factor Loadings and Coinmunalitics

Variable Factor 1 Factor 2 Factor 3 Communality

Temperalure -0.987 0.091 0.052 0.986

Shear Stress 0.876 0.419 0.190 0.980

Shear Rate 0.083 0.994 -0.007 0.995

Pressure 0.046 0.001 0.998 0.999

Variance 1.7521 1.1723 1.0351 3.9601

% Var 0.438 0.293 0.259 0.990

Factor Score Coefficients

Variable Factor 1 Factor 2 Factor 3

Pressure -0.053 -0.048 0.976

Temperature -0.629 0.263 0.128

Shear Rate -0.131 0.892 -0.054

Shear Stress 0.447 0.214 0.098
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Table 6.2 Application of Mutivariate Analysis for WBM Rheology 

(High-Shear Rate)

Factor Analysis

PRINCIPAL COMPONENT FACTOR ANALYSIS OF THE CORRELATION MATRIX

a. Unrotated Factor Loadings and Connnunalities

Variable Factor 1 Factor 2 Factor 3 Communality

Pressure 0.110 0.734 0.670 1.000

Temperature -0.606 0.583 -0.532 0.990

Shear Rale 0.770 0.353 -0.516 0.983

Shear Stress 0.986 0.001 -0.001 0.97.3

Variance 1.9445 1.0026 0.9979 3.9449

% Var 0.486 0.251 0.249 0.986

b. Rotated Factor I>oadings and Coinniunalities (Varimax Rotation)

Variable Factor 1 Factor 2 Factor 3 Communality

Pressure 0.018 0.003 1.000 1.000

Temperature -0.055 -0.993 0.009 0.990
Shear Rate 0.989 -0.069 -0.021 0.983

Shear Stress 0.808 0.558 0.093 0.973

Variance 1.6.540 1.3024 1.0085 3.9449

% Var 0.409 0.326 0.252 0.986

c. Sorted Rotated Factor Loadings and Coniinunalities

Variable Factor 1 Factor 2 Factor 3 Communality

Shear Rale 0.989 -0.069 -0.021 0.983

Shear Stfess 0.808 0.558 0.093 0.972
I'emperature -0.055 -0.993 0.009 0.990

Pressure 0.018 0.003 1.000 1.000

Variance 1.6340 1.3024 1.0085 3.9449

% Var 0.409 0.326 0.252 0.986

Factor Score CoefTicieiiLs

Variable Factor 1 Factor 2 Factor 3

Pressure -0.026 -0.025 0.994

Temperature 0.186 -0.826 0.035

Shear Rate 0.683 -0.280 -0.057
Shear Stress 0.415 0.287 0.049
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Table 6.3 Application of Multivariate Analysis for OBM Rheology

(Low-Shear Rate)

Factor Analysis

PRINCIPAL COMPONENT FACTOR ANALYSIS OF THE CORRELATION MATRIX

a. Unrotated Factor Loading and Communalities

Variable Factor 1 Factor 2 Factor 3 Communality

Pressure 0.750 -0.646 0.101 0.989

Temperature -0.627 -0.765 -0.120 0.993

Shear Rate 0.154 0.027 -0.988 1.000

Shear Stress 0.991 0.001 0.000 0.982

Variance 1.9601 1.0030 0.9999 3.9630

% Var 0.490 0.251 0.250 0.991

b. Rotated Factor Lxxidings and C'ommunalilies (Varimax Rotation)

Variable Factor 1 Factor 2 Factor 3 Communality

Pressure 0.993 -0.054 0.024 0.999

Temperature -0.042 -0.995 -0.012 0.986

Shear Rale 0.023 0.009 -0.999 0.995

Shear Stress 0.783 0.593 -0.129 0.980

Variance 1.6015 1.3452 1.0163 3.9630

% Var 0.400 0.336 0.254 0.991

c. Sorted Rotated Factor Loadings and Communalities

Variable Factor 1 Factor 2 Factor 3 Communality

Pressure 0.993 -0.054 0.024 0.989

Shear Stress 0.783 0.593 -0.129 0.982

Temperature -0.042 -0.995 -0.012 0.993

Shear Rate 0.02.3 0.009 -0.999 1.000

Variance 1.6015 1.3452 1.0163 3.9630

% Var 0.400 0.336 0.254 0.991

Factor Score Coefficients

Variable Factor 1 Factor 2 Factor 3

Pressure 0.701 -0.272 0.072

Temperature 0.200 -0.810 -0.052

Shear Rate -0.037 -0.036 -0.990

Shear Shess 0.399 0.303 -0.065
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Table 6.4 Application of Mutivariate Analysis for OBM Rheology

(High -Shear Rate)

Factor Analysis

PRINCIPAL COMPONENT FACTOR ANALYSIS OF THE CORRELATION MATRIX

a. Unrotated Factor lAiadings and Coinmunalities

Variable Factor 1 Factor 2 Factor 3 Communality

Pressure 0.522 0.696 0.483 0.990

Temperature -0.473 0.720 -0.500 0.992

Shear Rate 0.683 -0.033 -0.718 0.983

Shear Stress 0.982 -0.000 0.002 0.964

Variance 1.9270 1.0030 0.9986 3.9285

% Var 0.482 0.251 0.250 0.982

b. Rotated Factor laiadings and Coininunalities (Variinax Rotation)

Variable Factor 1 Factor 2 Factor 3 Communality

Pressure 0.033 -0.994 -0.011 0.990

Temperature -0.037 -0.002 -0.995 0.992

Shear Rate 0.989 0.047 -0.049 0.983

Shear Stress 0.722 -0.498 0.442 0.964

Variance 1.5019 1.2384 1.1883 3.9285

% Var 0.375 0.310 0.297 0.982

c. Sorted Rotated Factor Loadings and Coininunalities

Variable Factor 1 Factor 2 Factor 3 Communality

Shear Rate 0.989 0.047 -0.049 0.983

Shear Stress 0.722 -0.498 0.442 0.964

lYessure 0.033 -0.994 -0.011 0.990

Temperature -0.037 -0.002 -0.995 0.992

Variance 1.5019 1.2384 1.1883 3.9285

% Var 0.375 0.310 0.297 0.982

Factor Score ('oefficients

Variable Factor 1 Factor 2 Factor 3

Pressure -0.152 -0.866 -0.122

Temperature 0.131 -0.115 -0.892

Shear Rate 0.748 0.214 -0.197

Shear Stress 0.374 -0.259 0.230
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6.1.2 Drilling Fluid Rheology Modelling

It is highly recommended to compute the rheology of the actual mud system under 

downhole conditions prior to drilling operations. If such computation has not been 

done (due the drilling rig being only equipped with a Fann-viscometer working at 

temperature up to 180 "F and 15 psi pressure), the next choice is to use empirical 

models that can predict the pressure and temperature dependence of mud rheology. 

Several studies of the rheology of water and oil based muds have been reported by 

other investigators. Some of these references include many mathematical expressions 

that are subjective. Politte presented a multi-term equation with 13 numerical 

constants to model the viscosity of diesel oil at 1000 psi. Houwen et al. presented 

several equations to model rheological parameters, e.g. viscosity, plastic viscosity or 

yield point. API Bulletin'^^ presented two equations, to calculate temperature and 

pressure constants.

However in the present work a different procedure has been adopted. Shear stress a 

standard conditions has been multiplied by a correction factor that depends on 

pressure and temperature. Then the rheological behaviour and parameters can be 

calculated from the shear stress predicted at temperature and pressure of interest.

A comparison between the experimental data and rheological model predictions has 

been made in an attempt to validate the models. An OBM rheological model is also 

used to analyse field data from Gulf of Mexico. Specific case studies to illustrate the 

interpretation of the rheological models have been carried out using actual field data 

(from North Africa). The rheological models developed show the agreement of the 

experimental data and the field data within an average error of 4 %.

6.1.2.1 Methodology of Model Development

The procedure for analysis is as follows:

1. Set up two-database worksheet for drilling fluid rheology measurement for

WBM and OBM.
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2. Select twenty-eight sets of shear stress data (one set = 6 shear stress values) at 

pressures of 15, 1000, 3000, 6000, 10000, 12000 and 17000 psi for temperature 

values between 150 and 300 °F.

3.

4.

5.

Use twelve sets of data as independent test data for model validation.

Obtain the shear stress ratio by dividing each measured shear stress by shear 

stress at standard condition (150 F° and 15 psi).

Obtain the pressure coefficient (C) and the fluid constant (A) by correlating 

shear stress ratio with the pressure at constant temperature. The relationship 

between shear stress ratio and pressure can be expressed as:

= A exp CP (6.1)

6. Obtain the temperature coefficient (B) by correlating fluid constant (A) with the 

temperature at constant pressure. The relationship between fluid constant and 

temperature can be expressed as:

71 - A^. expBT (6.2)

Equations (6.1) and (6.2) can be combined empirically as: 

r, =r,[A,exp(BT + CP)] (6.3)

where:
2T. - Shear stress of interest, dyne/cm Tj - Shear stress at standard conditions

Shear stress ratio A- Fluid constant

C- Pressure coefficient, 1 /psi

A,, - Constant

T- Temperature, ^F

P- Pressure, psi

B-Temperature coefficient, I/’F

The term within the square brackets in equation (6.3) is also called the shear stress 

correction factor.

In this empirical model equation (6.3) the shear stress at standard conditions is 

multiplied by an exponential term where the exponent includes the coefficients that 

depend on pressure and temperature.
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Table 6.5 tabulates empirical coefficients for both OBM and WBM taken for pressure 

values from 15 to 17000 psi and temperature values from 150 to 300 ®F. Using the 

results obtained from equation (6.3) the rheological behaviour and rheological 

parameters can then be calculated.

Table 6.5 Empirical coefficients for equation (6.3)

OIL BASED MUD WATER BASED MUD

A,, = 1.95 A ^=2.74

B= -0.0038 B= -0.0064

0=0.50x10“’’ 0=0.10x10“’’

6.1.2.2 Comparison between Model Predictions and the Experimental Data

The most obvious approach to verifying the rheological models is to compare the 

experimental data against model predictions. The rheological models were used to 

predict drilling fluid rheology corresponding to each of the experimental conditions.

The measured drilling fluid rheology is compared with the predicted rheology for 

WBM and OBM in Figures 6.1 and 6.2 respectively. From these figures it can be seen 

that in general, the predicted models are shown to be representative of the 

experimental data. The relative error can be represented by the following expression:

>2

Percentage of Error =

SA -55i predieled i measured

i predicted
— A 100 (6.4)

N

where:

bSi-predicted 

bSj.measured

N

shear stress predicted from the model

shear stress from experimental data

total data points

The average error in the entire population of results for the prediction models for 

WBM is 2.69 % and for OBM is 1.77 % [Tables 6.6 to 6.8 in Appendix C].
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6.1.2.3 Comparison between Model Predictions and Validating Data

Validation of rheological models using independent test data and field data was 

carried out. In Appendix C the results are given in Tables Cl (6.6) and C2 (6.7) (for 

WBM) and in Tables C3 (6.8) to C4 (6.9) are (for OBM).

The results show that the average error in twelve sets of WBM test data is 2.82% and 

2.38 % in the case of OBM test data [Tables 6.7 and 6.8J [Figures 6.3 and 6.4].

Gulf of Mexico Field data (for OBM) provided by the M-I Company has been used 

for comparison between model prediction and field data. The average error of the 

entire population [Table 6. lOaJ of results for the prediction model is 4.14 % [Figure 

6.5].

Therefore it is concluded that the experimental and validating data shows substantial 

agreement with rheology models predictions.
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Table (6.6) Comparison between HP-HT model predictions,experimental and test data validation data for WBM 

coefficients
2.74

r. = r. exot BT + CP 1 B = -0.0064
C- 1E4I5

Temp Pressure S.S600 prediction S,S300 preck:tion S.S200 prediction S.S100 prediction S.S6 predKtion S.S3 prediction % Error
150 15 408 244.8 188.7 117.3 25.5 20.4
150 1000 433.50 432.35 265 20 259.41 204.00 199.96 127.50 124.30 25.50 7102 20.40 21.62 0.48
150 3000 459.00 441.08 280 50 264.65 214.20 204.00 132.60 126.81 28.05 27.57 21.42 22.05 2.04
150 5000 469 20 449.99 285.60 269.99 219.30 208.12 137.70 129.37 28.05 2812 21.42 22.50 215
150 6000 474.30 454.51 288.15 272.71 219.30 210.21 137.70 130.67 28.05 28.41 21.42 22.73 1.99
150 8000 479.40 463.69 290.70 278.22 224.40 214.45 142.80 133.31 28.05 28.98 21.42 23.18 1.76
150 10000 484.50 473.06 293.25 283.84 229.50 218.79 145.35 136.01 28.05 29.57 21.42 23.65 1.43
150 12000 489.60 482.62 295.80 289 57 234.60 223.21 147.90 138,75 28.05 30.16 21.42 24.13 1.09
150 15000 499.80 497.32 298.35 298.39 238.17 230.01 150.45 14298 28.05 31.08 21.42 24.87 0.42
150 17000 504.90 507.36 300.90 304 42 239.70 234.66 153.00 145,87 28.05 31.71 21.42 25.37 005
200 500 285.60 312.38 163.20 187.43 122.40 144.48 81.60 89,81 28.05 19.52 15.30 15.62 425
200 1000 293.25 313.95 168.30 188.37 127 50 145 20 86.70 90 26 22 95 19.62 17.85 15.70 301
200 3000 300.90 320,29 178.50 192.17 132.60 148.13 91.80 92,08 22.95 20.02 17.85 16.01 703
200 5000 304.47 326.76 181.05 196.06 132.60 151.13 93.84 93.94 25.50 20.42 20.40 16.34 2.60
200 6000 308 55 330.04 183.09 198.03 134.64 152.65 96 90 94.89 25.50 20.63 20 40 1650 240
200 8000 311.10 336.71 183.60 202.03 137.70 155.73 96.90 96.80 25.50 21.04 20.40 16.84 2.91
200 10000 317.22 343.51 187.68 206.11 142.80 158 87 99 45 98 76 25 50 21 47 20 40 1718 279
200 12000 321.81 350.45 192.27 210.27 144.84 162.08 99.45 100.76 25.50 2190 20.40 17.52 3.04
200 15000 326.40 361.13 196.86 216.68 147.90 167.02 102.00 103.82 25.50 lasi 20.40 18.06 3.53
200 17000 335.07 368.42 201.45 221.05 149.94 170.39 103.02 105.92 25.50 23.03 20.40 18.42 3.54

Comparison between model predictions and expenmental data Average error 

Companson between validation test data and model predictions
2.01
2.38

Table (6.8) Comparison between model predictions,experimental and lest data validation data for OBM
OIL coEmcnnrs

r = r J ex|T(£T+CP)l A 1S5
B JSOW
C JJJOEOS

Temp Pressure S.S600 prediction S.S300 predictKXi S.S200 predMztion S.S100 predKton S.S6 predction S.S3 predcbon % Error
150 15 242.25 14535 11832 91.80 46.41 40.80
150 1000 260 61 280 84 167 79 168.51 13311 13717 100 98 106 43 52 53 53.80 46 41 47 30 1 84
150 3000 297.84 310.38 195.33 186.23 163.20 151.60 114.24 117.52 58.55 59.46 52.53 52.27 0.22
150 5000 357.00 34302 223.38 205.81 18156 167.54 127.50 129 99 64 26 65.72 58.65 57.77 1.96
150 6000 383.01 360.61 237.15 216.37 19074 176.13 13311 136 65 70.38 69.09 64.26 60.73 2.59
150 8000 441.66 398.54 274.38 239.12 21879 194.65 157.08 15102 81.60 76 35 76.50 67.12 4.89
150 10000 479 40 440.45 302 43 264.27 242 25 215.13 172.38 156 91 86.70 84.38 81.60 74.18 4.29
150 12000 540.60 486 77 339.15 292.06 265.20 237.75 190.74 184 46 91.80 93.26 86.70 81.98 448
150 15000 61710 565.55 38301 339.33 297 84 276.23 209.61 214 31 96.90 10835 91.80 9525 2.72
150 17000 647.70 625.03 400.35 375.02 31161 305.28 218.79 236 85 102 00 119.74 96.90 105.27 0.26
200 500 190.90 198.90 129.03 129.03 10812 118.32 81.60 91.80 38.76 38.76 33.15 33.15 1.50
200 1000 214.20 232.25 147.39 139.35 122 91 113.43 102.00 88.01 43.86 44.49 38.25 39.12 0.81
200 3000 232 56 256 67 157 08 154 00 127 50 125 36 105.57 317! 48 45 49.17 42.33 43 23 0.75
200 5000 256.02 283.67 172.38 170.20 14535 138.55 109 65 107 49 48.45 54.34 42 33 47 78 1.55
200 6000 274.38 298.21 176.97 178.93 150.96 145.65 114.24 11301 54.06 57.13 48,45 50.22 1 28
200 8000 302.43 329.57 195.33 197.74 167.79 160.97 118.32 124.89 54.06 6314 48.45 55.51 2.18
200 10000 344.76 364 24 223 38 21854 181 56 177 90 13311 138 03 71 40 69 78 66 30 61.34 040
200 12000 387.60 402.54 246.84 241.53 199 92 196.61 145.35 152.54 71.40 1137 66.30 67 80 0.81
200 15000 441.66 467.69 278.97 280.61 TITS! 228.43 167.79 177.23 71.40 89.60 66.30 78.77 2.31
200 17000 484 50 516.87 307 02 31012 246 84 252 45 181 56 195 87 76 50 9902 71 40 87 05 286

Comparison between model predictions and experimental data Average error 
Model validation with test data Average error

1 70
260
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Table 6.10a Model prediction error with field data (Gulf of Mexico Field)

Mud Weight, ppg Data Sets % Error

15.6 15 2

17.6 15 3

14..35 20 6

11.5 15 4

16.25 24 3.8

15.12 20 1

13.75 23 4

17.3 2.3 5

12.67 9 3

15.83 21 3

15.6.3 18 3

16.22 36 5

16.8 25 6

13.40 21 7

16.59 21 7

16.74 20 2
15.91 26 5

15.20 27 3

14.30 25 6

Average error = 4.14%
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Case Studies

Application of the Rheological Models. Specific case studies to illustrate the 

practical interpretation of the rheological models have been carried out using actual 

field data. The data are collected from three oil companies in North Africa [Table 

6.10b] and can be summarised as follows:

Six wells with the total well depth ranging from 10045 ft to 14580 ft. 

Reservoir sections drilled in 5.87, 6 and 8.50 inch holes.

1.

2.

3.

4.

5.

6.

Wellbore pressure ranging from 5000 psi to 12800 psi. 

Bottom hole temperature ranging from 240 °F to 330 °F. 

Reservoir permeability ranging from 50 md to 400 md. 

Oil based and water based drill-in fluids.

Table 6.10b Well summary

COMANY FIELD WELL 
NO.

TVD 
(FT)

1 TEMP. 
("F)

FLUID 
TYPE

HOLE 
SECTION 
(INCH)

Al 13790 315 OBM 8.50
1 A Al 14580 1 330 OBM 6

A2 14500 I 322 WBM 6
2 Bl 13528 I 320 OBM 5.875

B B2 13175 1 305 WBM 8.50
B2 13390 1 314 WBM 5.875
B3 12245 1 280 WBM 5.875

3 C Cl 10045
1 240

WBM 8.50

The application of the models has been used as evaluation stage: The rheological 

models simulated results have been evaluated against field data (post drilling): 

Predicted total wellbore pressure distribution versus field data (pump pressure).

The total pressure drop in the drilling hydraulic circuit consists of the sum of the 

pressure drop in the following parts:

> A surface circuit: composed of stand pipe, rotary hose, swivel and kelly.

> A circular section (inside drill string).

> An annular section (inside the gap between the drill string and borehole or

casing).
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> Drilling bit.

[Table 6.lOcJ illustrates the predicted total wellbore pressure distribution versus field 

data (pump pressure). The prediction shows agreement with field data.

Table 6.10c Predicted wellbore pressure distribution versus field data (pump pressure)

^-Pump Pressure (psi) ►

*IF: Maximum impact force at the bit
Maximum hydraulic horse power at the bit 

Note: the analysis will be discussed in [chapter 7].

Company Well 
Number

Total 
Depth (ft)

Hole 
Section 
(inch)

BHTemp. 
(®F)

Criteria Field PRT
Data Prediction
(Psi) (Psi)

1 Al 13790
14580

8.50
6

315
330

*IF 
IF

2575
1780

2466
1670

A2 14500 6 322 IF 1700 1695
2 Bl 13528 5.875 320 IF 2000 2032

B2 12175
13390

8.50
5.875

305
314

**HHP 
IF

2600
2000

2820
2083

B3 12245 5.875 280 IF 1500 1566
4 Cl 10045 8.50 240 HHP 1950 2092

6.2 STATIC FILTRATION MODELLING

The classic static filtration equation (6.5) was adapted to predict static filtration and 

filtration coefficients at different pressures and temperatures. Hence filter cake 

characteristics for WBM and OBM can be described. A comparison between the 

experimental data and independent test data and the model predictions is made to 

validate the model predictions.

6.2.1 Methodology of Static Filtration Models

1. Set up a database worksheet for static filtration experimental data.

2. Fit experimental data points (V and t) to the static filtration equation (6.5).

3. Use the least squares second order polynomial method to obtain the values of 

coefficients ai and a2 in equation (6.5), In Appendix C the regression coefficients 
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In

for static experimental data are given in Tables C5 (6.11) to C12 (6.18) (for 

WBM) and in Tables C13 (6.19) to Cl8 (6.24) are (for OBM).

(The polynomial model is the most widely used nonlinear form because it can be 

transformed in such a way that the principle of least of squares may be used, 

addition, the polynomial model provides the best fit to a set of filtration data].

t = a,V2 +a,V (6.5)

4.

5.

6.

7.

Set up a database worksheet for twenty-four coefficients.

Select twenty-one coefficients for model development and three coefficients 

use for model validation as independent test data.

Correlate filtration coefficients to the pressure (at constant temperature), 

obtain pressure coefficient (A).

Correlate pressure coefficient (A) with the temperature (at constant pressure),

to

to

to

8.

obtain temperature coefficient (B) and constant (a, or ).

Verify static filtration models by comparing experimental data and independent 

test data against the model predictions.

6.2.2 Static Filtration Model For Water Based Mud

Equation (6.5) can be modified using methodology described (section 6.2.1) to get 

the model for WBM in the form of:

(6.6)

where:

U2 = «(explAP + BT) (6.7)

a, ^aJexplAP + BTl (6.8)

The following values (aj, A and B) are taken for the range of experimental 

conditions (pressure from 200 to 800 psi and temperature values from 150 to 300 ®F):

P = pressure

=80 T = temperature

t = WjF' + V

A = -0.0010 B = -0.012
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6.2.2.1 Comparison between Model Predictions and the Experimental Data

The static filtration model was used to predict drilling fluid static filtration 

corresponding to the experimental conditions. The results obtained are shown in 

Figure 6.6. The average error is 1.79 % [Table 6.25].

0.2

0

Figure (6.6) Comparison between experimental and prediction model for WBM

♦ Experimental Data
1 ■ Static Model R=0.996

------ 1 Modified Static Model R = 0.998

____________ ' “ 1♦ 1
■ ■ Mud tes led: WBM

Temper 
Permeal

iture:300 I 
llltv:400m d

a — SolidsI2 %

180 210 240
Time (min)

Table 6.25 Comparison between model prediction error and experimental data

Temperature

(®F)

Pressure

(psi)

Static model equation 6.5 Adapted 

equation 

% Error

static model

).6

Data points% Error Data points

150 200,500 1.42 38 2.26 38

200 200,800 1.95 38 1.68 38

250 200,500, 800 1.58 228 1.60 228

300 500, 800 1.67 38 1.63 38

Average

Error

1.65 1.79

The model prediction has been validated with independent test data [section 6.2.1] 

[Figure 6.7] and shows an average error of 1.53 % [Table 6.26]. Hence the predicted 

model is shown to be representative of the experimental data.
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Figure (6.7) Comparison between validated test data and model prediction for WBM

180 210 240

1

Time (min)

Table 6.26 Comparison between model prediction error and test data

Temperature

(®F)

150,200,300

Pressure

(psi)

800,500, 200 1.51

respectively

57

Adapted static model 

equation 6.6 

% Error Data points% Error Data points

Static model equation 6.5

1.53 57

However, it is worth examining the conditions under which the model may deviate 

from the experimental data. Table 6.27 shows the difference between the model 

prediction and the experimental data, which occurs as a result of the type of FLA 

mechanisms used. The average error of this difference is 19 %.

Table 6.27 Comparison between model prediction error and test data

Additive type Static model equation 6.5

% Error Data points

kAdapted static filtration model I 

equation 6.6

% Error Data points

Plugging 1.25 38 16 38

Viscosifying 2.30 38 22 38

Coating 2.65 38 18 38

Average Error 2.03 19
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Therefore it was necessary to modify the filtration coefficients (ai and a2) in the 

existing model equation (6.6) using same methodology described above to general 

model equations (6.9 & 6.10):

^2 = F expfCx + AP + BT] 

tz, = F expldx + AP + BTJ

(6.9)

(6.10)

F, C and d are empirical constants, which depend on the type of fluid loss additive

(FLA) as shown in Table 6.28.

X = FLA concentration.

Table 6.28 Empirical constants for adapted static filtration equations (6.9& 6.10)

Coefficients Coating additive I Plugging additive Viscosifying additive

F 36 36 36

C 0.12 5.70 0.14

d -0.20 1 ■ - 0.55

Table 6.29 shows that the average error between modified model and validated test 

data is 2.10 % (Figure 6.81.

Table 6.29 Comparison between model prediction error and test data

Additive type Adapted model equations 6.9 & 6.10

% Error Data points

Plugging 1.22 38

Viscosifying 2.88 38

Coating 2.12 38

Average Error 2.10
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6.2.3 Static Filtration Model for Oil Based Mud

Equation (6.5) can be modified using the methodology described (section 6.2,1) to 

get the model for OBM in the form of:

(6.11)

where:

<72 = ^2 explAP + BTJ (6.12)

a, =a'exp[AP + BT] (6.13)

The following values (a‘, a2, A and B) are taken for the range of experimental 

conditions (pressure from 200 to 800 psi and temperature values from 150 to 300 ®F): 

a; = 4.30x 10^

a,'=3.00x lo

P = pressure

T = temperature

A = - 0.0005 B =-0.011

6.2.3.1 Comparison between Model Predictions and the Experimental Data

The measured static filtration against the predicted static filtration is shown in Figure 

6.9. Table 6.30 shows that the average error is 1.50 %. Hence the predicted model is 

shown to be representative of the experimental data.
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Table 6.30 Comparison between model prediction error and experimental data

Temperature

(®F)

Pressure

(psi)

Static model equation 6.5 Adapted static model

equation 6.11

% Error

1.39

Data points % Error Data points

150 200, 500 38 1.62 38

200 200, 800 1.65 38 1.68 38

250 200,500, 800 1.42 228 1.25 228

300 500, 800 1.52 38 1.46 38

Average = 1.50 1.50

Error

The model prediction has been validated with independent test data [section 6.2.1] 

(Figures 6.10 and 6.11) and shows an average error of 1.57 % [Table 6.31 J.
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Table 6.31 Comparison between model prediction error and test data

Temperature 

(“F)

Pressure

(psi)

Adapted static model equation 6.11

% Error Data points

150,200,300 800.500, 200

respectively

1.57 57 1

However, it is worth examining the conditions under which the model may deviate 

from the experimental data. Table 6.32 shows the difference between the model 

prediction and the experimental data, which occurs as a result of the type of FLA 

mechanisms used. The average error of this difference is 14 %.

'I’able 6.32 Comparison between model prediction error and test data

Additive type Static model equation 6.5 1 Adapted static model equation 6.11

% Error Data points % Error Data points

Plugging 2.15 38 13 38

Viscosifying 1.95 38 11 38

Coating 2.35 38 18 38

Average En’or - 2.15 14

Therefore it became necessary to modify the filtration coefficients (ai and a2) in the 

existing model equation (6.10) using the same methodology described (section 6.2.1) 

to general model equations (6.14 & 6.15) depending on the type and concentration of 

fluid loss additives:

cZt = F exp[Cx + AP + BT] 

a, = F exp[dx + AP + BT]

(6.14)

(6.15)

F, C and d are empirical constants, which depend on the type of fluid loss additive

(FLA), and are given in Table 6.33.

X = FLA concentration.
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Table 6.33 Empirical coefficients for equations 6.14 & 6.15

Coefficients Coating additive Il Plugging additive Viscosifying additive

F 110.00 110.00 110.00

C 0.26 0.53 0.85

d 0.16 1 0.58

Table 6.34 shows that the average error between the modified model and validated 

test data Figure [6.12J is 1.80 %.

Table 6.34 Comparison between model prediction error and test data

Additive type

Plugging

Adapted static model equations 6.14 & 6.15

% Error

1.15

Data points

38

Viscosifying 1.59 38

Coating 2.65 38

Average Error = 1.80

0.2
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0.16

0.14

0.12

0.1
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Figure (6.12) Companson between validated test data and model prediction for OBM
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6.3 APPLICATION OF THE EXPERIMENTAL DATA TO STATIC

FILTRATION MODELS FOR WATER AND OIL BASED MUDS

In order to provide a better understanding of filtration mechanisms to minimising the 

filtration the coefficients (ai and a2) from the modified static filtration equation can be 

determined and the cake characteristics such as average cake resistance, porosity and 

cake permeability can be calculated and described for OBM & WBM [reference 

equations 3.20, 3.21, 3.22 and 3.23].

Equations 3.22 and 3.23 can be used to determine the average cake porosity and 

average cake permeability, based on the ratio of wet to dry filter cake mass, the 

average filter cake resistance, and the density of the filtrate and solids. The filtrate 

density can be determined by a density meter. It is important to determine the solids 

density accurately because the filter cake is made up of several types of solids, such 

as bentonite, barite, drilling solids, and fluid loss additives. An example of the 

calculation method for true solids density (Ps) and solids of fraction in slurry (s) of 

WBM is as follows:

The composition of 

following densities:

thewater based mud as listed in Chapter 5. First we u

2300 kg/m’. Barite 4300 kg/m ’

2700 kg/m’. Spersene 1300 kg/m ’

1800 kg/m’. Resinex 1400 kg/m ’

1600 kg/m ’

Bentonite

Drilling solids

XP-20

Polypac

Many investigators"’’”’^''^^ have shown that all the above additives exist in the filter 

cakes. The density of solids of the WBM can be calculated as follows:

15 20 35 4 4 3 1
p = — 2300 + — .v4300 + — x2700 + — xl 300 + — xl 800 + — xl 400 + — xl 600

82 82 82 82 82 82 
1

82

p= 2843.10 kg/m’

According to the definition of solids fraction in slurry (s):

Mass of Solid iii.slurrv
s =------------------------------- -

Mass of Slurry
(6.16)

195



{15 + 20+ 35+ 4 +4 + 3 + 1) lbs/bbl xi.O bbl
s =----------------------------------------------------------------= IJ.2U9

9.30 lbs / gal X 1.0 bbl

6.3.1 Average Specific Cake Resistance and Effective Filter Medium Resistance

6.3.1.1 Effect of Pressure and Temperature

Figures 6.13 to 6.15 clearly demonstrate that the average specific cake resistance 

increases as the pressure increases and declines as temperature increases for WBM 

and OBM. The average specific cake resistance for OBM is greater than that of 

WBM, which support the conclusion that fluid loss for OBM is lower than WBM.

6.3.1.2 Effect of Solids

Figure 6.16 shows that as solids concentration increases the average specific cake 

resistance declines for WBM and increases for OBM and decreases cake permeability 

and hence the fluid loss. Therefore cake compressibility for WBM is dependent on 

solids concentration and practically independent of solids concentration for OBM. 

This is to be expected since the OBM cake is mostly water.
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6.3.1.3 Effect of Fluid loss Additives

In general an increase in fluid loss concentration resulted in an increase in the average 

specific cake resistance. Figure 6.17 shows that the average specific cake resistance 

increases significantly from plugging and viscosifying FLA compared to the effect of 

coating agent, which supports the earlier discussion (section 5.9.1).

The effect of pressure, temperature and solids on effective filter medium resistance is 

the same as the average specific cake resistance [Figure 6.18]. Figure 6.19 shows that 

as fluid loss concentration increases the effective filter medium resistance increases 

for plugging and viscosifying additives compared to the coating agent.

6,3.2 Average Filter Cake Porosity and Permeability
6,3.2.1 Effect of Pressure and Temperature

Figures 6.20 to 6.22 show that the average filter cake permeability and porosity 

decrease as pressure increases and increase as temperature increases.
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6.3.2.2 Effect of Solids

Figures 6.23 to 6.25 show that increasing solids concentration will decrease filter 

cake permeability and porosity and hence the fluid loss for OBM, and increase filter 

cake permeability and porosity and hence the fluid loss for WBM, which supports the 

earlier discussion (section 5.7.1.2).
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Figure (6.25) Cake Permeabililj es Function of Solids Concentration in Static Filtration

6.3.2.3 Effect of Fluid loss Additives

In general an increase in concentration of fluid loss additives results in a decrease in 

average cake permeability and porosity and also shows that the plugging and 

viscosifying additives have a more significant effect on permeability reduction than 

coating additives [Figures 6.26 to 6.28], which supports the earlier discussion (section 

5.9.1).

Consequently the filter cake characteristics analysis results (from the application of 

the experimental data to static filtration model) show substantial agreement and 

supports the earlier discussion in chapter 5.
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6.4 DYNAMIC FILTRATION MODELLING

The dynamic filtration equation has been adapted to predict dynamic filtration and 

dynamic filtration from static filtration data for WBM and OBM. The dynamic 

filtration coefficients can be predicted under downhole conditions and the filter cake 

characteristics can be described. A comparison between the experimental data and the 

model predictions is made in an attempt to validate the model predictions.

200



6.4.1 Methodology of Dynamic Filtration Models

2.

3.

1. Set up a database worksheet for dynamic filtration experimental data.

Fit experimental data points (V and t) to the dynamic filtration equation (6.17).

Use the least squares non-linear regression method to obtain the values of 

coefficients C,, C,, and C,.

4.

5.

6.

7.

8.

t = C,V-C2(l-e''’'')

In Appendix C the regression coefficients of dynamic experimental data are 

given in Tables C19 (6.35) to C25 (6.41) (for WBM) and in Tables C26 (6.42) to 

C32 (6.48) are (for OBM).

Set up a database worksheet for twenty-four coefficients.

Select twenty-one coefficients for model development and three coefficients to 

use for model validation as independent test data.

Correlate filtration coefficients to the pressure at constant temperature, to obtain 

pressure coefficient (A).

Con'elate pressure coefficient to the temperature at constant pressure, to obtain 

temperature coefficient (B) and constants (C,' or ).

(6.17)

9. Verify dynamic filtration models by comparing experimental and independent 

test data against the model predictions.

6.4.2 Dynamic Filtration Model for Water Based Mud

Equation (6.17) can be modified to the form;

C, =C,'exp|AP+ BT] (6.18)

C2 = C‘exp|AP + BT] (6.19)

The following values (Cj'.C,, C3, A and B) are taken for the range of experimental 

conditions (pressure from 200 to 800 psi and temperature values from 150 to 300 °F): 

C,' = 1.520x10’, C3 = 5.50x10'2

A = - 0.0020

B = -0.010

P = pressure

T - temperature
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These empirical constants are valid for solids concentrations above 6% and less than 

80 rpm shear rate.

6.4.2.1 Comparison between Model Predictions and the Experimental Data

The dynamic filtration model has been used to predict drilling fluid dynamic filtration 

corresponding to each of the experimental conditions. The measured dynamic 

filtration against the predicted dynamic filtration is shown in Figure 6.29. From Table 

6.49 the average error is 3.38 %. Hence the predicted model is shown to represent the 

experimental data with good accuracy.

Figure (6.29) Comparison between experimental and prediction model for WBM

Table 6.49 Comparison between model prediction error and experimental data

Temperature

(®F)

Pressure

(psi)

Dynamic model equation 6.17 1 Adapted dynamic model 

equations 6.18 & 6.19

% Error Data points % Error Data points

150 200, 500 3.50 38 3.77 38

200 200, 800 3.66 38 3.55 38

250 200, 500, 800 3.54 228 3.25 228

300 500, 800 3.46 38 2.96 38

Average Error = 3.54 3.38
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The model prediction has been validated with independent test data (section 6.4.1) 

[Figure 6.30J and shows an average error of 3.30 % [Table 6.50].

> Experimental Data
■ Dynamic Model R=0.999
A Modified Model Predict Dynamic from Static R=0.999

Figure (6.30) Comparison between validated test data and model prediction for WBM

p ressurc and te nperat ire val datlon
----------- 1

A A® ► A^ ----------- 1

H -0-
■ a ■ A * 1

■A Mud tested: WBM
----------- i

 ■
► 4 Presi ure:50i > psi

1 cni|
Shea rate:80 roni
Solid B:12%

1

Time (min)

Table 6.50 Comparison between model prediction error and test data

Temperature

(•F)

Pressure

(psi)

Dynamic filtration model 1 Adapted filtration model

equation 6.17

% Error Data points

equations 6.18 & 6.19

% Error Data points

150,200,300 800,500, 200

respectively

3.72 57 3.30 57

It is worth examining the conditions under which the model may deviate from the 

experimental data. The difference between the model predictions and the 

experimental data are expressed as a function of the major parameters affecting the 

dynamic filtration. Tables 6.51 to 6.53 shows that the difference between the model 

prediction and the experimental data occurs as a result of FLA mechanisms, solids 

concentrations less than 4 % and the use of shear rates greater than 80 rpm. The 

average error of this difference is 19 %.
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Table 6.51 Comparison between model prediction error and test data

Additive type Dynamic model equation 6.17 Adapted dynamic model 

equations 6.18 & 6.19

% Error Data points % Error Data points

Plugging 4.25 76 16 76

Viscosifying 3.52 76 22 76

Coating 2.35 76 19 76

Average Error = 3.37 19

Table 6.52 Comparison between model prediction error and test data

Solids Permeability Dynamic model equation Adapted model
6.17 equations 6.18 & 6.19

(%) (nid) % Error Data points % Error Data points

< 4 400 - 5000 4.50 57 18 57

Table 6.53 Comparison between model prediction error and test data

Shear rate, rpni 1 Dynamic model equation 6.17 | Adapted dynamic model
1 equations 6.18 & 6.19 

% Error Data points I % Error Data points

>80 6.65 57 1 11 57

Therefore it was necessary to modify the filtration coefficients in the existing model 

equations (6.18 & 6.19) using the same methodology as described above to give a 

general model equations (6.20, 6.21 and 6.22).

C, = h exp[dx + AP + BT]

Cj = h exp[dx + AP + BT)

Cj = h exp[dx + AP + BTJ

(6.20)

(6.21)

(6.22)

Tables 6.54 to 6.55 show that the empirical coefficients are dependent on the type and 

concentration of fiuid loss additives, solids concentration and shear rate.
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X = concentration of FLA

Table 6.54 Empirical coefficients for equations 6.20, 6.21 &6.22 depend on type of FLA

1 C2 c.
Additive

Plugging

h & d h & d h & d

1.520x10’ 1.70 31.5x10’ -2.50 1.50 4.75

Viscosifying 11.520x10’ -0.12 31.5x10’ -0.52 1.50 0.40

Coating 1 1.520x10’ -0.13 31.5x10’ -0.65 1.50 0.46

Table 6.55 Empirical coefficients for equations 6.20, 6.21 &6.22 depend on solids and 

shear rate

Cl C2 c.<
Condition h & d h & d h & d

Solids <4% 

x=permeability

4.70x10’ 0.13 13.50X10’ 0.607 1.50 0.065

Shear rate >80 rpni

X = rpm
4.70x10’ 0.0075 13.50x10’ 0.020 I 10.0 -0.012

Table 6.56 shows that the average error between modified model and validated test 

data is 3.68 % (Figures 6.31 and 6.32].

Table 6.56 Comparison between model prediction error and test data

Condition Adapted dynamic model equations 6.20, 6.21 & 6.22

% Error Data points

Fluid loss additives 3.13 228

Solids <4% 4.25 57

Shear rate>80rpm 3.65 57

Average Error = 3.68
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6.4.3 Dynamic Filtration Model for Oil Based Mud

Equation (6.17) can be modified using the methodology described above to get the 

filtration model for OBM in the form:

C, = C,'exp[AP + BT]

C2 = C'exp[AP + BT]

(6.23)

(6.24)

The following values (C,',C2, C3, A and B) are taken for the range of experimental 

conditions (pressure from 200 to 800 psi and temperature values from 150 to 300 °F): 

where:

C( = 21.00 X10\and ('3 = 9.90X10’^

A = - 0.0020

B = - 0.0050

P = pressure

T = temperature

These empirical constants are valid for shear rate < 80 rpm.

6.4.3.1 Comparison between Model Predictions and the Experimental Data

The dynamic filtration model has been used to predict drilling fluid dynamic filtration 

corresponding to each of the experimental conditions. The measured dynamic 

filtration against the predicted dynamic filtration is shown in Figure 6.33. From Table 
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6.57 the average error is 2.35 %. Hence the predicted model is shown to be 

representative of the experimental data.

Table 6.57 Comparison between model prediction error and experimental data

1 Temperature Pressure II Dynamic model equations 1 Adapted dynamic model

6.17 equations 6.23 & 6.24
1_____ (*F)

(psi) % Error Data points % Error Data points

150 200, 500 1 ^•'*2 38 1.96 38

200 200, 800 2.90 38 2.55 38

250 200, 500, 800 1 3.15 228 2.25 228

300 500, 800
|2.25

38 2.65 38

Average Error = 1 2.68
1

1 2.35

The model prediction has been validated with independent test data (section 6.4.1) 

[Figure 6.34] and shows an average error of 3.55 % [Table 6.58].
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Table 6.58 Comparison between model prediction error and test data

1 Temperature

(®F)

Pressure

(psi)

dynamic model equation 6.17 Adapted filtration model 

equations 6.23 & 6.24 

% Error Data points% Error Data points

1 150,200,300 800,500, 200

respectively

1 2.35 57 3.55 57

However, it is worth examining the conditions under which the model may deviate 

from the experimental data. The difference between the model predictions and the 

experimental data are expressed as a function of the major parameters affecting the 

dynamic filtration. Tables 6.59 and 6.60 shows that the difference between the model 

prediction and the experimental data occurs as a result of the type of FLA 

mechanisms used and shear rates greater than 80 rpm. The average error of this 

difference is 21 %.

Table 6.59 Comparison between model prediction error and test data

Shear rate

(rpni)

dynamic model equation 6.17 II Adapted dynamic model 

equations 6.23 & 6.24

% Error Data points % Error Data points

>80 4.25 57 1 57

Table 6.60 Comparison between model prediction error and test data

Additive type dynamic model equations 6.17 Adapted dynamic model 

equations 6.23 & 6.24

% Error Data points % Error Data points

Plugging 3.45 76 19 76

Viscosifying 3.65 76 25 76

Coating 4.25 76 22 76
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Therefore it was necessary to modify the filtration coefficients in the existing model 

equations (6.23 & 6.24) using the same methodology described (section 6.4.1) to a 

general model equations (6.25, 6.26 and 6.27).

C, = h exp[dx AP + BT] (6.25)

Cj = h exp[dx AP + BTl (6.26)

Cj = h exp[dx AP + BT| (6.27)

+

+

+

Tables 6.61 and 6.62 show that the empirical coefficients are dependent on the type 

and concentration of fiuid loss additives (x) and the shear rate:

Table 6.61 Empirical coefficients for equations 6.25 & 6.26 

depend on type of FLA

Cl C2

Mechanism h & d h & d

Coating 6.0x10’ 0.42 3.0x10’ 0.60

Plugging 6.0x10^ 0.50 3.0x10’ 0.58

Viscosifying 6.0x10- 0.57 3.0x10’ 0.55

Table 6.62 Empirical coefficients for equations 6.25 to 6.27 

depend on solids and shear rate

c, C2 Ca

Condition h & a h & a h & a

Shear rate >80rpm 35.0X10^ -0.014 40.0X10" -0.032 0.032 0.023

x = rpin

Table 6.63 shows that the average error between modified model and validated test 

data is 3.35 % [Figures 6.35 and 6.36].
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Table 6,63 Comparison between model prediction error and test data

Condition Adapted dynamic model equations 6.25 to 6.27

% Error Data points

Fluid loss additives 4.21 228

Shear rate>80rpm 3.65 57
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6.5 APPLICATION OF THE EXPERIMENTAL DATA TO DYNAMIC

FILTRATION MODELS FOR WATER AND OIL BASED MUDS

In order to provide a better understanding of filtration mechanisms to minimising the 

filtration the coefficients (Ci, C2 and C3) from the modified dynamic filtration 

equation can be determined and the cake characteristics can be calculated and 

described for OBM & WBM using the following equations:

 C| C3

^(C.-C.C,) 

p-

(6.28)

(6.29)
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B =-----------------
(1 — /?25) AC|

(6.30)

/?. 5
—__________ J______________

’’ (1- ihs)t AC,
(6.31)

Equations (6.28) to (6.31) are then used for filter cake characteristics to obtain 

average filter cake resistance, effective filter medium resistance, and filter cake 

dynamic erodability respectively.

Before the above equations are used it is necessary to clarify the shear stress acting on 

the filter cake. Earlier discussion showed that the Herschel-Bulkley rheological model 

accurately describes WBM and OBM rheology, so their rheological properties can be 

modelled by:

r = ro + /r/'' (6.32)

Using equation (6.32) to calculate the actual shear stress acting on the filter cake. The 

yield stress, power law index and consistency index were used for calculating the 

shear stress.

In SI units equation (6.32) can be written:

T = * 0.4788 + 7/ * 1.0 * 1 o ’ * /" (6.33)

where;

T -Shear stress (N/ni “), Tg-Yield stress (lb/100 ft *)

K-Consistency index (cP),

Y -Shear rate (s”').

n-Power Law index, dimensionless

To = (lb/100 ft -) X 0.4788 = (N/m")

K= ( cp ) X 10’’=(Ns/m^)

n Appendix C the shear stress values acting on the filter cake surface based on 

rheological behaviour of the testing fluids are given in Tables C33 (6.49) and C34 

(6.50) (for WBM) and in Tables C35 (6.51) and C36 (6.52) are (for OBM).
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6.5.1 Effective Filter Medium Resistance

6.5.1.1 Effect of Pressure, Temperature, Fluid Loss and Solids Concentration

In general, the effect of pressure, temperature, fluid loss additives and solids is the 

same as for static filtration but with higher filter medium resistance values and it is 

greater for OBM than that of WBM [Figures 6.37 to 6.39].

6.5.1.2 Effect of Shear Rate

The effect of the shear rate upon the medium resistance is also very significant. 

However, Figures 6.40 and 6.41 show that increased shear rate sharply increases filter 

medium resistance for OBM, while there is no clear trend observed for WBM, which 

may be indicate that a very narrow shear rate range has been used for WBM. The 

effective filter medium resistance for dynamic filter cake consists of the filter 

medium resistance, the resistance of internal cake (formed inside the pore space of 

the core surface) and the resistance of the first layer of the filter cake deposited on the 

core surface during the spurt time.
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6.5.2 Average Specific Cake Resistance

6.5.2.1 Effect of Pressure, Temperature and Solids Concentration

The average specific cake resistance is a function of pressure, temperature, and solids 

concentration, which is the same as static filtration, but with higher values for OBM 

than that of WBM.

6.5.2.2 Effect of Shear Rate

It is clear that the average specific dynamic filter cake resistance is greater than the 

corresponding average specific static cake resistance due to particle size 

classification. This is caused by the plugging of the cake pore space by particles of 

specific size, that fill each opening as they move across the cake surface.

Figures 6.42 and 6.43 show that increase shear rate decreases the average specific 

resistance for OBM and does not affect cake resistance for WBM.

6.5.2.3 Effect of fluid Loss Additives

For OBM [Figure 6.44] shows that the plugging and viscosifying agents increased the 

cake resistance significantly compared to the coating agent, supporting earlier 

discussion.
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For WBM [Figure 6.45] shows that the average specific resistance increases with 

increased concentration of the fluid loss additives up to 3 Ib/bbl. Beyond this value 

the cake resistance decreases significantly for WBM. This indicates that there is an 

optimum fluid loss concentration beneficial for static and dynamic filtration.

Fluid Low Aiditim (K%kl)

Fiyi»(644)C<t» n»s<$t«K» u Function o< FM Lom AtUttves in Oynimic Ftraiion hn OBM Figure (S.45j Averege Cike Resistertoe es FutcCiort d Fhid Loss Addkives in Dgrterrac Fluetion For WBM

6.5.3 Average Filter Cake Permeability

6.5.3.1 Effect of Pressure, Temperature and Solids Concentration

The effect of pressure, temperature, and solids on average filter cake permeability is 

the same as on static filter cake but with smaller values for OBM than WBM due to 

the effect of shear rate on particle size classification.
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Figures 6.46 and 6.47 clearly demonstrate that increase in shear rate does not affect

cake permeability for WBM, but results in an increase of cake permeability for OBM.

6.5.3.2 Effect of Shear Rate

6.5.3.3 Effect of Fluid Loss Additives

In the static filtration analysis the addition of FLA leads to a decrease in cake 

permeability. However dynamic filtration shows that an increase in fluid loss additive 

(more than 3 Ib/bbl) results in the cake permeability being increased for WBM 

[Figure 6.48], while the same increase in fluid loss additives decreases filter cake 

permeability for OBM [Figure 6.49]. This indicates that there is an optimum fluid 

loss concentration beneficial for static and dynamic filtration. Additionally, the filter 

cake permeability was decreased significantly by higher concentrations of 

viscosifying and plugging additives compared to coating agent.
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Figures 6.50 to 6.52 clearly demonstrate that the erodability of dynamic filter cake

6.5.4 Dynamic Cake Erodability

6.5.4.1 Effect of Pressure and Temperature 

increases as the pressure and temperature increase. This effect is about ten fold less 

for OBM than WBM.

6.5.4.2 Effect of Solids Concentration

Figure 6.53 show that the erodability of dynamic cake decreases as solids

concentration increases for WBM.
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6.5.4.3 Effect of Shear Rate

Figures 6.54 and 6.55 show that with increasing shear rate, erodability of dynamic 

cake decreases for WBM and increases for OBM. This shows that the filter cake 

thickness significantly decreases with increasing shear rate for OBM, but shear rate 

has little effect on cake thickness for WBM.
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Figures 6.56 and 6.57 clearly demonstrate the erodability of dynamically deposited

6.5.4.4 Effect of Fluid Loss Additives 

cake, which can be divided into two zones. In the first zone, for OBM the dynamic 

erodability decreases significantly as the fluid loss agents increase to 2 Ib/bbl and in 

the second zone any further addition of agents causes the erodability to increase 

smoothly. For WBM in the first zone, the addition of fluid loss agents show almost 

no effect on erodability, and in the second zone the dynamic erodability decreases

significantly.
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6.6 DEVELOPMENT OF MODELS FOR PRESSURE DROP ACROSS

POROUS FORMATION AND FILTER CAKE

The pressure distribution in the wellbore can be computed from the downhole 

rheology prediction models developed [section 6.1.2] hence the differential pressure 

and filtration volume can be computed. The pressure profile dissipated across the 

formation and filter cake therefore needs to be modelled in static and dynamic 

filtration process. This will permit the calculation of the filter cake characteristics, 

solids and filtrate invasion, permeability damage, and drilling skin.

At the start of the filtration, the total pressure drop (APy) occurs across the sand face, 

but as filter cake builds up, more of the pressure drop is dissipated across the filter 

cake (APc) and less across the sand face (APf). Meanwhile average cake resistance, 

medium resistance, medium permeability and cake permeability all vary during the 

initial stages of the filtration process until such a time that the pressure drop across 

the filter cake is virtually constant.

6.6.1 Model for Pressure Drop in Static Filtration Process

In the conventional rate equation for cake filtration there are two main resistances to 

How giving rise to the conesponding pressure drops:

APf - The pressure drop across the sand face affected by particle deposition.

APc - The pressure drop across the filler cake.

The total pressure drop (APy = AP, differential pressure) can be equated to the sum of 

the pressure drop across the cake APc and the pressure drop across the sand face APf:

APt = A Pc + APf (6.34)

The conversion of Darcy s law to filtration conditions is readily accessible in 

filtration literature’’’’’’*^'*^ and the differential pressure across the formation takes 

the form:

APf = /^qR^ (6.35)
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where: q = V/A

APf - differential pressure across the sand face

p. - filtrate viscosity

V - filtrate volume

(6.36)

q - filtrate flow rate

Rf - sand face resistance

A - cross sectional area of the porous medium

Using the classic static filtration equation:

e =a,V‘~ +ay‘ (6.37)

Differentiation of both sides with respect to V' in equation (6.37) and re-arrangement 

gives:

(6.38)

Where:

APA
Rf =------ u,

A

Inserting q from equation (6.38) and Rf from equation (6.39) into equation (6.35) and

rearranging, the actual pressure drop across the sand face can be calculated as:

(6.39)

(6.40)

Hence the pressure drop across the filter cake is given by:

2a,V
AP. = AP. - AP, = ------AP

‘ 2u,V'+«,
(6.41)

Consequently, by combining equation (6.40) and (6.41), the pressure drops across the 

sand face and the filter cake can be calculated at any instant of filtration as a function 

of time.

6.6.2 Model for Pressure Drop during Dynamic Filtration Process

In a similar way, we can determine the pressure drop across the sand face and the 

filter cake under dynamic conditions.

t‘ =C|V' -Q (1 ) (6.42)
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Differentiation of both sides with respect to V' and re-arrangement gives:

1, _ 1 JV' _ 1
A dt‘ Ac,-C^C^e~^^''‘

(6.43)

Where:

Rf = (6.44)

Inserting q'from equation (6.43) and Rf from equation (6.44) into equation (6.35) 

gives:

(6.45)

(6.46)

AP, = -----------*----------^(C.= AP
C,A ‘ C,

Therefore the pressure drop across the filter cake is given by:

Consequently, combining equations (6.45) and (6.46), we can calculate the pressure 

drop across the filter cake and filter medium at any instant of filtration as a function 

of time under dynamic conditions.

The pressure drop models have been used to predict the pressure drop corresponding 

to each of the experimental conditions. In general, a comparison between pressure 

drops from experimental observation (Figure 6.58] and model prediction across the 

filter cake and the sand face shows agreement with less than 7 % error.

Figure 6.58a Experimental pressure drop Figure 6.58b pressure drop sand face (bottom gauge) 

across filter cake (top gauge)

The predicted pressure drop distribution profiles across the filter cake and the sand 

face during the static and dynamic filtration are shown in Figures 6.59 and 6.60 for
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WBM and OBM. From the general comparison between pressure drops for the two 

mud systems [Figures 6.61 and 6.62], we can conclude the following;

Water based mud (WBM)

1. In static filtration, the percentage of pressure drop across the filter cake to the 

total applied pressure reached 96% [Figure 6.61].

2. In dynamic filtration, the percentage of pressure drop across the cake to the 

total applied pressure smoothly decreased to 87% compared to static condition 

[Figure 6.62].

Oil based mud (OBM)

1. In static filtration, the percentage of pressure drop across the filter cake to the 

total applied pressure reached about 97% of the total applied pressure (Figure 

6.61].

2. In dynamic filtration, the percentage of pressure drop across the filter cake to 

the total applied pressure rapidly approaches almost a constant value of about 

95%, which indicate that the resistance is maintained in dynamic filtration 

(Figure 6.62].

Furthermore, for oil based mud the pressure drops across the filter cake and filter 

medium rapidly reached a plateau while water based mud shows a more gradual 

hyperbolic trend (Figure 6.62]. The OBM has a lower pressure drop across the sand 

face than WBM. This is because OBM has lower filtrate volume in static and 

dynamic conditions compared to WBM (Figure 6.611.

Finally, under static conditions, the pressure drop across the cake continues to 

increase slightly with time. Because the filtrate Bow rate still decreases with time, this 

leads to a decrease in pressure drop across the filter medium (Figure 6.61 J. In the case 

of dynamic conditions at about two hours (or less if shear rate increases), (Figure 

6.621 results clearly demonstrate that a constant pressure drop occurs across the filter 

cake. This represents equilibrium dynamic flow rate conditions, and clarifies the 

difference between static and dynamic filtration.
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6.7 DEVELOPMENT OF MODELS FOR DRILLING FLUID DAMAGE

62 98 231 232 Formation damage mechanisms have been studied extensively ’ ' ’ but a

satisfactory model for field applications to simulate the near-wellbore damage in 

terms of well flow performance integrated from laboratory core test analysis still is 

not available. However, the formation damage can be characterised by the following 

factors: the static and dynamic fluid losses, damaged permeability in the zone 

occupied by internal cake, properties of external cake such as cake thickness, 

permeability, etc., pressure drop across cake and sand face, and the depth of solids 

and filtrate invasion. The first three factors can be obtained from controlled 

laboratory measurements and used to predict the other factors in order to simulate the 

full process of near wellbore damage. However, three main damaging mechanisms, 

which have been studied, are filter cake, particulate invasion during initial filtration 

period, and filtrate invasion through filter cake.
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6.7.1 Development of Model for Filter Cake Build up

in Static and Dynamic Filtration

Filter cake thickness, dhc is the difference between the deposited cake dhj, and eroded 

cake dhe and can be obtained: dhc = dhj - dhe (6.47)

_ W{total deposited solids) 
~dr~ (l-^)A

Substitute for W in equation (3.28), we obtain: 

dh^ _ Pf ■vF
dt (l-<z>)/9,(l-?n5-)

dt (l-(^)p,

(6.48)

(6.49)

(6.50)

Substitute equations (6.49) and (6.50) in equation (6.47), therefore the filter cake 

thickness can be calculated as:

p fSV - K J 

dt (1 - ms )
(6.51)

where (s) is the solids concentration and (m) the ratio of wet to dry cake. The shear 

stress (t) should be calculated from Equation (6.3).

If the mud is not circulated then the shear stress is zero and the filter cake becomes 

thicker as static filtration continues.

The static and dynamic filter cake build up has been simulated, based on the modified 

static and dynamic filtration equations which are themselves based on experimental 

tests conditions. These tests were conducted at pressure of 500 psi and temperature 

250 ‘’F. Figures 6.63 to 6.66 show the relationship of filter cake thickness in static 

and dynamic conditions as a function of time for WBM and OBM.

In these figures the line labelled “cumulative cake” models the behaviour assuming 

no erosion. The line labelled “eroded cake” models the amount of erosion that takes 
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place. Thus dynamic cake plus eroded cake equal cumulative cake. The curve defined 

by squares was produced by assuming that the filter cake thickness is build up under 

the static condition where the shear stress on the filter cake is zero.

Figure (6.63) shows agreement between the experimental data, model predictions and 

an alternative filter cake model proposed by Liu et al with a relative error of 2 %.

Comparing Figure (6.63) and Figure (6.64), we can see that the rate of erosion (and 

hence deposition) is significantly higher for WBM than for OBM. Filter cake build up 

has been simulated for WBM and OBM as a function of shear rate as shown in

Figures (6.65 and 6.66). The figures show that the WBM filter cake is less affected by 

shear rate than the OBM cake and is also thicker; this is consistent with experimental 

observation as discussed in section 6.5.
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6.7.2 Development of Models for Depth of Solids Invasion

Solids invasion occurs mainly during initial filtration period. It is primarily a function 

of mud particle size distribution and the pore throat diameter of the formation. 

Empirical equations have been adapted for predicting the depth of solids invasion. 

These models are based on pressure drop in pipes^" and assume that the solids bridge 

the pores of the rock and therefore involve the rheological behaviour of the drilling 

fluid. For Herschel Bulkley and Power Law fluids the model has been computed as:

_ i j pore
KVyC. ^^)"

n

(6.52)

For Bingham Plastic fluids the equation is:

L, = C,AP,
■ ^(G/z.V +C,r,D,,„)

Where:

APf- pressure drop across porous medium, psi

V-flow velocity, cm/sec

(6.53)

throat diameter, cm

-depth of solids invasion, cm n - Power Law index, dimensionless

K-Consistency index, cP Up - Plastic viscosity, cP

- Yield point, Ib/lOOft"

Table 6.64 shows the values of the conversion factors used in equations (6.52) and 

(6.53).

Table 6.64 Conversion factors for equations (6.52) and (6.53)
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As it can be observed from the above models, determination of the depth of solids 

invasion requires knowledge of the formation morphological characteristics such as 

permeability, porosity, tortuosity etc. which have been described in chapter 4.

It is clear that the depth of solids invasion increases with increasing permeability and 

increasing pressure drop. As can be seen from the equations (6.52) and (6.53), the 

depth of solids invasion is related to the formation pore throat diameter. The depth of 

solids invasion depends on (a) rheological properties, (b) shear rate and fluid velocity, 

(c) differential pressure, and (d) the extent of invasion of the particulates with relation 

to pore throat diameter.

An increase in overbalance pressure during the filtration process may increase the 

internal formation damage as observed for water based mud. This is due to a large 

force pushing the particles into the pore spaces in the core during the initial stage of 

the filtration. However for oil based mud a high overbalance pressure expedites mud 

cake build-up with lower permeability thus reducing solids invasion and will result in 

a higher-pressure drop across the filter cake as discussed in chapter 5 and 6.

X-ray mapping has been used in the current work to investigate the depth of solids 

invasion for WBM and OBM and an agreement has been found with model 

prediction with relative error of < 8% [Figures 6.67 and 6.68].
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6.7.3 Development Models for Depth of Filtrate Invasion

The most common source of formation damage has proved to be drilling 

operations^^^. Drilling mud filtrate will invade the formation to a greater depth than 

drilling mud particulates. The depth of filtrate invasion depends upon many 

parameters such as fonnation characteristics, type, composition, filtration and 

rheological characteristics of the drilling fluid and the operating conditions 

(overbalance pressure, temperature, etc.). As filtrate enters the formation, a filter cake 

of drilling mud solids is built up on the formation face, decreasing the rate of filtrate 

invasion. However, the shear stress exerted by the drilling fluid will also erode the 

filter cake. The dynamic filtration rate (q) accounts for this balance between filter 

cake formation and erosion in terms of shear stress (r) effect on filter cake surface 

can be expressed as:

(l-m.s-)/r,r q =-------------- !- (6.54)

(6.55)

Where B = Kj (6.56)

(6.57)

The filtrate flux at the wellbore per unit thickness of fonnation is simply the flux 

multiplied by borehole circumference. Then equation (6.55) become:

(l-/?i.v)/I
<■/ = 27n;.-------------

Pr'^

The volume of filtrate is then the integral of the volumetric rate with time:

JoV (6.58)

dt {6.59)

V = 171 rJ
\\-ms)B^

(6.60) 
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The volume of filtrate injected per unit thickness is related to the depth of penetration 

of the filtrate:

V = 7i(l){r] - z-;) (6.61)

Equating V from equation (6.60) and (6.61), then the depth of filtrate invasion rj 

during dynamic condition can be expressed as:

(6.62)

The depth of filtrate invasion during static filtration can be calculated using equation

(6.5) in the form of parabola equation:

2u^
(6.63)</ - +

The filtrate flux at the wellbore per unit thickness of formation is just the flux 

multiplied by borehole circumference. Then equation (6.63) becomes;

^2 (6.64)q = 27ir^i-a^ +

The volume of filtrate is then the integral of the volumetric rate with time:

V = £ ,d,

V

{6.65)

A

dt
{6.66)

The volume of filtrate injected per unit thickness is related to the depth of penetration 

of the filtrate;

{6.62)

Equating V from equation (6.66) and (6.67), then the depth of filtrate invasion 

during static condition can be expressed as;
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(6.68)

6.8 PRODUCTIVITY EVALUATION

The insights gained into fluid rheology, filtration and formation damage mechanisms 

will now be applied to the problem of formation damage productivity impairment for 

field applications.

Well performance is reduced when near-wellbore formation is damaged. A key 

parameter in quantifying the formation damage or the reduction of the well 

productivity will be the skin factor or the flow efficiency ' calculation.

6.8.1 Linear Flow through the Core Plug

The average permeability {k) Figure 6.69 can be computed from the pressure drop 

across the formation model (6.45) using the following equation:

(6.69)

Where:

q- (low rate

Le-core length

fl -fluid viscosity

A-cross sectional area

- pressure drop across core K - average permeability

K-formation permeability

The permeability damage can be calculated using equation (6.70):

= L, I -
f L,.

)
(6.70)

k K
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Figure 6.69 Schematic Diagram for Core Damage

Ld can be calculated from equation (6.52 or 6.53). Then the lab skin factor (s) due to 

filtrate invasion can be calculated as follows:

MAP,
.y =--------- - (6.71)

6.8.2 Radial Flow through Wellbore

The radial flow equation is obtained by substituting for the cross-sectional area. A, in 

the Darcy equation using A = 27irh:

H’ l.Q^Kh r^.
(6.72)

Where: q - flow rate, stb/day 

p - oil viscosity, cP

K - formation permeability, md 

h - formation thickness, ft

P , reservoir and well flow pressure respectively, psi 

r - reservoir drainage radius and wellbore radius respectively, ft

Van Everdingen and Hurst*^^ quantified the condition of the near-wellbore region with 

the introduction of the concept of the skin effect (s) [Figure 6.70].

The total skin effect for a well, s, consists of a number of components. Generally 

these can be added together, and therefore: 

s — S(j + Sp+ Sc+ Sb+ Sg (6.73)
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Where:

Sd - drilling skin

Sc - partial completion skin Sb - blockage skin

Sp - perforation skin

Sg - gravel-pack skin

The drilling skin (sj) contributes the highest percentage of the total skin and need to 

be predicted.

Figure 6.70 Near-wellbore zone, ideal and real flowing bottomhole pressures

Positive skin effects can be created by “mechanical” causes such as a partial 

completion. A negative skin effect can be created by stimulation operations (causing 

the near-wellbore permeability to exceed the natural value), and hydraulic fracturing. 

This drilling skin effect result in an additional pressure drop (APJ, given by:

= 7.08A'/i
(6.74)s

Equation (6.74) can be added to the pressure drop in the reservoir, thus equation

(6.72) becomes:

P -P,. +AP, = In-^
7.08A'/i

(6.75)
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Qr P - Pe w
(In-^ + 5) 

l.QZKh r^.

Or P^ -P^ =—^^In-^

7.08 Kh

(6.76)

(6.77)

Rearranging equation (6.77) the average radial flow permeability Figure 6.71 can be 

expressed as:

Figure 6.71 Schematic Diagram for near wellbore Damage

Equation (6.79) can be used to calculate permeability damage as:

(6.79)

(6.80)

The drilling skin factor can be quantified using equation (6.78):

+s,) _ qjU{\n /rj ^/z(ln rjr^)

l.QZKfh I.QZK.h
(6.81)
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Note qfiU.Qi&h is constant, then equation (6.81), becomes:

=

(6.82)

Using a well productivity index (PI) to represents well performance we have:

Kh
Pl, , =

141.20B/71n(/;/z;,)
(6.83)

Kh
PI

14E20flA(hi(E/'-H) + ^’J

Where:

(6.84)

Plactual - productivity index after formation damage

Plideai - productivity index before formation damage

Therefore, well efficiency (FE) due to near wellbore damage can be calculated as:

(6.85)

The damage ratio (DR) is defined as: (6.86)

Then the damage factor (DF) from the drilling operation can be computed from 

reciprocal of the well flow efficiency as:

DF = 1 / FE (6.87)

The economic implication of formation damage can be presented by the annual 

revenue loss (ARE) as: ARE = 365 qPr DR (6.88)

Pr - oil price per barrel

INote: The field applications of the models developed above will be presented in 

chapter seven].
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CHAPTER SEVEN
THE PRODUCTIVITY TOOL

In this chapter, the insights gained into fluid rheology and filtration mechanisms will 

be applied to the problem of formation damage productivity impairment.

A number of the mechanistic models developed have been combined and 

incorporated into a design and evaluation tool - the productivity tool (PRT), for 

predicting the effect of drilling fluid filtration on formation productivity for the 

vertical wells. The productivity tool is useful as a design and analysis tool for 

applications in the lab and in the field. This tool is also capable of being utilised to 

screen different drilling fluids in order to achieve minimum impairment and 

maximum production capacity. Two key functions are relevant to optimum fluid 

selection and management in addition to well test data interpretation. Applications of 

the PRT have been carried out using field data from North African oilfields with both 

WBM and OBM. The PRT shows good agreement with the field measurements based 

on the drilled wells studied.

7.1 BACKGROUND

Permeability is a characteristic of the formation, and can be altered by solids and mud 

filtrate invasion during drilling operations. Drilling mud filtrate will invade the 

formation to a greater depth than drilling mud particles. The decrease in pemieability 

caused by filtrate invasion (formation damage), results in a decrease of well 

product!vity*’'**^"”. The formation damage depends upon many parameters such as 

formation characteristics, type, composition, filtration and rheological characteristics 

of the drilling fluid and the operating conditions (overbalance pressure, temperature, 

etc.).

Three major methods that the production engineer uses to quantify formation damage 

in temis of well performance based on the total skin factor after drilling operations 

are production logging, flow measurement and well test data. The total skin factor is 
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used in the flow equations to estimate the production rate in wells that are affected by 

formation damage in order to enhance productivity.

The most common source of formation damage has proved to be drilling operations. 

The drilling skin contributes the highest percentage of the total skin. It is however not 

possible in general to quantify the contribution from drilling fluid to the total skin. In 

addition, a satisfactory model for field applications to simulate the near-wellbore 

damage before drilling in terms of well performance integrated from laboratory core 

test analysis is still not available.

In recent times, the oil industry has attached increasing importance to maintaining 

optimum well productivity through better drilling/completion fluids design.

This PRT is a new tool linking laboratory and field scale which can be used to 

evaluate well performance and quantify the formation damage in terms of drilling 

skin (Sd) before drilling at the design (planning stage), during drilling and post drilling 

(evaluation stage).

7.2 SCREENING AND UPSCALING

Screening studies compare the formation damage expected to result from two or more 

options that may be candidates for a particular drilling operation. Options may be 

related to drilling fluid alternatives, different reservoir formations or critical 

operational parameters (e.g. overbalance pressure, pump rates, drilling time, etc.). It 

is essential that these screening studies include the following tests and analyses:

1) As a minimum requirement to upscale formation damage measurement to the 

field case, analyses on the core scale (laboratory tests) including measurements 

of fluid filtration, cake properties, viscosity and density of filtrate should be 

performed;

2) A complete formation damage analysis performed in order to clarify the causes 

of damage so that the suitable action can be taken, e.g. reformulation or system 

re-design;
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3) Formation characteristics such as porosity and permeability and drilling fluid 

rheology are necessary for experimental design and evaluations.

Upscaling. The analysis of formation damage simulations results should be translated 

from the laboratory to the scale of drilling and well operations. This should be done 

by a systematic up-scaling process. The up-scaling process may include the following 

steps:

1) The study considered different operational parameters which make the case more 

complex therefore some assumptions for up-scaling are required such as:

(i) Formation is homogenous and isotropic,

(ii) The lab test data are use to define the filter cake properties such as cake 

permeability which will be considered the same for the radial flow simulation,

(iii) Filter cake thickness is defined by the solids concentration and the invasion 

filtrate volume.

(iv) The solids invasion occurs during initial filtration period is affected by the 

rheological properties of the fluid,

(v) Once a primary bridge is established, there is no particle movement through 

porous media,

(vi) The filtrate rheological behaviour is Newtonian,

(vii) The simulation process considers two formation damage mechanisms: filtrate 

and solids invasion.

2)

3)

4)

Up-scaling of the effect and the extent of formation damage to the near-wellbore 

geometry.

Potential impact on well performance and economic implications of the selected

alternative.

Relevance of observed formation damage mechanisms on field scale and 

selection of potential solutions for formation damage reduction.
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7.3 FUNCTIONS OF THE PRODUCTIVITY TOOL (PRT)

The productivity tool was constructed to link laboratory studies and field scale and to 

provide a design and analysis package, which can be used to perform under downhole 

conditions the following key functions;

1. To use the lab results of filtration and formation damage to scale fluid 

applications to downhole conditions. The linking establishes correlations 

between laboratory and field formation damage measurements (Well Test 

Analysis and Production Logging).

To analyse wellbore pressure distribution and filtration pressure across the 

formation and the filter cake.

2.

3. To analyse the response of the fluid to static and dynamic filtration.

To characterise the rheology and filtration of the selected fluids.

To quantify the level and depth of formation damage.

To quantify the drilling skin.

To determine the impact of the selected fluid on formation productivity.

To screen appropriate drilling fluids in order to achieve minimum formation 

impairment and maximum formation productivity.

To determine relevance of formation damage mechanisms on field scale and 

determine the best operating drilling conditions.

A copy of the PRT package is supplied on a compact disc (CD) in Appendix D.

4.

5.

6.

7.

8.

9.

7.4 PRODUCTIVITY TOOL FORMULATION

1)

In order to perform the above functions (section 7.3) the productivity package 

incorporates a number of mechanistic models which have been developed earlier 

(chapter 6). The models include;

Rheology prediction models.

Static and dynamic filtration prediction models.

Filter cake build-up on sand face evaluation model.

Prediction models for filtration pressure drops across the sand face and the cake.

2)

3)

4)
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5) Formation morphological characteristics.

6) Prediction models for depth of solids and filtrate invasion.

7) Models for skin factor and flow efficiency prediction.

The models have been developed from the input of selected data generated from the 

extensive controlled experimental studies into fluid rheology, filtration and formation 

damage phenomena described in chapters 5 and 6. All the analyses carried out on 

laboratory core tests were conducted under linear flow conditions, and integrated into 

radial flow conditions, for near-wellbore damage caused by particulate and filtrate 

invasion.

7.5 PRODUCTIVITY TOOL STRUCTURE

In order to simulate the impact of drilling fluid filtration on formation damage in 

tenns of well performance, a computer package with the above models is required. 

The structure of the calculation is described as follows:

1. Input the data required for the models under downhole conditions, which are: 

wellbore parameters at the depth of interest (hole geometry, casing size, etc), 

operating parameters (overbalance pressure, pump rate, etc), drill-in fluid 

parameters (mud type, rheology, etc) and formation parameters (permeability, 

porosity, etc).

Compute the rheological behaviour of the fluid at surface condition (assumed 

to be temperature of 120 ’’F and pressure 15 psi) and depth of interest.

Compute the rheological parameters and calculate the wellbore pressure 

distribution and filtration pressure across the formation and filter cake.

Compute the static and dynamic filtration and calculate filter cake properties. 

Calculate the pressure drop across filter cake and sand face.

Quantify level of damage results by computing depth of particulate and filtrate 

invasion, average permeability and permeability damage.

Evaluate the results of well performance by computing the drilling skin factor, 

ideal and actual productivity index, flow efficiency and damage factor.

1.

3.

4.

5.

6.

7.
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8. Alter the operational parameters as required to achieve minimum damage and 

maximum well productivity and select optimum drilling fluid.

Figure 7.1 shows the flow chart on which the productivity tool has been developed.

Figure 7.1 The PRT Flow chart
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The productivity tool system architecture is made up of five user menus as shown in

the flow chart in Figure 7.2. The main menus are as follows:

1.

7.6 SYSTEM ARCHITECTURE

2.

3.

4.

File Menu - It contains the file management facilities namely: Open, Close, 

New, Save, Save as. Print setup. Print, and Exit. This Menu allows the user to 

open both old and new files, to save current files, to print calculated results 

and exit the package.

Input Menu - This menu is designed for the user to input all operating 

parameters required for the calculation in S.I. or Field units.

Results Menu - This menu enables the user to display the results of all 

calculations performed. Results are presented in both tabular and graphical 

format.

Features Menu - This Menu allows the user to Zoom in/out to enable clearer

5.

viewing of the screen.

Home Menu - this menu takes the user back to the start screen of the program. 

The platform for operation of the software is Microsoft Excel, with Visual Basic 

Macro routines.
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S'T.ART OPEN

File D.A.T.A. INPUT
Open Fluid Type
New Water Based Mud

Close Oil Based Mud

Save System Units Selection Formation Parameters

Save As,. Field Units Fm type

Pnnt - S.I. Units Fm gradient

Preview WeUiere Gtometrv Permeability

Pnnt Hole angle Porosity

Exit True veitcal depth Fluid viscosity

Measured depth Production rate

Casing Parameters Fm volume factor

Casing setting depth Reservior radius

Casing* ID Reservior thickness

Casing-OD Core length

Drill Pipe Parameters Core thickness

Pipe • ID MwlPifimtur?
Pipe - OD Mud density

BBA Parameters mean particle diameter

Pipe - ID Static fluid loss/30min

Pipe - OD Mud composition

Pipe length Viscometer Readings

Drill Bit Parameters 6• speed

Bit size 2 - speed

No ofnosties Drilling Status

Cretena Drilling hours

Mud Pump Pai'ameti's Static hours

Pump type Overbalance pressure

Pump rate B.H.Temperature

RESULTS
Rheology Best Fit Model
Tabular
Graphical Display 

Herschel-Bulkley Model 

Bingham Plastic Model 

Power Law Model 

ModelCompanson

Rheological CharacterisatioM
Model Comparison (max. HHP@bit or max I.F)

Pressure Distraction
ModelCompanson

Filtration Pressure
ModelCompanson 

Graphical Display 

Static Filtration 
Companson Model 

Graphical Display

Dynamic Filtration
Model Companson-tabular

Graphical Display

Filter Cake Characteristics
Companson Model

Morphological Fm Characteristics 
Formation Damage
Core Analysis 

Field Application 

Grphic al Display

Well Fky Performance
Companson Model

i
FEATURES

I

Figiue ~ 2 Flow foi the PRT package

7.7 USER GUIDE

The purpose of the user guide is to provide the PRT operator with an easy to follow 

guide in which to:

1. Construct the framework for all the analysis.

2. Display results in tabular or graphical form.

7.7.1 Constructing the Eraniework for Analysis - Input Menu

Having selected the units in which the PRT analysis is to take place the user must 

input all the values sequentially as per DATA / INPUT menu bar otherwise 
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inaccurate modelling may result. However a message flag provides help to the user 

with this information.

Type of Mud - select WBM or OBM.

Input Units - select S.I. or Field units.

Wellbore Geometry Parameters- characterise the well including: hole angle, 

true vertical depth and measured depth.

Casing Parameters - input casing setting depth, external and internal diameter.

Drillpipe parameters - input the drillpipe external and internal diameter.

B.H.A. Parameters - allows the user to input the bottom hole assembly

components.

Drill Bit Parameters - input bit diameter and number of nozzles required. The 

user is required to specify the criteria for optimising the hydraulic horsepower. 

Mud Pump Parameters - input the optimum pump rate and pump efficiency. 

Formation Parameters - the user is required to input formation type, formation 

pressure gradient, permeability, porosity, reservoir fluid viscosity, thickness, 

radius and production rate. Input of the core length and thickness is also 

required.

Mud Parameters - input the mud density, mud mean particle diameter (dso), static 

fluid loss over 30 minutes, mud composition and Fann viscometer readings at 

standard conditions. Selection is made from either 2 or 6-speed Fann 

viscometers.

Drilling Status Parameters - the user is requested to input drilling and static 

times, overbalance drilling pressure and bottom hole temperature.

7.7.2 Display of Results in Tabular or Graphical Form - Results Menu

1. Rheology Best-Fit Model - the option is provided within the software to give a 

tabular and graphical display of the rheological model which best describes the 

drilling fluid behaviour at standard and downhole conditions. The option is also
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2.

3.

4.

5.

6.

7.

8.

to allow the user to view non- Newtonian models individually namely: Herschel- 

Bulkley model, Bingham Plastic model and Power Law model.

Rheology Characterisation - provides information in a tabular form on 

rheological parameters for the model which best describes the drilling fluid 

behaviour. The option is also to allow the user to view other non- Newtonian 

models.

Pressure Distribution - provides information on the pressure distribution in the 

wellbore in tabular form. Here again, the facility is open to the user to view the 

pressure distribution across the whole system for each of the non-Newtonian 

models (as above) in a tabular form with the option of a tabular comparison 

between them.

Filtration Pressure - provides information on wellbore differential pressure, 

pressure drop across the sand face and the mud filter cake in a tabular and 

graphical form for each of the non-Newtonian models.

Static Filtration - provides information in a tabular form on static fdtration 

cumulative volume during static operation for each of the non-Newtonian 

models. The option provides graphical display for static filtration.

Dynamic Filtration - provides information in a tabular and graphical form on 

dynamic filtration cumulative volumes during dynamic operation for each of the 

non-Newtonian models. The option provides graphical comparison between 

static and dynamic filtration volumes.

Filter Cake Characteristics - provides information on the filter cake 

characteristics in a tabular form for the best-fit rheological model with the option 

of a tabular form for other non-Newtonian models.

Formation Damage - provides information on formation damage characteristics 

such as average reservoir permeability, permeability damage, depth of solids and 

filtrate invasion and drilling skin factor in linear flow (lab) and radial flow (field 

application) with the option of a tabular form for other non-Newtonian models. 

The option provides graphical form for formation damage characteristics.
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9. Well Flow Performance - provides information on well flow performance such 

as ideal and damaged productivity index, flow efficiency and damage factor with 

the option of a tabular form for other non-Newtonian models.

7.8 APPLICATION OF THE PRODUCTIVITY TOOL

Specific case studies to illustrate the interpretation and practical usefulness of the 

productivity tool have been carried out using actual field data. The data were 

collected from three oil companies in Libya [Table 7.1 ] and can be summarised as 

follows:

2.

1. Six wells with total well depths ranging from 10045 ft to 14580 ft.

Reservoir sections drilled in 5.87, 6 and 8 inch holes.

3.

4.

5.

6.

7.

Open hole and cased hole completions.

Wellbore pressure ranging from 5000 psi to 12800 psi. 

Bottom hole temperature ranging from 240 to 330 °F.

Reservoir permeability ranging from 50 md to 400 md.

Oil based and water based drill-in fluids.

Table 7.1 Well summary
Company Field Well 

Number
Total 
Depth (ft)

B.HTemp. 
(®F)

Fluid Type Hole 
Section 
(inch)

Completion

1 A Al 13790
14580

315
330

OBM
OBM

8.50
6 cased

A2 14500 322 WBM 6 cased
2 B Bl 13528 320 OBM 5.875 Openhole

B2 12175
13390

305
314

WBM
WBM

8.50
5.875 Openhole

B3 12245 280 WBM 5.875 Openhole
3 C Cl 10045 240 WBM 8.50 cased
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The field application of the productivity tool has been used in two ways:

1. Evaluation Stage: The PRT simulated results have been evaluated against 

field data (post drilling):

(i) Predicted total wellbore pressure distribution versus field data (pump 

pressure).

(ii) Predicted well performance in terms of formation damage against field 

measurements (depth of invasion from well logging and skin factor 

from well test data).

2. Planning stage: The PRT has been used for fluid optimisation and selection 

against different operating parameters such as fluid type, rheology, pressure.

etc.

7.8.1 Evaluation Stage [simulated versus field data]

Table 7.2 shows the input parameters for The PRT from well Al using oil-based mud 

in order to evaluate the wellbore pressure distribution in the 8.50 inch section.
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Table 7.2 Field Data for Well (Al) (wellbore pressure distribution evaulation)

Company Name 1
Field Number A
Well Number Al
Hole Section 8.5 inch
Type of Mud: Oil Based Mud

MUD COMPOSITION
MUD PUMP PARAMETERS Component Name Lbs/bbl
Pump Rate | 325 gpm 1 emulsifier 8
F*ump Pressure 2575 psi 2 wetting 6

3 HT-clay 2
BIT PARAMETERS 4 polymer 3
Bit Diameter 8.5 inches 5 barite 533
No. of Nozzeles 3x14 - 6 solids 35
maximum impact force at the bit 7 - -
WELLBORE GEOMETRY 8 - -
True Vertical Depth 13790 ft
Measured Depth - ft MUD PARAMETERS

Mud Density 17.50 ppg
API Static Filtration 3 cc

CASING PARAMETERS
Casing Setting Depth 11530 fl
Casing O.D. 9.63 inches
Casing I.D. | 8.85 inches Viscometer Readings
Linear easing Selling Deplh ft RPM Reading
Casing O.D. - inches 600 105
Casing I.D. | - inches 300 60

200 50
100 39

DRILLPIPE PARAMETERS 6 12
Drillpipe O.D. 5 inche.s 3 10
Drillpipe I.D. 4.275 inche.s
Roughness 0.00041

BOTTOM HOLE ASSEMBLY FORMATION PARAMETERS
Com(X)nent Lcngth/ft I.D./ inch O.D. / inch Formation Type shale&salt
Dnll collar 628 3.25 6.25
HW Dp - - -
Roughness 0.0005
DRILLING STATUS
Drilling Time 66 hours
Static Timcl 28 hours
B.H.Temperature 315 F
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Company Name: 1

Field Number: A

Well Number: Al

Hole Section: 8.50 inch (Intermediate section)

Type of Fluid: Oil based mud 

Display of results in tabular or graphical form - Results Menu

1. Sub menu - Rheology Best Fit Model

The results are presented in both tabular and graphical form. The information 

provided in Figure 7.3 shows that the best-fit rheological model is the Herschel 

Bulkley model at both standard conditions and 7 inch casing setting depth 

(13790 ft). The PRT also allows the user to view graphical results of other non

Newtonian models individually for both Bingham Plastic and Power Law 

models.
S Microsoft Excel - distribution prt___________________ ,»1QJ xJ

•00 1
-------

600-------.

RPM RmAIms ***—Plaatic PtowvT HoncKal-BwlMax

600 00 105.00 1021.92 535.50 566 13 400.72 461.94

300.00 50.00 510.96 306.00 321.31 306 00 306.00

200 50.00 340.64 255.00 239.71 261 34 242 96

100 39.00 170.32 198.90 158 10 199.57 167.63

6 12.00 10 22 61 20 81.40 66 79 58 39

3 10.00 5.11 51 00 78 95 51.00 51 00

&«*t Fit I H«r*ch«l-tKiU(Uv RSO > 0.9467 O.OOSI

Riwolojy At d*pth of int*r»«t" 13790.00 ft

RPM R«*Ai»C
Stuar 
■•to ***«» Plwdc Pawar Lana Haiadbak-Bwlldar

600 00 97 75 1021 92 498 51 527 02 373 05 430.03

300 00 55 66 510 96 284 86 299 12 284 86 284 86

200 46 55 340 64 237 39 223 IS 243 29 226 18

100 36 31 170 32 185 16 147 18 185 78 156.05

6 11 17 10 22 56 97 75 77 62 17 54 35

3 9 31 5.11 47.48 73.50 47.48 47 48

RSO - 9.977 0.944 0.9SS

Daft FW Mnd*! Harichal-Rul* lay

0

Figure 7.3 Best-fit model for OBM

2. Sub menu - Rheology Characterisation

The rheological parameters and apparent viscosity are presented in Figure 7.4 

as a comparison between the actual rheological model and other non

Newtonian models.
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- lol Ml

Figure 7,4 Rheological characterisation for OBM

3. Sub menu - Pressure Distribution

The PRT provides the user with a display of the pressure loss in all the flow 

conduits within the drillstring system. This includes the pressure loss both 

within the drillstring assembly and across the annular space. Figure 7.5 shows 

the pressure loss across the system for the best fit rheological model. The 

option is also to allow the user to view the pressure distribution for other non

Newtonian models individually for OBM. The difference between pressure 

distribution analysis using the actual rheological model and other models is 

clearly illustrated in Figure 7.5. The PRT allows the user to select the criteria 

for maximum hydraulic horsepower at the bit or maximum impact force. In this 

case an 8.50 inch hole has been drilled using maximum impact force at the bit. 

The results show that the Herschel Bulkley model has a lower pressure loss 

than the Bingham Plastic and Power Law models for OBM. The total pressure 

loss from the PRT is 2466 psi compared with actual field data 2575 psi.
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A
- INPUT DATA - RESULTS ’ FEATURES - HOME

pRKsauitz DiBnuDirnoN
Bia* Modal Fit Harar >»al. H»»lkla y P,PlMatir rrw.1 l.aw

12S48.9O 13548.90 12548 90
Bottom Hol* CiicwXataon Praamiv* 12765 09 13030.37 12929.96 PM*
Cqiuv«i*Mt CiaouXattoM D*n*i1y 17 80 18.17 18.03
Tiuousk tlM BHA 1 ao 33 147 32 130 88
Aetoaa th* BHA 35 03 34 71 51 32

tteo Pip* 970.56 1039 13 1049 34
Aevoaa Pip* IO 24 1 33 79 31 67
Aecea* Caainc 170 93 313 96 398 07

Bit Praaaua* Loaa 1 1 59 02 1470 32 1384 53
Total Pr*aa«u* L.oat 3466 OO 3138 13 3945 80
HHP 493 624 588
Total Flow Area (TFA> O 455 O 404 0 416
Sw orKoMBlaa JI 14 13 1 3

J3 14 13 13
14 1 3 13

M
J5

Figure 7.5 Wellbore pressure distribution for OBM

Table 7.3 summarises the predicted total wellbore pressure distribution versus field 

data (pump pressure) for all of the field data (6 wells). The PRT prediction shows 

agreement with field data within an average error of less than 5%.

Table 7.3 Predicted wellbore pressure distribution versus field data (pump pressure) 

 Pump Pressure (psi) ►

*IF: Maximum impact force at the bit
**HHP; Maximum hydraulic horse power at the bit

Company Well 
Number

Total 
Depth (ft)

Hole 
Section 
(inch)

BHTemp. 
(®F)

Criteria Field 
Data 
(Psi)

PRT 
Prediction
(Psi)

1 Al 13790
14580

8.50
6

315
330

*IF 
IF

2575
1780

2466
1670

A2 14500 6 322 IF 1700 1695
2 Bl 13528 5.875 320 IF 2000 2032

B2 12175
13390

8.50
5.875

305
314

**HHP 
IF

2600
2000

2820
2083

B3 12245 5.875 280 IF 1500 1566
3 Cl 10045 8.50 240 HHP 1950 2092

Table 7.4 shows predicted depth of invasion compared with field data. The PRT 

prediction shows agreement with field data (depth of invasion measurement from 

well logging) within an average error of 25 %.
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Depth of Invasion (inch)
Table 7.4 Formation damage (measured & predicted)

Company Well 
Number

Total Depth 
(ft)

Hole 
Section 
(inch)

BHTemp. 
(•f)

Field Data I’RI 
Prediction

1 Al 13790
14580

8.50
6

315
330 40 34.79

A2 14500 6 322 60 77.73
2 Bl 13528 5.875 320 60 45.43

B2 13390 5.875 314 70 92.73
B3 12245 5.875 280 70 90.81

3 Cl 10045 8.50 240 40 48.69

The field measurement from the well test data gives the total skin and the PRT 

predicts the drilling skin (sj). The analyses have been carried out based on standard 

assumptions^^^’^^"* to calculate both the partial completion skin (sc), the perforation 

skin (sp) and the gravel pack skin (sg) and add these to the drilling skin predicted 

from the PRT, in order to enable comparison with field test data. Table 7.5 shows 

agreement between the PRT predicted total skin and field measurement within an 

average error of 15 %. It must be mentioned that there is also a margin of error from 

field measurements with well logs^'^^ with less than 10%. In addition, the PRT 

prediction is based on measurements solely from Clashach sandstone cores, and 

comparison with different lithologies (actual reservoir rocks) may also yield a margin 

of error.

icted)Table 7.5 Skin factor (measured &

Company
Well 
Number

Total Depth (ft) Hole 
Section 
(inch)

Field 
Data 
(Total 
skin)

PRT 
Prediction 
(Drilling 
skin, sd)

Calculated

Sc+sp+So

Total skin 
(PRT)

1 Al 13790
14580

8.50
6 0.00 4.11 3.10 7.21

A2 14500 6 12.0 5.24 3.32 8.56
2 Bl 13528 5.875 10.0 4.00 5.24 9.24

B2 13390 5.875 10.0 5.87 6.0 1 1.87
B3 12245 5.875 10.0 5.63 5.24 10.87

3 Cl 10045 8.50 8.00 3.62 2.61 6.23

Current industry practice involves running a well test after the drilling operations in 

order to determine the skin factor (due to formation damage) and to subsequently 

enhance productivity by means of flow system optimisation. The typical cost of such 
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an operation is $ 95,000. This includes operational charges, equipment charges and 

crew charges.

The economic implication of the skin zone on well productivity can be evaluated by 

calculating the annual revenue loss due to skin damage using equation 6.83 (chapter 

6). For example, the damage ratio for well Al is 0.307, the oil price in 1995 was 

approximately $30 per barrel and assuming the well was producing 1000 barrels per 

day, the result indicated an average of $ 3,361,650 annual revenue loss due to 

formation damage per well drilled.

The PRT can be used to predict skin factor before drilling to optimise fluid selection 

and while drilling to monitor the operational parameters in order to minimise 

formation damage and maximise production, which can reduce the overall well cost 

in terms of time and operations.

7.8.2 Planning Stage for Fluid Optimisation

The analysis have been carried out for fluid optimisation and selection against a large 

number of parameters such as nature and characteristics of the drilling fluid, 

formation properties and different operating parameters such as temperature, 

overbalance pressure, rheology, etc. The selected input data are from well number 

(Al) for a 6 inch hole section under downhole conditions and the choice was made 

during the planning stage to select the best drilling fluid to drill this well with 

minimum formation damage. The types of the drilling fluids used for evaluation were 

WBM and OBM. The mud composition and fluid rheology data for these types of 

mud have been used from field data for six wells drilled by various oil companies.

The simulation process considers three formation damage mechanisms: solids 

invasion, filtrate invasion and permanent permeability damage.

Figures 7.6 to 7.14 illustrate the effects of different parameters such as rheological 

behaviour, drilling time, temperature, overbalance pressure and reservoir permeability 

on the flow efficiency of well (Al) comparing different types of drill-in fluids WBM 

and OBM.
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Three different rheological properties for both OBM and WBM [Table 7.6] have been 

used for fluid selection of this particular well (Al).

Table 7.6 WBM & OBM rheology

Temperature 150 F OIL BASED MUD RHEOLOGY DATA
Mud Type OBM1 OHM? OBM3

n 0.66 0.66 O 66
K 226 255 430
Ys 24 34 30

Viscometer Reedings Viscometer Re adines Vis cometer Readings
RPM Readine RPM Re&dirxK RPK4 Re a dine

600 53 600 61 600 105
300 32 300 40 300 60
200 25 200 30 200 50
1OO 17 1OO 21 1OO 39

6 7 6 IO 6 12
3 6 3 9 3 IO

Temperature 150 F WATER BASED MUD RHEOLOGY
Mud Type Lignosuphonate

n 0.56 0.56 0.59
K 215 227 469
Ys 19 WBM1 24 WBM2 33 WnM3

Viscometer Readings Viscometer Readings Viscometer Readings
RPM Re ading RPM Reading RPM Reading

600 33 600 45 600 60
300 23 300 32 300 44
200 18 200 25 200 35
1OO 12 1OO 16 1OO 26
6 6 6 7 6 1 1
3 5 3 6 3 9

7.8.2.1 Optimisation Analysis

Effect of Rheological Parameters. The PRT shows that the best-fit rheological model 

is the Herschel Bulkley model at both standard conditions and total well depth (14580 

ft) for six types of mud used in the evaluation. The PRT computed the rheological 

properties at depth of interest 14580 feet (temperature of 330 ”F and pressure of 7582 

psi). Figures 7.6 & 7.7 show that an increase in rheological parameters (yield stress 

Ys, and consistency index, K) and the drilling time results in an increase in depth of 

filtrate invasion due to increased wellbore pressure and hence an increase in damage 

factor which is greater for WBM than OBM.

Effect of Rheological Characterisation. Figure 7.8 shows the depth of invasion profile 

for WBM and OBM. The figure also shows the accurate description of the 

rheological behaviour of the drill-in fluid required to accurately predict the depth of 

invasion. Figure 7.8 illustrates effect of rheological behaviour on formation damage 

characterisation. A comparison has been made between the actual fluid rheological 

behaviour models, i.e. Herschel-Bulkley, Power Law and Bingham Plastic models. 

The figure shows that the Bingham model predicts higher formation damage than the
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actual model. The Herschel-Bulkley model best represents actual fluid rheology, 

lower wellbore pressure, hence lower formation damage than the other models. The 

depth of invasion was found to be greater for WBM than OBM.

Figure 7.6 Effect of Rheology on Formation Damage for OBM

Figure 7.7 Effect of Rheology on Formation Damage for WBM

Figure 7.8 Effect of Rheology Characterisation on Depth of Invasion (invasion profile)
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be seen from

related to the

with the core

Effect of Reservoir Permeability. One would expect an increase in depth of invasion 

with increasing permeability and increasing pressure drop. As can 

equations (6.48 and 6.49 chapter 6), the depth of solids invasion is 

formation pore throat diameter and might be expected to increase

sample permeability. However, contrary to this expectation, the results show this is 

line for Bingham Plastic but not for Herschel-Bulkley and Power Law models. 

[Figure 7.9] clearly illustrates that the depth of invasion is inversely proportional to 

permeability for Herschel-Bulkley and Power Law fluids due to lower annular 

pressure loss. Meanwhile, the depth of invasion is approximately proportional to 

permeability for Bingham Plastic fluid due to the higher annular pressure loss. 

Therefore, in drilling tight reservoirs, it is recommended to use a Bingham Plastic 

fluid and in drilling high permeability reservoirs it is recommended to use a Herschel 

Bulkley fluid.

Figure 7.9 Effect of Rheology on Depth of Invasion for OBM

Figure 7.10 shows that the damage factor is inversely proportional to reservoir 

permeability, and is greater for WBM than OBM.
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Figure 7.10 Effect of Reservoir Permeability

Effect of Exposure Time. The time the formation is exposed to drilling mud affects 

the extent of the formation damage and the depth of invasion in overbalance drilling. 

Figure 7.11 represent overbalance drilling with five days exposure time. The figure 

shows an increase in drilling operational time the formation is exposed to drilling 

mud results in an increase in depth of filtrate invasion and hence an increase in 

damage factor, which is greater for WBM than OBM.

During the drilling of a vertical well, it was assumed that the filtrate invasion would 

be larger near the top of the reservoir section and then decrease linearly to a minimum 

value at the bottom of the well. This assumption is based on the formation exposure 
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time to drilling fluid. Figure 7.8 shows that a 310 ft vertical well has been drilled and 

that the rate of drilling was 60 ft/day, then the first 60 ft was exposed to 5 days of 

filtrate invasion, the next 60 ft to 4 days, etc., until the last 60 ft is exposed to only 1 

day of filtrate invasion.

Effect of Wellbore Temperature. Figure 7.12 shows that an increase in bottom hole 

temperature results in an increase in depth of filtrate invasion due to decreased filtrate 

viscosity and cake permeability and hence an increase in damage factor, which is 

more pronounced for WBM than OBM.

Figure 7.12 Effect of Wellbore Temperature

Effect of Overbalance Pressure. Seven overbalanced pressures ranges from (170 to 

880 psi - 4% to 19% over average reservoir pressure) are used to compare OBM with 

WBM. Figure 7.13 shows that an increase in overbalance pressure results in a sharp 

increase in damage factor due to increased depth of filtrate invasion, which is greater 

for WBM than OBM.

r

Figure 7.13 Effect of Overbalance Pressure
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Figure 7.14 shows that an increase in pump rate results in an increase in damage 

factor which is greater for WBM than OBM.

Figure 7.14 Effect of pump rate on well performance

Based on the productivity tool simulated analysis, the selection of OBM with 

rheological parameters [n - 0.66, K= 199 cP and Ys=22 lb/100f02] to drill this 

particular well (Al) gives more advantages for well flow performance than for WBM 

or other OBM types.

The field applications of the productivity tool based on the drilled wells studied show 

it can be used to investigate the influence of many parameters on well flow 

performance.

The PRT wellbore pressure distribution prediction shows good agreement with field 

data (pump pressure) with less than 5 % error.

The PRT depth of filtrate invasion and skin prediction show agreement quit variable 

with field data (well logging and well test) within an average error of 20 %. Since the 

PRT prediction is based on measurements solely from Clashach sandstone cores, and 

comparison with different lithologies (actual reservoir rocks) may yield a margin of 

error. However, the degree of accuracy could be improved by further validation using 

actual reservoir rocks.

Under the conditions and assumptions adopted during this investigation and based on 

the drilled wells studied the following conclusions can be drawn:
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The productivity tool package developed is useful as a design and analysis tool for 

the simulation and prediction of the impact of drilling fluid filtration on formation 

productivity for vertical wells.

The productivity tool can evaluate formation damage in the laboratory based on 

linear-flow core tests and the resulting data can be converted to radial-flow geometry 

for oil field applications.

Input requirements for this productivity tool include parameters such as hole 

geometry, BHA configuration, mud type and composition, rheology data and 

formation characteristics.

The productivity tool can be used before drilling at the design (planning stage), 

during drilling and post drilling (evaluation stage) and also as comparison tool with 

well test data interpretation.

The productivity tool is capable of being utilised to screen different drilling fluids 

with the aim of achieving minimum impairment and maximum production capacity, 

which can reduce the overall well cost in terms of time and operations. As a result of 

this, the considerable economic implication of the skin zone on well productivity can 

be greatly minimised.

[Analysis from the PUT are attached]
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Company Name 
Field Number 
Well Number 
Hole Section 
Type of Mud:

1 
A 
Al

6 inch
Oil Based Mud

MUD PUMP PARAMETERS
Pump Rate | 265 gpm
Pump Pressure 1780 psi

BIT PARAMETERS
Bit Diameter 6 inches
No. of Nozzeles 3x12 -
maximum impact force at the bit
WELLBORE GEOMETRY
True Vertical Depth 14580 ft
Measured Depth - ft

CASING PARAMETERS
Casing Setting Depth 11230 ft
Casing O.D. 9.63 inches
Casing I.D. | 8.85 inches
Linear casing Depth 1379.5 ft
Casing O.D. 7.00 inches
Casing I.D. | 6.27 inches

DRILLPIPE PARAMETERS
Drillpipe O.D. 5 inches
Drillpipe I.D. 4.275 inches
Drillpipe O.D. 3.5 inches
Drillpi|x; I.D. 2.76 inches
Roughness | 0.00064 -

BOTTOM HOLE ASSEMBLY
Com|X)nent Length/ft I.D./inch O.D./inch
Drill collar 712 2.50 4.75
Roughnes.s 0.0007 -

DRILLING STATUS
Drilling Time 57 hours
Static Timel 28 hours
B.H.Temperature 330 F

MUD COMPOSITION
Component Name Lbs/bbl

1 emulsifier 6
2 wetting 4
3 HT-clay 3
4 polymer 5
5 barite 150
6 solids 35
7 - -
8 - -

MUD PARAMETERS
Mud Density 10.00 PPP
API Static Filtration .5 cc

Viscometer Readings
RPM Reading

600 53
300 32
200 25
100 17
6 T
3 6

FORMATION PARAMETERS
Formation Type sandstone
Permeability 200 md
Porosity | 0.14 -
Production Rate - pbd
Oil Viscosity 1.12 cP
FmVolume Factor 2.03
Reservior Radius 2700.00 ft
Reservior Thickness 310 ft

PRODUCTION PARAMETERS
Depth of Filtrate Invasion 40 inches logs
Skin Factor 9 - well test

Table 1.1 Field Data for Well (Al) (Formation damage evaluation)
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Company Name: 1

Field Number: A

Well Number: Al

Hole Section: 6 inch (Reservoir section)

Type of Fluid: Oil based mud

Display of results in tabular or graphical form - Results Menu

1. Sub menu - Rheology Best Fit Model

The results are presented in both tabular and graphical form. The information 

provided in Figure 7.15 shows that the best-fit rheological model is the 

Herschel Bulkley model at both standard conditions and total well depth (14580 

ft). The PRT also allows the user to view graphical results of other non

Newtonian models individually for both Bingham Plastic and Power Law 

models.

Figure 7,15 Best-fit model for OBM

2. Sub menu - Rheology Characterisation

The rheological parameters and apparent viscosity are presented in Figure

7.16 as a comparison between the actual rheological model and other non

Newtonian models.
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Figure 7.16 Kheological characterisation for OBM

3. Sub menu - Pressure Distribution

Figure 7.17 shows the pressure loss across the system for the best fit 

rheological 

distribution

OBM. The

model using maximum impact force at the bit. The pressure 

for other non-Newtonian models is presented individually for 

difference between the pressure distribution analysis using the

actual rheological model and other models is clearly illustrated in Figure 7.17. 

The results show that the Herschel Bulkley model has a lower pressure loss 

than the Bingham Plastic and Power Law models. The total pressure loss 

predicted by the PRT is 1670 psi and this compares with the actual field data of 

1780 psi.

RM* - INPUT DATA • RESULTS-' rEATURES - MOMf
.-idjjU

Ma4airi
i-t**o«<a<»a Rraaawra 7361 .60 7381 60 7581 60 Fa*
«o<to«n Mota Ctta«4atlon Ftaaa 7788 66 7914 16 7858 20
*«utvaia<M cwulttlafi Oanatw lO 27 lO 44 lO 36
rtwoueh «Ka IHA 277 33 334 OO 280 33
Aotoss (Ha ■! lA 51 50 73 44 103 69
Ttwow^K lha ^l^a 401 23 436 08 453 17 ir»f
Aa>oas Rio* 36 84 49 65 30 99
Aaioaa Caalm^ 118 71 2119 48 14 191

^>aaeu<a LOSS 785 36 1 01 3 29 897 52
Total »Loss 1670 98 21 55 93 1909 61 F**

272 331 31 1
Total Flow Ataa fTFA) O 341 0.300 0 319
Maa ot Neaaai .n 12 1 1 12

M 12 1 1 1 2
aa 1 2 1 1 1 2
a*
ae
a* t/S2m^

Figure 7.17 Wellbore pressure distribution for OBM
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4. Sub menu - Static and Dynamic Filtration

The dynamic filtration cumulative filtration volume during dynamic operations 

for the best-fit model and other non-Newtonian models for OBM are presented 

in Figure 7.18. A comparison between static and dynamic filtration volume for 

OBM is presented in graphical form [Figure 7.18]. The results show that the 

Herschel Bulkley model has lower dynamic filtration volumes than the 

Bingham Plastic and Power Law models OBM due to lower pressure loss.

Figure 7.18 Filtration characteristics for OBM

5. Sub menu - Filtration Pressure

The wellbore differential pressure, pressure drop across the sand face and mud 

filter cake for the best-fit model and other non-Newtonian models are shown in

tabular and graphical form [Figure 7.19]. The results show that the Herschel 

Bulkley model has a lower pressure drop across the filter cake as compared to 

the Bingham Plastic and Power Law models for OBM.

262



S Microsoft twcel - dtstribuHon prt_________________ ■w; -IDI x|

Figure 7.19 Filtration pressure distribution for OBM

6. Sub menu Filter Cake Characteristics

The filter cake characteristics are presented in a tabular form for the best-fit

rheological model and also for the other non-Newtonian models [Figure 7.20].

Ej Microsoft txcel - distribution prt__________________ -lol x|

ra.TER CAXB CHARACTZFirnCt

Figure 7.20 Filter cake characteristics for OBM

263



Display of results in tabular or graphical form - Results Menu

7. Sub menu Formation Damage

Figures 7.21 and 7.22 show the formation damage characteristics simulated for 

radial flow (field application), for the best-fit rheological model and other non

Newtonian models in tabular form for OBM. The results are also provided in 

graphical form for the formation damage characteristics. The PRT results shows 

the depth of filtrate invasion is 34.79 inches with a skin factor (drilling skin) of 

4.11; this compares with the actual field data where the depth of filtrate 

invasion was 40 inches and total skin factor (including perforation and 

completion) was 9.

Figure 7.21 Formation damage characteristics for OBM
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Figure 7,22 Formation damage characteristics for OBM

Display of results in tabular or graphical form - Results Menu

8. Sub menu Well Flow Performance

Figure 7.23 shows the effect of the formation damage using OBM on well flow 

performance using the best-fit rheological model and the other non-Newtonian 

models.

Figure 7.23 Well Flow performance for OBM
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Table 7.8 Field Data for Well (A2)

Company Name 1
Field Number A
Well Number A2
Hole Section 6 inch
Type of Mud: Lignosulphonate Water Based Mud

MUD COMPOSITION
MUD PUMP PARAMETERS Component Name Lbs/bbl
Pump Rate 1 270 gpm 1 bentonite 10
Pump Pressure 1700 psi 2 HT-polyme 6

3 Dispersant 4
BIT PARAMETERS 4 HT-stablisc 4
Bit Diameter 6 inches .5 barite 150
No. of Nozzeles 3x12 - 6 solids 3.5
maximum impact force at the bit 7
WELLBORE GEOMETRY 8
True Vertical Depth 14500 ft
Measured Depth - ft MUD PARAMETERS

Mud Density 10.20 ppg
API Static Filtration 3.6 cc

CASING PARAMETERS
Casing Setting Depth 12412 ft
Casing O.D. 9.63 inches
Casing I.D. | 8.8.5 inches Viscometer Readings
Linear casing Depth 13890 ft RPM Reading
Casing O.D. 7.00 inches 600 59
Casing I.D. | 6.28 inches 300 37

200 29
100 21

DRILLPIPE PARAMETERS 6 9
Drillpipe O.D. 5 inches 3 7
Drillpipe I.D. 4.275 inches
Drillpipe O.D. 3.5 inches
Drillpipe 1. D. 2.76 inches FORMATION PARAMETERS
Roughness | 0.00064 - Formation Type sandstone

Permeability 180 md
BOTTOM HOLE ASSEMBLY Porosity | 0.13 -

Comprtnent Length/ft I.D./ inch O.D. /inch Production Rate - pbd
Drill collar 7.54 2.50 4.7.5 Oil Viscosity 1.12 cP
Roughness 0.0007 Fm Volume Factor 2.0.3 -

Reservior Radius 2570 ft
DRILLING STATUS Reservior Thickness 28.5 ft
Drilling Time 60 hours
Static Timel 38 hours
B.H.Temperature 322 F

PRODUCTION PARAMETERS
Depth of Filtrate Invasion 60 inches logs
Skin Factor 12 - well test
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Company Name: 1

Field Number: A

Well Number: A2

Hole Section: 6 inch (Reservoir section)

Type of Fluid: Lignosulphonate water based mud

Display of results in tabular or graphical form - Results Menu

1. Sub menu - Rheology Best Fit Model

The results are presented in both tabular and graphical form as comparison with 

common non-Newtonian models Herschel Bulkley, Bingham Plastic and Power 

Law models. The information provided in Figure 7.24 shows that the best-fit 

rheological model is the Herschel Bulkley model at both standard conditions 

and total well depth (14500 ft).

Figure 7.24 Best-fit model for WBM

2. Sub menu - Rheology Characterisation

The rheological parameters and apparent viscosity are presented in Figure

7.25 as a comparison between the actual rheological model and other non

Newtonian models.
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Figure 7.25 Rheological Characterisation for WBM

3. Sub menu - Pressure Distribution

Figure 7.26 shows the pressure loss across the system for the best fit 

rheological 

distribution

WBM. The

model using maximum impact force at the bit. The pressure 

for other non-Newtonian models is presented individually for 

difference between the pressure distribution analysis using the

actual rheological model and other models is clearly illustrated in Figure 7.26. 

The results show that the Herschel Bulkley model has a lower pressure loss 

than the Bingham Plastic and Power Law models. The total pressure loss 

predicted by the PRT is 1695 psi and this compares with the actual field data of

Figure 7,26 Wellbore Pressure Distribution for WBM
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4, Sub menu - Static and Dynamic Filtration

The dynamic filtration cumulative filtration volume during dynamic operations 

for the best-fit model and other non-Newtonian models for WBM are presented 

in Figure 7.27. A comparison between static and dynamic filtration volume for 

WBM is presented in graphical form [Figure 7.27]. The results show that the 

Herschel Bulkley model has lower dynamic filtration volumes than the 

Bingham Plastic and Power Law models WBM due to lower pressure loss.

Figure 7.27 Filtration Characteristics for WBM
5. Sub menu - Filtration Pressure

The wellbore differential pressure, pressure drop across the sand face and mud filter 

cake for the best-fit model and other non-Newtonian models are shown in tabular 

form [Figure 7.28|. The results show that the Herschel Bulkley model has a lower 

pressure drop across the filter cake as compared to the Bingham Plastic and Power 

Law models for WBM.

Figure 7.28 Filter Pressure Distribution for WBM
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6. Sub menu Filter Cake Characteristics

The filter cake characteristics are presented in a tabular for the best-fit 

rheological model and also for the other non-Newtonian models [Figure 7.29].

File - INPUT DATA - RESULTS - FEATURES - HOME ,

Modal l1airi.-ltal.lhUklay Uuwliatn Hlaitu;
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CakaPeroaity 1 □ 24 O 43 0.29
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Figure 7.29 Filter Cake Characteristics for WBM
Sub menu Formation Damage

Figures 7.30 and 7.31 show the formation damage characteristics simulated for radial 

flow (field application), for the best-fit rheological model and other non-Newtonian 

models in tabular form for OBM. The results are also provided in graphical form for 

the formation damage characteristics. The PRT results shows the depth of filtrate 

invasion is 77.73 inches with a skin factor (drilling skin) of 5.24; this compares with 

the actual field data where the depth of filtrate invasion was 60 inches and total skin 

factor (including perforation and completion) was 12.

Figure 7.30 Formation damage characteristics for WBM
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Figure 7.31 Formation damage characteristics for WBM

7. Sub menu Well Flow Performance

Figure 7.32 shows the effect of the formation damage using WBM on well flow 

performance using the best-fit rheological model and other non-Newtonian models.

Figure 7.32 Well Flow performance for WBM
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Company Name: 2

Field Number: B

Well Number: Bl

Hole Section: 5.875 inch (Reservoir section)

Type of Fluid: Oil based mud

Display of results in tabular or graphical form - Results Menu

1. Sub menu - Pressure Distribution

Figure 7.33 shows the pressure loss across the system for the best fit 

rheological 

distribution

WBM. The

model using maximum impact force at the bit. The pressure 

for other non-Newtonian models is presented individually for 

difference between the pressure distribution analysis using the

actual rheological model and other models is clearly illustrated in Figure 7.33. 

The results show that the Herschel Bulkley model has a lower pressure loss 

than the Bingham Plastic and Power Law models. The total pressure loss 

predicted by the PRT is 2032 psi and this compares with the actual field data of 

2000 psi.
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Figure 7.33 Wellbore Pressure Distribution for OBM
2. Sub menu Formation Damage

Figures 7.34 shows the formation damage characteristics simulated for radial 

Bow (field application), for the best-fit rheological model and other non

Newtonian models in tabular form for OBM. The PRT results shows the depth 
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of filtrate invasion is 45.43 inches with a skin factor (drilling skin) of 4.0; this 

compares with the actual field data where the depth of filtrate invasion was 60 

inches and total skin factor (including open hole completion) was 12.

Excel - distribution prt_________ ________ ..II3J2S1

1 FORMAnON DAMAGE CHARACTERISTICS IN RADIAL FLOW

Model 1 1 (t • n c h* 1 - F* lUc !• y BunJiam PIaiIic PowAt Law
D«ptk ofSolid* InvAaion 0 85 0 20 2 61 m
DynAmie LA>i<th of FillrAte InvAaion 40 10 82.40 57.37
StAtic LAn<th of FiltrAtA InvAaion 5 33 5.64 5.92 iff
TotAl FiltrAtA invA«>on| 45.43 88.04 63.29 m
AvwrACA RAdiAl PAnMAAbility 35 31 90 34
ItAdiAl pAniMAbtlity DAvnAcrd 20 19.36 20
Skin Damuc* f 4 01 6.06 4 68

Figure 7.34 Formation damage characteristics for OBM

3. Sub menu Well Flow Performance

Figure 7.35 shows the effect of the formation damage using OBM on well flow 

performance using the best-fit rheological model and other non-Newtonian 

models.
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IcUaI Frod«aBtlvi(v Index 1 0033 jnF.O>ar*|
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Model 1 I- 1
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Figure 7.35 Well Flow Performance for OBM
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Company Name: 2

Field Number: B

Well Number: B2

Hole Section: 8.50 inch (Intermediate section)

Type of Fluid: Lignosulphonate water based mud

Display of results in tabular or graphical form - Results Menu

1. Sub menu - Pressure Distribution

Figure 7.36 shows the pressure loss across the system for the best fit 

rheological model using maximum hydraulic horse power at the bit. The 

pressure distribution for other non-Newtonian models is presented individually 

for WBM. The difference between the pressure distribution analysis using the 

actual rheological model and other models is clearly illustrated in Figure 7.36. 

The results show that the Herschel Bulkley model has a lower pressure loss 

than the Bingham Plastic and Power Law models. The total pressure loss 

predicted by the PRT is 2820 psi and this compares with the actual field data of 

2600 psi.
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Figure 7.36 Wellbore Pressure Distribution for WBM
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Company Name: 2

Field Number: B

Well Number: B2

Hole Section: 5.875 inch (Reservoir section)

Type of Fluid: Lignosulphonate water based mud

Display of results in tabular or graphical form - Results Menu

1. Sub menu - Pressure Distribution

Figure 7.37 shows the pressure loss across the system for the best fit rheological 

model using maximum impact force at the bit. The pressure distribution for other 

non-Newtonian models is presented individually for WBM. The difference between 

the pressure distribution analysis using the actual rheological model and other models 

is clearly illustrated in Figure 7.37. The results show that the Herschel Bulkley model 

has a lower pressure loss than the Bingham Plastic and Power Law models. The total 

pressure loss predicted by the PRT is 2083 psi and this compares with the actual field 

data of 2000 psi.

2. Sub menu Formation Damage

Figures 7.38 shows the formation damage characteristics simulated for radial 

flow (field application), for the best-fit rheological model and other non

Newtonian models in tabular form for WBM. The PRT results shows the depth 

of filtrate invasion is 92.73 inches with a skin factor (drilling skin) of 5.87; this 
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compares with the actual field data where the depth of filtrate invasion was 70 

inches and total skin factor (including open hole completion) was 10.

3. Sub menu Well Flow Performance

Figure 7.39 shows the effect of the formation damage using WBM on well flow 

performance using the best-fit rheological model and other non-Newtonian 

models.

Figure 7.39 Well Flow Performance for WBM
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Company Name: 2

Field Number: B

Well Number: B3

Hole Section: 5.875 inch (Reservoir section)

Type of Fluid: Lignosulplionate water based mud

Display of results in tabular or graphical form - Results Menu

I. Sub menu - Pressure Distribution

Figure 7.40 shows the pressure loss across the system for the best fit 

rheological model using or maximum impact force at the bit. The pressure 

distribution for other non-Newtonian models is presented individually for 

WBM. The difference between the pressure distribution analysis using the 

actual rheological model and other models is clearly illustrated in Figure 7.40. 

The results show that the Herschel Bulkley model has a lower pressure loss 

than the Bingham Plastic and Power Law models. The total pressure loss 

predicted by the PRT is 1566 psi which compares with the actual field data of 

1500 psi.
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Figure 7.40 Wellbore Pressure Distribution for WBM

2. Sub menu Formation Damage

Figures 7.41 shows the formation damage characteristics simulated for radial 

flow (field application), for the best-fit rheological model and other non
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Newtonian models in tabular form for WBM. The PRT results shows the depth 

of filtrate invasion is 90.81 inches with a skin factor (drilling skin) of 5.63 

which compares with the actual field data where the depth of filtrate invasion 

was 70 inches and total skin factor (including open hole completion) was 10.

3. Sub menu Well Flow Performance

Figure 7.42 shows the effect of the formation damage using WBM on well flow 

performance using the best-fit rheological model and other non-Newtonian 

models.

Figure 7.42 Well Flow Performance for WBM

278



Company Name: 4

Field Number: C

Well Number: Cl

Hole Section: 8.50 inch (Reservoir section)

Type of Fluid: Lignosulphonate water based mud

Display of results in tabular or graphical form - Results Menu

1. Sub menu - Pressure Distribution

Figure 7.43 shows the pressure loss across the system for the best fit 

rheological model using maximum hydraulic horse power at the bit. The 

pressure distribution for other non-Newtonian models is presented individually 

for WBM. The difference between the pressure distribution analysis using the 

actual rheological model and other models is clearly illustrated in Figure 7.43. 

The results show that the Herschel Bulkley model has a lower pressure loss 

than the Bingham Plastic and Power Law models. The total pressure loss 

predicted by the PRT is 2092 psi which compares with the actual field data of 

1950 psi.
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Figure 7.43 Wellbore Pressure Distribution for WBM

2. Sub menu Formation Damage

Figures 7.44 shows the formation damage characteristics simulated for radial 

flow (field application), for the best-fit rheological model and other non

Newtonian models in tabular form for WBM. The results are also provided in

279



graphical form for the formation damage characteristics. The PRT results shows 

the depth of filtrate invasion is 48.69 inches with a skin factor (drilling skin) of 

3.62 and compares with the actual field data where the depth of filtrate invasion 

was 40 inches and total skin factor (including perforation and completion) was

Sub menu Well Flow Performance

Figure 7.45 shows the effect of the formation damage using WBM on well flow 

performance using the best-fit rheological model and other non-Newtonian 

models.
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Figure 7.45 Well Flow Performance for WBM
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CHAPTER EIGHT

CONCLUSIONS AND RECOMMENDATIONS

8.1 INTRODUCTION

In essence, this thesis has sought to present a detailed analysis of drilling fluid 

filtration and its impact on formation damage in terms of well performance. The 

present work is divided in two main parts: the experimental work and theoretical 

work. The theoretical work was conducted based on the use of a database generated 

from controlled experimental studies. Contributions to knowledge on key subjects 

came from both approaches.

The conclusions on different aspects of the experimental and theoretical work are 

closely connected and combined into a design management tool to link laboratory 

measurements to field scale applications, and represent the main finding of the 

present work which is called the productivity tool (PRT).

8.2 EXPERIMENTAL WORK

A summary of the main results is as follows:

■ Experimental studies combined with data analysis of static and dynamic 

filtration and formation damage models provides a better understanding of 

filtration and formation damage mechanisms under downhole conditions ’ . This 

analysis also considers different variables such as solids, shear rate, medium 

type and permeability, fluid loss additives, pressure and temperature.

A new application testing technique^ has been introduced using a Particle Size

Analyser for the following purposes:

(a) Selecting optimum emulsifier concentrations for water-based muds.

(b) Selecting optimum primary and secondary emulsifier concentrations for oil

based muds.
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(c) A quality control tool for comparison of different types of emulsifiers.

(d) Speeding up selection and comparison of emulsifiers, thus reducing economic 

impact.

(e) A backup tool for dynamic sag test.

(f) Particle size classification analysis for static and dynamic filtration filter 

cakes.

It was discovered for water-based mud that there exists a critical overbalance 
a

pressure zone where decreased permeability impairment occurs'. In this zone a 

minimum invasion depth was observed in the overbalance pressure range from 

400 to 650 psi (Chapter 5). This effect has been explained in terms of tight 

particle bridging, compacted and lower filter cake permeability, thereby 

allowing fewer particles through the cake into the formation. This is an 

important effect, as it is common practice for oil operators to drill with lower 

differential pressure in the belief that this will minimise the formation 

permeability damage. However, contrary to this expectation it has been found 

that the permeability damage will be higher at lower differential pressures.

The mixing procedure order for OBM component described in API RP 13B-2 

has been modified.

8.3 APPLICATION OF THE PRT

Using a database generated from controlled experimental studies a number of models 

have been developed for WBM and OBM and can be summarised as follows:

1.

2.

3.

4.

5.

Rheology prediction models.

Static and dynamic filtration prediction models.

Filter cake build-up on sand face evaluation model.

Prediction models for Filtration pressure drops across the sand face and the filter 

cake.

Formation morphological characteristics.
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6. Prediction models for depth of solids and filtrate invasion.

7. Models for skin factor and flow efficiency prediction.

A productivity tool has been developed which incorporates all of the above models. 

This tool is useful as a design and analysis tool, which can be used for predicting 

formation damage mechanisms caused by particulate and filtrate 

(Appendix D). The productivity tool can be used for the following tasks:

(a) To use the laboratory results of fluid rheology, filtration and 

damage to scale fluid applications to downhole conditions,

establishes correlations between laboratory and field pressure distribution and 

formation damage measurements (Well Test Analysis and Production 

Logging).

(b) To analyse wellbore pressure distribution and filtration pressure across the 

formation and across the filter cake.

invasion^

formation

The link

(c) To analyse the response of the fluid to static and dynamic filtration.

(d) To characterise the rheology and filtration of the selected fluids''^.

(e) To quantify the level and depth of formation damage.

(f) To quantify the drilling skin.

(g) To determine the impact of the selected fluid on formation productivity.

(h) To screen appropriate drilling fluids desired for achieving minimum 

formation impairment and maximum formation productivity.

(i) To determine relevance of formation damage mechanisms on field scale and 

determine the best operating drilling condition.

The field applications of the productivity tool based on the drilled wells studied 

shows it can be used to investigate the influence of many parameters such as drilling 

and static operational time, fluid type, etc. on well performance'* (Appendix D).

The PRT wellbore pressure distribution prediction shows good agreement with field 

data (pump pressure) within an average error of 5 %.
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The PRT depth of filtrate invasion and skin prediction show agreement with field 

data (well logging and well test) within an average error of 25 %. Since the PRT 

prediction is based on measurements solely from Clashach sandstone cores, and 

comparison with different lithologies (actual reservoir rocks) may yield a margin of 

error. However, the degree of accuracy could be improved by further validation using 

actual reservoir rocks.

The productivity tool can be used before drilling at the design stage (planning tool), 

during drilling and post drilling for evaluation and comparison with well test data. 

This predictive tool is capable of being utilised to screen different drilling fluids in 

order to achieve minimum formation impairment and maximum production capacity, 

which can reduce the overall well cost in terms of time and operations. As a result of 

this, the considerable economic impact of the skin zone on well productivity can be 

greatly minimised (section 7.8.1).

8.4 RECOMMENDATIONS FOR FURTHER WORK

The results of in-depth controlled experimental research into rheology, filtration and 

formation damage phenomena and the relationships between them are presented. 

They also provide the database for empirical mechanistic models that have been 

developed, combined and incorporated into a design and evaluation tool - the 

productivity tool, for predicting the effect of drilling fluid filtration on formation 

productivity for vertical wells.

This experimental database has been based on laboratory application results for 

common types of HP-HT drilling fluids namely, lignosulphonate water based mud 

and synthetic oil based mud on Clashach sandstone cores. The degree of accuracy of 

the PRT results could be improved by further validation using other drilling fluids 

and formation types.

Based on the equipment limitations, the experimental programme was carried out at a 

maximum temperature of 300 °F. The database results have then been extrapolated up 
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to 350 °F based on the rheological behaviour of the drill-in fluids used. The degree of 

accuracy of the PRT results could be improved with further validation with other tests 

at higher temperatures. However, as was observed in chapter 5, the main difference 

between OBM and WBM are the effects of pressure, which are more pronounced for 

OBM than WBM. For WBM the effect of pressure was very small but was highly 

affected by temperature increase. Therefore, the degree of accuracy of the PRT 

results at higher temperature applications (above 350 °F) will be expected to be 

higher for OBM and lower for WBM.

The investigation and development of the PRT in this research is applied to the 

drilling of vertical wells. However, it is envisaged that the developed PRT can be 

extended to study impact of fluid filtration on well inflow performance in horizontal 

wells. This extension is important because the drilling of horizontal wells is 

becoming more and more frequent throughout the world. Horizontal wells are much 

more susceptible to damage than their vertical counterparts due to a number of 

reasons, these being^^^’ ’̂^'*’^'^'’:

1. Substantially longer contact time with the drilling fluid. Generally, in a vertical 

well drilling fluid will only be in the pay zone a matter of few days while in a 

horizontal well the time may be measured in weeks.

Most horizontal wells are not cased and remain as open hole completions, which 

remains a major source of permeability reduction.

Stimulation of horizontal wells is extremely difficult and expensive. Thus once 

formation damage occurs, it is usually permanent in its nature and effects.

In a horizontal well Figure 8.1, due to the frequent anisotropy of horizontal 

versus vertical permeability in many reservoir systems, the invasion pattern will 

be elliptical in nature, with the direction of the primary axis of the invasion 

ellipsoid being oriented in the direction of highest permeability.

Therefore, during the drilling of a horizontal well, it was assumed that the filtrate 

invasion would generate a truncated cone with the larger base near the vertical 

section (heel of the well), and then decrease linearly to a minimum value at the toe of 

the well. This assumption is based on formation exposure time to drilling fluid.

2.

3.

4.
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Assuming that a 2000-ft horizontal well is to be drilled and that the rate of drilling is 

100-ft/day, then the first 100 ft would be exposed to 20 days of filtrate invasion, the 

next 100 ft to 19 days, etc., until the last 100 ft is exposed to only 1 day of filtrate 

invasion.

Figure 8.1 Invasion profile in vertical versus horizontal well

The base of this cone would be radial in the case of permeability isotropy (kH= kv) 

and elliptical in all other cases. If the vertical permeability, kv, were to be much 

smaller that the horizontal permeability, kn, (typical anisotropy), then the cone would 

be elliptical, with the larger axis of the ellipse being horizontal. In the rare case when 

the vertical permeability may be larger, then the larger axis of the ellipse would be 

vertical as shown in Figure 8.1.

Further research is recommended to extend the database, which should be directed 

toward the improvement of the productivity tool design based on the findings of this 

research. The following areas are recommended for future experimental and 

theoretical studies:

Natural (actual reservoir) cores with different types of lithology. 

Other types of HP-HT drilling fluids.

Temperatures higher than 300 ’’F.
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Extend the PRT to incorporate the horizontal well inflow performance in terms 

of: 1. Filtrate invasion profile.

2. The shape and damage distribution profile.

3. Estimating the damage skin factor.

External and internal filter cakes are used to minimise fluid loss and solids

invasion to a formation from drilling and completion fluids. Subsequently, the 

cake must be removed to increase flow area and minimise skins, especially for 

openhole completion. Therefore the mechanism of filter cake removal during 

flowback and cleanup processes requires further study on HT applications.

OBM chemicals are more expensive than WBM. Emulsifiers are common to oil 

mud systems, which aid to drilling mud stability; however when filtrates from 

such muds invade, they may include some of these emulsifiers and result in an 

altering of rock wetting characteristics. Therefore, the Particle Size Analyser 

testing technique developed (chapter 4) requires further study for comparing the 

performance of different emulsifiers or designing different fluid formulations 

with different water droplet sizes and effects on the filtration process and de

emulsifier selection.
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APPENDIX A

Description of Testing Facilities

Tabularand Graphical Permeability Measurement

HP-HT Filtration Testing Procedure

Static and Dynamic Filtration Testing Results for WBM

Static and Dynamic Filtration Testing Results for OBM

Initial Permeability Testing Procedure

Return Permeability Testing Procedure

HP-HT Fann 70 Viscometer Testing Procedure

HP-HT Fann 70 Viscometer Readings for WBM and OBM

Particle Size Distribution Testing Procedure
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A4.1.1.4 DESCRIPTION OF TESTING FACILITIES

The highlighted major testing equipment items such as dynamic filtration rig, HP-HT 

Fann-70 Rheometer, formation damage equipment and Malvern Mastersizer Micro 

Plus were described in chapter 4 and other testing equipment is mentioned below.

Drilling fluid testing equipment and application

EQUIPMENT APPLICATION

Silverson Mixer model (L 4RT-A) mixing WBM and OBM

Malvern Mastersizer Micro Plus (MAF-5001) measure particle size distribution

LP-LT Fann-35A Viscometer measure fluid rheology

Titration Kit measure chemical properties

pH Meter measure pH of WBM

Pressurised Mud Balance measure mud density

Reton Kit measure water, oil and solids percentage

Electric Stability Tester measure stability of water in oil emulsion

Roller Oven measure stability at HP-HT

Density Meter model (DMA 38) measure density of mud and filtrate

HP-HT Fann-70 Viscometer measure HP-HT fluid rheology

Modified Dynamic Filtration rig measure dynamic filtration

Formation Damage Testing Apparatus measure initial and return permeability

Cannon-Fenske Glass Capillary Viscometer measure viscosity and density of filtrate

Gas Permeameter Unit model (90101) measure gas core permeability

Conductivity Meter model (WPA CM35) measure conductivity of brine

Precision Component Analyser model 6425 measure formation resistivity factor
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Al LP-LT Faiin-35A Viscometer

The direct indicating 6-speed viscometer is a rotational type of instrument powered 

by an electric motor as shown in Figure Al, Drilling fluid is contained in the annular 

space between two concentric cylinders. The outer cylinder or rotor sleeve is driven 

at a constant rotational velocity (rpm). The rotation of the rotor sleeve in the fluid 

produces a torque on the inner cylinder or bob, A torsion spring restrains the 

movement of the bob, and a dial attached to the bob indicates displacement of the 

bob. The steady value of the dial reading measurement is undertaken at rotor speeds 

of 600, 300, 200, 100, 6, and 3 rpm for fluid to be homogenous. However the fluid 

rheology can be measured using 6-speed Fann-35 at temperature up-to ISO^F and 

only at 14.7-psi pressure using a thermostatically controlled viscometer cup. The 

equipment has been used for fluid viscosity measurement before and after hot rolling 

as routine tests. The field engineer use LP-LT Fann 35A Viscometer.

viscometer 
heatine-cuD

Figure Al LP-LT Fann-35A Viscometer
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2.

3.

Testing Procedure

1. Place agitated mud sample in a thermostatically controlled viscometer cup and 

adjust surface of mud to scribed line on the rotor sleeve.

Heat the mud sample to required temperature.

Start the motor by placing the switch in the high-speed position with the gear 

shift all the way down. Wait for a steady indicator dial value, and record the 600- 

rpm reading.

Change switch to 300, 200, 100, 6, and 3 rpm respectively. Wait for a steady 

value and record the dial reading.

4.

A2 Gas Permeameter Unit (Model No. 90101)

The Nitrogen Gas Permeameter is an instrument, which has been designed to permit 

accurate and rapid measurements of gas permeability in core samples. The instrument 

consists of two mass flow controllers to measure and control flow of injected gas and 

pressure, and a transducer to monitor generated pressures (Figure A2).

Figure A2 Gas permeameter unit

A3 Cannon-Fenske Glass Capillary Viscometer

The Cannon-Fenske viscometer Figure A3 is an instrument equipped with liquid 

controlled temperature bath and provides a method for determination of kinematic 

viscosity of filtrate by measuring the time for a volume of 60 ml filtrate to flow under 
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gravity through a calibrated glass capillary viscometer at temperatures up to 18O‘’F. 

The dynamic viscosity can be obtained by multiplying the measured kinematic 

viscosity by the density of the filtrate.

Figure A4 Retort kitFigure A3 Cannon-Fenske viscometer

A4 Retort Kit

A retort was used to determine the quantity of liquids such as water, oil, and solids in 

drilling fluid. A carefully measured sample of mud is placed in a container and heated 

until the liquid components have been vaporised. The vapours are passed through a 

condenser and collected in a graduated cylinder, graduated in percent. The volume of 

liquid, oil and/or water is measured directly in percent Figure A4.

A5 Density Meter

The density meter model (DMA 38) Figure A5 has been used to measure filtrate and 

mud density.
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Figure A5 Density Meter Figure A6 Mud balance

A6 Pressurised Mud Balance

The mud balance provides a simple method for accurate determination

density. The mud balance as shown in Figure A6, principally consists of a base on 

which rests a graduated arm with cup, lid, knife-edge, rider, built-in soirit level, and 

counter weight. The constant volume cup is affixed to one end of the graduated arm, 

whereas counterweight is on the opposite end.

of mud

A7 PH Meter

The recommended method for PH measurement of water based mud is with glass

electrode for accurate values Figure A7.

■»

Figure A7 PH meter
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A8&A9_____ Roller Oven

Fluid stability under high temperature has been tested using a 350 ml pressurised cell. 

To prevent boiling of the liquid, the cells were pressurised with 100 psi nitrogen 

through the top valve connection as shown in Figure A8. The cells are rolled in an 

oven, for at least 16 hours at 300‘’F as shown in Figure A9. Meanwhile one cell can 

be used for a static ageing test. The cells are then cooled to room temperature, the 

rheological. Filtration properties, mud density, and electric stability are measured and 

compared to the same properties before ageing.

Figure A8 Roller oven Figure A9 Pressurised cell

A10 Electric Stability Tester

The stability of water in oil emulsion was tested in an emulsion tester as shown in 

Figure A10, voltage was imposed on the oil-based mud using two electrodes and then 

gradually increased until initiation of current flow. Inasmuch as current flow is an 

indication of emulsion breakdown, the relative stability is indicated by voltage at the 

breakdown point.
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Figure AIO Electric stability tester 

mixer

All Silversoii Mixer

nriniwiimwi

/

Silverson mixer model (L 4RT-A) Figure All used for mixing water and oil based 

muds.

A12 Conductivity Meter

Conductivity meter model (WPA CM35) Figure A12 is an instrument used to 

measure conductivity of the brine solution.

Figure A12 Conductivity meter Figure A13 Precision Component Analyser

A13 Precision Component Analyser model 6425

An instrument used to measure resistivity formation factor Figure A13.

A14 Titration Kit

Chemical titration kit has been used to measure fluid properties such as calcium and 

chloride contents, alkalinity, etc.
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Figure A15 (4.37) Tabular and graphical display for permeability measurement and 

deviation in linearity in turbulent flow regime
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Figure A17 (4.39) Tabular and graphical display for permeability measurement and
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A4.2.2 HP-HT filtration Testing Procedure:

1. Plug heating jacket into a power source for preheat to the test temperature and 

adjust the thermostat in order to maintain this temperature. Pour a sample of the 

mud to be tested into a glass beaker and place it on a heating unit at 150 ° F fitted 

with a magnetic stirrer (to maximise the number of tests to be done).

2. Once the correct temperature is reached pour the mud into the cell and the top 

cover bolted in position. Place the cell into the heating jacket with both bottom 

and top valves stems closed. The volume of mud poured into the cell should be 

fixed for any test carried.

3. Connect the Nitrogen pressure units to the top and bottom valves and a apply 

pressure of 100 psi from the top unit whilst heating. The same pressure can be 

applied to the bottom unit with the valve stem closed.

4. Once the correct temperature is reached open the bottom valve and adjust the top 

valve to the required test pressure.

Open the bottom outlet valve and start the stopwatch when filtration commences. The 

spurt loss was measured at 20 seconds from step 4. The filtration weight was 

measured manually with respect to time due to the restriction at the bottom valve 

when used above 200 F.

The first filtration test conducted was stopped after seven hours and up on 

equilibrium, dynamic filtration was recorded after about two hours. Thereafter the 

bottom valve was initially closed followed by the top valve and after cooling, the 

pressure was then carefully released. The top cover was then removed, the mud 

drained off, the bolts were loosened and the bottom cover and core were then 

removed. Any excess mud lying on the surface of the cake, especially from the static 

filtration test, was then gently scraped and the filter cake thickness was measured by 

caliper. The total weight of the wet filter cake was recorded and it was then placed in 

a heated oven at 90°C for two days to dry out. To ensure the cake was dried 

completely the oven temperature was then raised to 120 °C for another day. No 
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decrease in weight was recorded after this second drying. Finally, the cell was 

cleaned carefully and dried with pressurised air.

liable A 1 (4.14) Effect of pressure and temperature (static filtration experiments) for \V B M

TEM P. 150 F 200 F

TIM E 200 psi 500 psi 300 psi 200 psi 500 psi 800 psi
m 1 Ill 1 m 1 m 1 m 1 m 1

0.5 0.09 0.25 0.56 0.28 0.67 1 .22
5 0.64 1.11 I .4 1 .07 1 .98 2.42

1 0 1 .07 1 .52 2.07 1 .55 2.55 3
1 5 1 .5 1 .95 2,6 I 1 .9 3 3.0 5 3.4 7
20 1 .84 2.24 3.0 1 2.3 3.5 2 4.04

25 2.1 2.5.3 3.3 3 2,66 3.78 4.36
30 2.3 1 2.88 3.63 2.98 4.02 4.84
40 2.8 3 3.46 4.15 3.5 4.77 5.3 9
50 3.2 5 3.8 5 4.6 1 4.02 5.14 5.95
60 3.5 9 4.3 5 5.05 4.52 5.67 6.53
75 4.04 4.89 5.64 5.16 6.3 8 7.28
90 4.49 5.4.3 6.24 5.8 1 7,1 8.03
105 4.86 5.98 6.85 6,3 7.72 8,68
1 20 5.24 6.54 7.46 6.79 8.35 9.33
1 3 5 5.54 6.89 7.87 7.26 8.95 9.9 3
1 50 5.84 7.24 8.28 7.74 9,55 10.53
1 65 6.1 I 7.55 8.64 8.16 10.08 1 1 .08
1 80 6.39 7.87 9 8.5 9 10.62 1 1 .63
1 95 6.64 8.14 9.27 8.99 1 1 .07 12.11
2 1 0 6.89 8.42 9.55 9.3 9 1 1 .53 1 2.56

Table A 2 (4.15) Effect of pressure and temperature (static filtration experiments) for W BM

TEMP. 250 F 300 F

TIM E 200 psi 500 psi 800 psi 200 psi 500 psi 800 psi
m 1 ml ml m 1 ra 1 m 1

0.5 0.3 5 0.9 1.33 0.98 1 .68 2.05

5 0.95 1 .25 1 .8 5 1 .62 3.5 1 4.44

10 1.3 9 2.1 1 3.1 2.28 4.6 1 5.56

1 5 I .99 2.7 5 3 .9 2 2.7 3 5.5 1 6.24

20 2.4 3.4 3 4.48 3,04 6.19 7.09

25 3.02 4.17 5.05 3,46 6.88 7.58

30 3.2 8 4.8 5.54 3.88 7.45 8.14

40 4 5.7.5 6.47 4.5 1 8.5 9.2 1

50 4.65 6.52 7.4 5.19 9,46 10.18

60 5.25 7,26 8.15 5.8 3 10.38 11.14

75 5.5 8.26 9.08 6.76 1 1 .5 1 I 2.24

90 6.75 9.26 10.01 7.69 1 2.64 1 3.34

1 0.5 7.35 9.99 10.83 8.42 13.57 14.3 1

1 20 7.96 10.72 1 1 .65 9.15 14.5 1 15.28

1 3 5 8.59 1 I .47 1 2.4 9.88 1 5.38 16.23

150 9.22 1 2.22 13.16 10.61 16.25 17.19

1 65 9.63 1 2.85 13.78 1 1 .32 16.98 1 7.96

1 80 10.05 1 3,48 1 4.4 1 2.03 1 7.7 1 1 8.74

1 95 10.35 1 .3 .96 1 4.97 1 2.69 1 8.43 19.44

210 1 0.65 1 4.45 15.55 13.35 19.15 20.1 4
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Table A3 (4.16) Ef ect of solids % (static filtration expen 
at 250 F & 500 psi Condition

ments) for WBM

9 PPG Il PPG 13 PPG
TIME 400 MD 2000 M D 5000 MD 2000 MD 5000 MD 400 MD 2000 MD 5000 MD

0.5 0 0 0 0 0 0 0 0
5 1.7.5 2.91 3.26 1.1.5 1.57 2.33 1.93 1.86
10 3.16 4.4.5 5.07 2.32 2.6 3.4 3.02 2.95
15 4.2.5 5.6 6.59 3.26 3.26 4.2.5 3.86 3.79
20 5.22 6.49 7.71 3.93 3.73 4.99 4.42 4.3.5
25 6.02 7.4 8.5.5 4.58 4.24 5.55 4.76 4.69
30 6.55 7.88 9.36 5.21 4.5.5 6.24 4.98 4.91
40 7.6.5 9.19 10.69 6.23 5.51 7.2 5.31 5.24
50 8.69 10.2 11.94 7.09 6.12 8.06 5.47 5.4
60 9.55 11.17 13.1 7.96 6.81 8.9 5.62 5.5.5
75 10.93 12.47 14.4 8.98 7.77 9.97 6.7 6.4,5
90 12.31 13.78 15.8 10.01 8.74 11.04 7.98 7.3.5
10.5 13.44 14.9.5 16.97 10.84 9.5.5 11.96 8.86 8.1.5
120 14.58 16.12 18.1.5 11.67 10.37 12.88 9.7 8.9.5
135 15.56 17.05 19.17 12.38 11.08 13.67 10.44 9.6
150 16.5.5 17.99 20.21 1.3.09 11.79 14.47 11.19 10.25
16.5 17.4.5 18.93 21.12 13.7.5 12.46 15.17 11.8.5 10.8.5
180 18.3.5 19.83 22.04 14.42 13.14 15.88 12.52 11.4.5
195 19.1.5 20.63 22.84 14.93 13.64 16.55 13.12 11.9.5
210 19.9.5 21.43 23.64 15.39 14.14 17.23 13.72 12.4.5

Table A' (4.17) Effect of plugging agent fluid loss (static filtration experiments) for WBM
at 250 F & 500 psi Condition

TIME ba.se mud 3% 8% 13% OIL
0..5 0.9 0.81 0.7.5 0.6.5

.5 1.25 0.9.5 0.88 0.7.5
10 2.11 1.51 1.21 0.91
1.5 2.7.5 2.1.5 1.8.5 1.2.5
20 3.43 2.83 2.53 1.97
25 4.17 3.57 3.27 2.67
30 4.8 4.2 3.9 3.3
40 5.7.5 5.1.5 4.8.5 4.2.5
50 6.52 5.92 5.62 5.02
60 7.26 6.66 6.36 5.76
7.5 8.26 7.56 7.16 6.46
90 9.26 8.46 7.96 7.16
105 9.99 9.21 8.56 7.76
120 10.72 9.96 9.36 8.36
13.5 11.47 10.62 9.98 8.86
150 12.22 11.29 10.6 9.36
16.5 12.8.5 11.89 11.11 9.81
180 13.48 12.49 11.59 10.26
19.5 13.96 13.01 12.04 10.46
210 14.4.5 13.5.3 12.48 11.01
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Table A5 (4.18) Effect of viscosifying agent fluid loss (static filtration experiments) for WBM
at 250 F & 500 psi Condition

base mud 1 Ib/bbl 31b/bbl. 51h/bbl
TIME ml ml ml ml

0.5 0.9 0.77 0.63 0.47
5 1.25 1.12 0.98 0.82
10 2.11 1.98 1.84 1.68
15 2.75 2.62 2.48 2.32
20 3.43 3.3 3.16 .3
25 4.17 4.04 3.9 3.74
30 4.8 4.67 4.53 4.37
40 5.75 5.62 5.48 5.32
50 6.52 6.39 6.2.5 6.09
60 7.26 7.13 6.99 6.83
75 8.26 8.03 7.79 7.63
90 9.26 9.03 8.79 8.43
105 9.99 9.66 9.32 9
120 10.72 10.39 10.04 9.57
135 11.47 11.04 10.64 10.07
150 12.22 11.69 11.19 10.57
165 12.85 12.26 11.69 10.97
180 13.48 12.81 12.19 11.37
195 13.96 13.31 12.59 11.67
210 14.45 1.3.81 12.99 11.97

Table A6 (4.19) Effect of coating agent fluid loss (static filtration experiments) for WBM
at 250 F & 500 psi Condition

base mud 1 ib/bbl 31b/bbl. 5lb/bbl
TIME ml ml ml ml

0.5 0.9 0.87 0.79 0.67
5 1.2.5 4.91 0.9 4.78
10 2.1 1 9.91 1.76 9.78
15 2.7.5 14.91 2.4 14.78
20 3.4.3 19.91 3.08 19.78
25 4.17 24.91 3.82 24.78
30 4.8 29.91 4.4.5 29.78
40 5.7.5 39.91 5.4 39.78
50 6.52 49.91 6.17 49.78
60 7.26 59.91 6.91 59.78
75 8.26 8.07 7.73 7.54
90 9.26 8.97 8.5.5 8.31
105 9.99 9.62 9.19 8.91
120 10.72 10.3 9.83 9.51
135 11.47 10.9.5 10.4 10.0.5
150 12.22 11.6 10.98 10.59
165 12.8.5 12.17 11.53 11.09
180 13.48 12.7.5 12.08 11.59
195 13.96 13.2.5 12.53 11.89
210 14.4.5 13.7.5 12.98 12.19
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TEMP. 150 F 200 F
TIME 200 psi 500 psi 800 psi 200 psi 500 psi 800 psi

mi ml ml ml ml ml
0.5 0.36 0.51 0.74 0.4.5 0.6.5 0.98
5 1.23 1.48 1.78 1.54 1.73 2.36
10 1.86 2.18 2.46 2.09 2.64 3.1.5
15 2.27 2.77 3.01 2.69 3.29 3.81
20 2.57 3.16 3.47 3.2 3.74 4.29
2.5 2.97 3.6 3.96 3.54 4.2 4.81
.30 3.19 3.86 4.2.5 3.89 4.58 5.3
40 3.73 4.42 4.97 4.56 5.24 6.17
50 4.2 4.9.5 5.4.5 5.21 5.9 6.77
60 4.66 5.3.5 5.9.5 5.69 6.47 7.39
7.5 5.23 5.97 6.6 6.48 7.31 8.17
90 5.8 6.6 7.2.5 7.27 8.16 8.9.5
10.5 6.2.5 7.17 7.8.5 7.81 8.86 9.71
120 6.69 7.7.5 8.4.5 8.35 9.57 10.48
13.5 7.09 8.22 8.9.5 8.82 10.12 11.08
150 7.49 8.69 9.4.5 9.29 10.67 11.68
165 7.89 9.16 9.9.5 9.76 11.22 12.28
180 8.29 9.63 10.4.5 10.23 11.77 12.88
19.5 8.69 10.1 10.9.5 10.7 12.32 13.48
210 9.09 10.57 11.4.5 11.17 12.87 14.08

Table A8 (4.21) Effect of pressure and temperature (dynamic filtration experiments) for WBM
TEMP. 250 F 300 F

TIME 200 psi 500 psi 800 psi 200 psi 500 psi 800 psi
ml mi ml ml ml ml

0..5 0.56 0.83 1.17 0.7.5 1.1.5 2.11
.5 1.87 2.2.5 2.7.5 2.61 3.86 4.84
10 2.5.5 3.1.5 3.6.5 3.71 5.19 5.8
1.5 3.06 3.92 4.42 4.39 6.24 6.63
20 3.4.5 4.48 4.98 5.09 6.84 7.6
2.5 3.76 5.0.5 5.5.5 5.66 7.49 8.22
30 4.18 5.5.5 6.0.5 6.16 7.98 8.81
40 4.8.5 6.4.5 6.9.5 7.11 9.1 9.9.5
50 5.3.5 7.31 7.81 7.96 10.11 10.97
60 5.8.5 7.9.5 8.4.5 8.84 11.22 11.94
7.5 6.59 9.04 9.54 9.88 12.52 13.31
90 7.33 10.14 10.64 10.92 13.8.3 14.69
10.5 7.99 II 11..5 11.72 14.94 15.92
120 8.66 11.87 12.37 12.52 16.06 17.16
13.5 9.23 12.52 13.14 13.3.5 16.93 18.11
150 9.8 13.17 13.92 14.19 17.8 19.06
16.5 10.37 13.82 14.69 14.99 18.67 20.01
180 10.94 14.47 15.47 15.79 19.54 20.96
19.5 11.51 15.12 16.24 16.59 20.41 21.91
210 12.08 15.77 17.02 17.39 21.28 22.86
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Table A9 (4.22) Effec t of solids % (dynamic filtration expc 
at 250 F & 500 psi Condition

riments) for WBM

9 PPG 11 PPG 13 PPG
400 MD 2000 MD 5000 MD 2000 MD 5000 MD 400 MD 2000 MD 5000 MD

TIME ml ml ml ml ml ml ml ml

0.5 5.48 2.29 14.7.5 1.96 4.5 1.52 1.41 1.9

5 7.97 4.6 18.72 3.87 5.48 4.28 3.52 3.7

10 9.37 4.77 20.26 4.98 6.32 5.36 4.54 4.71

15 10.58 4.8 21.54 5.8.5 6.99 6.21 5.43 5.4

20 11..5.5 8.43 22.7.5 6.56 7.58 6.89 6.01 6.02

25 12.37 8.46 23.76 7.0.5 8.11 7.5.5 6.69 6.56

30 13.13 8.53 24.5.5 7.52 8.59 8.13 7.19 7.03

40 14.64 8.5.5 26.0.5 8.53 9.6 9.19 8.2 7.91

50 15.92 15.42 27.4 9.46 10.4 10.12 9.08 8.76

60 17.02 18.29 28.7.5 10.2.3 11.2 10.89 9.87 9.54

75 18.6 20.91 30.42 11.3.3 12.3 12.01 10.94 10.47

90 20.18 23.53 32.1 12.43 13.4 13.14 12.01 11.41

105 21.4.5 25.4.5 33.58 13.33 14.3 14.09 12.85 12.26

120 22.73 27.37 35.07 14.23 15.2 15.04 13.7 13.12

135 23.87 29 36.32 14.95 15.95 15.8 14.47 13.82

150 25.02 30.64 37.57 15.68 16.7 16.69 15.34 14.52

165 26.12 32.29 38.82 16.4 17.4.5 17.44 16.09 15.27

180 27.22 33.9.5 40.07 17.13 18.2 18.19 16.85 16.02

195 28.32 35.6 41.32 17.8.5 18.9.5 18.96 17.6 16.77

210 29.42 37.26 42.57 18.58 19.7 19.69 18.3.5 17.52

Table Alt (4.23) Effect of plugging agent fluid loss of (dynamic filtration experiments) for WBM
at 250 F & 500 psi Condition

TIME base mud 3% 8% 13% OIL
ml ml ml ml

0..5 0.8.3 1.34 1.31 0.8
5 2.2.5 3.14 3.04 2.37
10 3.1.5 4.08 .3.88 3.18
15 3.92 4.69 4.42 3.86
20 4.48 5.17 5.0.3 4.34
25 5.0.5 5.64 5.43 4.81
30 5.5.5 6.02 5.84 5.22
40 6.4.5 6.82 6.5.3 5.96
50 7.31 7.52 7.12 6.63
60 7.9.5 8.07 7.68 7.17
7.5 9.04 8.97 8.44 7.87
90 10.14 9.87 9.21 8.57
10.5 11 10.62 9.83 9.14
120 11.87 11.37 10.46 9.71
13.5 12.52 11.99 11.01 10.16
150 13.17 12.61 11.56 10.61
16.5 13.82 13.2.3 12.11 11.06
180 14.47 13.8.5 12.66 11.51
19.5 15.12 14.47 13.21 11.96
210 15.77 15.09 13.76 12.41
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Table Al 1 (4.24) Effect of viscosifying agent fluid loss of (dynamic filtration experiments) for WBM
at 250 F & 500 psi (Condition

base mud 1 Ib/bbl 31b/bbl. Slb/bbl
TIME ml ml ml ml

0..5 0.83 1.48 2.11 4.68
5 2.2.5 2.83 3.22 4.95
10 3.1.5 3.68 3.95 5.22
15 3.92 4.38 4.53 5.6.5
20 4.48 4.9 5.0.5 6.0.5
25 5.0.5 5.41 5.44 6.36
30 5.55 5.87 5.69 6.62
40 6.4.5 6.73 6.4 7.26
50 7.31 7.49 7.06 7.76
60 7.9.5 8.08 7.64 8.22
75 9.04 9.03 8.44 8.91
90 10.14 9.97 9.24 9.6
10.5 11 10.77 9.9.3 10.19
120 11.87 11.57 10.63 10.78
135 12.52 12.17 11.18 11.23
150 13.17 12.77 11.73 11.68
16.5 13.82 13.37 12.28 12.13
180 14.47 13.97 12.83 12.58
19.5 15.12 14.57 13.38 13.0.3
210 15.77 15.17 13.93 13.48

Table A12 (4.25) Effect of coating agent fluid loss of (dynamic filtration experiments) for WBM
at 250 F & 500 psi Condition

base mud 1 Ib/bbl 31b/bbl. 51b/bbl
TIME ml ml ml ml

0..5 0.83 2.9.5 4.04 5
.5 2.2.5 4.04 4.54 5.2
10 3.1.5 5.04 5.1.3 5.4
1.5 3.92 5.82 5.52 5.7.5
20 4.48 6.39 5.9 6.01
2.5 5.0.5 6.78 6.29 6.3.5
30 5.5.5 7.17 6.56 6.61
40 6.4.5 8.03 7.2.5 7.26
50 7.31 8.79 7.8.3 7.8.5
60 7.9.5 9.5.5 8.61 8.37
7.5 9.04 10.44 9.28 9.12
90 10.14 11.33 9.9.5 9.87
10.5 11 12.1.3 10.61 10.46
120 11.87 12.94 11.27 11.07
135 12.52 13.6 11.87 11.62
150 13.17 14.26 12.47 12.17
16.5 13.82 14.92 13.07 12.72
180 14.47 15.58 13.67 13.27
19.5 15.12 16.24 14.27 13.82
210 15.77 16.9 14.87 14.37
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Table A13 (4.26) Effect of shear rate of (dynamic filtration experiments) for WBM
at 250 F & 500 psi Condition

80 rpm 120 rpm 160 rpm 200 rpm
TIME ml ml ml ml

0.5 0.83 1.44 1.98 2.02
5 2.25 3.3 4.07 4.81
10 3.15 4.44 5.07 5.81
15 3.92 5.26 5.87 6.61
20 4.48 6.04 6.66 7.4
25 5.05 6.66 7.34 8.08
30 5.55 7.21 7.8 8.54
40 6.45 8.2 8.72 9.46
50 7.31 9.24 9.6 10.34
60 7.95 10.05 10.4 11.14
75 9.04 11.15 11.53 12.22
90 10.14 12.24 12.57 13.31
105 11 12.95 13.48 14.22
120 11.87 13.65 14.39 15.13
135 12.64 14.35 15.14 15.93
150 13.42 15.05 15.89 16.73
165 14.07 15.75 16.64 17.53
180 14.72 16.45 17.39 18.33
195 15.37 17.15 18.14 19.13
210 16.02 17.85 18.89 19.92
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[Table A14 (4.27) Effect of pressure and temperature (static filtration experiments) for OB~M

TEMP. 150 F 200 F

TIME 200 psi 500 psi 800 psi 200 psi 500 psi 800 psi

0.5 0.06 0.11 0.14 0.11 0.21 0.29

5 0.067 0.18 0.21 0.18 0.38 0.47

10 0.07 0.26 0.3 0.26 0.56 0.66

15 0.11 0.31 0.37 0.35 0.65 0.7.5

20 0.16 0.37 0.45 0.45 0.74 0.8.5

25 0.19 0.47 0.52 0.52 0.79 0.9

30 0.21 0.56 0.62 0.6 0.84 0.95

35 0.25 0.58 0.6.5 0.67 0.88 0.99

40 0.3 0.61 0.68 0.74 0.93 1.05

45 0.3.3 0.66 0.74 0.79 0.98 1.1

50 0.36 0.71 0.8 0.85 1.04 1.1.5

5.5 0.38 0.76 0.8.5 0.9 1,08 1.19

60 0.41 0.81 0.91 0.97 1.1.3 1.24

75 0.48 0.89 0.95 1.08 1..3 1.4

90 0.55 1 1.1 1.21 1.44 1.56

105 0.6 1.08 1.17 1.3.3 1.58 1.71

120 0.66 1.16 1.26 1.45 1.73 1.85

135 0.72 1.23 1.34 1.55 1.86 1.98

150 0.76 1.3 1.42 1.65 1.99 2.12

165 0.8 1.35 I..5 1.73 2.08 2.23
180 0.84 1.41 1.56 1.83 2.18 2.3.5

Table A15 (4.28) Effect of pressure and temperature (static filtration experiments) for OBM
TEMP. 250 F 300 F

TIME 200 psi 500 psi 800 psi 200 psi 500 psi 800 psi

0.5 0.14 0.28 0.37 0.21 0.34 0.45

5 0.29 0.44 0.53 0.47 0.6 0.68

10 0.42 0.59 0.67 0.73 0.8.5 0.94

1.5 0.5.3 0.74 0.82 0.9 1.0.5 l.ll

20 0.67 0.88 0.9.5 1.0.5 1.24 1.34

25 0.79 0.99 1.09 1.18 1.34 1.49

30 0.89 1.11 1.22 1.29 1.52 1.62

35 1.02 1.26 1.37 1.44 1.69 1.79

40 1.13 1.39 1..5 1.57 1.8.5 1.96

45 1.21 1.48 1.6 1.68 1.95 2.05

50 1.28 1.58 1.69 1.76 2.06 2.18

55 1..3.5 1.69 1.79 1.86 2.16 2.3

60 1.41 1.78 1.88 1.9.5 2.27 2.41

75 1.59 1.99 1.98 2.14 2.47 2.64

90 1.75 2.18 2.27 2.34 2.7 2.85

105 1.92 2.38 2.46 2.54 2.89 .3.06

120 2.08 2.56 2.6,5 2.72 3.1 .3.27

135 2.2.3 2.74 2.83 2.9 3.29 3.47

150 2.38 2.91 3 3.07 3.48 3.66

165 2.53 3.1 3.18 3.26 .3.66 3.85

180 2.66 .3.27 3.34 3.41 3.84 4.0.3
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at 250 F & 500 psi Condition

filter paper 400 md 2000 md 5000 md

TIME F.L ml F.L ml F.L ml F.L ml

0.5 0.11 0.28 0.32 0.36

5 0.39 0.44 0.42 0.4.5

10 0.66 0.59 0.5.5 0.53

15 0.81 0.74 0.7 0.69

20 0.97 0.88 0.8.5 0.84

25 1.07 0.99 0.9.5 0.96

.50 1.17 1.11 1.08 1.09

35 1..3 1.26 1.21 1.23

40 1.43 1.39 1.34 1.3.3

45 1.51 1.48 1.43 1.42

50 1.59 1.58 1.56 1.5.5

55 1.6.5 1.69 1.66 1.6.5

60 1.7 1.78 1.7.5 1.76

75 1.91 1.99 1.96 1.97

90 2.1 2.18 2.1.5 2.13

105 2.2.3 2.38 2.3.5 2.33

120 2.35 2.56 2.53 2.52

135 2.49 2.74 2.7 2.71

150 2.64 2.91 2.89 2.88

165 2.76 .3.1 .3.0.5 3.06

180 2.89 .3.27 .3.2 .3.19
[Table A17(4 30) Effect of solids% (static filtration experiments) for ()i

6% 13% 20%

TIME 9 ppg 11 ppg 13 ppg

0.5 2.41 0.28 0.07

5 2.47 0.44 0.16

10 2.53 0.59 0.27

1.5 2.58 0.74 0.43

20 2.63 0.88 0.59

25 2.7.3 0.99 0.66

30 2.84 l.l 1 0.74

3.5 2.89 1.26 0.79

40 2.9.5 1.39 0.8.5

4.5 3.01 1.48 0.94

50 .3.07 1.58 1.0.3

5.5 .3.14 1.69 1.1

60 .3.21 1.78 1.18

75 .3.4.3 1,99 1.37

90 3.65 2.18 1.58

10.5 .3.82 2.38 1.69

120 .3.99 2.56 1.81

1.3.5 4.17 2.74 1.92

150 4.35 2.91 2.03

16.5 4.5 .3.1 2.14

180 4,65 .3.27 2.24
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Table A18 (4.31) Effect of coating agent fluid loss (static filtration experiments) for OBM

at 250 F & 5(X) psi Condition

base mud 0.2.5 Ib/bbl 1.0 Ib/bbl 2,0!b/bbl 4.0 Ib/bbl

TIME ml ml nil ml ml

0.5 0.34 0.19 0.34 0.14 0.16

5 1.09 0.9.3 0.72 0.40 0.47

10 1.53 1.34 1.00 0.56 0.64

15 1.83 1.63 1.22 0.68 0.82

20 2.12 1.91 1.44 0.80 0.99

25 2.37 2.14 1.62 0.96 1.13

30 2.61 2.36 1.80 l.ll 1.27

35 2.83 2.54 2.02 1.20 1.37

40 3.04 2.72 2.23 1.28 1.47

45 3.2.3 2.89 2.3.3 1.43 1.56

50 .3.41 3.06 2.42 1.57 1.6.5

55 .3.56 3.2.3 2.58 1.6.3 1.7.5

60 .3.70 .3.39 2.7.3 1.69 1.84

75 4.17 3.87 .3.04 1.98 2.12

90 4.6.3 4.35 3.34 2 27 2.39

105 5.01 4.73 3.59 2.47 2.5.5

120 5.38 5.10 3.8.3 2.66 2.71

1.35 5.74 5.40 4.04 2.86 2.87

150 6.10 5.70 4.24 .3.06 3.02

16.5 6.38 6.00 4.44 3.26 3.18

180 6.6.5 6.29 4.64 3.46 3.34

1 Table A19 (4.32) Effect of plugging agen fluid loss (static filtration e xperiments) fDr

TIME base mud 0.2.5 Ib/bbl I.O Ib/bbl 2.0 Ib/bbl 4.0 IbAibl

ml ml ml ml ml

0..5 0.34 0.47 0.16 0.12 0.12

5 1.09 1.2.3 0.40 0.54 0.34

10 1.5.3 1.60 0.66 0.7.5 0.36

1.5 1.8.3 1.87 0.87 0.90 0.44

20 2 12 2.13 1.08 1.04 0.51

25 2.37 2.36 1.22 1.14 0.59

30 2.61 2.58 1.36 1.24 0.67

3.5 2.8.3 2.76 1.46 I..3.5 0.7.3

40 .3.04 2.93 1 ..5.5 1.4.5 0.79

4.5 .3.2.3 3.08 1.67 1.54 0.8.5

50 3.41 .3.22 1.78 1.62 0.91

55 3.56 .3.3.5 1.84 1.70 0.94

60 .3.70 .3.47 1.90 1.78 0.96

7.5 4.17 .3.84 2.14 2.01 1.0.5

90 4.6.3 4.21 2.38 2 24 1.1.3

10.5 5.01 4.52 2.60 2.43 1.2.5

120 5.38 4.82 2.82 2.62 1.37

1.3.5 5.74 5.08 2.97 2.79 1.47

150 6.10 5.33 3.12 2.9.5 1.56

16.5 6.38 5.5.3 .3.27 .3.10 1.66

180 6.6.5 5.72 .3.42 .3.2.5 1.76
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Table A20 (4.33) Effect ot viscosifying agent fluid loss (static filtration experiments) for OBM
at 250 F & 500 psi Condition

TIME base mud 0.25 Ib/bbl 1.0 Ib/bbl 2.0 Ib/bbl 4.0 Ib/bbl

ml ml ml ml ml

0.5 0.34 0.10 0.32 0.07 0.05

5 1.09 0.49 0.70 0.08 0.07

10 1.53 0.77 0.86 0.27 0.08

15 1.83 1.05 1.03 0.37 0.09

20 2.12 1.33 1.19 0.47 0.09

25 2.37 1.53 1.35 0.57 0.10

30 2.61 1.73 1.50 0.66 0.10

35 2.83 1.91 1.61 0.74 0.10

40 3.04 2.08 I.7I 0.82 0.10

45 3.23 2.27 1.85 0.92 0.10

50 3 41 2.46 1.99 1.02 0.10

55 3.56 2.60 2.09 1.08 0.11

60 3.70 2.74 2.18 1,14 Oil

75 4.17 2.96 2.47 1.33 0.14

90 4.63 3.18 2.75 1.52 0.17

105 5.01 3.51 2.96 1.64 0.22

120 5.38 3.84 3.17 1.76 0.26

135 5.74 4.20 3.36 1.87 0.32

150 6.10 4.55 3.54 1.98 031
165 6.38 4.82 3.68 2.08 0.40

180 6.65 5.09 3.82 2.18 0.42
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TEMP. 150 F 200 F

TIME 200 psi 500 psi 800 psi 200 psi 500 psi 800 psi

0.5 0.03 0.06 0.1 0.11 0.13 0.15

5 0.09 0.1 0.16 0.22 0.28 0.33

10 0.18 0.2 0.27 0.38 0.47 0.51

15 0.3 0.34 0.34 0.52 0.59 0.6

20 0.33 0.4.3 0.44 0.62 0.7 0.69

25 0.37 0.5.3 0.56 0.72 0.82 0.8

30 0.4 0.62 0.66 0.8 0.91 0.91

35 0.49 0.7 0.76 0.8.5 1.02 1.01

40 0.55 0.76 0.82 0.95 1.05 1.06

45 0.68 0.84 0.88 0.98 1.1 1.15

50 0.72 0.9.3 0.98 1.04 1.14 1.23

55 0.78 0.99 1.0.5 1.07 1.19 1.29

60 0.84 1.0.5 1.11 1,09 1.21 1.35

75 0.91 1.14 1.21 1.2.3 1.39 1.54

90 0.97 1.2.3 1.31 1.37 1.56 1.73

105 l.OI 1.29 1.38 1.47 1.67 1.85

120 1.05 1.3.5 1.4.5 1.57 1.78 1.97

135 1.09 1.41 1.52 1.67 1.89 2.09

150 1.13 1.47 1.59 1.77 2 2.21

165 1.17 1.53 1.66 1.87 2.11 2.33

180 1.21 1.59 1.73 1.97 2.22 2.45

Table A22 (4.35) Effect of pressure and temperature (dynamic filtration experiments) for OBM
TEMP. 250 F 300 F

TIME 200 psi 500 psi 8(K) psi 200 psi 500 psi 800 psi

0.5 0.23 0.35 0.41 0.33 0.55 0.71

5 0.62 0.71 1.02 0.78 0.94 1.13

10 0.81 0.92 1.29 1.07 1.24 1.35

15 1.01 1.11 1.4.3 1.36 1.45 1.61

20 1.19 1.3 1.57 I..5 1.61 1.84

25 1.33 1.46 1.7 1.66 1.74 1.96

30 1.5 1.6.3 1.84 1.82 1.96 2.24

35 1.57 1.7.5 1.9.3 2.02 2.12 2.33

40 1.67 1.83 2 2.1 2.35 2.55

45 1.78 1.96 2.1 2.17 2.45 2.65

50 1.88 2.04 2.25 2.27 2.54 2.75

55 1.91 2.14 2.3 2.39 2.74 2.95

60 1.99 2.26 2.35 2.49 2.92 3.07

75 2.18 2.46 2.58 2.7.5 3.21 3.36

90 2.38 2.66 2.82 .3.01 3.49 3.65

105 2.51 2.81 2.99 3.18 3.68 3.85

120 2.64 2.97 .3.16 3.36 3.87 4.05

135 2.77 3.12 3.33 3.53 4.06 4.25

150 2.9 3.28 3.5 3.71 4.25 4.45

165 3.03 3.43 3.67 .3.883 4.44 4.65

180 3.16 3.59 3.84 4.06 4.63 4.85
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Table A23 (4.36) Effect of shear rate (dynamic filtration experiments) for OBM
at 250 F & 500 psi Condition

TIME 80RPM 120RPM 160 RPM 200 RPM

0.5 0.28 0.58 0.67 0.71

5 0.44 0.89 0.97 1.06

10 0.59 1.07 1.22 1.36

15 0.74 1.26 1.4 1.56

20 0.88 1.42 1.57 1.7.5

25 0.99 1.57 1.69 1.9.5

30 1.11 1.7.3 1.81 2.11

35 1.26 1.8.5 1.92 2.22

40 1.39 1.9.5 2.06 2.39

45 1.48 2.06 2.18 2.48

50 1.58 2.17 2 29 2.63

55 1.69 2.28 2.37 2.74

60 1.78 2.3.5 2.49 2.8.5

75 1.99 2.6 2.74 3.15

90 2.18 2.86 3 3.46

105 2.38 .3.0.5 3.2.5 3.76

120 2.56 3.24 3.51 4.07

135 2.74 .3.43 3.76 4.37

150 2.91 3.59 4.02 4.68

165 .3.1 .3.78 4.27 4.99

180 3.27 3.94 4.5.3 5.29

Table A24 (4 37) Effect of solids% (dynamic filtration experiments) for OBM
at 250 F & 500 psi Condition

TIME 9 ppg o ppg 13 ppg

0.5 2.06 0..3.5 0.2.5

.5 2.49 0.71 0.4

10 2.8.3 0.92 0.57

15 3.12 l.l 1 0.72

20 3.37 1..3 0.92

25 .3.57 1.46 1.02

30 .3.77 1.6.3 1.23

35 3.86 1.7.5 1.33

40 4.0.3 1.8.3 1.43

45 4.17 1.96 1..5

50 4.31 2.04 1.6

55 4.47 2.14 1.64

60 4.58 2.26 1.7

75 4.86 2.46 1.8.3

90 5.14 2.66 1.96

10.5 5.38 2.81 2.09

120 5.62 2.97 2.22

1.35 5.86 3.12 2.3.5

150 6.1 3.28 2.48

16.5 6.34 3.4.3 2.61

180 6.58 3.59 2.74
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Table A25 (4.38) Effect of coating agent fluid loss (dynamic filtration experiments) for OBM
at 250 F & 500 psi Condition

TIME base mud 0.25 ItVbbl 1.0 Ib/bbl 2.0 ih/bbl 4.0 IbAibl

ml ml ml ml ml

0.5 0.14 0.3.5 0.51 0.31 0.24

5 0.24 0.8.3 1.16 0.72 0.57

10 0.44 1.23 1.55 0.97 0.88

1.5 0.85 1 ..5.3 1.82 1.16 1.02

20 1.2.5 1.82 2.08 1.3.5 1.16

2.5 1.52 2.21 2.26 1.49 1.29

.50 1.78 2.60 2.43 1.6.3 1.41

.3.5 2.04 2.79 2.56 1.79 1.57

40 2.29 2.97 2.68 1.9.5 1.72

45 2.56 .3.1.5 2.80 2.0.5 1.82

50 2.82 3.33 2.92 2.15 1.91

55 3.06 3.48 3.01 2.26 2.02

60 3.30 3.62 3.09 2.36 2.12

7.5 .3.98 4.07 3.38 2.64 2.34

90 4.66 4.52 .3.67 2.91 2.55

105 5.20 4.94 3.9.3 .3.10 2.76

120 5.74 5.35 4.18 .3.28 2.97

13.5 6.29 5.77 4.39 3.51 3.1.5

150 6.8.3 6.18 4.59 3.74 .3.33

16.5 7.37 6.60 4.80 3.90 3.52

180 7.90 7.01 5.00 4.06 .3.71

Table A26 (4.39) Effect of plugging agent Ouid loss (dynamic filtration experiments) for OBM
at 250 F & 500 psi Condition

TIME 0.25 lbrt>bl 1.0 Ih/bbl 2.0 Ib/bbl 4.0 Ib/bbl

0.5 ml ml ml ml

5 1.72 0.38 0.28 0.12

10 2.59 0.80 0.66 0.31

1.5 2.86 l.l 1 0.91 0.32

20 .3.12 1.3.5 1.06 0.4.3

25 3.37 1.58 1.20 0.53

30 .3.6.3 1.71 1.31 0.60

3.5 .3.88 1.84 1.41 0.67

40 4.07 1.99 1.61 0.76

4.5 4.26 2.1.3 1.81 0.84

50 4.42 2.24 1.90 0.88

5.5 4.57 2.34 1.98 0.91

60 4.70 2.44 2.08 0.97

7.5 4.8.3 2.54 2.17 1.03

90 5.21 2.8.3 2.38 1.19

10,5 5.59 .3.12 2.59 1.34

120 5.92 .3.34 2.78 1.50

1.3.5 6.2.5 .3.5.5 2.97 1.6.5

150 6.54 3.77 3.16 1.81

16.5 6.82 .3.98 .3.3.5 1.96

180 7.11 4.20 3.54 2.12
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Table A27 (4.40) Effect of viscosifying agent fluid loss (dynamic fdtration experiments) for OBM
at 250 F & 500 psi Condition

TIME 0.25 Ib/bbl 1.0 Ib/bbl 2.0 Ib/bbl 4.0 Ib/bbl

ml ml ml ml

0.5 0.17 0.08 0.16 0.12

5 0.66 0.33 0.33 0.15

10 1.04 0.56 0.56 0.22

15 1.36 0.75 0.69 0.31

20 1.67 0.94 0.82 0.39

25 1.89 1.10 0.90 0.45

30 2.10 1.26 0.98 0.51

35 2.31 1.38 1.08 0.56

40 2.52 1.49 1.18 0.61

45 2.68 1.60 1.30 0.66

50 2.83 1.70 1.41 0,71

55 3.03 1.83 1.54 0.75

60 3.22 1.95 1.66 0.78

75 3.65 2.30 1.85 0.94

90 4.08 2.65 2.04 1.10

105 4.46 2.87 2.2.3 1.26

120 4.83 3.09 2.42 1.42

135 5.21 3.31 2.61 1.58

150 5.58 3.53 2.80 1.74

165 5.96 3.75 2.99 1.90

180 6.33 3.97 3.18 2.06
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A4.3.2.1 Initial and Return Permeability Testing Procedure:

2.

3.

4.

i. The core is saturated in brine for WBM or base oil for OEM, after first being 

evacuated to assist in removing air from the pore spaces. Install the core plug 

on the core holder cell. This consists of an HP/HT cell base plate, rubber Hassler 

sleeve, a stainless steel pressure ring and a stainless steel locking ring. 

Tightening the locking ring contracts the pressure ring against the rubber sleeve, 

which in turn seals the sleeve onto the core Figure Al8 (4.50).

Mark the cell to indicate which is the top (the brine or oil always flows 

from bottom to top).

Invert and fill the cell with liquid to the top. Fit the top lid, keeping the top valve 

stem open to allow air and excess liquid to escape. Tighten the grub screws. 

Place the cell in the jacket with both bottom and top valves stems closed.

Figure A18 Schematic diagram of the core holder

5. Connect the pressure regulators to the top and bottom valves.

6. Check the closure of the bottom valve stem. Open the pressure valve to the 

liquid reservoir and bled 50-100 ml of liquid (oil or brine) through the lower 

pressure unit to de-air the system.

7. Start the balance programme and the pressure sensor re-zeroed.
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8. Open the bottom and top valves, apply pressure to the line and continue flow 

until a minimum of fifty pore volumes pass through the core and steady flow is 

achieved.

9. Increase the pressure and repeat step 8 and record as reference point two.

10. Three points in Darcy flow regime can be taken as reference for initial 

permeability measurement.

The design tool developed in chapter 4 (section 4.1.3.6.4) for quality control flow 

regimes was used.

Shut Down Procedure:
1. Shut off the nitrogen pressure and close both top and bottom valve stems.

2. Bled off the pressure from the liquid reservoir.

3. Remove the top and bottom assemblies.

4. Remove the cell was. Open the top cell and discard all the liquid that flowed 

through the core.

5. The mud filtration test can be carried out as recommended.

Core Damage

After the measurement of the initial permeability of the core plug, place the drilling 

fluid in the cell and the core can be exposed to the mud under different conditions of 

temperature, pressure and shear rate.

Return Permeability Testing Procedure

2.

3.

4.

1. Depressurise the cell after the mud filtration test with the bottom valve 

stem remaining closed.

Remove the top cover and decantent the excess mud without disturbance to the 

filter cake. Fill the cell to the top with brine or oil (depending on the type of 

drilling fluid used).

Place the cell in the jacket and close both bottom and top valves stems.

Connect the pressure regulators to the top and bottom valves.
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5.

6.

1.

8.

9.

Check the closure of the bottom valve stem. Open the pressure valve to the 

liquid reservoir and bleed 50-100 ml of liquid (oil or brine) through the 

lower pressure unit to de-air the system.

Start the balance programme and re-zero the pressure sensor.

Open the bottom and top valves, apply pressure to the line and wait for 10 

minutes. If the flow starts, continue flowing until the flow rate is steady. Three 

points in the Darcy flow regime (as above) can be taken as reference for return 

permeability.

Record the flow initiation and cake lift-off pressures.

Open the cell and visually observe the filter cake. If the filter cake completely 

removed then the test completed otherwise remove the cake manually and 

establish again the return permeability measurement. The shut down procedure 

can be followed as above.

A4.4.2 IIP-HT Faiiii-70 Rheometer Testing Procedure

1. Tuni the Fann-70 at the main power switch on the console. The pressure gauge 

and speed display should light.

Press the heat/cool start switch until the temperature controller comes on. 

Start with all parts of the cell, rotor assembly, bob, and bob shaft clean.

Ensure that the top of the cell assembly is on its stand with the locking pin in 

place, preventing the cell from dropping off the stand.

Screw the cell baflle snugly into place in the bottom of the coupling, pass the 

metal rod through the holes in the baffle to tighten it sufficiently.

Screw the bob shaft, until the bob is fitted tightly onto it.

Screw the bob shaft assembly plus the bob through the hole in the cell baffle into 

the limit stop at the top of the test cell.

Place the rotor assembly into the cell. Lower it gently into place and check that it

2.

3.

4.

5.

6.

7.

8.

rotates freely.
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9. Place 140 ml of the mud sample into the test cell until it reaches the top of rotor. 

Ensure that there are no air bubbles in the sample by rotating the rotor in the 

sample.

10. Place the “O”-ring and backup ring into the cell. The viton O-ring is placed in 

the groove first followed by the metal backup ring with the bevelled side down.

11. Place the cell under the coupling on the stand. Lift it up and screw it onto the 

coupling until the threads are hand-tight. The cell can be screwed on tighter with 

use of a strap wrench.

12. Fill a 20-ml syringe with 16 mis of sample and place a 1-ml syringe with no 

plunger at the end of it. Place this double syringe into the sample port and 

inject 15 ml of the sample.

13. Screw on the cap until it is hand tight.

14. Remove the locking pin. Lift the cell carefully from its stand into the hot well 

with the plugged sample port facing out of the hot well.

15. Close the vent valve and pressurise the cell to the desired pressure and check if 

there is any leak from the test cell in the heating jacket.

16. If the cell is not leaking the door of the hot well can be closed slowly.

17. Using the speed selector button set the fluid spinning at 200 rpm.

18. Press the start key to commence heating the sample. Once the fluid is at the 

correct temperature adjust the pressure on the cell and take the desired rheology 

readings.

19. Keep 500-psi pressure applied on the test cell while heating over 200 "F.

20. Once the test is complete, press the stop key button on the temperature controller 

to stop the heating process.

21. Press on display key this will start the cooling water process.

22. When test cell has cooled to room temperature, release the pressure on the cell 

slowly using the pressure release valve. When there is no more pressure on the 

test cell it can be dismantled safely.

23. Unscrew the coupling lock pin, and disconnect the pressure lines at the port

couplings.
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24. The cell can now be lifted out of the hot well. Dismantle the cell and clean all

the parts thoroughly with detergent.

25. There is risk when dealing with temperature of 300 and pressure of 17,000 psi 

but the design of Fann-70 greatly minimises this risk. However the procedure 

should be followed carefully.

Table A28 (4.45) HP-HT Fann 70 vis come ter reading for WBM

I'eni p era tun pressure RPM .3 6 100 200 300 600
150 F 1 5 psi 4 5 2.3 38 49 82

1 000 psi 4 5 26 4 1 53 87
3 000 psi 4 6 27 43 56 92
5000 psi 4 6 28 44 57 94
6000 psi 4 6 28 44 58 95
8000 psi 4 6 29 45 58 96

1 0000 psi 4 6 29 46 59 97
1 2000 psi 4 6 30 47 59 98
1 5000 psi 4 6 30 48 60 100
17000 psi 4 6 31 48 60 101

200 F 5 00 psi 3 4 1 6 24 33 57
1000 psi 4 5 17 26 34 59
3000 psi 4 5 1 8 27 36 60
5000 psi 4 5 1 9 27 36 61
6000 psi 4 5 1 9 27 37 62
8000 psi 4 5 1 9 28 37 62

1 0000 psi 4 5 20 29 38 63
1 2000 psi 4 5 20 29 .3 8 64
15000 psi 4 5 20 30 .39 65
17000 psi 4 5 2 1 30 40 67

250 F 500 psi 3 4 1 1 1 6 21 40
1 000 psi .3 4 1 2 1 7 22 42
3000 psi 3 4 1 3 1 8 23 43
5000 psi ,3 4 1 .3 1 9 24 44
6000 psi 3 4 1 4 1 9 24 45
8000 psi 4 4 15 22 27 47

1 0000 psi 4 4 1 6 22 28 48
1 2000 psi 4 4 1 6 22 28 49
15000 psi 4 4 16 2.3 29 50
1 7000 psi 4 4 1 7 2.3 30 52

300 F 500 psi 3 3 10 1 4 20 37
1000 psi .3 3 1 1 15 20 37
3000 psi 3 3 1 1 1 6 20 37
5000 psi 3 3 1 2 1 7 21 38
6000 psi 3 3 1 2 1 7 21 38
8000 psi 3 3 1 3 1 7 22 39

1 0000 psi 3 3 13 1 8 22 39
1 2000 psi .3 4 1 3 18 22 40
15000 psi 3 4 14 1 8 22 41
17000 psi 3 4 1 5 19 23 42

340



Table A29 (4.46) HP-HT Fann 70 viscometer reading for OBM

Temp. Pressure RPM3 6 100 200 300 600
150 F 15 psi 8 9 18 23 29 48

1000 psi 9 10 20 26 33 51
3000 psi 10 12 22 32 38 58
5000 psi 12 13 25 36 44 70
6000 psi 13 14 26 37 47 75
8000 psi 15 16 31 43 54 87
10000 psi 16 17 34 48 59 94
12000 psi 17 18 37 52 67 106
15000 psi 18 19 41 58 75 121
17000 psi 19 20 43 61 79 127

200 F 500 psi 7 8 16 21 25 39
1000 psi 8 9 20 24 29 42
3000 psi 8 10 21 25 31 46
5000 psi 8 10 22 29 34 50
6000 psi 10 11 22 30 35 54
8000 psi 10 11 23 33 38 59
10000 psi 13 14 26 36 44 68
12000 psi 13 14 29 39 48 76
15000 psi 13 14 33 45 55 87
17000 psi 14 15 36 48 60 95

250 F 500 psi 6 8 16 20 22 34
1000 psi 7 7 17 21 23 36
3000 psi 7 8 18 21 25 37
5000 psi 8 10 19 24 29 43
6000 psi 8 10 21 26 32 46
8000 psi 8 10 21 26 32 46
10000 psi 11 12 22 29 34 50
12000 psi 11 12 23 32 37 57
15000 psi 13 14 26 35 42 64
17000 psi 13 14 27 37 45 70

300 F 500 psi 4 6 13 15 19 29
1000 psi 5 7 14 16 19 30
3000 psi 5 7 15 18 21 34
5000 psi 7 8 15 19 21 37
6000 psi 7 8 16 21 24 37
8000 psi 7 8 18 21 26 40
10000 psi 9 10 19 23 29 45
12000 psi 9 10 20 24 34 49
15000 psi 11 12 23 31 37 54
17000 psi 11 12 26 34 43 59
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A4.5.2 Particle size Distribution Testing Procedure:

The Malvern Master-sizer Micro Plus particle size analyser should be operated in 

accordance with the following procedure:

1.

2.

3.

4.

5.

Connect the Malvern Mastersizer Micro Plus to a computer and turn on.

The Malvern Mastersizer software includes a row of dialogue boxes at the top of 

the screen. Setting up the software to the run analysis sample is simply a matter 

of working through the first four of these dialogue boxes in turn and providing 

the information requested. Click on the first dialogue box-set-up range, analysis 

and presentation.

Accept default settings (intemal-Micro sample dispersion unit).

Set up analysis - Enter particle density (SG of sample) and the refractive Index 

(RI) of the base fluid.

Click on second dialogue box - Open a sample file, load a record, and click on 

ok.

6.

7.

8.

9.

Click on third dialogue box - Document sample details and click on ok.

Put approximately 500 ml of clean base fluid into a beaker and place under the 

instrument motor. Lower the motor down into the fluid.

On the instrument control panel, press on button and allow the motor to come up 

to speed. The recommended motor speed is 2000 - 2500 rpm.

Click on the fourth dialogue box and follow screen instruction.

10. Collect 0.50 to 1.0 ml of mud sample in a syringe. Add a little sample at a time 

to avoid saturation - a very small quantity of mud is required. The actual amount 

will depend on the solids content of the sample.

11. As the sample is added the obscuration will increase until desired value is 

reached (15-25%) and then press space bar to go on to measure the sample stage.

12. The results in terms of tables and graphs will display and the analysis is now

completed.

13. Press the save record button. This automatically saves the results on the

recorded file.
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Table Bl (5.4) Rhoolcgcal charadcnsancn far \VBM

1 Hiid Rhedopc^ Brjncias

RMcrLaw
Madd

BipphaniFlastic 
MxU

YiddHwcrLaw 
Mxld

n PV 1 YP

Tenp pressue Hni 5.1 192 1712 3194 5196 10212 Regns.Qdr. Re^cs.Qxfr. R^tGS.Gxff.

150F TSpei (F)SS 2040 2550 117.30 18670 244.80 40600 05625 735 37,9 7.81 3 07865 174
(TjAV 369.20 aeso 6886 5539 47.90 3992 099707 099166 09996

1000 pa (RSS 2140 25.50 127.50 2M.00 26620 43350 057877 717 405 847 3 08038 170
(Fl AV 30920 249.50 74.85 59.88 51.90 4242 099786 0.96964 09996

3000 pa (RSS 21.42 2606 13260 21420 280.50 45800 057526 772 429 884 280 07649 228
(F)AV 419.16 274.45 77.84 6287 54.89 44.91 099796 090035 06608

5000 pei (RSS 21.42 2606 137.70 219.30 28660 46923 058036 766 43,8 006 280 07703 227
(RAV 419.16 274,45 80.84 64.37 55.89 4691 099629 096999 09907

eooopa (RSS 21,42 2605 137.70 21 a» 28615 474.30 058195 763 44.3 896 280 07719 226
(RAV 419.16 274,45 80.84 64.37 5639 4641 099616 099062 09997

8000 ps IRSS 21.42 2506 14280 234.40 290i7D 479.40 058534 761 447 928 289 07755 225
(RAV 41916 274.45 8383 6687 5689 4691 099666 09806 09996

10000 pa (RSS 21,42 2605 145.35 229.50 29625 484.50 058632 758 452 048 28B 07/87 2dl
(RAV 419.16 274.45 85.33 67.37 57.39 47.41 099669 096692 09996

12000 ps (RSS 21,42 2605 147.90 234.60 29680 48960 059126 750 456 9,68 280 07818 223
(RAV 41916 274.45 8683 6686 57.88 47.90 09688 098821 09994

15000 pa (RSS 21.42 2805 15Q45 23617 29635 499.80 0.59482 750 466 968 289 07855 222
(T)AV 419,16 274.45 8632 69.91 5638 4690 099679 0.98872 09994

17000 pa (RSS 21.42 2605 15300 239.70 30090 5(34.90 050806 748 47 075 280 07877 221
(RAV 41916 274.45 89.82 7036 5688 4940 099666 098871 09603

Riid Rhedopcil Rranors
RmctLuw Binphin Rustic YkilRMcrUMv

Table B2 (5.5) Mxxalojjcal du-jctensaliiii tir WBM Madd MDdd MxJd

K PV YP YP K
Terrp. presGue Hni 5.1 102 1707 3494 .5106 10212 Reye&CbdF. R;grs.(ZbdT. ns^e&Cbdr.

2UOF 500 psi (RSS 15.30 X.40 81.60 12240 163X 285.60 053353 597 2b.2 5.19 2 0X845 191
(RAV 29‘>40 199,60 47.90 35,93 31.94 27.91 a9»7 O99SS79 a9X21

lODpsi (RSS 17.85 2295 86(X 127JO I68.X 29125 OJ0981 716 X7 5,83 IS 0X839 196
(RAV 349JO 2M5.5 ,5990 37.43 3293 28.69 a9»t8S osasin a»M

3000 psi (RSS 17.85 2295 91.80 13260 178.50 3oax 0JI9Q5 ■X7 27.5 023 IS Q7I837 193
(RAV .■U9..30 221.55 5389 ,38.92 34.93 X.44 099016 0993381 OS»46

5000 psi (RSS 3040 25 JO 9381 13260 181.05 304,47 O-ttXB 834 27,6 561 3 071305 IX
(RAV 399.30 249.50 5.5.09 38.92 35.43 X,79 aw? 0994068 (U99S

6000 pa (RSS 3040 25 JO 96.90 IXM 183.09 308J5 049736 831 27.9 077 ,3 07167 198
(RAV 399.x 249,50 56.89 39,52 35.83 .X19 O9W95 Q9««2 O999M

8000 psi (RSS X40 25 JO 9690 137.x 18360 311.10 04X1 827 28.2 OX 3 071892 IX
(RAV 399,X 249.50 ,56.89 4942 3393 X44 099517 a9933W osmt

10000 psi (RSS X40 25 JO 99.45 14280 187,68 317.22 050«2 SX 28.8 ox 3 O7a«3 195
(HAV 399,X 249.50 58.38 41,92 ,3673 31XM 09958 0992728 09999

1X00 psi (RSS X40 25 JO 99.45 144.84 19227 321.81 0l5(J653 814 »J 7.01 3 072881 194
(RAV 399.x 249.50 ,58.,38 4251 37.62 31,49 099576 0992784 0H9S

15000 psi (RSS X40 25 JO 10200 147.x 19686 32640 051289 809 X.8 7.19 3 073354 IX
a)AV 219.,50 .59.88 4341 38.52 31.94 0(99622 0991951 Q999C

ITWpa (RSS X40 25JO 10302 149.94 XI .45 335.07 051771 801 X6 7.14 3 07387 IX
(BAV 399.x 319.50 6948 44,01 ,39.42 3278 09906 09929% Q999M

n = IbMcr bw iiiix diiiuisiaiess
K=t uila
IV = llfitic viacoaty (cF)
VP=Yickli)art(Hri(W2)
m=Y«ilsmss(lh'IOOft^)
SS s Stir stress. idytBbir2)
AV=/\4uai visoosity (d^
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TdtJe IB (5.6) Widogcal duaaerisation fir WHM

1 Riid nieciopcj Rniiuas

MxH
Bn^nHaaic 

Mxti

YiddRMerLauv

Mdd
1 " 1 pv 1 W YP n K

Terrp. presaie Filll 5.1 192 1702 340.4 510.6 1021.2 Re^cs-Cbdr. RcgrcsCbdf.
250F 500 ps (RSS 1275 17.85 9610 81.60 107.10 19690 048182 566 17.9 371 1.49 06236 216

(RAV 34050 174.65 3293 2395 3096 19.46 Q90O64 O9S7SB 09661
lOOOpa (RSS 1275 17,85 6120 8670 11220 20010 Q4&115 547 188 393 1,49 06368 213

(RAV 24950 174.65 3593 2545 21.96 2046 asms? 096639 0997

3000ps (RSS 1S30 17.85 6630 91.80 117.30 21420 Q48C29 622 19,1 4.48 25 07622 98
(RAV 2S&4O 174.65 3692 2696 2295 2096 Qsseis 096607 09993

5000 ps (RSS 1530 17.85 6630 94.35 119.85 21030 048523 615 19.7 4,47 25 0/6/t 97
(1=)AV 290,40 174.65 3692 27.60 2345 21.46 096215 090540 09004

eooopa (RSS 1530 17.85 6685 9690 122.40 23440 040077 610 201 4.58 25 07737 97
(RAV 299,40 174.65 4042 2644 2395 21.96 Q9Q2B6 Q90484 QSB03

8000pa (RSS 17.85 2040 7650 100.65 13311 237,15 04^1 728 21.1 557 3 07818 90
(RAV 340.30 160.60 44.91 3219 26C6 2320 Q9Q36 Q90234 09002

lOOOOpa RSS 17,85 2040 77.52 11067 137.70 34225 048143 720 21.7 599 3 07872 98
RAV 349,30 190,60 4551 3248 2695 2370 096(36* Q90286 09003

12000 ps RSS 17.85 2040 79.06 11220 13923 3l6&t 048195 716 221 561 3 07911 98
RAV 34&30 199.60 4641 3293 2725 31.15 09931^ Q90281 09002

ISOOOps RSS 17.85 2040 81.60 114.34 14382 25245 040065 701 226 572 3 07974 97
RAV 349.30 160.60 47.90 3353 2614 34.70 QS0421 090316 09091

iraops RSS 17.85 2040 8364 117.30 19096 26061 040865 690 235 582 3 08061 95
RAV 349,30 150.60 49.10 34,43 29.54 2550 QS9465 Qgoaio 09991

Talile IM (5.7) Muikiptal duattaisaliai tir \MiM

Rrjiacn
RMerLav Qni^iiiiHdStic YkUFbMrLav

PV YP YP K
Terrp. peeajB Hill 51 laa 1102 340.4 5106 10212 n^Qxff. R^res-Orff Rc^c&QxfT.
300F 500 ps RSS 1275 1530 51,00 71.40 91,80 17690 Q46857 531 159 325 2 Q72DB 101

RAV 34950 140.70 29.31 2096 17.96 17.47 QSB76B 066666 09986

1000 ps RSS 1275 1530 9610 7690 90.46 18360 048156 923 154 368 2 0735 90
RAV 34950 140,70 3290 2246 19.46 17.96 099183 090935 0969

3000 pa RSS 1275 1530 9610 81.60 1C200 187.17 048815 516 158 38 2 07422 96
(RAV 34950 140.70 3293 2396 1096 1631 ossem 096633 09994

to)pa RSS 1377 1632 6120 84,15 107.10 19125 048029 966 17.1 426 22 07480 100
RAV 260.46 190.68 3693 34.70 2096 1671 090061 096877 09960

OXDpa R,SS 1377 1632 6120 84,15 107.10 191,25 046029 566 17.1 426 22 07460 100
RAV 26046 150.68 3593 3470 2096 1671 096(361 096377 09660

8000pa RSS 1377 1632 6375 8670 10014 19380 Q484G0 933 17.3 4.44 22 07511 90
(RAV 260.46 150,68 37.43 2545 21.36 1696 Q69M4 090231 0969

10000pa R.SS 1377 1632 6528 87.72 100.14 19635 048723 561 175 4.48 22 07536 90
RAV 260,46 150.68 3632 2575 21,35 1921 099462 099172 09666

12000pa (RSS 1530 17.85 6630 8025 10065 19092 Q46BC5 640 17.7 4.60 25 07488 102

(RAV 29940 174,65 3692 21.46 19,96 099697 06968

15000 pa RSS 1530 17.85 60,87 91.80 11220 33502 047427 636 lai 4.85 25 O/ooo 101
RAV 299.40 174.65 41.02 2695 21.96 2006 099(383 096666 09984

ITODpa RSS 1530 17,86 7395 9690 114.75 200.61 048151 631 155 515 25 07639 100
RAV 290,40 174,66 4341 2644 2246 2051 099468 066601 09978

n s FtMer i£M irr^ ckre 
K £ COraslanoBy indEK (c 
FV ~ Ftaac viaooerty (cB 
VP=Yickllxut(UyitUt^2) 
Vl^YiddansfcdiyUUY 
SS=Sur
M=^ppoHl viscosty (c

rsortees 
P)

a 
■Pl
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T able B5 (5.2) Rheological chai'actensation for OBM

Fknd Rheological Paraneten
Pom Lav
Model

l^unPlatic TitUPowuLar
Model 1 Model

B Ll. 1 PV 1 YP 1 YP K
Temp. pmmn Fenn 3,1 10.2 170,2 340,4 510,6 10212 lecmCotff. Ragns.GMiff. Ragm.Coaff.
1»F 15 pn (nss 40.80 46.41 91.80 118.32 14535 24225 0304551 2278 19.3 10,02 6.89 0.5849 310

(DAT 798,40 454.09 53.89 34.73 28 44 23.70 097403 0.99586 0996?
1000 ph mss 46 41 52.53 100.98 13311 167.79 260.61 0299576 2613 20.7 11.65 7,89 0.5849 342

908 18 51357 59.28 39 07 32.83 25.50 0975959 09943 09975
30001)1 mss 32,33 58.65 114.24 163.20 19533 297.84 0307506 2899 23,9 13.58 9.1 0.6126 338

(MAY 1027,94 573.85 67.07 47.90 3822 29.14 0979373 0.99049 0.9987
sooomi mss 58,63 6426 127.50 181,56 22338 357.00 031743^ 3127 29,1 14,41 104 0.6513 304

(DAV 1147 70 628.74 74.85 53,29 43.71 34.93 0974486 0.99541 0.9988
(000 rii ross 64.26 70.38 133.11 190,74 237,15 383.01 031049 3456 31,1 1527 11.4 0.6426 335

125748 688.62 78.14 55,99 46.41 37.47 0969123 09971 0.9978
SOOOpn 76 50 81.60 157,08 218 79 274.38 44166 0.306284 4104 35 7 17.96 14,01 0.682 298

1497.00 798.40 92,22 64 22 53,69 43.21 0968831 0.99714 09989
10000 ph (HSS 81.60 86,70 172,38 242,25 302,43 479,40 0312791 4327 38,9 19.62 1502 0.6984 298

(DAY 1596.80 84830 101.20 71,11 59.18 46.91 0972533 099572 09994
12000 i»i mss 86 70 91.80 190.74 265 20 339.15 540.60 0324469 4485 44 4 20.87 16.01 0.7203 298

1696.60 89820 111.98 77.84 6637 52.89 0973673 09961 09995
15000 ph (riss 9180 96 90 20961 297 84 383.01 617,10 0339602 4599 51,5 22.15 17 07459 288

1796 40 948.10 123.05 87.42 7495 60.38 0974734 099638 09995
17000 mi mss 96 90 102.00 218.79 311.61 40035 647.70 0338063 4859 54 23.17 18 0,7498 293

(DAY 1896.20 998,00 128,44 9147 7834 63.37 0973738 0.99671 09995

Find Rheological Parameten
Poem Lar Bingham Platic TiiUPcwtrLar

Table B6 (5.9) Rheological charactensabooforOBM Model Model Model

PY YP YP K.
Temp, PMfON Fann 3.1 102 170.2 340.4 510.6 10212 Agm.CoaBr Recm.Coaff. Sagm.Coaff
200F 300 mi mss 33.13 38.76 81.60 108 12 129,03 19890 0315963 1855 15.9 9.13 5.4 0.5702 308

64870 379.24 47.90 3174 2525 19.46 0986399 098786 0.9983
1000 pn mss 38 25 4386 102.00 12291 147.39 21420 0311548 2173 16.8 11.25 6 4 0.5864 316

(DAY 748 50 429.14 59 88 36 08 28.84 20.96 0993312 097428 0.9984
3000 m> mss 4233 48,45 10537 12750 157.08 23236 0303079 2423 182 11.8 7,1 0.5774 348

828,34 474.05 61.98 3743 X.74 22.75 0988934 0.98237 09985
3000 ph 4233 48,45 109.65 145,35 17238 256.02 0325218 2320 206 12.2 7.1 0.605 330

828.34 474.05 64 37 42.66 33.73 25.05 0991142 098109 09994
6000 ph <.T)Si 48.45 54.06 114.24 150,96 17697 27438 0307979 2697 21,7 1295 8.4 0.6145 314

(HAY 948 10 528 94 67,07 44 31 34.63 26.85 0985295 098764 0.9994

8000 m> (DSS 48 45 54,06 118,32 167 79 19533 302,43 0329336 2581 24 6 1323 8.4 0.6412 298
(HAY 948 10 52854 69.46 49,25 3822 29,59 0986146 0.98703 0.9996

10000 ph (DS3 66 30 7140 133,11 181.56 22338 344,76 0288895 3718 27.1 16.07 12 0.6425 305
(r)ky 1297 40 698 60 78,14 53.29 43.71 33.73 0972092 099446 0.999

12000 ph mss 6630 71.40 145,33 199.92 246.84 387.60 0312751 3555 313 16.46 12 0,6737 289
mAY 1297.40 698.60 85.33 58 68 4830 37.92 0976871 099398 09996

15000 ph mss 66 30 7140 167 79 22797 441.66 0.342084 3384 364 17.55 12 0.7112 273
(RAY 1297 40 698.60 98 50 66 92 5439 43.21 0984693 0.99095 0 9998

17000 pn (DSS 7140 7630 181.56 246.84 307D2 48430 0346094 3603 40.2 18.82 13 0.7253 274
1397.20 74830 106.59 7245 60.08 47.41 0984279 09915 09998

B > P^r lav index, dmtR lonltjf
K • Comutucty inkx (cP)
Pv ■ PlutK TBCOlPy (cP)
YP- Y»iaittmt (14X0'2)
YP..Y»ld.ln» (14000'2)
SS > Sfattf flitH (dym/cnf 2)
AV « AppuiBt TKcosity (cP)
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Table B7 (5,10) Rheological charactensalionforOBM

1 Find Rheolo^al Ptfuntttn

PowtrLw BinehanPltftk TitUPowvLw
Model Model 1 Model

n rr 1 PV 1 YP 1 YP J a £
Ten^. pnmn fum 5.1 10.2 1702 340.4 510,6 10213 !ep«.Co«£r. KaiRf.Coeir. Recnr.Coeff’.

250 F 500 pn tn 33 3213 38 25 81.60 100.98 114,24 172.38 0.296569 1907 132 931 5,1 0.5295 359
628 74 374,25 4790 29 64 2236 16,87 05917 057661 0.9973

1000 pti tn 33 36.21 36.21 86.70 105.57 11832 18136 0297176 1985 13.9 9.6? 7.1 0.8619 44

(Dk'i 708 58 354.29 50.90 30 99 23.15 17.76 0586855 057598 0.9898
3000 pn tn 33 36 21 4233 89.25 105,57 12730 190.74 0291817 2143 146 10.1 5.89 0340? 360

tn AY 708 58 414.17 5240 30 99 2455 18.66 0588557 0.9816 0.9974
3000 pn tn 33 42.33 48.45 96,90 122,91 14535 218.79 0288872 2480 16.9 11.4 7.1 03592 358

tn AY 828.34 474.05 56.89 36.08 28.44 21.41 0983821 098555 05984
6000 pn tn S3 4233 4845 105,57 13311 163.20 232.56 0307642 2405 183 1211 7,1 05834 345

tn AY 828 34 474.05 61.98 39.07 31,94 22.75 059121 0.97808 09991
8000 p<i (1)33 42.33 48.45 105.57 133.11 16330 23236 0307642 2405 18.3 12.11 7.1 0.5834 345

(DAY 828 34 474,05 61,98 39,07 3154 22,75 099121 0.97808 05991
10000 ph SQSS 54 06 6018 109,65 14535 17238 25602 0272541 3206 195 1378 94 03715 370

(DAY 105788 588.82 64.37 42.66 33,73 25,05 0578891 0,98895 0.9985
12000 pa £E1S 54 06 60.18 11832 163.20 190.74 288.66 0297467 3056 22.7 14.19 9.4 06041 349

1057,88 588.82 69.46 47.90 3733 28.24 0582481 0.98769 09992
13000 pd ___ 66,30 71,40 133,11 176.97 21420 32651 0279922 3800 253 16.28 12 0,6309 313

tn AY 1297 40 698.60 78,14 51.95 4152 31.99 0974822 099271 05993
17000 pd SQs 66.30 71,40 139,23 190.74 22757 357.00 029674 3670 28.2 16.41 12 0.6531 301

1297 40 698 60 81.74 55 99 44,61 34.93 0576169 0.99305 0.9995

Flul Rheolopcal Paruwtcn
PofftrLw Bu<lumPl«tic Yield Power Lw

Table 68 (511) Rheological charactensation for OBM Model Model Model
a PV YP YP n K

Temp. pmson Fann 5.1 102 1702 340.4 510i 102IJ :eci«.Coeff. Reptf.Cotff. Kacm.Cotff

300F 300 pd ffls 21.93 28.05 66.30 76.50 9435 14535 0330158 1261 116 6.75 3.1 03125 346
tn AY 429 14 274 45 38 92 22 46 18,46 14.22 0591589 097992 0.9951

1000 pn tn 33 27.03 33.15 71,40 81.60 9854 15056 0298119 1619 11.6 7,79 4,1 03056 363
528 94 32435 41.92 23.95 1936 14.77 0988784 0.98041 09951

3000 pn tn 33 2703 33.15 76.50 90 27 107.61 172,38 0.322268 1543 13.6 7,87 4.1 03346 343
WAY 528 94 32435 44,91 26,50 21.06 16.87 0589239 058355 05959

3000 pd tn 33 33.15 38.76 76.50 98 94 107.10 186,15 0292083 1939 144 833 5.4 03399 325
WAY 648 70 37924 44.91 2904 2056 18.21 0977503 058889 0.9951

6000 pn tn 33 33 15 38 76 81.60 104 55 119.85 190.74 0.305593 1900 149 9.08 5.4 03574 317
tn AY 648 70 379.24 47.90 30 69 2156 18.66 058643 058654 05577

8000 pn tn 33 3313 38.76 90.27 107 61 130.05 205.02 0321032 1850 16.3 9.39 54 0,5766 308
tn AY 648 70 379.24 5299 3159 25,45 20.06 0588911 0.98446 0,9976

lOOOOpn ns3 45 90 5100 9435 11781 147.90 227.97 0275909 2690 17.5 11.26 8 0 5778 305
nAY 898 20 499,00 55.39 34.58 2854 22.31 0973074 0.99402 0.9575

12000 pn tn 33 45,90 51.00 103.02 12291 170,85 251.43 0298251 2578 20 11.6 8 0.6069 290
tn AY 898,20 499.00 60.48 36 08 33.43 24.60 0575769 059035 05976

3000 pd tn 33 56.10 61.20 117.81 15708 189,72 27438 0284022 3230 212 14.58 10 0.616 306
■niY 1097 80 598,80 69.16 4611 37.13 26,85 098217 0.98566 09997

7000 pn n3s 56 10 61.20 130,05 175 44 217.26 302 43 0.30923 3090 24 1 15.5 10 0.6492 290
nAY 1097 80 598.80 76.35 5150 4231 29,59 0987796 097852 09999

n ■ PooRr lav mdix, dumrotonk)}
K « Co»ut«nc«y inkx (cP)
PT»PU!tlC»lKO>lty(cP)
YP- Yi«ia point (in OOft'2)
YPi-Ynid itii«(l/100n*2)
SS ■ Sbu Hnss (dyMkia*2)

* Appmal TDcositjr (cP)
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APPENDIX C

Rheological Models Validation for WBM and OBM

Static and Dynamic Results for WBM and OBM
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^Z

Temp
150
150
150
150 
150 
150 
150
150
150
150 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200

^z

Temp
250
250
250
250
250
250
250
250
250
250
300
300
300
300
300
300
300
300
300
300

Table Cl (6.6) Comparison between model predictions,experimental and independent test data validation data for WBM 
coefficients

Pressure 
15 

1000 
3000 
5000 
6000 
8000 
10000 
12000 
15000 
17000
500 
1000 
3000 
5000 
6000 
8000 
10000 
12000 
15000 
17000

SS60Q
408

433.50
459.00
469.20
474.30
479.40
484.50
489.60
499.80
504 90
285 60
293.25
300.90
304.47
308 55
311 10
31722
321.81
326.40
335.07

prediction

432 35 
441.08 
449 99 
454.51 
463.69 
473.06 
482.62 
497.32 
507.36 
312.38 
313.95 
320.29 
326 76 
330 04 
336.71 
343 51 
350.45 
361.13 
368 42

5 5 300 
244.8
265.20
280.50
285.60 
288.15 
290.70 
293.25 
295 80 
298.35 
300.90
163.20 
168.30
178.50 
181.05 
183.09
183.60 
187 68 
192.27 
196.86 
201 45

prediction

259.41 
264.65 
269.99 
272.71 
278.22 
283.84 
289 57 
298.39 
304 42 
187.43 
188.37 
192.17 
196.06 
198.03 
202 03 
206 11 
210.27 
216.68 
221 05

6.5 200 
188.7

204.00 
214.20 
219.30 
219.30
224.40
229.50
234.60 
238.17 
239 70
122.40
127.50
132.60 
132.60 
134.64 
137.70 
142.80 
144 84 
147.90 
149.94

prediction

199.96 
204.00 
208.12 
210.21
214.46
218.79
223.21
230 01
234.66
144 48
145.20
148.13 
151 13
152.65
155.73
158.87
162.08
167.02
170.39

5.5 6
25.5 
25.50 
28 05 
28.05 
28.05 
28.05 
28.05 
28.05 
28 05 
28.05 
28 05 
22.95 
22.95 
25.50 
25.50 
25.50 
25.50 
25.50 
25.50 
25.50

prediction

27 02 
2757 
28.12
28.41
28.98
29.57
30.16
31.08
31.71
19.52
19.62
20.02
20.42
20.63 
21.04 
21 47
21.90
22.57
23 03

S.S3 
20.4 
20.40 
21.42 
21.42 
21.42 
21.42 
21.42 
21.42 
21 42 
21 42 
15.30 
17.85 
17.85 
20.40 
20 40 
20.40 
20 40 
20.40 
20.40 
20.40

prediction % Error

21.62
22.05
22.50
22.72
23.18
23.65
24.13
24.87
25 37
1562
15.70 
16.01
16.34
16.50
16.84
17.18
1752
18.06
18.42

Comparison between model predictions and experimental data Average error 
Comparison between validation test data and model predictions

048
2.04
2.15
1.99
1.76
1.43
1 09 
0.42 
0.05 
4.25 
3.2!
2.60
260
240
2.91
2 79
3.04
3.53
354

201
2.38

Table C2 (6.7) Comparison between model predictions,experimental and independent test data validation data for WBM 
coefficients

Pressure
500
1000 
3000 
5000 
6000 
8000 
10000 
12000 
15000 
17000
500 
1000 
3000 
5000 
6000 
8000 
10000 
12000 
15000 
17000

S.S600 
198 90 
209.10 
21420 
219.30 
224 40 
237.15 
242 25 
246 84 
252 45 
260 61 
178.50 
183.60 
187.17 
191.25 
191.25 
193.80 
196.35 
199.92 
205.02 
209 61

prediction
226 84
227 97 
232 58 
237.28 
239.66 
244.50 
249 44 
254 48 
262 23 
267 53 
164 72 
165.54 
168.89 
172.30 
174 03 
177 55 
181.13 
184.79 
190.42 
194.27

5.5 300 
107 10 
112.20 
11730 
119.85 
122.40 
133.11 
137 70 
139.23 
143 82 
150.96

prediction 
136.10 
136.78 
139.55 
14237 
143.80 
146.70 
149 67 
152 69 
157 34 
160.52

S.S200
81.60
86.70
91 80
94 35
96.90
109.65
11065
112.20
114.24
117.30

prediction 
104.91 
105.44 
107.57 
109.74 
110.84 
113.08 
115.37 
117 70 
121 28 
123.73

Comparison between model predictions and experimental data Average error 
Comparison between validation lest data and model predictions

102 00
107.10
107.10
109.14
109.14
109.65
112.20 
11465

101 33
103.38
104 42
106.53
108.68
110.87
11425
116.56
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Table C3 (6.8) Comparison between model predictions .experimental and independent test data validation data for OBM
COEFnCIEXTS

r, = r,[.i exp(5r+CP)] A 1^5
B -3 SOW
C 5S0W

Temp '^essure S.S600 prediction S.S300 prediction S.S200 predktion S.S100 prediction S.S6 prediction S.S3 prediction % Error
150 15 242.25 145 35 118 32 91.80 46.41 40.80
150 1000 260.61 280.84 167.79 168.51 13311 137.17 100.98 106 43 52.53 53.80 4541 47.30 1.84
150 3000 297.84 31038 195 33 186.23 163 20 151 60 114 24 117 62 58.65 59.46 52.53 52.27 0.22
150 5000 357.00 343.02 223.38 205.81 181.56 167 54 127.50 129.99 64.26 65.72 58.65 ST7 1.96
150 5000 383.01 360.61 237 15 216.37 190 74 176.13 133.11 136.65 70.38 69 09 64.26 60 73 259
150 8000 441.68 396.54 274.38 239.12 21879 194.65 157.08 151.02 81.80 76.35 76.50 67.12 4.89
150 10000 479.40 440 45 302.43 264.27 242 25 215 13 172.38 156 91 86.70 84.38 81.60 74 18 429
150 12000 540.50 339 15 292.06 265 20 237.75 190 74 184 46 91.80 93.26 86 70 81.98 4 48
150 15000 817.10 565.55 38301 339.33 297 84 276.23 209.61 214.31 96.90 108.35 91.80 95.25 ■in
150 17000 647.70 625 03 400 35 375.02 311 61 305.28 21879 236 86 102 00 119.74 96.90 105.27 0.26
200 500 196.90 196.90 129.03 129.03 108 12 118.32 81.60 91 80 38.76 38.76 33.15 3315 1.50
200 1000 214.20 232.25 147.39 139.35 122.91 113.43 102.00 88.01 43.86 44.49 38.25 39.12 0.81
200 3000 232.56 258.67 157.08 154 00 127 50 125.36 105.57 97.27 48 45 49.17 42.33 43.23 0.75
200 5000 256 02 283.67 172.38 170.20 145 35 138.55 109.65 107.49 48.45 54.34 42.33 47 76 1.55
200 6000 274 38 296 21 176.97 178.93 150 96 145.65 114 24 11301 54.06 57.13 48.45 50 22 1.28
200 8000 302.43 329 57 195.33 197.74 167.79 160.97 118.32 124 89 54.06 63.14 48.45 55.51 2.18
200 10000 344.76 364.24 223.38 21854 181 56 177 90 133.11 138 03 71.40 69.78 66.30 61 34 040
200 12000 387 60 402 54 246.84 241.53 199 92 196.61 145.35 152 54 71 40 77 12 66.30 67 80 0.81
200 15000 441.66 467 69 278.97 28061 227 97 228 43 167.79 177.23 71.40 89.60 66.30 78.77 2.31
200 17000 484 50 516.87 307.02 31012 246 84 252 45 181 56 195 87 76 50 99.02 71 40 87.05 2.86

Comparison between model predictions and experimental data Average error 1 70
Model validation with test data Average error 2.60

Table (6 9) Comparison between model predictions,experimental and independent test data validation data for OBM

COEmCIENTS

exi3(Z?7' + CP)] A 155
B -3S0W
C 5S0E-05

Temp ^essure S.S600 prediction S.S300 prediction S.S200 pr edict ion S.S100 prediction SS6 prediction S-S 3 predk:tion % Error
250 500 172 38 187.32 114 24 112.39 100 98 91.49 81 60 70 98 38 25 35 89 32.13 31 55 0.84
250 1000 181 56 192 06 118.32 11524 105 57 93.81 86.70 72.78 36 21 36 79 36.21 32 35 1.77
250 3000 190.74 212.26 127.50 127.35 105 57 103.67 89.25 80.43 42.33 40.66 36.21 35.75 0.64
250 5000 218.79 234.58 145.35 140.75 122.91 114.57 96.90 88.89 48.45 44.94 42.33 39.51 0.77
250 6000 232 56 24661 163 20 147 98 133 11 120 45 105 57 93 45 48.45 47.24 42.33 41.53 1 79
250 8000 232 56 272 54 163.20 163.53 133.11 133.12 105.57 103 28 48 45 52.21 42 33 45.90 2.63
250 10000 256 02 301 21 172 38 180 72 145 35 147 12 109 65 114 14 60.18 371\ 54 06 50.73 2.83
250 12000 288 66 332.89 190 74 199 73 163 20 162 59 11832 12615 60 18 3in 54 06 56.06 3.14
250 15000 326.91 386.76 21420 232.05 176.97 188 90 133.11 146 56 71 40 74.09 66 30 65.14 428
250 17000 357 00 427 43 227 97 256.46 190.74 208.77 139.23 161 37 71 40 81.89 66 30 71.99 5.77
300 500 145 35 154 90 94 35 92 94 76.50 75.66 66 30 58 70 28.05 29.68 21.93 26.09 0.56
300 1000 150.96 158.82 98.94 95.29 81 60 VS 71 40 60 19 33 15 30.43 27 03 26.75 1.40
300 3000 172 38 175 53 107 61 105 32 90 27 85 73 76.50 66.52 33.15 33 63 27.03 29.56 0.96
300 5000 186.15 193.99 107.10 116.39 98.94 94.75 76.50 73.51 38.76 37.16 33.15 32.67 0.64
300 6000 190.74 203.93 119 85 122.36 104 55 99.61 81.60 77.7& 38 76 39 07 33.15 34.35 0.62
300 8000 205.02 225.38 130.05 135.23 107 61 110.08 90.27 85 41 38.76 43.18 33.15 37.96 2.27
300 10000 227 97 249 09 147 90 149 45 117.81 121.66 94.35 94.39 51.00 47 72 45.90 41.95 1.23
300 12000 251 43 275.28 170 85 165 17 12291 134 45 103.02 104 32 51.00 32H 45.90 46.36 1 91
300 15000 27438 319.83 189.72 191.90 157 08 156.21 117.81 121 20 61.20 61 27 56.10 53.87 iS
300 17000 302 43 35347 217 26 21208 175 44 172.64 130.05 133 95 61.20 S72 56.10 59.53 255

Comparison between model predictions and experimental data Average error 1.86
Model validation with test data Average error 2.16
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Table C5 (6.11) Regression Coefficients of Static Filtration Experiments (WBM)
Model Applications for Temperature and Pressure
Temperature

(F)
Solids Fraction of Slurry

(%)
Differential Pressure 

(psi)
^2

2
(min/ml )

ai 
(min/ml)

ta 
(min)

150 35.13

200 4.19 7.55 2.93

500 2.98 5.79 1.98

800 2.29 4.59 0.66

200
200 2.10 6.54 -1.13

35.13
500 1.52 6.64 -5.63

800 1.21 5.49 -3.24

250
200 1.19 4.62 2.08

35.13
500 0.86 3.55 3.49

800 0.63 2.63 3.15

300
200 0.57 3.62 -3.09

35.13
500 0.45 2.65 -0.66

800 0.33 1.92 -2.56

Table C6 (6.12) Regression Coefficients of Static Filtration Experiments (WBM) 
Model Applications for Solids Concentration

Temperature
(F)

Solids Fraction of Slurry (%) Differential Pressure 
(psi)

^2
2

(min/ml )

31 
(min/ml)

to 
(min)

250 20.99 500 0.42 2.14 -1.40

250 35.13 500 0.84 3.55 3.49

250 49.85 500 0.65 0.88 -0.84
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Table C7 (6.13) Regression Coefficients of Static Filtration Experiments (WBM)
Model Applications for Permeability (WBM)
Temperature

(F)
Permeability 

(MD)
Solids Fraction 
of Slurry (%)

Differential 
Pressure 

(psi)

^2

(min/ml )

ai 
(min/ml)

(min)

250 Filter paper 20.99 500 0.39 0.42 0.63

250 400 20.99 500 0.42 2.14 -1.40

250 2000 20.99 500 0.43 1.97 -1.07

250 5000 20.99 500 0.40 2.10 -1.07

Table C8 (6.14) Regression Coefficients of Static Filtration Experiments (WBM) 
Model Applications for Permeability

1 Temperature

(F)
Permeability 

(MD)
Solids Fraction 
of Slurry (%)

Differential
Pressure (psi) ^2

2
(min/ml )

Hl
(min/ml)

(min)

250 Filter paper 35.13 500 1.05 3.84 0.75

250 400 35.13 500 0.86 3.55 3.49

250 2000 35.13 500 0.80 3.45 2.74

250 5000 35.13 500 0.82 3.29 -2.70
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Table C9 (6.15) Regression Coefficients of Static Filtration Experiments (WBM)
Model Applications for Permeability

Temperature
(F)

Permeability 
(MD)

Solids Fraction 
of Slurry (%)

Differential
Pressure (psi)

^2
2

(min/ml )

31 
(min/ml)

(min)

250 Filter paper 49.85 500 0.89 11.04 -10.51

250 400 49.85 500 0.65 2.88 -0.84

250 2000 49.85 500 0.76 3.76 -9.91

250 5000 49.85 500 0.89 3.84 -8.96

Table CIO (6.16) Regression Coefficients of Static Filtration Experiments (WBM) 
Model Applications for Fluid Loss Additives Materials)

Temperature
(F)

Fluid Loss 
Concentration 

(Ib/bbl)

Solids 
Fraction of

Slurry 
(%)

Differential 
Pressure (psi)

^2
2

(min/ml )

31 
(min/ml)

to 
(min)

250 0 35.13 500 0.77 3.65 3.49

250 1.0 35.13 500 0.96 2.32 4.41

250 3.0 35.13 500 1.31 1.63 5.59

250 5.0 35.13 500 1.47 1.55 7.08
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Table Cl 1 (6.17) Regression Coefficients of Static Filtration Experiments (WBM)
Model Applications for Fluid Loss Additives (Plugging Materials)______________

1 Temperature
(F)

Fluid Loss 
Concentration 

(%)

Solids 
Fraction of

Slurry 
(%)

Differential 
Pressure 

(psi)

^2

(min/ml )

ai 
(min/ml)

to
(min)

250 0 35.13 500 0.77 3.65 3.49

250 3.0 35.13 500 0.94 3.45 4.80

250 8.0 35.13 500 1.18 2.95 6.31

250 13.0 35.13 500 1.66 1.95
8.63 j

Table C12 (6.18) Regression Coefficients of Static Filtration Experiments (WBM) 
ModelApplicati on.s for Fluid Loss Additives (Viscosifying Materials)

1 Temperature
(F)

Fluid Loss 
Concentration 

(Ib/bbl)

Solids Fraction 
of Slurry 

(%)

Differential 
Pressure 

(psi)

^2
2

(min/ml )

ai 
(min/ml)

to 
(min)

250 0 35.13 500 0.77 3.65 3.49

250 1.0 35.13 500 1.02 2.22 4.44

250 3.0 35.13 500 1.25 0.58 6.03

250 5.0 35.13 500 1.63 0.22 8.52
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Table C13 (6.19) Regression Coefficients of Static Filtration Experiments (OBM)
Model Applications for Pressure and Temperature:
Temperature

(F)
Solids Fraction of Slurry (%) Differential Pressure 

(psi)
^2

(min/ml )
(min/ml)

to 
(min)

150
41.70

200 75.25 55.40 4.53

500 66.49 46.35 3.60

800 57.12 37.35 2.39

200
41.70

200 42.35 29.66 2.19

500 38.26 24.41 -0.97

800 31.45 21.30 -0.80

250
41.70

200 24.67 18.24 1.04

500 21.65 15.63 1.23

800 17.85 13.56 1.30

300
41.70

200 14.58 10.0 0.29

500 12.63 8.65 1.82

800 10.76 7.85 2.18

Table C14 (6.20) Regression Coefficients of Static Filtration Experiments (OBM) 
Mtxlel Applications for Solids Concentration

1 Temperature

(F)
Solids Fraction of Slurry (%) Differential Pressure 

(psi)
^2

2 
(mm/ml )

ai 
(min/ml)

to 
(min)

250 21.90 500 5.86 65.19 2.21

250 41.70 500 21.25 15.63 2.51

250 55.00 500 37.39 20.43 3.13

355



Table C15 (6.21) Regression Coefficients of Static Filtration Experiments (OBM)
Model Applications for Permeability
Temperature

(F)
Solids Fraction of

Slurry (%)
Permea 
bility 
(md)

Differential 
Pressure 

(psi)

^2
2

(min/ml )

31 
(min/ml)

(min)

250 21.90 400 500 5.86 65.19 2.21

250 21.90 2000 500 11.24 31.07 4.83

250 21.90 5000 500 17.76 25.44 5.01

250 41.70 400 500 21.25 15.63 1.23

250 41.70 2000 500 21.66 16.07 2.86

250 41.70 5000 500 21.48 17.90 3.36

Table C16 (6.22) Regression Coefficients of Static Filtration Experiments (OBM) 
Model Applications for Fluid Loss Additives (Coating Materials)_______________

Temperature
(F)

Fluid Loss 
Concentr 

ation 
(Ib/bbl)

Solids Fraction of 
Slurry 

(Ib/bbl)

Differential 
Pressure 

(psi)

^2

(min/ml )

31 
(min/ml)

(min)

250 0 41.70 500 3.71 5.09 -0.95

250 0.25 41.70 500 3.86 6.03 -1.24

250 1.0 41.70 500 8.96 6.22 1.95

250 2.0 41.70 500 10.89 6.76 0.20

250 4.0 41.70 500 12.30 9.86 -0.48
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Table C17 (6.23) Regression Coefficients of Static Filtration Experiments (OBM)
Model Applications for Fluid Loss Additives (Plugging Materials)

1 Temperature
(F)

Fluid Loss 
Concentra 

tion 
(Ib/bbl)

Solids Fraction of 
Slurry 

(Ib/bbl)

Differential 
Pressure 

(psi)

^2

(min/ml )

ai 
(min/ml)

to 
(min)

250 0 41.70 500 3.71 5.09 -0.95

250 0.25 41.70 500 6.34 6.21 0.75

250 1.0 41.70 500 14.51 7.07 1.17

250 2.0 41.70 500 15.0 11.11 -1.85

.0 4.0 41.70 500 47.92 35.21 -2.74

Table CIS (6.24) Regression Coefficients of Static Filtration Experiments (OBM) 
Model Applications for Fluid Loss Additives (Viscosifying Materials)__________

I Temperature
(F)

Fluid Lose 
Concentra 

tion 
(Ib/bbl)

Solids Fraction 
of Slurry 
(Ib/bbl)

Differential 
Pressure (psi)

^2 

(min/ml )

31 
(min/ml)

ta 
(min)

250 0 41.70 500 3.71 5.09 -0.95

250 0.25 41.70 500 5.13 7.96 -1.24

250 1.0 41.70 500 11.39 11.30 0.69

250 2.0 41.70 500 28.51 21.52 3.97

250 4.0 41.70 500 32.26 25.30 -2.21
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Regessidi Coefficierts of Eynarric Riteration Experirrerts 

(Water bused rrud)

Table C19 (635) Ressue and Tenperatue Applications

Tenperatue

(R

Solids ftaction 

inSJiny
(%)

Dflferertial 

Ressue 

(pa)

a 

(rrin'ni)

Q

(nin)

C3 

(Vni)

to 

(trip)

150 35.13

300 1468 3780.89 0.(B8 0.09

500 70.69 955.28 0.073 1.79

800 49.66 491.84 QI 1.73

300 35.13

300 130.66 4143.41 0.028 -081

500 40.17 400.3 0099 222

800 37.63 39671 009 1.42

250 35.13

300 6631 1183.49 0053 -249

500 37.42 597.86 006 022

800 23.13 18616 012 1.19

300 35.13

300 29.58 394.91 0074 08

500 23.31 310.69 007 1.27
800 17.99 197.52 008 -1.71

Table C30 (6.36) ScJids Applicaliuns

Terrpaatue 

(R

Dlliaertial

Ressure 

(pi)

Solids R'actiai 

inSliny

(^^

a 

(ndiVnl)

(2 

(nin)

C3 

(1/ni)

to

(nin)

250 500 3099 1828 30666 0055 097

250 .500 .35.1.3 .37.42 597.86 006 022

250 ,500 49.85 2525.56 0024 -1

Table C21 (6l37) ftrnrability and Stilids Applications

Tenpeiutiie

(F)

Dlfaertial

Ressue 

(pi)

Solids Raction 

inSlury 

(<%)

ftjTTEability

(md)

Cl

(nin(ni)

C2 

(nin)

C3

(Vnl)

to

(nin)

250 .500 2099 400 1828 .30666 0058 097

250 ,500 3099 2000 21.66 484.29 0044 017

250 500 2099 5000 2684 83641 0032 -058

250 .500 .35.1,3 400 37.42 597.86 006 022

250 500 .35.1.3 3000 285 35036 008 213

250 .500 .35.1.3 5000 5864 2149.69 0026 -5.37

250 500 49.85 400 6099 252556 0024 -1

250 .500 49.85 2000 3803 76059 0049 041

250 .500 49.85 .5000 .33.06 445.08 007 066
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R^jissiaiGEflfciertsrfE^nrricRIterdticnBqirirrerts (WtuhRilnud)
11416(22(638) SferRte/qjicatias

Torpaatue
(R

Dfloatial
Ressue

(pa)

SdkkRacdcn
inSiny

Starnte

(ipr)
a

(ninW)
G.

(nin)
(2

(VM)
(0

(niii)

250 SD 3513 80 37.-C 597.86 006 022

250 500 3513 120 26R46 009 061
250 500 3513 16) 781-.85 0018 041
250 500 3513 300 21256) 0027 -1.46

'Eile(23(6i39) HLidlcKsA±it]\es?^KiMkre(HLg3r'g?g3t)

ToiperJue
(R

Dflaatd
Ftessue

(pa)

SdickFncticn 
inSiny

Gicentiaticn a
(rritlW)

(2
(nip)

(3
(IW)

lO
(mil)

250 500 3513 0 4507 957.65 oow -032
250 500 3513 3 49.94 81677 0055 -018
250 500 3513 8 51.91 997.96 0065 -058
250 5(D 3513 13 21689 isauis 0011 7.61

HudlcssAUti\es?^iGlicns(\taHfyrg/'g3t)

ToTpaUue
(R

Dlferalid
Ftessue

(pa)

SdidsRacdcn 
inSiny 

(99

ChiHlnticn
(16ba)

a
(ninW)

<2
(niR

(3 
(lArl)

(0
(nip)

250 500 3513 0 4507 957.65 OOM -032
250 500 3513 1 392) 51071 007 043
250 5(D 3513 3 31.88 307.7 0151 126
250 3513 5 15271 7S699 0019 1.67

'ldi;(25(641) ikidloss AUtius/gjialicns(Gitirg/ffil)

laTperatue

(R

DffeialiijI 
Ftesue 

(pa)

Siick Radial 
inSuiy

Gnoliatiai
(Ibtd)

a 
(rrinW)

(2 
(nip)

(3
(IW)

10
(mii)

250 50) 3513 0 957.65 OOM -032
230 500 3513 1 2&S1 31077 0119 251
250 500 3513 3 1222 0182 06)
250 500 3513 5 101.77 606537 0014 1.93
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Regression Coefficients of Dynamic Riteration Experiments 
Table C26 (6.42) Pressure and Temperature Applications

Temperature
(F)

Solids Fraction 
in Slurry (%)

Differential 
Pressure 

(psi)

Cl
(miiVml)

C2
(nin)

C3
(1/ni)

to
(nin)

150 37.13
200 1102.65 6684.71 0.16 2.7
500 416.37 1307.29 0.3 4.82
800 299.19 761.61 0.36 3.47

200 37.13
200 736.6 5062.77 0.14 3.5
500 340.28 1202.73 0.28 3.31
800 237.98 773.95 0.28 0.65

250 37.13
200 437.19 4611.62 0.09 1.59
500 292.99 2437.53 0.11 1.85
800 192.38 1019.55 0.18 -2.31

300 37.13
200 302 3388.61 0.08 1.76
500 221.65 2517.81 0.084 0.02
800 142.79 930.69 0.14 0.66

Table (227 (6.43) Solids Applications
Tenperature

(F)
Differential

Pressure 
(psi)

Solids Fraction 
in Slurry

(%)

Cl 
(ninZml)

C2 
(nin)

C3 
(1/ni)

to
(nin)

250 .500 21.9 207.85 2177.39 0.09.5 2.55
250 .500 37.13 292.99 2437.53 0.11 1.85
250 .500 52 466.01 4067.33 0.113 3.61

Table C28 (6.44) Permeability and Solids Applications

Temperature

(F)

Differential 
Pressure 

(psi)

Solids Fraction 
in Slurry 

(%)

Permeability 
(md)

Cl
(ninfrti)

C2 
(min)

C3 
(1/ni)

to
(nin)

2.50 .500 21.9 400 207.85 2177.39 0.095 2.55
2.50 .500 21.9 2000 106.8.5 372.04 0.284 2.68
2.50 .500 21.9 .5000 103.51 340.34 0.273 0.5
2.50 .500 37.13 400 313..56 2823.47 0.112 1.81
2.50 .500 37.13 2000 315.14 2853.72 0.109 1.8
250 .500 37.13 .5000 152.83 222.18 0.67 1.02

Table C29 (6.45) Shear Rate Applications

Tenperature
(F)

Differential
Pressure 

(psi)

Solids Fraction 
in Slurry 

(%)

Shear rate
(rpm)

Cl 
(nin/ml)

C2 
(nin)

C3 

(1/ni)
CO 

(nin)

250 .500 37.13 80 292.99 2437.53 0.11 1.85
250 .500 37.13 120 309.92 3426.88 0.086 -0.46
250 .500 37.13 160 165.89 873.94 0.16 -0.7
2.50 .500 37.13 200 134.84 919.38 0.13 -0.4
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Recession Cbefficiats of E^ranic Hltaation Experirreits

Table C30 (646) Huid Loss Additives Applications (Outing Agent)

(□1 based rmd)

QlTaeitial

Ressue 

(psi)

Solids Ruction 

inSuny 

(“%)

Greertration 

fltybbl)

VipXlO^-2

(ni/sq.aTj)

Cl 

(rrin/ni)

C2 

(nin)

C3 
(lAii)

to 

(nin)

500 37.13 0 068 yi.(& 191.82 0.12 3.82

500 37.13 0.25 1.7 837.67 ao9 077

500 37.13 1 248 161.32 1344.99 (1119 016

500 37.13 2 0.68 245.61 2575.23 0.08 -281

500 37.13 4 0.77 310.39 3211.22 0.09 -067

Table C31 (6.47) Huid Less A±liti\es Applications (Hugging Aggt)

Dtfaertial

Ressue 

(psi)

Solids Ruction 

inSluiy 

(%)

(jbrcertration

(It/bbl)

X10**-2 

(rri/sq.crr()

Cl 

(irir/nrl)

C2 
(mn)

O 
(VlTl)

to 
(trin)

500 37.13 0 068 71.(& 191.82 012 3.82

500 37.13 0.25 561.81 015 -261

500 37.13 1 0.18 160.91 915.85 017 217

500 37.13 1 0.13 265.55 234665 01 -098

500 37.13 4 014 415.54 333056 Oil -28

Table C32 (648) Huid Loss Additives Applications (VisasilyngAgpt)

ntlenatia]

Ressue

(psi)

Solids Ruction 

inSluiy 

(%)

Cbnceitratiui 

(It/bbl)

Vsp X10H*-2 

(ni/sq.cnT)

Cl 
(niiyrri)

C2 
(nin)

C3 
(lAil)

to 
(nin)

500 37.13 0 068 191.82 012 3.82

500 37.13 0.25 082 3069 019 056

500 37.13 1 038 11&06 527.83 019 026

500 37.13 2 033 241.53 157851 013 039

500 37.13 4 (ITl 10219 1679 3.19 3.1
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T±leC33(664) RiasuEailTar[HauE?ip(iialicrK

ThipaaiiE

(B

Solids Radial 

inSuiy

(90

DDaalial 

Resslie 

(pj)

SisrShEss

|(A'/m-)|

13) 3313

200 1233

126

126

884

1Q09

1Q09

675

689

7.9

695

7.07

7.07

500

800

20) 3313

200

500

800

3313

200

500

800

300 3313

200

500

800

250 2099 500 353

250 49.85 500 17.1

The Shir SiEss Aled cri H lur Gte Srfaae (Wlcr Based Mil)
TaHe (34(666) SJra’Rle/^^pliGticns
TarpaHire

(R
SdkhFradkn 

inSirry 
('^

□fertd
Fteisiie

Qh)

Shear
RJe
(iprt

SktSUess

ICA'/m-’) 1

23) 3)0 3313 80 685
23) 3)0 3313 120 7.5
23) 3n 3313 160 &S
23) 3)0 3313 300 9.61

TaHeC35(666) RESiiEaxlTaTpriiiEjAtilfcticrB
Tarptiaue

(B
SdidsRaJiai 

inSury 
(^

□ITaEiliul 
Ressuc 

(IS)

Skt Stress

130 37.13

200 19.85 

2254 

22,54 

1644 

188

188

1334

1334

1821

1037

10L37

1272

.300

800

200 37.13

200

.300

800

250 37.13

230
.300

800

300 37.13

200

500

800

230 21.9 .300 1025

230 32 .300 37.63

Th; Sxsr SiEss Alcdoi Rllff (Zite SjrfixE (QI Bused Mil)
TaHe(36(667) Srarftle/Vpli^^ciis
TorpoauE

(B
Sakk Radial 

inSliny 
(90

nifaErta

Ressue

(pa)

Shear 
Rie 
(ipil

ShearShESS

2S0 300 3313 80 68E
230 300 3313 120 7.5
23) 300 3313 160 &S
250 .500 331,3 200 9.61
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■ “A Productivity Tool for Impact of Filtration on Well Performance in an HP-

HT Environment”, SPE/IADC 85335, Presented at the SPE/IADC Middle

East Drilling Technology Conference & Exhibition held in Abu Dhabi, UAE,

20-22 October 2003

“Field Applications of a Productivity Tool for Improved Oil Recovery 

(lOR)”. Paper Presented at the Second International Symposium on Improved 

Oil Recovery Conference & Exhibition held in Libya, 12-16 September 2003
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Abstract
recent times, the oil industry has shown increasing 

awareness towards maintaining optimum well productivity 
through better HP-HT drilling/completion fluids design. 
However, the mechanisms of drilling fluid fillration and 
■nipaci on productivity performance are not well understood, 
^specially in an HP-11'1’ environment.
1*1 open hole completions the productivity losses are critical 
because the near-wellbore damage is not by-passed 
by perforations.
I’erthermore, a satisfactory model for field applications to 
Simulate the near-wellbore damage in terms of well How 
performance from laboratory core test analysis still is 
”01 available.
‘*1 this paper, the results of in-depth experimental research into 
theology, filtration and formation damage phenomena and the 
telationships between them. The experimental data combined 
^ifh data analysis of static and dynamic filtration models 
Ptovided the database for the semi-empirical mechanistic 
’’’Odels that were developed, fhese models have been 
’’ombined and incorporated into a design and evaluation tool - 

productivity tool, for predicting the effect of HP-HT 
^filling fluid filtration on formation productivity.

number of results have been presented to illustrate how the 
’’oiv tool can be used to evaluate the damage factor of a given 
bnid, specify the invaded zone skin as well as the depth of 
""'asion, two key parameters that are useful and relevant to 
’’Plirnum fluid selection and management in addition to well 
bhitdau interpretation.

fbtroduction
H>e most common source of formation damage has proved to 

drilling operations'. Permeability is a characteristic of the 
J^nnation, and can be altered by solids and mud filtrate 
‘'’’'asion during drilling operations. Drilling fluids are used to 

facilitate various drilling processes. Drilling mud filtrate will 
invade the formation to a greater depth than drilling mud 
particles. A decrease of the permeability (formation damage), 
results in a decrease of the well productivity^ ’. The formation 
damage depends upon many parameters such as formation 
characteristics, type, composition, filtration and rheological 
characteristics of drilling fluid and operating conditions 
(overbalance pressure, time, etc.).
A key parameter in quantifying formation damage is the skin 
factor"*. The skin factor estimated from well test data is used in 
the flow equations to estimate the production rate in wells that 
are affected by formation damage.
Generally, when rating performance of various drill-in fluid 
formulations, the permeability damage evaluation is quantified 
through oil return permeability measurements and flow
initiation pressures performed on core samples damaged 
during mud filtration tests’’*.
Extensive laboratory studies of formation damage and several 
modeling efforts for prediction of formation damage have 
been reported in the literature. Most of the previous studies 
have focused on formation damage from filtration of WBM 
and incompressible fluids in LP-LT applications.
Few attempts were made to transfer these laboratory data into 
a near-wellbore model to evaluate the permeability damage. 
Liu el al.’ simulated formation damage by fluid injection and 
mud filtration while Scott Lane’ and Semmelbeck at al.’ 
simulated filtrate invasion for improving log interpretation, 
but their impact on well performance was not investigated. 
Some workers'*’" studied well performance using 
representative formation damage, but laboratory tests were not 
integrated in their studies.
The economic impacts of wellbore formation damage justify a 
thorough study of this problem in order to find ways to 
minimize its effect on well performance.
This paper presents a productivity tool for screening different 
HP-HT drilling fluids (WBM and OBM), which specify the 
invaded zone skin as well as the depth of invasion, and 
evaluates the damage factor of a given fluid in terms of 
inflow performance.

Productivity Tool Formulation
rhe productivity tool was constructed to provide a design and 
analysis package, which can be used to perform the following 
key functions:
1. To analyse wellbore pressure distribution.
2. To analyse the response of the fluid to static and dynamic
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filtration in an HP-HT environment.
3. To characterise the rheology and filtration of the selected 
fluids in an HP-HT environment.
4. Quantify the level and depth of damage and determine the 
best operating conditions.
5. Determine the impact of the selected fluid on formation 
productivity.
b- Screen appropriate HP-HT fluids desired for achieving 
'^linimum formation impairment.
•n order to perform these functions, the productivity tool 
incorporates a number of mechanistic models, which have 
been developed as part of the initial project study, 
which include:
a
a
a
a

HP-HT Fann

for the 
different 
and 15-

Rheology prediction models.
Static and dynamic filtration prediction models.
Filter cake build-up on sand Face evaluation models.
Prediction models for filtration pressure drop across sand 
lace and filter cake.
Formation morphological characteristics.
Prediction models for depth of solids and filtrate invasion. 
Prediction models for skin factor and How efficiency.

■

■

yhc models are semi-empirical, which have been developed 
from the input of selected data generated from extensive 
experimental studies into filtration and formation damage 
phenomena. All the analysis carried out on laboratory core 
tests were conducted under linear flow condition, and upscaled 
into radial flow condition, to simulate near-wcllbore damage 
Caused by particulate and filtrate invasion.
hhc productivity tool has been used to generate a number of 
tesults to clearly illustrate the functionality of its applications 
(Fig 1-28).

obtained from selective 
viscometer measurements.
The HP-HT Fann-70 viscometer was used 
measurement of the rheological profiles under 
temperature and pressure conditions (150-300 ®F
17000 psi respectively). Two common HP-HT drilling fluids 
have been used namely lignosulphonate WBM and synthetic 
OBM (C14 -C|6 olefin).
The models often used to describe the behaviour of the two 
fluids are Bingham Plastic'*, Power Law'* and Herschel 
Bulkley models'’. However in this study the WBM and OBM 
rheological data are best described by the Herschel 
Bulkley model.
The main difference between OBM and WBM are the effects 
of pressure, which are more pronounced for OBM than WBM. 
For WBM the effect of pressure is very small, but is highly 
affected by an increase in temperature.
Temperature and pressure affects behaviour and interactions 
of water or oil, clay, polymers and solids in mud. The effect of 
increasing the temperature of a liquid is to reduce the cohesive 
forces while simultaneously increasing the rate of molecular 
interchange. 'Fhe former effect tends to cause a decrease of 
shear stress, while the latter causes it to 
result is that liquids show a reduction 
increasing temperature.
'Fhe effect of increased pressure on OBM
cohesive forces, which tends to increase the viscosity.
A comparison between the experimental data and HP-HT 
rheological models prediction has been made and validated 
with Gulf of Mexico field data Fig (1&2), which shows 
agreement in range of <6% error.

increase. The net 
in viscosity with

is to increase the

HP-iit Drilling Fluid Rheology. Fhe rheological behaviour 
°F the drilling fluid has a major impact on pressure distribution 
m the welltore and hence an effect drilling overbalance 
Pressure. Therefore, it is necessary to characterise drilling 
^uid rheology in HP-1 FF well applications.
^evcral studies of the HP-IFF rheology of WBM and OBM 
bave been presented in earlier papers'’'*. Some of these 
*tedies which include many mathematical expressions are 
subjective. Politte'’ presented a multi-term equation with 13 
Numerical constants to model the viscosity ol diesel oil. 
flouwen et al.'* presented several equations to model 
''beological parameters. An API Bulletin''' presented two 
°9uations to calculate pressure and temperature constants.
° Ibis study a different procedure has been adopted. Shear 

sfross has been multiplied by a correction factor that depends 
°° pressure and temperature. Fhcn the rheological behaviour 
Und rheological parameters can be calculated from shear stress 
prediction at the pressure and temperature of interest. Fwo 
prediction models have been developed for WBM and OBM.

be models follow the general formal:

= rj/l,. exp(z)P +IiT)] (1)

difference between the models is in respect of the 
^tepirical constants (Ac, A and B).

used to evaluate the empirical constants have been

Drilling Fluid Filtration. One of the major functions of a 
drilling fluid is the control of formation pressure. In order to 
prevent formation fluids from flowing into the borehole, the 
hydrostatic pressure of the mud column is usually made to 
exceed the formation pressure.
Wellbore differential pressure can cause excessive loss of 
liquid and associated drilling mud solids leading to potential 
permeability impairment of the formation, and contribute to 
borehole instability'* ” and formation damage”, especially in 
the HP-1 IF environment. Therefore the fluid rheology is 
unique to drilling fluid filtration property.
As a result of overbalance pressure, the filter cake may form 
on sand face, through which only filtrate can pass, depending 
on the relationship between mud particle size distribution and 
formation pore size.
'Fhe process of drilling a well results in alternating periods, of 
varying duration, of dynamic and static filtration (sequential 
filtration). Dynamic filtration occurs when the mud is 
circulated; the cake thickness is the difference between the 
rate of deposition by filtration and the rate of erosion by 
circulating mud. The erosion rate of particles is proportional to 
the shear stress exerted by the circulating mud on the 
cake surface^'.
Static filtration occurs when the mud is not circulated, and the 
cake thickness increases as filtration continues.
The existing static and dynamic filtration^''^^ equations can be 
modified for HP-HT environment in the form;

i
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(i). Static filtration:

t = Y|V + YiV’exp. (AP + BT) (2)

(ii). Dynamic filtration:

(3)

Equation (3) also can be used to predict dynamic from static 
filtration data. Since the modified filtration Equations (2) and 
(3) can predict the filtration coefficients (Y|, Y2 X| X| and 
^3) therefore the filter cake characteristics such as cake 
resistance, permeability, porosity, etc. can be computed.
The filtration process was investigated under effect of 
temperature ranging from 150-300 ®F, pressures ranging from 
200-1000 psi, solids ranging from 6-20% by volume and shear 
rate ranging from 80-240 rpm.
The modified llP-lff static and dynamic filtration equations 
(2) & (3) have been used to predict two filtration mechanisms 
and dynamic from static filtration data corresponding to each 
experimental condition. I'hc measured data against model 
prediction have been plotted in Fig (3). The modified filtration 
models are shown to be representative of the experimental 
‘lata based on relative error of less than 5 %.

filtration Pressure Drops. At the start of filtration, the 

pressure drop, A Py is across the sand face, but as the filter 
Citke builds up more of the pressure drop is dissipated across 
lhe filter cake, A I’c .and less across the sand face, A Pf, thus.

APT=APf + APc (4)

P'g (4) shows a comparison between pressure drops from 
^’‘Perimenlal observation and models prediction across filter 
'^^ke and sand face which shows agreement in range of <7 % 
’^rror. Fig (5) clearly demonstrates the pressure distribution 
Profile across filter cake and sand face.

l^ainagc from Drilling Fluid. Formation damage 
mechanisms have been studied extensively’’’ 1 lowever, 
lormation damage from drilling fluid can be characterised by 
Ihe following factors: thickness of filler cake, depth of solids 
^nd filtrate invasion and permeability reduction.

two main damaging mechanisms which have been 
studied, are particulate invasion during initial filtration period, 
^tid filtrate invasion through filter cake.

A. niter Cake Build up. Filter cake thickness is 
given by:

‘‘I (1- W5) 
(5)

^he shear stress should be calculated from rheological 
^haviour of the mud Equation (I).

the mud is not circulated then the shear stress t = 0, 
merefore the filter cake thickness continues increasing as the 
viatic filtration continues. However the filter cake thickness 
''*’c can be used for calculating actual wellbore radius.

The static and dynamic filter cake build up has been simulated 
based on modified filtration equations (2) & (3). Fig (6) shows 
agreement as a comparison is made between experimental 
data, model prediction and previously published cake build up 
model’ with relative error of 2 %.

B. Depth of Solids Invasion. Semi-empirical 
equations have been developed for predicting the depth of 
solids invasion. These models depend largely on rheological 
behaviour of the drilling fluids.
For Herschel Bulkley and Power Law fluid the model has 
been computed as:

C.AT.D''*'” 2^ _ I f p_______

n

(6)

for Bingham Plastic fluid the equation is:

Z,, = C,^P, Or (7)

As it can be observed from the above models the depth of 
solids invasion requires the knowledge of the formation 
morphological characteristics such as permeability, porosity, 
tortuosity etc.
In order to evaluate the morphological characteristics a 
number of tests were conducted on selected Clashach 
sandstone cores with porosity ranges from 0.10 to 0.28 and 
permeability varying from 40 to 4000 md.
fortuosity (q) is the actual flow path and can be computed in 
laboratory from formation resistivity factor (Fr) and 
porosity thus:

(8) 

(9)

Then the mean pore throat diameter can then be calculated as:

(10)

fhe relationship between permeability and porosity is plotted 
in Fig (7). The porosity appears to increase with increasing 
permeability. A comparison between experimental formation 
resistivity factor, model prediction and external field data from 
two Middle Eastern carbonate reservoirs^’ has been plotted in 
Fig (8). Ranges of porosity from 0.10 to 0.24, permeability 
ranges from I to 387 md and formation resistivity factor 
ranges from 18 to 76 were used. In general, the model 
represents the experimental and external data based on a 
relative error of <7 %. However the coefficients for (Equation 
8) has been defined for limestone reservoirs.
The measured mean pore throat diameter against model 
prediction (equation 10) is plotted in Fig (9). The model 
prediction was validated with external field data from three 
sandstones: the Berea, from a quarry in Ohio, and the Noxie 
and Cleveland sandstones, from near Bartlesville, Oklahoma’*. 
The sandstones have ranges of porosity from 0.16 to 0.27, 
permeability ranges from 300 to 1700 md and a wide range of 

I
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pore throat diameter ranges from 6 to 30 microns Fig (10). 
The pore throat model prediction shows agreement with field 
data based on relative error of <7%.
X-ray mapping has been used to investigate depth of solids 
invasion for OBM and WBM and agreement has been found 
with model prediction with relative error of <6% Figs (11) & 
(12). Fig (13) shows skin damage increases with increased 
filtration time and is greater for WBM than OBM.
Tig (14) shows depth of solids invasion and permeability 
reduction factor for WBM and OBM increases as function of 
filtration volume from the sand face in linear core scale. Figs 
(15-17) illustrated effect of rheological behaviour on 
formation damage characterisation. A comparison has been 
made between actual tluid rheological behaviour model 
Herschel-Bulkley and Bingham Plastic model. The figures 
show that the Bingham model predicts higher formation 
Jamage than the actual model. The Herschel-Bulkley model 
best represents the actual fiuid rheology.
Tigs (18) & (19) shows the depth of solids invasion 
Comparison between Herschel-Bulkley, Bingham Plastic and 
Tower Law models for OBM and WBM as function of 
formation permeability. The figures clearly illustrate that the 
Jepth of invasion is inversely proportional with permeability 
for Herschel-Bulkley and Power Law fiuids. Meanwhile the 
Jepth of invasion is directly proportional with pemieability for 
f3ingham Plastic. Therefore in drilling tight reservoirs it is 
^commended to use Bingham Plastic fiuid and in drilling high 
Permeability reservoirs it is recommended to use Herschel 
Bulklcy tluid.

C. Depth of nitrate Invasion. The radius of filtrate 
invasion can be determined from filtration volume as:
I- Invasion in static condition:

(II)

"• Invasion in dynamic condition:

(12)

'^11 the parameters in equation (11&12) can be computed from 
^'^Muential filtration experiment and Equations (2&3).

D. Permeability Damage. The initial formation 
Permeability damaged in the zone occupied by particulate and 
filtrate is characterised by permeability reduction (damaged) 

a function of core length or distance from wellbore in radial 
'''ell flow. The permeability damage factor can be 
'described as:

'“f=kd/kr (13)

Jbe permeability alteration (k<j) can be computed from the 

.lowledge of overall average permeability and total depth of 
""'asion. Fig (20) shows an increase in permeability reduction 
^cior and depth of solids and filtrate invasion as function of 

drilling time for WBM and to a lesser extent for OBM.
Fig (21) shows increased overbalance pressures increases the 
skin damage as a function of drilling time for WBM.
Fig (22) shows an increase in the depth of filtrate invasion as a 
function of drilling time for WBM and to a lesser extent 
for OBM.

Productivity Evaluation
Well performance is reduced when near-wellbore formation is 
damaged. A key parameters in quantifying the formation 
damage or the reduction of the well productivity will be the 
skin factor or by the calculation of flow efficiency.
The skin factor Sj, defined as:

Sd = (1 -kf/kd)ln(r„/rf) (14)

Using a well productivity index (1’1) usually represents well 
performance. Therefore, well efficiency due to near wellbore 
damage can be calculated as:

1* E 1 I actual I 1 ideal (15)

Then the damage factor can be computed from reciprocal of 
the well flow efficiency.

DF= 1 / FE (16)

Figs (23-26) illustrate the effects of different parameters such 
as drilling time, overbalance pressure, temperature and 
permeability on flow efficiency as a comparison between 
WBM and OBM.
It is necessary during the fluid design stage to screen different 
IIP-H'T fluids also based on higher percentage of the return 
permeability lest. Because may be the depth of invasion is 
inversely proportional with percentage of the return 
permeability test Fig (28).
However, during flow back for all the cores damaged with 
OBM as the flow initiated, the filter cake ruptures (pinholing) 
and scours any invaded solids and filtrate at lower flow rates. 
F or WBM, during flow back as flow initiated part of cake fails 
and as flow increases the cake ruptures and is 
completely removed.
Under all testing parameters, OBM shows very high reversible 
permeability was achieved >85% Fig (27).
WBM shows that the main effect the formation damage is the 
overbalance pressure.
One would expect an increase in depth of invasion with 
increasing differential pressure in the sense that higher 
pressures would force the mud particles and the filtrate to 
penetrate deeper into the formation. However, contrary to this 
expectation, the experimental results indicate at lower pressure 
the permeability damage increases and as pressure increases 
from 400 to 650 psi the permeability damage decreases. 
However, as the pressure increases the permeability damage 
increases, in line with the expectations.
Fig (28) shows three pressure zones: in the first zone, 
representing the pressure of 100 to 300 psi, return 
permeability decreases significantly. This is because at lower 
pressures the deposition is uncompacted forming loose 
particles and unconsolidated filter cake. Permeable filter cake 
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allows filtrate and fine particles to pass resulting in deeper 
migration. This zone characterised by lower return 
permeability. In the second zone, as differential pressure 
Increases to 650 psi, the particles form tight bridging, 
compacted and lower cake permeability, thereby allowing less 
particles through them to move into formation. This is seen by 
higher return permeability achieved.
The third zone, representing increases in pressure beyond 650 
Psi results in deeper particle invasion and lower 
return permeability.
Therefore there are critical pressure zones for compacted 
bridging, below or above which permeability damage occurs.
Khan et al.^’ investigated depth of invasion using x- ray 
mapping and they found minimum depth of invasion occurs at 
pressures between 300 to 500 psi and below or above this 
range the depth of invasion increased.

Conclusions
A productivity tool is presented to simulate impact of drilling 
fluid filtration on formation productivity in an HP-H'F 
'Environment. The productivity tool can be used for predicting 
formation damage mechanisms caused by particulate and 
filtrate invasion.
The tool can evaluate formation damage in laboratory as 
finear-fiow core tests and can be converted to radial-fiow scale 
for oil field applications.
Input requirements include parameters such as hole geometry, 
HHA configuration, mud type, composition, rheology data and 
formation characteristics.
I^he domain application of this productivity tool is relatively 
'''"le since it can be used to investigate the inlluence of many 
Parameters on the well How performance.
‘he tool can be used before drilling as design (planning tool), 
'luring drilling and post drilling as evaluation and comparison 
^^1 with well test data interpretation.
^'e productivity tool is capable of being utilised to screen 
^I’fTerent HP-1 I F drilling tluids desired for achieving minimum 
'‘'^Pairment and maximum production capacity, two key 
Parameters which are relevant to optimum fluid selection and 
’Management, in addition to well lest data interpretation.
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^°nienclature
M = Coefficients
’ Il ~ pressure and temperature coefficients 

constant
’ C2, C3, C4, C5 = constants

qp" Permeability reduction factor
" 'lamage factor
" mean pore throat diameter
" filter cake thickness

p ' flow efficiency
' resistivity formation factor
'Eonsistency inde.x

'" crodabilily coefficient

kf = formation permeability
kd = permeability damage
Ls = depth of solids
m = ratio of wet to dry cake
n = Power law index
P = applied pressure
I’lactuai = productivity index after formation damage 
I’lideai - productivity index before formation damage 
APj = total differential pressure
APf = pressure across formation
APc = pressure across filter cake 
rf= radius of filtrate invasion 
rw = wellbore radius 
s = solids concentration
Sd = drilling skin factor
t = time
T = temperature
V= filtrate volume
Vp = velocity in porous medium
Y^,Y2,X^, , Xj = filtration coefficients

Greek Symbols
q = tortuosity
Pp = plastic viscosity
Ty = yield point
Ts = shear stress at standard condition
Tj = shear stress at depth of interest
<}» = porosity of formation
pf = density of filtrate
Acronyms
BHA = bottom hole assembly
LP-LT = low pressure-low temperature
HP-HT = high pressure-high temperature
OBM = oil based mud
nid = millidarcy
WBM = water based mud
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Field Applications of a Productivity Tool for Improved Oil Recovery (lOR)

Abstract
In recent times, the oil industry has shown increasing awareness towards maintaining optimum well productivity through better high- 
Pressure, high temperature (HP-HT) drilling/completion fluids design. However, the mechanisms of drilling fluid filtration and impact 
on productivity performance are not well understood under downhole conditions.
In open hole completions, the productivity losses are critical because the near-wellbore damage is not by-passed by perforations. 
Furthermore, a satisfactory model for field applications to simulate the near-wellbore damage in terms of well flow performance from 
laboratory core test analysis still is not available.
The results of in-depth experimental data combined with data analysis of static and dynamic filtration models provided the database 
lor the semi-empirical mechanistic models that were developed. These models have been combined and incorporated into a design and 
evaluation tool - the productivity tool (PRT), for predicting the effect of HP-HT drilling fluid filtration on formation productivity in 
terms of formation damage in vertical wells.
In this paper, we present applications of the PRT using field data from North African oilfields with both water-based and oil-based 
niuds (WBM and OBM), both selected as suitable for HPHT wells. The PRT shows good agreement with the field measurements.

Introduction
The most common source of formation damage has proved to be drilling operations’. Permeability is a characteristic of the fonnation, 
and can be altered by solids and mud filtrate invasion during drilling operations. Drilling fluids are used to facilitate various drilling 
processes. Drilling mud filtrate will invade the formation to a greater depth than drilling mud particles. A decrease of the permeability 
(formation damage), results in a decrease of the well productivity’’. The formation damage depends upon many parameters such as 
fonnation characteristics, type, composition, filtration and rheological characteristics of drilling fluid and operating conditions 
(overbalance pressure, time, etc.).
A key parameter in quantifying formation damage is the skin factor'*. The skin factor estimated from well test data is used in the 
■nflow equations to estimate the production rate in wells that are affected by formation damage.
(Generally, when rating perfonnance of various drill-in fluid formulations, the permeability damage evaluation is quantified through oil 
f^turn permeability measurements and flow-initiation pressures perfonned on core samples damaged during mud filtration tests’’^.
Extensive laboratory studies of formation damage and several modeling efforts for prediction of formation damage have been reported 

the literature. Most of the previous studies have focused on formation damage from drilling fluid filtration of water-based mud 
('’^BM) and incompressible fluids in low-pressure, low temperature (LP-LT) applications.

attempts have been made to transfer these laboratory data into a near-welUxtre model to evaluate the permeability damage, 
et al.’ simulated formation damage by fluid injection and

'**^d filtration while Scott Lane” and Semmelbeck at al.’ simulated filtrate invasion for improving log interpretation, but their impact 
Well performance was not investigated. Some workers'*’" studied well performance using representative formation damage, but 

.^ratory tests were not integrated in their studies.

"e economic impacts of wellbore formation damage justify a thorough study of this problem in order to find ways to minimize its 
^ect on well performance.
^is paper presents applications of the productivity tool using field data for screening different HP-HT drilling fluids (WBM and 
“M), which specify the invaded zone skin as well as the depth of invasion, and evaluates the damage factor of a given fluid in tenns 

“I Inflow performance.

t
.^hction of the Productivity Tool

he productivity tool was constructed to provide a design and analysis package, which can be used to perform the following key 
hictions:

2 To analyse wellbore pressure distribution.
j'To analyse the response of the fluid to static and dynamic filtration in an HP-HT environment.

To characterise the rheology and filtration of the selected fluids in an HP-HT environment.
J Quantify the level and depth of damage and determine the best operating conditions.

• Fletermine the impact of the selected fluid on formation productivity.
.'Screen appropriate HP-HT fluids desired for achieving minimum formation impairment.

Order to perform these functions, the productivity tool incorporates a number of mechanistic models, which have been developed as 
of the initial project study, which include:

I
k
I

I

i
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Order to perform these functions, the productivity tool incorporates a number of mechanistic models, which have been developed as 

I^heology prediction models.
Static and dynamic filtration prediction models.
Rltercake build-up on sand face evaluation models.
Prediction models for filtration pressure drop across sand face and filter cake.
formation morphological characteristics.
Prediction models for depth of solids and filtrate invasion.
Prediction models for skin factor and flow efficiency.



The models are semi-empirical, which have been developed from the input of selected data generated from extensive experimental 
studies into filtration and formation damage”'” phenomena. All the analysis carried out on laboratory core tests were conducted under 
linear fiow conditions, and upscaled into radial flow conditions, to simulate near-wellbore damage caused by particulate and filtrate 
invasion.

Productivity Tool Formulation
Drilling Fluid Rheology. The rheological behaviour of the drilling fiuid has a major impact on pressure distribution in the wellbore 
and hence an effect drilling overbalance pressure and fiuid filtration. Therefore, to adequately predict downhole filtration, it is also 
necessary to predict downhole rheology.
Several studies of the HP-HT rheology of WBM and OBM have been presented in earlier papers*'* '’. Some of these studies which 
include many mathematical expressions are subjective. Politte'’ presented a multi-term equation with 13 numerical constants to model 
the viscosity of diesel oil. Houwen et al.” presented several equations to model rheological parameters. An API Bulletin'® presented 
two equations to calculate pressure and temperature constants.
^n this study, a different procedure has been adopted. Shear stress has been multiplied by a correction factor that depends on pressure 
^nd temperature. Then the rheological behaviour and rheological parameters can be calculated from shear stress prediction at the 
pressure and temperature of interest. Two prediction models have been developed for WBM and OBM.
^e models follow the general format:

(1)

^here T. is the shear stress at depth of interest andr^ the shear stress at standard conditions. The difference between the models is in 

J^spect of the empirical constants (A<-, A and B).
^ta used to evaluate the empirical constants have been obtained from selective HP-HT Fann-70 viscometer measurements.

models often used to describe the behaviour of the two fluids are Bingham Plastic'’, Power Law'® and Herschel Bulkley models*’, 
^wever, in this study the WBM and OBM rheological data are best described by the Herschel Bulkley model.

‘fie main difference between OBM and WBM are the effects of pressure, which are more pronounced for OBM than WBM. For 
WBM the effect of pressure is very small, but is highly affected by an increase in temperature.
^rtiperature and pressure affects behaviour and interactions of water or oil, clay, polymers and solids in mud. The effect of increasing 
lie temperature of a liquid is to reduce the cohesive forces while simultaneously increasing the rate of molecular interchange. The 
Ortner effect tends to cause a decrease of shear stress, while the latter causes it to increase. The net result is that liquids show a 

Induction in viscosity with increasing temperature.
oe effect of increased pressure on OBM is to increase the cohesive forces, which tends to increase the viscosity.

J^rilliiig Fluid Filtration. One of the major functions of a drilling fiuid is the control of formation pressure. In order to prevent 

'^hriation fluids from flowing into the borehole, the hydrostatic pressure of the mud column is usually made to exceed the formation 
Pi'essure.
Wellbore differential pressure can cause excessive loss of liquid and associated drilling mud solids leading to potential permeability 
!^Painnent of the fonnation, and contribute to borehole instability’® ’' and formation damage”, especially in the HP-HT environment, 

ne differential pressure depends on mud weight, tluid rheology and formation pressure.
® “ result of overbalance pressure, the filter cake may form on sand face, through which only filtrate can pass, depending on the 

Ij^'^tioiiship between mud particle size distribution and formation pore size.

process of drilling a well results in alternating periods, of varying duration, of dynamic and static filtration (sequential filtration), 
i'^amic filtration occurs when the mud is circulated; the cake thickness is the difference between the rate of deposition by filtration 

the rate of erosion by circulating mud. The erosion rate of particles is proportional to the shear stress exerted by the circulating 
on the cake surface’-;

^tic filtration occurs when the mud is not circulated, and the cake thickness increases as filtration continues.
existing static and dynamic filtration’’’ ’'* equations can be modified for downhole pressure and temperature conditions.

Static filtration;
""o prediction models have been developed for WBM and OBM. The models follow the general format:

V,V + YjV’exp. (AP + BT)

t is time and V the volume ot filtrate. The difference between the models is in respect of the empirical constants (Y|. Y2, A and

(2)

Dynamic filtration:

_________________________ ____________________________________
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Two prediction models have been developed for WBM and OBM. The models follow the general format;

' = X,V - Xjd- e'^ 3'') exp. (AP + BT) (3)

Equation (3) also can be used to predict dynamic from static filtration data. Since the modified filtration Equations (2) and (3) can 
predict the filtration coefficients (Y|, Y2, X,, X, and X3) therefore the filter cake characteristics such as cake resistance, permeability, 
porosity, etc. can be computed.

filtration Pressure Drops. At the start of filtration, the pressure drop, A Pt , is across the sand face, but as the filter cake builds up 
’’lore of the pressure drop is dissipated across the filter cake, A Pc , and less across the sand face, A Pf, thus.

^pT = APf+APc (4)

damage from Drilling Fluid. Formation damage mechanisms have been studied extensively^^' However, fomiation damage from 
drilling fluid can be characterised by the following factors: thickness of filter cake, depth of solids and filtrate invasion and 
permeability reduction.
The two main damaging mechanisms which have been studied, are particulate invasion during initial filtration period, and filtrate 
■nvasion through filtercake.

A. Filter Cake Build up. Filter cake thickness is given by;

^_P,sV-K,t

dt
(5)

(1 - ms)

The shear stress should be calculated from rheological behaviour of the mud Equation (1).

the mud is not circulated then the shear stress x is zero and the filter cake becomes thicker as static filtration continues.
B. Depth of Solids Invasion. Solids invasion occurs during initial filtration period. It is primarily a function of mud particle 

distribution and the pore throat diameter of the formation. Semi-empirical equations have been developed for predicting the depth 
solids invasion. These models are based on pressure drop in pipes and therefore involve the rheological behaviour of the drilling 

fluid.
Eot Herschel Bulkley and Power Law fluids the model has been computed as:

)"
n

(6)

for Bingham Plastic fluid the equation is:

(7)
'(C,/z,V,,+C,r,D,)

equations assume that the rheological properties of the fluid move through the pore are the same as that of the bulk fluid. This 
^^uiTiption becomes increasingly invalid a.s the pore throat diameter decreases and mud components that affect the viscosity are 
^'^’'eened out. In the limiting case, the viscosity is that of the filtrate.

it can be observed from the above models, the depth of solids invasion requires the knowledge of the formation morphological 
^‘'aracteristics such as permeability, porosity, tortuosity etc.
'^Puosity (r|) is the actual flow path and can be computed in laboratory from formation resistivity factor (Fr) and porosity thus:

’l^tt.FR

the mean pore throat diameter can then be calculated as:

^ = 4.08 (n K/(t))° ’

(8)

(9)

(10)

Second International Symposium on Improved Oil Recovery in Libya



C. Depth of Filtrate Invasion. The radius of filtrate invasion can be determined from filtration volume as: 
*• Invasion in static condition:

(11)

*’• Invasion in dynamic condition:

(12)

All the parameters in equation (11&12) can be computed from sequential filtration experiments and Equations (2&3).

D. Permeability Damage. The initial formation permeability damaged in the zone occupied by particulate and filtrate is 
^characterised by permeability reduction (damage) as a function of core length or distance from the wellbore in radial well flow 
conditions. The permeability damage factor can be described as:

^F= kd/ kf (13)

Phe penneability alteration (k^i) can be computed from the knowledge of overall average permeability and total depth of invasion.

Productivity Evaluation
Well performance is reduced when near-wellbore formation is damaged. Key parameters in quantifying the formation damage or the 
{junction of the well productivity will be the skin factor or by the flow efficiency.
Phe skin factor Sj, defined as:

^ = (1 -kf/kd)ln(r^r,) (14)

Using a well productivity index (PI) usually represents well performance. Therefore, well flow efficiency due to near wellbore damage 
Can be calculated as:

^ = PI^.uul/PlKleal (15)

^cn the damage factor can be computed from the reciprocal of the well flow efficiency. 
*JP=1/FE (16)

•’oductivity Tool Structure
” ‘^‘■tler to simulate the impact of drilling fluid filtration on well performance in terms of formation damage, a computer package with 

models developed above is required. The structure of calculation is described as follows:
1

2.
3.
4.
5.
6.

7.

^'gure

Input the data required for the models: wellbore parameters (hole geometry, casing size, etc), operating parameters 
(overbalance pressure, pump rate, etc), drill-in fluid parameters (mud type, rheology, etc) and formation parameters 
(permeability, porosity, etc).
Compute the rheological behaviour at standard conditions and depth of interest.
Compute the rheological parameters and calculate the wellbore pressure distribution.
Compute the static and dynamic filtration and calculate filter cake properties.
Calculate the pressure drop across filter cake and sand face.
Quantify level of resultant damage by computing depth of solids and filtrate invasion, average permeability and permeability 
damage.
Evaluate the result,s of well performance by computing skin factor, ideal and actual productivity index, flow efficiency and 
damage factor.

1 shows a flow chart on which the productivity tool has been developed.

^Pplication of the Productivity Tool
pP^ific case studies to illustrate the interpretation and practical usefulness of the productivity tool have been carried out using actual 

data. The data are collected from four oil companies in North Africa [Table 1J and can be summarised as follows:
1.
2.
3.

Seven wells with the total well depth ranging from 1 (X)45 ft to 14580 ft.
Reservoir sections drilled in 5.87, 6 and 8.50 inch holes.
Open hole and cased hole completions.
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4. Wellbore pressure ranging from 5000 psi to 12800 psi.
5. Bottom hole temperature ranging from 240 °F to 330 "F.
6. Reservoir permeability ranging from 50 md to 400 md.
7. Oil based and water based drill-in fluids.
application of the productivity tool has been used in two ways:
1 • Evaluation Stage: The PRT simulated results have been evaluated against field data (post drilling):

a) Predicted total wellbore pressure distribution versus field data (pump pressure).
b) Predicted well performance in terms of formation damage against field measurements (depth of invasion from logging and 
skin factor from well test data).

2. Planning stage: The PRT has been used for fluid optimisation and selection against different operating parameters such as 
fluid type, rheology, pressure, etc.

Evaluation Stage. Table 2 illustrates the predicted total wellbore pressure distribution versus field data (pump pressure). The 
Ptediction shows agreement with field data.
lable 3 shows predicted (depth of invasion and skin factor) against field measurements. The field measurement from well test data 
gives the total skin and the PRT predicts the drilling skin. However, stochastic analyses have been earned out based on standard 
Assumptions to calculate both the partial completicn skin and perforation skin and add them to the drilling skin predicted from the 
I'ET, in order to enable comparison with field test data Table 4 shows agreement between the PRT predicted skin and field 
'Measurement.
Planning Stage. The input data are from well number (Al) for a 6 inch hole section and the assumption was made to select the best 
EP-ll'f drilling fluid to drill this well with minimum fonnation damage. The fluid rheology and mud composition data for these types 

niud have been used from field data of si.\ wells drilled by various oil companies.
( f^'gures 2 to 8 illustrate the effects of different parameters such as rheological behaviour, drilling time, temperature and overbalance 

Ptessure on flow efficiency comparing different types of WBM and OBM drill-in fluids.
'Tee different rheological properties for both OBM and WBM have been used for fluid selection of this particular well (Al).

optimisation Process:
*-ffcct of Rheological Parameters. Figures 2 & 3 show that an increase in rheological parameters (yield stress and consistency inde.x) 
'^^srilts in an increase in depth of fillrate invasion and hence an increase in damage factor.

Figure 2 Effect of Rheology on Formation Damage for OBM Figure 3 Effect of Rheology on Formation Damage for WBM

Eff
of Rheological Characterisation. Figure 4 shows the depth of invasion profile for WBM and OBM. The figure also shows the 

|,5'irate description of the rheological behaviour of the drill-in fluid required to accurately predict the depth of invasion.
'gUrc 4 illustrates effect of rheological behaviour on formation damage characterisation. A comparison has been made between the 

^"'ual rheological behaviour models, i.e. Herschel-Bulkley, Power Law and Bingham Plastic models. The figure shows that the 
fl^Pgliam model predicts higher formation damage than the actual model. The llerschel-Bulkley model best represents actual fluid 

"ology. The depth of invasion was found to be greater for WBM than OBM. Figure 5 shows damage profile using OBM.

'5?------------------------------------
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Figure 4 Effect of Rheology Characterisation on Depth of Invasion Figure 5 Damage Profile using OBM

Effect of Drilling Time. Figure 6 shows an increase in drilling operational time results in an increase in depth of filtrate invasion and 
"eiice an increase in damage factor, which is greater for WBM than OBM.

1 ____________________________________________ _

Figure 6 Effect of Drilling Time

of Wellbore 1'cnipcraturc and Overbalance Pressure. Figures 7 & 8 show that an increase in bottom hole temperature and 
'"'^rbalance pressure results in a sharp increase in damage factor due to increased depth of filtrate invasion, which is greater for WBM 
"an OBM.

Figure 7 Effect of Wellbore Temperature Figure 8 Effect of Overbalance Pressure

Q
1, on the productivity tool simulated analysis, the selection of OBM with rheological parameters [n= 0.66, K= 199 cP and Ys=22 
1^ *00ft^2] to drill this particular well (Al) gives more advantages for well flow performance than for WBM.
p'"''ever, it is necessary during the fluid design stage to screen different 11 P-1 IT fluids also based on a higher percentage of the return 

’Usability test. This is because the depth of invasion is may inversely proportional with percentage of the return permeability test’’.
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Conclusions
field application of the productivity tool is presented to simulate impact of drilling fluid filtration on formation productivity in an 

HP-HT environment. The productivity tool can be used for predicting formation damage mechanisms caused by particulate and filtrate 
invasion.

tool can evaluate formation damage in laboratory as linear-flow core tests and can be converted to radial-flow scale for oil field 
applications.
Input requirements include parameters such as hole geometry, BHA configuration, mud type, composition, rheology data and 
formation characteristics.
"Bie productivity tool can be used to investigate the influence of many parameters on the well flow performance.
^e tool can be used before drilling as design (planning tool), during drilling and post drilling as evaluation and comparison tool with 
*611 test data interpretation.

productivity tool is capable of being utilised to screen different HP-HT drilling fluids desired for achieving minimum impairment 
^nd maximum production capacity, two key functions which are relevant to optimum fluid selection and management, in addition to 
*ell test data interpretation.

^OfTienclature
= coefficients

B = pressure and temperature coefficients
= constant
C2, C3, C4, C5 = constantsĉF= permeability reduction factor

P = damage factor

“P = mean pore throat diameter
= filter cake thickness

B = flow efficiency
R = resistivity formation factor
® consistency index

erodability coefficient
formation permeability

= permeability damage
= depth of solids invasion

fo ~ ratio of wet to dry cake
Power law index

® applied pressure
p = productivity index after formation damage
*^*i<ieai = productivity index before formation damage

= total differential pressure
f = pressure across formation

f c = pressure across filter cake
radiu.s of filtrate invasion

~ Wellbore radius
Solids concentration

'■ Partial completion skin 
^'•'drilling skin factor
"'Perforation skin

y ~ temperature
Bitrate volume
~ velocity in porous medium

^'^2^ XT, X- filtration coefficients

yield stress
Symbols

' tortuosity
plastic viscosity
yield point
shear stress at standard condition

"'shear stress at depth of interest

--------- -------- --------------------------------------------------------------------------------------------------------------------------------------------------------------
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•t* = porosity of formation 
Pf= density of filtrate

Acronyms
BHa = bottom hole assembly 
“HT = bottom hole temperature 
Cl/Cis = lignosulphonate mud 
'^Cl = potassium chloride mud 
B^BM = dispersed polymer mud 
^'LT = low pressure-low temperature 
BP-HT = high pressure-high temperature 
OBM = oil based mud
*”<1 = millidarcy 
^D = total vertical depth 
'VBM = water based mud
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Input Diilii

Mud Pamnietm Opcralliia Parunielcni Wellbore (ieomclry Kni I’anuiwtcrK

PRESSt RL DlSTRIBt I ION ANALY SIS
Compute rheological behaviour @ standard condition 
Compute rheological behaviour @ depth of interest 
Calculate rheological parameters
Calculate wellbore pressure distribution
Calculate wellbore differential pressure

I

ULTRA riON ( HA RAC I ERISA I ION 
Calculate static and dynamic Gllraiion 
Compute filter cake properties 
Compute pressure drop across filter cake 
Compute pressure drop across formation

----------------1________
PROIHK riViTV EVAI.I ATION 
Calculate pore throat diameter 

oinpute length of solids invasion 
oinpute length of filtrate invasion 
alculate fonnation average penneability

CalcuUte penneability damage
Compute skin factor
Compute ideal and actual productivity index 
Calculate flow cfttciency
C'oinputc damage factor

^^^^nuing Paraineicrs/Mud
■j.^^8y^ud Coiiiponeiiis/Mud

No

Dhiiukc 
Karior 
Afcfulahk'.’

Table 2 Predicted pump pressure versus field data (pump pressure) 
Ptiiiip Pressure tpsii

Well 
Number

Total Depth 
(fl)

Hole 
Section 
(inch)

BHTemp
(^)

EirkI 
Da (a 
(ISil

PRT 
Prediction 
<Pst>

Al 13790
14580

8-50
6

315
330

2575
1780

2466
1670

A2 14500 6 322 1700 1695
Bl 13528 5.875 320 2000 2032
B2 12175

13390
8.50

5.^15
305
314

2«X) 
2<XX)

2820 
2083

B3 12245 5.il5 280 1500 1566
Cl 12370 8.50 290 2850 3000
DI 10045 8.50 240 1950 2092

Table 3 Formation damage predicted against field measurement 
Ikplh of hn asioii (inches> Skin

Well 
No.

TVD 
(fl)

Hole 
(inch)

BUT
(^)

Eield PRI
Data Prediction

Field PRT
Data Prediction
Total Drilling
skin skin

Al 14580 6 330 40 U 79 9(X) 4 11
A2 14500 6 322 <X) 77 73 12.0 5.24
Bl 13528 5,875 320 Ml 45.43 10.0 4.00
B2 13390 5.875 314 70 10.0 5.87
B3 12245 5.875 280 70 <X).8t 10.0 5.63
Cl 12370 8.50 290 «) 9.00 4.48
DI 10045 8.50 240 40 48 69 8.00 3.62

Table 4 Forinalion damage predicted against field measurement

Well 
No. TVD

Mild 
Tvjw* Eield data PRT prediclion

Total Skin Sd Sc + Sp
Total 
Skin

Al 14580 OBM 9.00 4.11 3.10 7.21

A2 14500 WBM 12.00 5J4 3J2 8.56

Cl 12370 WBM 9.00 4.48 234 7J2

DI 10045 WBM 8.00 3.62 2.61 6.23

Figure 1 Flow chart

Summary
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