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ABSTRACT

Fracturing fluid leak-oflT characteristics have a signffîcant impact on the final 

geometry and size of a hydraulic fracture. Fluid loss into the permeable fiacture face 

reduces the overall efSciency of a fracturing fluid. In order to create a fiacture with 

desirable flow characteristics and for the purpose of predicting fracture geometry, the 

ability to determine the leak-oflf characteristics of the fluid-formation pair is extremely 

important Generally, the fluid leak-off data is obtained for a candidate fracturing fluid 

using formation core samples that are completely saturated with brine. In contrast to 

this any reservoir rock of interest has a significant movable gas/oil saturation.

The first part of this study presents the results o f a series of laboratory 

experiments conducted to investigate the dynamic leak-off behavior of fiacturing fluids 

in the presence of mobile gas or oil saturation. Fracturing fluid leak-off in low 

permeability gas saturated and high permeability oil saturated reservoir rocks is 

examined under conditions of varying fracturing fluid composition, formation 

permeability, oil composition, and fracturing pressure. The effectiveness of fluid loss 

additives in controlling the leak-off during multiphase flow near the fiacture face is also 

investigated. In addition, a conceptual model to predict the leak-off in the presence of 

mobile gas or oil saturation at the fracture 6ce has been developed. The model is 

validated using data obtained from dynamic leak-off experiments.

The results indicate that the leak-off characteristics in the presence of mobile 

gas or oil saturation are significantly different compared to those observed in the
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presence of 100% brine saturation. In the case of mobile gas saturation, the spurt loss 

appears to be driven by spontaneous imbibition whereas the long time leak-off is 

controlled by relative permeability effects. The wall building coefGcients are found to 

be at least an order of magnitude lower than those observed in 100% brine saturated 

core samples. The fluid loss additive used in this study, appears to have little or no 

effect on leak-off. In the case o f mobile oil saturation, both oil viscosi^ and relative 

permeability effects play a role in determining the leak-off response. The spurt loss is 

significantly lower than that observed in 100% brine saturated core samples. In this 

case also, the fluid loss additive has little or no effect on leak-off. The leak-off 

characteristics exhibit a noticeable sensitivity to the formation permeability.

During the fracturing of high permeability formation there is a potential of 

reducing the permeability near the fracture face and hence the overall producibility of 

the formation due to fl-acturing fluid leak-off. In the second part of this study, the 

extent of impairment in formation permeability to oil due to the leak-off of fracturing 

fluid in oil reservoirs and subsequent recovery during production is evaluated and 

characterized. The experiments are conducted with a number of commonly used 

fracturing fluids. Effect of shut-in time, fluid loss additive, fracturing fluid 

composition, production rates, and oil composition on the regain permeability of oil 

reservoirs is investigated.

The results indicate that the recovery of permeability in the presence of oil is 

higher compared with that in the presence of 100% brine saturated cores. The 

recovery, especially for linear and crosslinked hydroxypropyl guar (HPG), is greater 

than 100% of the original permeability and its is dependent on the shut-in time. The
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fluid loss additive does not appear to effect the regain permeability. The production 

rate has a positive impact on regain permeability.

A dimensionless correlation to determine the cumulative leak-off volume into 

the rock matrix during the dynamic filtration of a fiacturing fluid is presented in the last 

section. The correlation is developed based on dimensional analysis. The model is 

validated using data obtained from dynamic leak-off experiments.
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Chapter 1 

Introduction and Background

1.1 Introduction

Hydraulic fracturing has been the most widely used stimulation technique in the 

petroleum industry for last four decades. According to Gidley et al}, 35-40% of the 

wells drilled in the U.S. are hydraulically fractured and economically produce 25-30% 

of the total U.S. oil and gas reserves. The goal of hydraulic fracturing is to increase the 

productivity of a well by creating a large conductive flow region, in the form of a 

fracture, connected to the wellbore. In order to create and propagate a fiacture in the 

reservoir, high viscosity fiacturing fluids are pumped into the wellbore at very high 

pressures which exceed the strength of the formation.

The most common fiacturing fluids used in majority of fiacturing treatments are 

composed of water soluble polymers, such as guar, hydroxypropyl guar (HPG), 

hydroxyethyl cellulose QIEC), carboxymethyl hydro)qrpropyl guar (CMHPG), etc. 

Some of these polymers (guar, HPG) can be crosslinked to enhance their viscosity. 

The most widely used crosslinkers are borate and zirconate. The crosslinked fluids 

exhibit improved proppant transport and temperature stability. A good fiacturing fluid 

should exhibit the following characteristics^
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• minimizes fluid loss into the formation

• maintains suflBcient eflfective viscosity to create the desired fi’acture geometry and

transport the proppant in the fracture

• causes minimum damage to the formation and proppant pack

• exhibits good degradability so that it can be easily flowed back

• maintains high temperature stability

• offers cost effectiveness

This study focuses on the leak-oflf and cleanup characteristics of fracturing fluids.

The fiecturing fluids have a tendenty to leak-oflf or filter into the formation

mainly due to excess pressure in the fiacture compared to the formation pressure. The

leak-oflf of the fiacturing fluid is also dependent on the permeability of the formation, 

shear rate imposed on the fiacturing fluid, type and concentration of the polymer, and 

the fluid phases present in the formation. Fluid loss additives (H.As’) are added to the 

fiacturing fluids in order to control leak-oflf. The FLA used are of two types, 

particulate and/or hydrocarbon phase. The most conunonly used particulate and 

hydrocarbon FLAs’ are silica flour and 5% diesel, respectively. Three zones are 

developed during leak-oflf and are shown in Fig. 1-1. The mechanisms which govern 

leak-oflf in individual zones are:

1. Wall building effects (filter cake zone) - As the fiacturing fluid leaks off into the 

formation a filter cake starts to build up on the fracture face due to the deposition 

of FLA and/or polymer as shown in Fig. 1-1. The filter cake offers a significant 

barrier to further leak-oflf. The wall building coefficient (C«) and spurt loss (V,) 

characterize the wall building effects. The wall building effects can be determined

2
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Fig. 1-1: Schematic of Fracture Propagation and Development off Zonea



experimentally and analytically. When experimentally obtained leale*off volume is 

plotted against Vt in Cartesian coordinates, a straight line is observed at later times 

as illustrated in Fig. 1-2. Based on the slope and the intercept of the straight line, 

the wall building coefficient and spurt loss can be determined from Eq. 1-1 and Eq. 

1-2, respectively:

_ 0.0164 m
Cw -  ^  . (1-1)

where m is the slope and A is cross-sectional area of the formation, and,

(1-2)

where b is the intercept^

2. Filtrate viscosity and relative permeability effects (invaded zone) - The viscosity of 

the filtrate in the invaded zone is also responsible for controlling the leak-off 

There are at least two fluid phases present in the invaded zone and as a result 

relative permeability is expected to play an important role in governing leak-off.

3. The compressibility and viscosity of the reservoir fluid in the uninvaded zone also 

effect the leak-off.

Traditionally, only low permeability (k < 10 mD) gas-bearing formations were 

routinely fi^ctured hydraulically. However, recently there has been a tremendous 

interest in fi’acturing higher permeability formations. There is a vast difference in the 

objectives of fracturing low and high permeability formations. The goal of fiacturing 

low permeability reservoirs is to achieve a long and narrow fracture without tip 

screenout. A tip screenout occurs when the concentration of the proppant near the tip 

of the fracture increases rapidly due to high fluid loss. In the case of fracturing high
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permeability formation, the objective is to maximize the fracture conductivity by 

creating short and wide fracture with tip screenout. In both the cases, C* and V , are 

very important parameters which govern fracture geometry and treatment perfrjrmance.

While designing low and high permeability Itydraulic fracturing treatments, the 

fracture geometry is always predetermined. The leak-off data obtained from 

ecperiments is used as an input in deciding the volume of fracturing fluid required to 

create a desired fracture geometry. The effect of variation in C# on fracture length is 

shown in Fig. 1-3. The 3-D model in FracPro^ was used to predict the fracture 

length. Cw was varied and all other parameters used in the model were held fixed. It is 

evident from the figure that significantly longer fracture was computed for lower Cw. 

Therefore, an accurate understanding of fracturing fluid leak-off behavior is important 

for designing a successfiil hydraulic fracturing treatment. Inaccurate prediction of leak- 

off may lead to premature job termination and improper placement of proppant within 

the fracture.̂

Conducting laboratoiy fluid loss experiments on core samples is a convenient 

way of understanding fluid leak-off mechanisms. Fluid leak-off studies can be 

conducted in the laboratory either under static or dynamic conditions. The main 

difference is that under static conditions the fracturing fluid and thus the filter cake 

formed is not subjected to shear. Dynamic leak-off testing more accurately captures 

the essential features of the conditions existing in an actual fracture. Usually, the 

results obtained under static conditions underestimate the leak-off response. The 

review presented in this chapter is restricted to dynamic leak-off studies. A detailed 

review of static leak-off studies is given by McGowen et al.^ and Penny and Conway.̂
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1.2 Review o f Previous Work

Numerous dynamic lealc-ofT studies^^ have been conducted to investigate the

efifect of pressure, shear rate, permeability, FLA, polymer concentration, etc. on 

fracturing fluid leak-off Most of these studies frKus on leak-off in low permeability 

formations.

Rodhart* Penny’, and others*^'" investigated the effect of pressure, shear rate, 

and formation permeability on the leak-off behavior of different fracturing fluids. 

According to their findings, Cw is dependent on pressure drop and is also very sensitive 

to shear rate. Spurt loss is directly proportional to permeability whereas Cw is 

independent of permeability, within the range of permeability investigated. Based on 

the results of Rodhart\ Cw for both crosslinked HPG with 5% diesel and HEC with 

silica flour follows a VÂP relationship. This indicated that the filter cake formed was 

incompressible (i.e. the permeability of the filter cake is independent of pressure drop). 

According to Ford et al. ,̂ Cw is a fiinction of 6P  and is highly dependent on shear 

rate. The leak-off rate increases with the increase in shear rate.

The fracturing fluid undergoes degradation in the fracture due to the variation 

in shear rate and temperature. McGowen et studied the effect o f fluid degradation

on leak-off. The results indicated that there was an increase in V , and a slight decrease 

in Cw as the fluid degrades.

Penny et a l}, Rodhart\ and several others '̂* '̂"'̂ ^ have reported that the use of 

FLAs’ (diesel and silica flour) drastically reduces the leak-off of both linear and 

crosslinked fracturing fluids. In the presence of silica flour, V,, for crosslinked fluid is 

reduced by an order of magnitude.̂  Based on the results of Harris et al.*, 5% diesel
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had a significant effect on Cw for crosslinked fluid but less effect on linear fluid. Penny 

et al.^ examined the relative effectiveness o f FLA as a function of permeabili^. Their 

results indicated that for reservoirs with permeability greater than 5 mD, particulate 

additives are necessary to control the spurt loss. Combination of particulate and 

hydrocarbon FLA provided a better control on leak-off^ Recently, McGowen et al. 

reported that linear fluids with hydrocarbon FLA does not control leak-off Thty also 

reported that particulate FLA is effective in reducing V , but has very little effect on 

Cw.

Recently, Vithal et al.^  ̂ reported that the leak-off of linear fluids is shear rate 

independent. Thty also reported that in very low permeability formations leak-off of 

linear fluids can be lower than that of crosslinked fluids. Further, they observed that 

filter cake formed during leak-off of both linear and crosslinked fluids is highly 

compressible.

Navarrete et Vithal et oA", McGowen et and Parlar et a/.‘® have

conducted dyiuunic leak-off studies with limited fluid systems in high permeability core 

samples. Their findings indicated that for most of the flacturing fluids, internal filter 

cake governs fluid leak-off However, as opposed to Vithal et aL they observed that 

the leak-off of crosslinked fluids is lower compared to that of linear fluids. Navarrete 

et al.^  ̂also demonstrated that the effectiveness of FLA increases with the increase in 

formation permeability and that shear rate does not significantly affect spurt loss.

Parlar et investigated the effect of core length, pressure drop, permeability, 

and polymer concentration on leak-off in high permeability core samples. Their results



showed that at least 6 inch long core samples should be used while studying leak-off in 

high permeability cores. The following are the findings based on their study:

• 90% of the total leak-off is due to spurt loss in the case of borate crosslinked guar

• spurt loss is directly proportional to pressure drop and permeability

• leak-off volume decreases with the increase in polymer concentration

Lord et aL^ studied the leak-off of fi^cturing fluids in a large scale, high 

pressure fracture simulator having a total leak-off area of 3912 cm^ Their findings 

indicated that spurt loss was higher in the simulator compared to that observed in 

studies having a leak-off area of 5 - 20 cm\ frt addition, they observed that internal 

pore plugÿng governs the leak-off of crosslinked fluids and external filter cake was 

formed only if the fracture surface was rough.

The core samples used in the past studies reviewed here, were completely 

saturated with brine. In contrast to this any reservoir rock of interest has a significant 

amount of movable gas and/or oil saturation. The presence of movable gas and/or oil 

saturation can have a significant effect on the leak-off and cleanup characteristics of 

fracturing fluids.

1.3 Objectives

The objectives of this study are as follows:

1. Characterize the leak-off behavior of fracturing fluids, with and without fluid loss 

additives, in the presence of mobile gas saturation in low permeability formations.

2. Characterize the leak-off behavior of fracturing fluids, with and without fluid loss 

additives, in the presence of mobile oil saturation in high permeability formations.
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Study the sensitivity of leak-off behavior to fracturing fluid composition, firacture 

pressure, formation permeability, and oil composition.

3. Develop a mathematical model to predict leak-off in the presence of mobile gas or 

oil saturation.

4. Evaluate and characterize the extent of impairment in formation permeability to oil 

due to the leak-off of fiacturing fluids in oil reservoirs.

5. Develop a dimensionless correlation to predict leak-off

hi order to accomplish these objectives, a mathematical model was developed 

and dynamic filtration experiments were conducted on core samples containing mobile 

gas or oil saturation. The experimental results were used to validate the model.

Chapter 2 describes the experimental apparatus and procedures used in this 

study, hi Chapter 3, formulation of a mathematical model to predict leak-off is 

presented. The model incorporates the current understanding of the flow of non- 

Newtonian fluids, filtration and cake buildup, and multiphase flow in the porous media. 

Chapters 4 and S discuss the results of dynamic leak-off in gas and oil reservoirs, 

respectively. The impact of fi^cturing fluid leak-off on return permeability of oil 

reservoirs is discussed in Chapter 6. The methodology followed to develop the 

dimensionless correlation to predict leak-off is discussed in Chapter 7. Finally, based 

on the findings of this study, conclusions and recommendations for future work are 

discussed in Chapter 8.
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Chapter 2 

Experimental Setup and Procedures

In order to characterize the dynamic leak-ofT behavior of fiacturing fluids, an 

experimental apparatus was designed and assembled in the laboratoiy. In this chapter, 

various components of the experimental setup are described. The common procedures 

applied to all the experiments are also outlined here. Modifications in the procedures 

are discussed in respective chapters.

2.1 Experimental Setup

Schematics of the flow system for dynamic leak-off testing in the presence of

mobile gas and oil are illustrated in Figs. 2-1 and 2-2, respectively. The major 

components of the flow system are dynamic leak-off core holder, fracturing fluid 

circulation system, and pressure transducer manifold.

2.1.1 Dynamic Leak-off Core Holder

A Hassler-^e, multiple pressure port core holder with additional features for

studying dynamic leak-off behavior is used in this study. Core samples of 2-inch 

diameter and up to 12-inch length can be tested in this core holder. It consists of five 

pressure ports at an equal spacing of 2-inch which permit measurement of differential 

pressure across different sections of the core sample. The pressure ports
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are connected to a pressure transducer manifold which facilitates the monitoring of the 

alteration in sectional and overall permeabilities of the core sample. The core holder 

has a pressure and temperature rating of 10,000 psi and 3S0"F, respectively.

A cross-sectional view of the core holder is shown in Fig. 2-3. The core holder 

is provided with a rectangular cross-section flow channel (slot) on the upstream end 

which simulates tangential flow across the 6ce of the fracture. The slot is machined on 

a movable piston which allows for adjustable gap between the slot and the core face in 

order to vary the shear rate of fracturing fluid on the filter cake. The fiacturing fluid 

flows across the 6ce o f the reservoir rock sample while the filtrate invades the sample. 

The core holder allows the flow of fluids in both directions.

2.1.2 Fracturing Fluid Circulation System

The circulation system consist of a triplex pump, a pulsation dampener, and a

mixing tank for the fiacturing fluid. The triplex pump is used for injecting the 

fracturing fluid through the slot at a desired flow rate while maintaining a constant 

pressure drop across the core sample. The triplex pump has a pressure rating of 3000 

psi. A pulsation dampener is placed in the flow circuit to ensure that the pressure 

fluctuations generated by the triplex pump are minimal (± 2%).

Uniform composition of the fiacturing fluid is maintained throughout the 

experiment by continuously mixing the fiacturing fluid in the mixing tank. A 

centrifugal pump is used for pumping the fiacturing fluid from the mixing tank to the 

triplex pump.
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2.1.3 Proportioniof Pump

A Ruska proportioning pump is used for injecting brine, mineral, and crude oil

into the core sample. The available flow rate range for the pump is from 0.083 to

18.67 cmVmin. The pressure rating of the pump is 12,000 psi. This pump is also used

to inject the crosslinker into the stream of polymer solution pumped by the triplex.

2.L4 PicsMre Transducer Manifold

Validyne differential pressure transducers are used for measuring sectional and

overall pressure drop across the core sample. In all experimental runs, sectional 

pressure drops across the first three 2 inch long sections o f the core sample are 

measured. In order to accurately measure pressure drop, transducers of varying ranges 

are used. A dead weight tester is used to calibrate the transducers.

2.1.5 Data Acquisition

A PC interface card is used to interface a computer directly to the transducers. 

A compatible data acquisition protocol is used for automatic data acquisition and 

storage.

2.1.6 Back Pressure Regulator (BPR)

A constant differential pressure across the core sample is maintained by

installing nitrogen dome-loaded back pressure regulators in the upstream fracturing 

fluid flow loop and on the downstream production end as illustrated in Fig. 2-1. This 

ensures a convenient boundary condition for simulating the process of dynamic 

filtration.
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2.1.7 Gas floir-iiicter and Balance

Di the case of leak-off in the presence of mobile gas saturation, a Ruska gas

flow-meter is used for measuring the cumulative production (volume) of the effluent 

gas. In order to separate the effluent fluid from the gas, a fluid trap is placed on a 

balance used for monitoring effluent fluid production.

2.2 General Experimental Procedures

A radial confining pressure of 1500 psig was applied to the core samples in all

the experiments reported. The experiments were conducted at room temperature. 

Identical core sample preparation and initial permeability measurement procedures 

were followed for all the experiments.

2.2.1 Core Sample Prepmrmdom

The core samples were prepared by drilling 2-inch diameter cores using a

diamond coring bit. The samples were trimmed to the required length using a diamond 

face grinding saw. The foces of the core sample were carefoUy prepared to ensure that 

thQT were perpendicular to the axis of the sample. The core samples were dried in an 

oven at 120" C. The weights of the core samples were recorded after drying and after 

vacuum saturation. The porosity of the sample was measured using Same’s fluid 

saturation method and the liquid permeability was measured in the core holder. Details 

on the type and properties of the core samples used is given in respective chapters.

2.2.2 Initial Permeability

The core sample was first vacuum saturated with the desired brine, 3% CaClz

brine for carbonate samples or 3% KCl brine for sandstone samples, after subjecting the 

sample to a vacuum for at least 12 hours. The core sample was then loaded into the
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core holder and desired brine was injected at a constant flow rate, while maintaining a 

backpressure o f400-500 psig, until the differential pressure across various sections of 

the core sample stabilized and no gas bubbles were observed in the effluent. La order to 

v e r^  100% saturation of the core sample, flow rate of the brine was doubled and 

difierential pressure across various sections of the core sample was monitored until it 

stabilized The effluent brine was collected in a pre-weighed container placed on a 

precision balance.
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Chapter 3 

Model Development

3.1 Model Formulation

In order to formulate a model to simulate dynamic filtration, the core sample is

considered to be isotropic and incompressible. Gravity fi)rces are aligned with the 

hydrodynamic forces due to the one dimensional vertical flow in the system. Further, 

the filtrate, and gas or oil are considered to be immiscible, and flow of the filtrate and 

oil in the core sample is considered to be laminar, incompressible and isothermal. The 

porosity and permeability of the filter cake are assumed to be constant. The listed 

assumptions are reasonable for the laboratory filtration studies utilized for validation. 

For field applications the model can readily be modified to accommodate deviations 

fi'om the assumptions. A schematic of the flow system being modeled in this study is 

shown in Fig. 3-1. The flow system involves interaction between various types of flow 

that are incorporated in the model as follows: I) transport of fluid phases in the 

reservoir rock, 2) filtrate polymer mass balance, and 3) filter cake model.

3.1.1 Transport of Fluid Phases

The continuity equation for the flow of the filtrate phase in the reservoir rock is

given by:
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(3-1)

where Sf is saturation, ur is superficial velocity, and pr is density of the filtrate. <j> is 

porosity of the reservoir rock, t is time, and y is distance fi’om the entry âce.

Using D are’s law, the superficial velocity of the filtrate is;

kk
“f  =

rf a
(3-2)

where, is relative permeability to the filtrate, k is absolute permeability of the 

reservoir rock, pr is viscosity of the filtrate, g is acceleration due to gravity, and h is 

height measured fi'om a reference level.

Considering the pressure variations usually encountered in dynamic filtration 

processes, it is reasonable to treat the filtrate as incompressible and combine Eqs. (3-1) 

and (3-2) to obtain a relationship between pressure and saturation of the filtrate:

â
dy

k k

7

ÔS/
âx. (3-3)

The analogous equation for gas flow where the compressibility effects cannot be 

ignored is:

dy

kk p
rg g

g âl (3-4)

Equations (3-3) and (3-4) are solved for filtrate and gas pressure and saturation 

variations with distance and time using the auxiliary equations, initial and boundary 

conditions. According to the definition of capillary pressure:
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Pc = P ,-P f  (3-5)

and because gas and filtrate are the only two fluids present in the reservoir rock, 

Sf+Sg=l (3-6)

As a corollary of Eq.(3-6),

as as

3.1.1.1 in itial OauBtiom

The initiai distribution of saturation is needed in order to predict the time and

space variation of filtrate and gas saturation. For the experiments reported in this 

study, the residual water saturation at all locations in the core sample were stabilized 

before the flow of fiacturing fluid was initiated. Therefore,

Attime,t = 0, Sf=S^, 0 ^ y < L  (3-8)

where L is the length of the sample.

Further, no capillary pressure was imposed on the sample which indicates that initial 

filtrate leak-off is analogous to spontaneous imbibition.

3.1.1.2 Bouudaiy CoaditioHS

Di the experiments reported, fiacturing fluid was introduced at a constant

pressure into the slot and the core outlet was maintained at atmospheric pressure.

After the filtrate leak-off was initiated, zero capillary pressure was maintained at the 

core inlet. Therefore,

Pf=P, = (Pi„j-APcdte), y = 0, t> 0  (3-9)
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where is the injection pressure and APct. is pressure drop across the filter cake 

determined using Eq.(3>19) derived below. At the core outlet, the boundary condition 

is specified as:

Pf=0,y=L,t>0 (3-10)

3.1,2 Polymer ConcentratiM ia the Filtrate

During the leak-off of fracturing fluid into the reservoir rock, some of the

polymer in the fiacturing fluid is expected to be retained by the porous media. 

Assuming that the polymer transport can be accounted for by considering dispersion, 

the continuity equation for the transport of polymer in the filtrate iŝ ^

dt d y d y
= 0 (3-11)

where CV is the mass concentration of polymer in the filtrate and D is overall dispersion 

coefficient that is expected to account for polymer adsorption/retention in the reservoir 

rock.

The initial conditions for Eq. (3-11) are provided by Eq. (3-8) and Eq. (3-12).

Cpf=0, 0<y  <L, t = 0 (3-12)

Boundary conditions are specified by:

dy )
= 0,t>0 (3-13)

and

Cpf — 0, y=L, 0< t<tfct (3-14)
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where CpCm) is the filtrate polymer concentration at the face of the filter cake, and tk is 

the filtrate breakthrough time at the outlet.

3.1J Filter Cake Modd

As the leak-off of the fi’acturing fluid progresses an external filter cake build-up

at the 6ce of the fi’acture is initiated. For dynamic leak-off the filter cake build-up is

the net result o f the opposing processes of deposition and erosion occurring

simultaneously. Therefore, the rate of cake build-up is^^'̂

d h c  “ *"(® pfG n)'® pf(o«it))

I T '  0 : ^ ; ; ---------------

such that,

he = 0, t = to (3-16)

In Eq.(3-I5), Cp̂ out) is the concentration of polymer entering the reservoir rock, he is the 

cake thickness, K« is the erosion rate constant, y is shear rate on cake surface, (|>e is 

porosity of the filter cake, p« is density of cake-solids, and t* is time when leak-off 

starts.

The filter cake erosion rate constant is wpected to depend on the 

characteristics of the fiacturing fluid as well as the roughness of the fi^cture face. As 

the thickness of the cake increases the width of the fiacture (slot) decreases which in 

turn increases the shear rate and, thereby decreases viscosity. The decrease in viscosity 

is expected to cause an increase in leak-off rate. Assuming a power law relation for the 

fiacturing fluid, the viscosity,

= (3-17)
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where K is the fluid consistency index, n is the flow behavior index, and y is the shear

rate. It can be shown that the shear rate in the fracture iŝ

(in  + A 6q 
' ' • “ I  3»

where d is the height of the fracture, w, is the width o f the slot, and q is the flow rate. 

According to D are’s law, the pressure drop across the filter cake is

(3-19)

fri order to predict leak-off in the presence o f mobile oil saturation, a similar 

model presented above is used except that Eq. (3-4) was replaced by the following 

equation;

dx
fkk dSro 0 A 0

at (3-20)

where subscript o denotes oil phase.

3.2 Numerical Solution

A three-point-centered, second-order approximate finite-difference scheme is

used to discretize the differential equations describing the model. An implicit pressure 

and explicit saturation (IMPES) technique is applied for the pressure-saturation 

equation. The polymer transport equation is solved using an implicit scheme and the 

cake build-up equation is solved using an ecplicit scheme. Equal spacing was used for 

all the grid blocks in the one dimensional system, except for the first block which was 

as wide as the thickness of the cake. A flow chart of the model implementation is 

shown in Fig. 3-2.
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Chapter 4 

Dynamic Leak-off in Gas Reservoirs

4.1 Introduction

Hydraulic fracturing is an efifective stimulation technique used to optimize the 

production of gas wells.^^ The fractures and their flow characteristics are critical to 

the deliverability of many gas wells. The leak-off characteristics of a fiacturing fluid 

have a significant effect on the gas flow characteristics of such hydraulic fractures and 

formation fracture interface. For a given reservoir system the leak-off of fiacturing 

fluid into the reservoir should be minimized in order to achieve a cost effective fiacture 

stimulation, fii this chapter, the details of the study on dynamic leak-off behavior of 

fiacturing fluids in the presence o f mobile gas saturation are presented.

4.2 Experimental Procedures

The procedures followed in this study are discussed in the following sections.

4.2.1 Core Samples

Cordoba cream limestone core samples were used in this study. The core 

samples were prepared according to the procedure given in Chapter 2. The properties 

of the core samples utilized are listed in Table 4-1.
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Table 4.1 : Summary o f core properties

Test 4-1 Test 4-2 Test 4-3
Overall permeability (mD) O.ll 0.38 0.30
Porosity (%) 15.34 15.40 15.38
Core Length (cm) 24.28 24.84 22.76

4.2.2 nritialPferawability

The initial permeability (sectional and overall) of the core sample is determined

according to the procedure described in Chapter 2. The initial, overall, and sectional

permeabilities of the core sample are calculated using measured pressure drop for each

section and Darcy’s law, and are reported in Tables 4-1 and 4-2, respectively.

Table 4.2: Initial sectional brine permeabilities (mD)

Test 0-2 inch 2-4 inch 4-6 inch 6-outlet
4-1 0.03 0.70 0.60 0.43
4-2 0.10 1.18 1.38 1.84
4-3 0.08 1.45 3.22 1.75

4.2.3 Fracturing Fluids

Dynamic filtration characteristics of 60 Ib/Mgal hydrojtypropyl guar (HPG),

with and without fluid loss additive are studied. The fluid loss additive used is 50

Ib/Mgal silica flour.

During the leak-off testing, the pressure drop across the core samples is 

maintained at 1000 psid and the shear rate on the fiacturing fluid is maintained at 55 

sec'\ The operating conditions for various experiments are summarized in Table 4-3.

29



Table 4.3: Operating conditions

Test 4-1 Test 4-2 Test 4-3
Mobile phase Brine Gas Gas
Leak-off pressure (psi) 1000 1000 1000
Fracturing fluid Linear HPG Linear HPG Linear HPG
FLA Silica flour Silica flour -

4.2.4 Leak-ofT hi the Prcieace of Mobile Gas SataratiM

After determining the initial permeability of the core sample, the in-situ brine is

displaced with nitrogen at a constant pressure drop o f 500 psid until the brine 

saturation reaches residual saturation. The cwnulative production of effluent brine and 

gas is monitored continuously with the aid of a precision balance and a gas flow-meter. 

Complete gas-brine relative permeability curves are computed based on the production 

and pressure history data after gas breakthrough as illustrated in Fig. 4-1. The JBN 

method^ was used to obtain the relative permeability curves.

Fracturing fluid is then circulated across the face of the core sample at a 

constant pressure drop of 1000 psid across the core sample and at a known shear rate. 

The cumulative leak-off volume is determined by measuring the cumulative volume of 

the effluent gas and the filtrate with respect to time.

4.2.4 Single-Phase Leak-off

For the purpose of comparing leak-off behavior in single-phase and two-phase

flow systems, a single-phase fracturing fluid leak-off experiment is also conducted. 

After determining the initial permeability to the brine, the fiacturing fluid is circulated 

across the face of the core sample using the same experimental conditions as in the case 

of a two-phase leak-off experiment. The effluent production is monitored using a 

precision balance.
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4.3 Discussion o f Experimental Results

The first test presented is a single-phase (fynamic leak-ofiT experiment The

other tests represent two-phase dynamic leaJc-ofiT experiments in the presence of mobile 

gas saturation with and without fluid loss additive.

43.1 Conpariaoa of Sin||e*Phaie and Torofha* Leak-off

Figure 4-2 illustrates the comparison of single and two-phase leak-off behavior

of a firacturing fluid containing 60 Ih/Mgal HPG with fluid loss additive in Cordoba 

cream limestone. The permeability of the first section of core samples in both 

experiments was significantly reduced during the initial brine permeability 

measurements. Dt the case o f single-phase leak-ofî  the data exhibited no spurt loss. 

This is consistent with the behavior of very tight formations. However, the leak-off 

behavior does not exhibit a typical variation on the plot of cumulative leak-off vs. V t . 

The plot indicates that the formation of filter cake does not reduce the leak-off. Such 

behavior is feasible when the permeability of the filter cake is comparable to the 

permeability of the first section of the core as suggested by data in Table 4-2 and 

interpretation of cake permeability in Table 4-5. The permeability of the filter cake is 

determined based on pressure profile and velocity history across the first section of the 

core sample. A sample calculation is shown in Appendix A.

The two-phase leak-off characteristics are noticeably different compared to the 

single-phase leak-off. Based on the cumulative leak-off volume plotted against V t, 

spurt loss is observed. Spurt loss occurs because of initial spontaneous imbibition of 

the filtrate into the sample that is initially at residual brine saturation. After the initial

spurt loss, the lower relative permeability to filtrate lowers the filtrate invasion rate into
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the formation. Fluid loss starts to follow a linear behavior only after a significant time 

lag which indicates that the filter cake is compacted fully over a long period of time.

The Cw and were determined fi>r individual experiment based on the 

equations given in Chapter 1 and are summarized in Table 4-4. It is evident from Table 

4-4 that Cw in the presence of gas decreases approximately by an order of magnitude 

when compared to that observed in 100% brine saturated core sample. Therefore, if 

one were to design a fracturing job based on the Cw value obtained from brine cores, 

the fracture geometry would be under-predicted (based on Fig. 1-3).

Table 4.4: Summary of Cw and V,p for linear fluids in the presence of gas

Test Mobile Phase Cwfft/min*^) V« (gal/100 ft:)
4-1 Brine 1.73E-3 0.00
4-2 Gas 1.60E-4 3.33
4-3 Gas 1.67E-4 2.75

The pressure drop profile during single-phase and two-phase leak-off as a 

function of time and position is depicted in Figs. 4-3 and 4-4, respectively. The highest 

pressure drop in both tests occurs in the first section, which includes pressure drop 

across the filter cake. Further, the pressure gradients in the first section and in the 

other three sections in the case of single-phase leak-off do not vary in a measurable 

manner with time. This behavior indicates that the filtrate flow in single-phase leak-off 

is indistinguishable from brine flow, i.e., cake characteristics do not change with time 

and the filtrate has practically the same viscosity as the native brine. In the case of two- 

phase leak-ofl  ̂ a variation in the pressure drop in the last two sections is observed, 

providing some indication of a front propagation.
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4J.2 Efliectivcacsi of Fluid Loti Additive During Two-Phaie Leak-off

The effect of fluid loss additive (silica flour) on two-phase leak-off is shown in

Fig. 4-5. In both tests, the leak-off exhibits spurt^mbibition followed by linear behavior 

of leak-off when plotted with the square root of time. However, the total leak-off 

volume is lower in the test where no fluid loss additive was added to the fiacturing 

fluid. This anomaly may be a result of the fact that the filter cake formed in 

experiments with no additive is thinner but compact and the ^ective shear rate acting 

on it is less than for the filter cake with additives. Further, the permeability is slightly 

higher in the first section of the core sample for the test with fluid loss additive. As 

pointed out earlier, when the filter cake permeabili^ is comparable to the formation 

permeability, the formation permeability may dominate the leak-off behavior. 

Therefore, a larger leak-off rate in the presence of fluid loss additive maybe a 

manifestation of the reservoir properties. These results contradict the general 

belieffassumption during fiacturing treatment design that the leak-off characteristics are 

independent of reservoir properties.

Comparison of the fluid leak-off velocity history with and without fluid loss 

additive is shown in Fig. 4-6. The plot is obtained by differentiating cumulative leak

off volume with respect to time. The data shows that the spurt loss is larger in the case 

of fi^cturing fluid with additive. This may be due to the higher permeability in the first 

section o f the core sample. The leak-off velocities at a later stage are the same for both 

the tests. The Cw values obtained are nearly the same and are reported in Table 4-4. 

This indicates that in low permeability formations, a fiacturing fluid without fluid loss 

additive can perform as efficiently as a fluid with fluid loss additive.
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4.4 Discussion of Model Results

The model described in the preceding chapter is validated and facilitates clearer

interpretation of the experimental data including sectional pressure drop profile and 

cumulative leak-off history. The input to the model are the measured core properties 

such as sectional permeabilities (Table 4-2), relative permeability curves, porosity, 

length of the core; and measured fluid properties such as brine viscosity and density. 

Values of some of the model parameters such as filter cake erosion rate constant, 

dispersion coefficient, and filter cake porosity were assumed and are tabulated in Table

4-5.

Table 4.5: Input parameters for simulations

Test 4-1 Test 4-2 Test 4-3
Cake porosity (%) 20 20 20
Cake permeability (mD) 5.69E-04 3.76E-06 2.30E-06
Cake erosion rate constant (sec/cm) 2.00E-09 4.50E-08 l.OOE-09
Connate water saturation (%) - 18.6 18.2
Inlet concentration of polymer in filtrate (gm/cm^) 0.0129 0.0129 0.0071
Viscosity o f filtrate (cP) 0.926 0.948 0.907

A comparison of the experimental and simulated cumulative leak-off volume for 

the single-phase experiment is shown in Fig. 4-7. The model prediction is in good 

agreement with the experimental data. A slight disagreement may be due to uncertainty 

in the estimation of filter cake permeability and in-situ viscosity of filtrate carrying 

polymer residues. Figure 4-8 illustrates the comparison of the experimental and 

simulated pressure drop profile along the length of the core after I minute and 60 

minutes during single-phase leak-off. The model predictions are in good agreement 

with the experimental data.
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Figures 4-9 and 4-10 illustrate the comparison of experimental and simulation 

results of cumulative leak-off volume and pressure drop profile, respectively, during the 

two-phase leak-off in the presence of fluid loss additive. A lower quality match is 

obtained for the leak-off behavior and pressure profile compared to the match obtained 

for experiments without fluid-loss additive shown in Figs 4-11 and 4-12. This indicates 

that the retention and transport of fluid-loss additive may not be correctly modeled by 

the formulation presented. The pressure drop profile predicted by the model compares 

well with the experimental results.
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Chapter 5 

Dynamic Leak-off in Oii Reservoirs

5.1 Introduction

hi recent years, increasingly higher permeability formations are being 

hydraulicaliy fractured (frac-pack) to overcome formation damage and/or prevent sand 

production problems.^^ Generally, it is believed that during the initial stages of frac- 

pack treatments, a large amount of spurt loss occurs, which contributes to low fluid 

efiflciency and high pumping cost." Spurt loss should be controlled in order to reduce 

the pumping cost and improve the economics of frac-pack treatments. Fluid loss 

additives are expected to reduce spurt loss by blocking the pore throats of the reservoir 

rock in the vicinity of the fracture face.

frt the design of firacturing fluid the presence of oil in the reservoir is usually 

ignored, which can significantly affect spurt loss and the performance of fluid loss 

additives. This chapter focuses on the results of dynamic leak-off experiments 

conducted in the presence of mobile oil saturation. The leak-off behavior of both linear 

and crosslinked fiacturing fluids has been investigated.
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5.2 Experimental Procedures

In this study, Berea sandstone core samples 2 inch diameter and 10-11 inch in

length were used. The samples were prepared according to the procedure given in 

Chapter 2. Mercury injection capillary pressure curve was measured in order to 

determine the pore-throat size distribution of the core sample as shown in Fig. 5-1. 

The core sample exhibits a pore-throat size ranging from I to 30 pm as compared to 

20-100 pm for silica flour used as a fluid loss additive.

The dynamic leak-oflT experiments in the presence o f mobile mineral or crude oil 

were conducted in the following sequence:

1. Initial brine permeability of the core sample was determined according to the 

procedure given in Chapter 2.

2. After determining the initial permeability of the core sample, the in-situ brine was 

displaced with mineral or crude oil at a constant flow rate, until the brine saturation 

reached residual saturation. At least two pore volumes of oil was injected to ensure 

that the water saturation was immobile. Based on the stabilized pressure drop data, 

the initial, sectional and overall oil permeability of the core sample were calculated.

3. Fracturing fluid was then injected across the 6ce of the core sample at a shear rate 

of 55 sec'̂  and a constant pressure drop of 500 or 1000 psid was maintained across 

the core sample. The cumulative leak-off volume was determined by measuring the 

cumulative volume of effluent oil and filtrate with respect to time.

Di addition to two-phase fracturing fluid leak-off experiments, 3 single-phase 

leak-off experiments were conducted for the purpose of comparing the leak-off 

behavior in single-phase and two-phase flow systems. After determining the initial
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permeability to brine, the fracturing fluid was injected across the face of the core 

sample, using the same experimental conditions as in the case of a two-phase leak-off 

etpMiments.

5.3 Results and Discussion

This section has been divided into two parts. In the first part, the impact of oil

saturation on the leak-off of linear fluids is discussed and the second part discusses the 

impact o f mobile oil saturation on the leak-off of crosslinked fluids.

S.3.1 Impact of Mobile Oil Saturatioa om the Leak-ofT of Linear Fluids

In order to investigate the effect of mobile oil saturation on the leak-off

behavior of linear fracturing fluids, mineral oil was used as an oil phase. The mineral

oil utilized in the studies is a hydrocarbon lubricant (hydraulic oil). The primary

components of the oil are heavy paraflBnic petroleum distillates. The specific gravity

and viscosity of the oil at room temperature are 0.865 and 35 cP, respectively. It was

observed that the core sample wettability shifted towards oil-wet after contact with this

oil. This may have resulted from sur&ce-active chemicals in mineral oil that are added

to improve the lubrication properties of the oil. Such additives make it easier for the oil

to spread on and form a very stable film on the surface it contacts, i.e., these additives

tend to make a surface oil-wet. During leak-ofî  a constant pressure drop of 1000 psid

was maintained across the length of the core sample. The fracturing fluid and FLA

used were 40 Ib/Mgal HPG and 50 Ib/Mgal silica flour (SF), respectively. The diameter

of the silica flour particles ranged from 20-100 |im.

The core sample and fluid properties and operating conditions for all the

experiments are summarized in Table 5-1. The initial, sectional brine permeability of
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the core samples are reported in Table 5-2. The filtrate obtained during the leak-ofF 

was separated fi'om the e£Quent oil and the viscosity of the filtrate was measured using 

a Bohlin viscometer. The viscosity measurements fi)r the filtrate are listed in Table 5-3. 

Test 5-1 was a smgle-phase leak-off experiment whereas Tests 5-2 through 5-4 were 

two-phase leak-off experiments.

Table 5.1: Core and fluid properties and operating conditions

Test 5-1 Test 5-2 Test 5-3 Test 5-4
Permeability (mD) 83.99 23.7 49.66 144.46
Porosity (%) 15.07 15.31 15.1 17
Core length (cm) 26.19 25.68 25.4 27.94
Initial water saturation (%) 100 17.8 18.05 19.5
Fracturing fluid (Ib/Mgal) 40# HPG 40# HPG 40# HPG 40# HPG
FLAOb/Mgal) 50# SF 50# SF 50# SF 50# SF
Leak-off pressure drop (psi) 1000 1000 1000 1000
Oil density (g/cc) - 0.87 0.87 0.87
Brine density (g/cc) 1.06 1.06 1.06 1.06
Oil viscosity at 77 ®F (cP) - 35 35 35
Brine viscosity at 77®F (cP) 1.04 1.01 1.04 1.0

Table 5.2: Initial sectional perm eability to brine (mD)

Test 0-2 inch 2-4 inch 4-6 inch 6-outlet
5-1 55.95 76.34 88.67 113.59
5-2 7.63 31.82 60.1 60.1
5-3 19.43 75.99 77.22 86.49
5-4 62.56 106.0 175.79 294.3

Table 5.3: Apparent viscosity of the effluent filtrate (cP)

Shear Rate (sec Test 5-1 Test 5-2 Test 5-3 Test 5-4
1 15 - -

50 1.01 15.67 47.02
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5J.1.I ComparisoH Between Single-Pkase and Twî Pkase Leak-off

Figure 5-2 dearly depicts the considerable difference between single-phase

(Test 5-1) and two-phase (Test 5-4) leak-off in core samples with comparable

permeabilities. Although, the overall permeabilities of the core samples used in Tests

5-1 and 5-4 were different, the permeabilities for their first section (0-2 inch) were

approximately the same as shown in Table 5-2. In the case of single-phase leak-off a

significant amount of q)urt loss occurs during initial stages of leak-off which controls

the formation o f the filter cake and the leak-off rate after the spurt loss. This behavior

is consistent with that reported by Navarrete and Mitchell. However, in the case of

two-phase leak-off there is a significant reduction in initial spurt loss (although the

overall spurt loss is high) which could be attributed to the higher viscosity of the

formation oil and low relative permeability for the filtrate at the initiation of leak-off

Thus, for two-phase leak-off the filter cake formation appears to be slow and leads to

higher steady-state leak-off rate. This suggests that the presence of mobile oil

saturation delays the formation of a good quality filter cake. The C« and V,, for

individual experiment are reported in Table 5-4.

Table 5.4: Summary of Cw and Vsp for linear fluids in the presence of oil

Test Mobile Phase Crfft/min*^) V„(gal/I00ft")
5-1 Brine 3.25E-3 71.93
5-2 Mineral oil 9.22E-3 0.0
5-3 Mineral oil I.30E-2 0.0
5-4 Mineral oil 5.04E-3 185.85

Figure 5-3 shows the variation of the pressure profile along the core sample at

different time values for single-phase leak-off. Sectional pressure drop was measured

between 0-2 inch, 2-4 inch and 4 inch to outlet. The data shows that the pressure
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profile stabilizes within the first ten minutes of leak-of^ the pressure drop across the 

first section of the core sample increasing fiom approximately 894 psi to 973 psi 

indicating the formation of an internal filter cake in addition to an external one. After 

ten minutes the pressure gradient across the entire core sample attains a stable value. 

As shown by the estimated cake permeability tabulated in Table 5-5, determined using 

the procedure given in Appendix A, a stable filter cake which controls the leak-ofiThas 

been formed.

Table 5.5: Estimated filter cake permeabilities (mD)

Time (min) Test 5-1 Test 5-2 Test 5-3 Test 5-4
5 I.lE-2 - 2.2E+0 8.9E+0
10 4.6E-3 - 5.1E-1 6.0E-1
20 6.1E-4 - I.IE-I 6.7E-1
30 5.3E-4 9.4E-2 9.3E-2 9.7E-2
40 5.2E-4 4.0E-2 3.9E-2 3.6E-2

The variation of the pressure profile at various time values for two-phase leak

off, shown in Fig. 5-4, exhibits an interesting behavior. As before, the pressure drop 

was measured for sections between 0-2 inch, 2-4 inch, 4-6 inch and 6-10 inch. The 

pressure drop across the first section of the core sample increases gradually over 30 

minutes fi'om 445 psi to 875 psi. The pressure profiles in Fig. 5-4 and the leak-off 

history in Fig. 5-2 suggest that a poorer quality cake has formed even after an extended 

period of time. Such behavior may be attributed to the poor adhesion of water-wet 

polymer molecules and fluid loss additives to the oil covered fi'acture foce and pore 

internal surface. This hypothesis is supported by the anomaly in pressure profile at 20 

minutes (Fig. S-4) which suggests a sudden shearing of the cake. Pressure history for
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the same test (Fig. 5-8) also shows anomalous fluctuations in pressure suggesting a 

cake with poor adhesion to the facture 6ce.

S.S.J.2 Effect o f Seciioiui PtmtmHlify am Two-Pkmit

Rgure 5-5 compares the cumulative leak-ofif volume vs. square root of time for

Tests 5-2, 5-3, and 5-4 conducted with samples of varying permeabilities. The brine

permeability of the first section (0-2 inch) in Tests 5-2, 5-3, and 5-4 were 7.63 mD,

19.43 mD, and 62.56 mD, respectively. It is observed that the initial spurt loss and

cumulative leak-ofiT volume increase with the first section permeability of the core

sample. For example after 16 minutes the cumulative leak-off volumes were 27.27

cm ,̂ 52.31 cm ,̂ and 143.19 cm  ̂in Tests 5-2, 5-3, and 5-4, respectively. Literestingiy,

the cumulative leak-off volume at different time values is a linear function of the first

section (0-2 inch) permeability as depicted in Fig. 5-6. Thus, in the presence of mobile

oil saturation the permeability of the fi’acture face appears to be an important factor

controlling the leak-off rate of linear fluids.

5.3.1.3 Effecdvenea o f Fluid Loss Additives During Two-Phose Leuk-ojf

The purpose of the fluid loss additives is to minimize the leak-off after initial

spurt loss by contributing to the formation of an impermeable external and/or internal

filter cake. Di all the experiments reported, silica flour was used as a fluid loss additive.

A comparison of leak-off velocity as a function of time for core samples of different

permeabilities is shown in Fig. 5-7. For the purpose of comparison, leak-off velocity

variations during the single-phase flow test is also shown in Fig. 5-7. Maximum spurt

velocity occurs in the 144 mD sample and the minimum in the 24 mD core sample. The

data indicates that until approximately 30 minutes the leak-off rate is highest in the 144
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mD sample as compared to the leak-off rates in the other two samples. For single

phase leak-ofi  ̂even though the initial filtrate velocity was the highest, the velocity 6Us 

below that of all two-phase tests just after ten minutes, indicating the formation of a 

low permeability filter cake. This demonstrates that the effectiveness of fluid loss 

additives is significantty reduced in the presence of mobile oil saturation. As mentionea 

eariier, the presence o f oil in the core sample may prevent the water-wet fluid loss 

additive from plugging the pore throats of the core sample, therd)y delaying the 

formation of a filter cake. After 30 minutes, the leak-off velocity in all two-phase leak

off samples was approximately the same indicating the filter cake stabilization and 

similar quality of the filter cake in all three core samples.

These results demonstrate the conclusion by Navarrete et that the

effectiveness of fluid loss additives increases as the initial permeability of the formation 

increases is not valid for leak-off in the presence of mobile oil.

It is generally believed that fluid loss additives lead to the formation of an 

external and/or internal cake that is effective in preventing the invasion of any polymer 

dispersed in fracturing fluid into the rese rvo i r .Wi th  this belief the produced filtrate 

which would be a mixture of in-situ brine and carrier water filtered from fracturing fluid 

is expected to have viscosity close to I cP. However, in the tests involving two-phase 

flow, the produced filtrate exhibited turbidity and viscosity values significantly higher 

than 1 cP (Table S-3). This indicates that the filter cake formed in two-phase tests 

allowed significant amount of polymer to invade the reservoir. This further supports 

the hypothesis that filter cake formed in presence of oil saturation is of poor quality and 

the presence of oil prevents the retention of polymer by the reservoir rock.
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Variadon in sectional pressure gradients as a function of time during two-phase 

lealc-off (Test 5-4) is illustrated in Fig. 5-8. bi this experiment, all of the movable oil in 

the core sample was completely displaced by the filtrate as indicated by the produced 

filtrate volume ̂ g .  5-2) which was more than one pore volume. The data shows that 

a good quality filter cake is not formed (Table 5-5) until all the oil has been displaced 

by the filtrate. The frequent anomalies in pressure gradients in all the sections appears 

to be due to the instability (erosion) of the filter cake.

5.3.L4 SimuUittoH Results

The model described in Chapter 3 is validated and frcilitates clearer

interpretation of the experimental data. The input to the model were the measured core

properties such as sectional permeabilities (Table 5-2), porosity, length of the core; and

measured fluid properties such as brine, oil, and filtrate viscosities (Tables 5-1 and 5-3).

Some of the model parameters such as cake erosion rate constant and dispersion

coefficient were iterated upon to improve the quality of match.

Figures 5-9 through 5-11 illustrate a qualitative agreement between

experimental results and the model predictions.

53.1.5 Post-treatmaU LeakoffBehavior

The fracturing fluid may continue to undergo static leak-off into the formation

even after the treatment has been terminated and the well shut-in due to excess pressure

in the fiacture. This can have an effect on the fiacture geometry, pressure decay in the

fiacture, and the closure time.̂  Therefore, it is important to understand the leak-off

behavior after the fracture treatment has been terminated.
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Li order to study the leak-off behavior during shut-in, the injection of fracturing 

fluid in a sample of the experiments (Tests 5-3, 5-4, & 5-5) was stopped after a certain 

time. However, the fracturing fluid was still subjected to static leak-off conditions. The 

filtrate volume and the decline in pressure drop across the length of the core sample 

was continuously monitored for at least 20 minutes.

Figure 5-12 compares the dynamic and static (shut-in) leak-off behavior of 35 

Ib/Mgal HPG with 25 Ib/Mgal rilica flour in a core sample saturated with mineral oil 

(Test 5-5). The 0-2 inch, 2-4 inch, 4-6 inch, 6-10 inch, and 0-10 inch brine 

permeabilities are 1.93 mD, 2.1 mD, 5.34 mD, 15.48 mD, and 3.81 mD, respectively. 

The pressure drop during dynamic leak-off was maintained at 500 psi. It is evident 

from the figure that there is a difference in static and dynamic leak-off behavior. The 

static leak-off rate is lower than the dynamic leak-off rate. The dynamic and static C# 

values are 4.3E-3 and l.lE-3 ft/min’̂ , respectively. The difference provides an insight 

into the contribution of fluid shear on the erosion of the filter cake.

The effect of shut-in on the leak-off behavior of 40 Ib/Mgal HPG with 50 

Ib/Mgal silica flour (Tests 5-3 & 5-4) is shown in Fig. 5-13. In both tests, the oil 

saturation near the fracture foce had been reduced to residual oil saturation. It is 

evident from the figure that the leak-off volume is a linear ftinction of shut-in time in 

both tests. This implies a constant leak-off rate and hence a folly compact filter cake 

has been formed. The static C# values in the case of Tests 5-3 and 5-4 are 1.8E-3 and 

1.2E-3 ft/min^, respectively. The static C# values correspond approximately to the 

dynamic C* value obtained in the case of 100 % brine saturated core sample.
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SJ^ Impact of Mobile Oil Saturatkm oa the Leek-off of Croniielicd Fluid#

In order to investigate the e@&ct of mobile oil saturation on the leak-off 

behavior of crosslinked fracturing fluids, mineral and crude oil were used as the oil 

phase. The viscosities of mineral and crude oil used were 35 and 6 cP, respectively. A 

constant pressure drop o f500 or 1000 psi was maintained across the length of the core 

sample during the leak-off test. For the purpose of comparison, leak-off experiments 

with linear fracturing fluids were also conducted. The fracturing fluids studied were 35 

Ib/Mgal guar (borate crosslinked and linear) and 35 Ib/Mgal HPG (borate crosslinked 

and linear). The length of the core samples in all the experiments was 10 inch. The 

initial, sectional and overall brine and oil permeability o f the core samples are reported 

in Table 5-6. The operating conditions for all the experiments are summarized in Table 

5-7. The Cw and V,, calculated for all the experiments are listed in Table 5-8.

Table 5.6: Initial sectional and overall brine and oil permeability (mD)

Test Fluid Phase 0-2” 2-4" 4-6" 6-10" O-IO"
6-1 Brine (k) 44.2 96.3 144.1 19.6 35.5
6-2 Brine(k) 106.3 72.3 167.4 169.1 121.8

Mineral oil (kkm) 79.6 55.2 114.6 131.7 101.7
6-3 Brine 0 )̂ 25.0 74.7 5.9 12.8 13.2
6-4 BrineOc) 28.3 66.9 99.7 94.5 61.3

M inml oil (kkro) 22.6 55.6 78.9 68.5 48.0
6-5 BrineOO 44.3 35.4 60.7 53.5 47.8

Nfineral oil (kkn) 33.4 27.2 43.5 44.8 37.2
6-6 Brine(k) 99.2 117.7 159.2 188.9 141.1

Mineral oil (kkn) 76.9 82.6 118.8 148.3 106.4
6-7 Brine(k) 12.9 12.7 16.3 23.0 16.4

Ntineial oil (kkn) 9.9 9.6 11.6 15.7 11.9
6-8 Brine(k) 24.4 27.5 146.8 90.5 47.1

Mineral oil (kkw>) 17.6 21.0 114.9 72.2 35.5
6-9 Brine(k) 22.5 29.0 32.2 37.7 30.7

Crude oil (kko) 4.9 7.0 12.6 4.3 5.7
6-10 Brine(k) 16.6 17.4 19.6 18.5 18.0

Mineral oil (kkn) 13.2 14.0 15.9 15.5 14.6
6-11 Brine(k) 20.5 30.7 19.5 19.7 21.3

Crude oil (kkn) 17.8 25.4 17.0 13.7 16.6
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Table 5.7: Summary of operating conditions

Test Fluid FLA Sw Leak-off Press. Drop (psi)
6-1 X-linkedGuar None 100% 500
6-2 X-linkedGuar None 500
6-3 X-linkedHPG None 100% 500
6-4 X-llnkedHPG None Sw, 500
6-5 Linear HPG None Sw, 500
6-6 Linear Guar None Sw, 500
6-7 X-linkedHPG Silica flour S«e 500
6-8 X-linkedHPG Silica flour S#e 500
6-9 X-linkedHPG None S«e 500
6-10 X-linkedHPG None Sw, 500
6-11 X-linkedHPG None Sw, 1000

Table 5.8: Summary of Cw and V,, for crosslinked fluids In the presence
of oil

Test Mobile Phase C* Vw (gal/100 If)
6-1 Brine 1.9E-3 33.35
6-2 Nfineral oil 2.6E-3 5.35
6-3 Brine 2.7E-3 19.36
6-4 Mineral oil 3.2E-3 2.48
6-5 Mineral oil 7.8E-3 0.0
6-6 Mineral oil 8.3E-3 0.0
6-7 Mineral oil 1.6E-3 0.43
6-8 Mineral oil 2.3E-3 0.46
6-9 Crude oil 2.6E-3 1.85
6-10 Mineral oil 2.1E-3 0.58
6-11 Crude oil 2.6E-3 5.59

S.3.2.1 Leak-off o f Crosslinked Guar

A comparison between the leak-off of 35 Ib/Mgal borate crosslinked guar in

brine and mineral oil core is depicted in Fig. 5-14. hi both the cases, the total leak-off 

time was 20 minutes. It is evident from the figure that there is a significant difference 

in the leak-off behavior. Although the permeability of the brine core was lower 

compared to that of the oil core (Table 5-6), the cumulative leak-off volume in the 

brine core was nearly twice of that obtained in the oil core. In the case of oil core, the
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spurt loss was reduced more than six times when compared to that observed in the 

brine core (Table 5-8). This behavior could be due to the dominance o f viscous forces 

in the oil core that tends to resist initial leak-oÆ The leak-off in a brine core is 

governed by spurt loss and the formation of an external and/or internal filter cake. 

However, in the presence of mobile oil, the oil viscosity and to some extent the near 

fiacture fiice permeability controls the spurt loss and relative permeability governs the 

long term leak-off

The presence of oil can restrict the formation of a compact filter cake. Figure 5-15 

illustrates the effect of this phenomenon on the pressure gradient in the 0-2 inch section 

of the core sample during the leak-off of 35 Ib/Mjgal borate crosslinked guar in brine 

and oil core, hi the case of brine core, the pressure gradient increases steeply (230 

psi/in after 1 minute) as soon as leak-off is initiated. The pressure gradient stabilizes 

after about 2 minutes and simultaneously the leak-off rate also starts declining as 

observed in Fig. 5-14. This indicates that a fiiUy compacted filter cake has developed. 

However, in the case o f the oil core, the pressure gradient increases steadily. It takes 

approximately 7 minutes fi>r the pressure gradient to reach 230 psi/in and even after 

that it does not stabilize. This proves that in the presence of oil it takes a very long 

time for a compact filter cake to develop. In addition, it confirms that in an oil core it 

is not the filter cake which governs leak-off but it is indeed the oil viscosity and 

relative permeability which control leak-off.

S.3.2.2 Leak-off of Crosslinked HPG

The leak-off behavior of 35 Ib/Mgal borate crosslinked HPG in brine and oil

core is shown in Fig. 5-16. The leak-off characteristics of crosslinked HPG are similar
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to that of crosslinked guar. In this case also, the leak-off in the oil core was 

significantly lower than that observed in the brine core. The spurt loss in oil core was 

approximately 9 times lower than that obtained in brine core as indicated in Table 5-8.

5^ 2^  Effect o f FIA am iM ts-off

Figure 5-17 portrays the leak-off bdiavior of 35 Ib/Mgal borate crosslinked

HPG, with and without FLA in oil cores. It has been shown by several researchers^^'" 

that FLA has a significant impact on leak-off in 100% brine saturated core samples. It 

promotes the reduction of spurt loss and to some extent enhances the wall building 

coefficient by fiirming an internal and/or external filter cake. However, in the case of 

oil cores it is evident from Fig. 5-17 and Table 5-8 that FLA has practically no effect on 

leak-off. The FLA used was 25 Ib/Mgal silica flour. Within the range of permeability 

investigated, the spurt loss and Cw obtained with FLA are comparable to those obtained 

without FLA as indicated in Table 5-8. The slight variation in spurt loss and Cw could 

be attributed to the difference in permeability.

The sectional pressure gradient variations during the leak-off of 35 Ib/Mgal 

crosslinked HPG, with and without FLA is shown in Fig. 5-18 and Fig. 5-19, 

respectively. Had the FLA been effective in controlling the leak-off, one would expect 

a steep increase in pressure gradient in the 0-2 inch section of the core sample as soon 

as leak-off was initiated. However, that was not the case as illustrated in Fig. 5-18. 

The pressure gradient in the 0-2 inch section of the core gradually increases and the 

trend is comparable to that observed when no FLA was used (Fig. 5-19). This 

indicates that the presence of oil prevents the FLA from firmly adhering to the face of 

the core.
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5.3.2.4 Ltok-i^«fUmear FUùdt

Figure 5-20 compares the leak-off behavior of 35 Ib/Mgal linear and borate

crosslinked fluids (HPG and guar) in oil cores. Comparable early time leak-off volume 

was noticed for all the fluids. The slight variation could be attributed to the difference 

in permeability. However, after i^iproximately one minute the leak-off behavior of 

linear fluids significantly deviates away from that of crosslinked fluids. The possible 

explanation for this could be that the pore throat size is large enough to allow the 

polymer molecules to enter the core as a result of which no external filter cake is being 

formed. There is also a possibility that the relative permeability of the linear fluid 

filtrate is higher compared to that of the crosslinked filtrate. Figures 5-21 and 5-22 

illustrate the variation in sectional pressure gradient during the leak-off of linear 35 

Ib/Mgal linear HPG and guar, respectively. In both the cases, the pressure gradient in 

the 0-2 inch section of the core decreases with time. This indicates that there is a front 

propagation and no external filter cake is formed. However, the pressure gradient in 

the 2-4 inch section of the core gradually increases with time, indicating gradual 

plugging in that section.

5.3.2.5 EJÜfèct o f crude oil on the Leakoffof Crosümked HPG

The leak-off of 35 Ib/Mgal borate crosslinked HPG in mineral and crude oil

core samples is shown in Fig. 5-23. Identical early time leak-off trend was observed in 

both the cases. In the case of crude oil sample, the spurt loss was slightly higher 

whereas the C* was lower when compared to that observed in mineral oil sample. The 

increase in spurt loss in the case of crude oil, can be attributed to the lower viscosity of 

crude oil (6 cP) as opposed to that of mineral oil (35 cP). In addition, one would have
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also expected the Cw in the case o f crude oil sample to be higher due to lower crude oil 

viscosity. However, that was not the case since Cw is a function of fracture fiice 

permeability as illustrated in Fig. 5-25. The fracture ûce permeability of crude oil 

sample was lower than that of mineral oil sample, therefore the C* was lower in the 

case of crude oil sample.

S.3.2.6 Effect cfpreaw eirop am teak-4]ff

The effect of pressure drop on the leak-off behavior of 35 Ib/Mgal borate

crosslinked HPG in crude oil core samples is portrayed in Fig. 5-24. The pressure drop

during leak-off was maintained at 500/1000 pad. It is evident from the figure that

Increase in pressure gradient only increased the spurt loss (Table 5-8) but there was no

effect on Cw (identical slopes). This cleariy shows that initial leak-off is pressure

gradient dependent and later time leak-off is independent of the pressure gradient. This

suggests that the filter cake stabilization provides a aepped pressure profile that

accommodates most of the pressure gradient across the system.

5.3.Z.7 Effect o f First SwtUm PmmeiAiBty OH Cw

Fig. 5-25 illustrates the effect of 0-2 inch permeability on C* of borate

crosslinked 35 Ib/Mgal HPG in mineral oil core samples. Within the range of

permeability investigated, it is evident from the figure that C# is directly proportional to

the first section permeability.

S.3.2.8 SimutiiOioH Results

In all the cases, the viscosity of the filtrate was assumed to be 1 cP. Figures 5 

26 and 5-27 compare the model’s prediction of the leak-off volume and pressure 

gradient variations, respectively, with the experimental data during the leak-off of 35
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Ib/Mgal borate crosslinked guar in 100% brine saturated core. A good match is 

obtained between the model predictions and the experimental data as observed in the 

figures.

A comparison between the predicted and experimentally measured leak-oflT of 

borate crosslinked 35 Ib/Mgal HPG in a core sample saturated with mineral oil is 

illustrated in Fig. 5-28. hi this case also, a good match is obtained between the model 

predictions and the experimental data. Also, the senritivity of the model prediction to 

filtrate viscosity is shown in Fig. 5-28. It is evident fi'om the figure that the model is 

quite sensitive to the filtrate viscosity. A Airly good match for pressure gradient profile 

is also obtained as shown in Fig. 5-29.

Figures 5-30 and 5-31 compare the predicted and experimentally measured 

leak-off of borate crosslinked 35 Ib/Mgal HPG with 25 Ib/Mgal silica flour in mineral 

oil saturated core samples. In both cases, only a qualitative agreement between the 

experimental results and model predictions is achieved for early time leak-off. Also, 

the model is unable to match the pressure gradient profile as depicted in Fig. 5-32.

A comparison between the model predicted and experimentally measured leak

off of borate crosslinked 35 Ib/Mgal HPG in a crude oil saturated core sample is 

illustrated in Fig. 5-33. As seen in the figure, the model under-predicts early time leak

off however at later times a good match was achieved.
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C hapters

Return Permeability Testing for Oil Reservoirs

6.1 introduction

During the hydraulic fracturing of high permeabili^ reservoirs there is always a 

concern that the fracturing fluid leak-off may cause a reduction in permeability, thereby 

seriously affecting the well producibility. One important criterion of a successful 

fracturing treatment is a limited formation damage. The leak-off can be controlled with 

the aid of fluid loss additives. But, the addition of fluid loss additives may also severely 

reduce the fracture frice permeability.

Very few researchers^^'"^ have investigated the impairment in formation 

permeability caused due to fracturing fluid leak-off in high permeability reservoirs. 

Further, all of the past studies were conducted in 100% brine saturated core samples. 

However, the formations that are hydraulically fractured contain movable oil and/or gas 

in addition to brine. It has been shown in Chapter 5 that the presence of movable oil 

significantly alters the leak-off behavior of the fracturing fluids. Therefore, one would 

expect the return permeability and its recovery after leak-off in oil core to be different 

compared to that observed in 100% brine saturated core sample.
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The objective of this study is to investigate the effect of fracturing fluid leak-off 

on fonnation permeability in the presence of movable oil saturation. The variation of 

permeability with distance from the fracture fiice and its subsequent recovery as a 

function of production from the reservoir is investigated.

6.2 Experimental Procedures

hi this study, Berea sandstone core samples 2 inch in diameter and 10 inch long

were used. The average porosity of the core sample is 25%. The fracturing fluids 

tested were 35 Ib/Mgal guar (linear and crosslinked) and 35 Ib/Mgal HPG (linear and 

crosslinked). The crosslinker used was borate. The base fluid pH flar crosslinked fluids 

was maintained at 9.0. fri order to evaluate the impact of fluid loss additives (FLA) on 

regain permeability, 251b/Mgal silica flour was used as a FLA in some tests. The flow 

direction of test fluids, which is representative of flow directions near fracture 6ce 

during and after fiacturing, and the position of sectional pressure ports is shown in Fig. 

6- 1.

The experiments in the presence o f mobile mineral or crude oil were conducted 

in the following sequence;

1. Initial permeability of the core sample was determined in the leak-off direction 

according to the procedure described in chapter 2. The initial, sectional and overall 

brine permeability of the core samples are summarized in Table 6-1.

2. The brine in the core sample was displaced with mineral or crude oil from the 

production direction (the procedure is described in details in Chapter 5). The 

initial, sectional and overall oil permeability of the core samples are summarized in 

Table 6-1.
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3. Leak-ofif of the fracturing fluid was initiated by pumping the fiacturing fluid across 

the free of the core sample in the leak-off direction, at a shear rate o f 55 sec'\ A 

difl&rential pressure o f 500/1000 psi was maintained across the length of the core 

sample. The duration ofleak-offtest was 20 minutes. In the case o f crosslinked 

fluids, the leak-off was initiated only after a good crosslinking was observed in the 

effluent fluid. The fluids and the FLA used for individual experiment are tabulated 

in Table 6-2.

4. The final step was to determine the alteration in permeability due to fiacturing fluid 

leak-off The core was shut-in for a period of at least 3 hours. At least 2 pore 

volumes of mineral or crude oil were then injected at a constant flow rate in the 

production direction. The variation in sectional and overall permeabilities was 

computed by continuously monitoring the sectional and overall differential 

pressures.

For the purpose of establishing a good baseline to compare the eflkct of single 

and two-phase flow systems on return permeability after leak-off two single-phase 

fiacturing fluid leak-off experiments were also conducted. The firacturing fluids used 

were borate-crosslinked guar and HPG, without any FLA. Identical procedure as 

before was followed, except that step 2 was skipped and in step 4 brine was used 

instead of oil.
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Table 6.1: Sectional and overall brine and oil permeability (mD)

Test Fluid Phase 0-2** 2-4** 4-6** 6-10** O-IO**
6~l Brine (k) 44.2 96.3 144.1 19.6 35.5

Final (k) 2.7 93.4 144.1 19.6 11.0
6-2 Brine(k) 106.3 72.3 167.4 169.1 121.8

Mineral Oil Oticm) 79.6 55.2 114.6 131.7 101.7
Final (kk.) 38.2 60.7 139.9 105.4 72.2

6-3 Brine (k) 25.0 74.7 5.9 12.8 13.2
Final (k) 3.8 41.8 5.9 12.8 11.6

6-4 Brine^) 28.3 66.9 99.7 94.5 61.3
Mineral Oil (kkm) 22.6 55.6 78.9 68.5 48.0
Final (kkm) 24.2 69.4 86.7 83.5 54.7

6-5 BrineOO 44.3 35.4 60.7 53.5 47.8
Mineral Oil (kkn) 33.4 27.2 43.5 44.8 37.2
Final Qckm) 45.1 36.2 88.3 90.9 60.3

6-6 BrineOc) 99.2 117.7 159.2 188.9 141.1
Mineral Oil (kkm) 76.9 82.6 118.8 148.3 106.4
Final (kkm) 39.2 52.0 86.7 155.7 74.5

6-7 Brine^) 12.9 12.7 16.3 23.0 16.4
Mineral Oil (kkm) 9.9 9.6 11.6 15.7 11.9
Final (kkm) 20.8 26.6 30.9 43.3 30.4

6-8 BrineOc) 24.4 27.5 146.8 90.5 47.1
Mineral Oil Ock») 17.6 21.0 114.9 72.2 35.5
RnalOckm) 23.8 29.6 155.1 83.7 47.2

6-9 BrineOc) 22.5 29.0 32.2 37.7 30.7
Crude Oil Ock̂ ) 4.9 7.0 12.6 4.3 5.7
Final Ockn) 2.8 3.4 5.2 1.6 2.0

Table 6.2: Fluids and FLA used and summary of total leak-off volume

Test Fluid FLA Sw Leak-ofT Volume (ml)
6-1 X-linked Guar None 100% 38.1
6-2 X-linkedGuar None S.C 18.3
6-3 X-linkedHPG None 100% 31.0
6-4 X-linkedHPG None 19.3
6-5 Linear HPG None S«c 36.9
6-6 Linear Guar None 41.2
6-7 X-linkedHPG Silica flour S«c 9.8
6-8 X-linkedHPG Silica flour 13.0
6-9 X-UnkedHPG None 15.5

1 0 2



6.3 Results and Discussion

Variation of permeability as a function of time/cumulative production for

various sections are reported here for different fracturing fluids, bi some tests, the flow 

rate was changed once the differential pressure across various sections of the core 

sample stabilized. Interestingly, an increase in flow rate was found to have a positive 

effea on regain permeability. This may be attributed to better gel removal at higher 

flow rates and/or reduction in drag. The flow rates during a given portion of a test are 

indicated on the plots.

6.3.1 Recovery of Return Permeability After Leak*oir With Crouiinked Guar

Figures 6-2 and 6-3 (Test 6-1 & 6-2) allow the comparison of impairment in

sectional and overall permeability, caused due to the leak-off of 35 Ib/Mgal crosslinked 

guar and its subsequent recovery during flowback, in brine and oil saturated cores, 

respectively. For both tests, the leak-off time was 20 miiL and the shut-in time was 3 

hours. Although, the permeability was higher in the case of the oil core, the cumulative 

leak-off volume was less than half of that observed in the brine core (Table 6-1 & 6-2, 

Test 6-1 & 6-21.

In the case of the brine core, the permeability of the first two inch of the core 

was severely reduced (98%) followed by the next two inch (55%). However, no 

permeability reduction occurred in the last six inch of the core. During flowback, even 

after injecting three pore volumes of brine only six percent of the original permeability 

could be recovered for the first two inch and ninety seven percent was regained for the 

next two inch of the core sample. The damage can be attributed to the pore throat 

blocking by the polymer particles and the guar residue. These results are comparable
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with those reported by Lord et a l.^  and Navarrete et al. The regain permeability was 

also sensitive to flow rate. When the flow rate was increased, the return permeability 

of the first four inch of the core decreased and then gradually increased, indicating 

initial plugging and then clearing of the pore channels.

fit the case of the oil core, it is evident from Fig. 6-3 (Test 6-2) that only the 

first two inch of the core experienced any significant permeability reduction during 

leak-off and it is not as severe as in the brine core. The cleanup was also better 

compared to brine core. Approximately 50% of the 0-2 inch original permeability and 

80% of the deeper (6-10 inch) original permeability was recovered after injecting 

approximately three pore volumes of oil. This may be explained considering that the 

presence of oil may deny access to largest pore channel to the polymers, which in turn 

reduces the impact of pore plugging on the flow capacity. Further, the presence of oil 

on the pore-throat surface reduces the effectiveness of the polymer and its residue to 

adhere to the pore throats, thus decreasing the permeability reduction. In addition, a 

certain minimum invasion of polymer particles and its residue is required to effectively 

bridge the pore throats. Since the spurt loss was negligible in the case of oil core this 

minimum invasion was not achieved. Also, when the flow rate was doubled there was 

a slight increase in regain permeability. Two hypotheses are proposed to explain the 

phenomenon of increase in regain permeability with an increase in the flow rate. The 

first hypothesis is that better polymer gel removal is Acilitated with an increase in the 

flow rate. The second hypothesis is that the polymer gel forms a thin film on the walls 

of pore channels and acts as a friction reducing agent. Therefore, when the flow rate is 

increased the drag exerted by the pore channels on the oil molecules is decreased. In
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the past, Liang et al.^ and Zaitoun et al?^ have also observed the above phenomenon 

in the case of other polymer gel systems. The results presented here suggests that the 

regain permeability may be sensitive to draw-down applied to a well, and a higher 

draw-down nuty allow a better clean-up of the fiacture &ce.

6.3.2 Recovciy oTRetnn Peraicability After Leak-oir With CrMSiiakcd HPG

The impact of 35 Ib/Mjgal crosslinked HPG leak-off on the regain permeability

of brine and oil core is illustrated in Figs. 6-4 and 6-5 (Test 6-3 & 6-4), respectively. 

The permeability of the brine core was lower compared to that of the oil core (Table 6- 

1). The test conditions were identical.

Once again, the cumulative leak-off in the brine core was significantly higher 

compared to that in the oil core (Table 6-2). It is evident fi'om Figs. 6-4 and 6-5 that 

the cleanup (overall and sectional) is significantly better in the case of oil core 

compared to that in the brine core. In the case of oil core, after injecting two pore 

volumes of oil, the sectional permeability for each section, and the overall permeability 

were restored to more than 100% of the original oil permeability. This phenomenon 

could be attributed to a possible change in wettability towards more water-wet 

behavior which increases the relative permeability of oil. The permeability loss caused 

after the leak-off of the crosslinked HPG in the oil core is significantly lower than that 

observed in the brine core. This provides additional evidence to the hypothesis that the 

presence of oil in the core prevents the polymer particles from effectively plugging the 

pore throats.
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HPG is a cleaner fluid ^.e. has practically no residue) compared to guar which 

explains the lower damage caused by crosslinked HPG as compared to crosslinked guar 

in both the brine and oil cores.

6.3.3 KcturaPemeability After Leak>oir of Liaear Gel ia Oil Cores

Di order to confirm the hypothesis that the polymer particles in the presence of

oil do not effectively adhere to the pore throats, two leak-ofiT tests were conducted with 

linear fluids (linear HPG and guar) in oil cores. Since the eariier tests have proved that 

the recovery of permeability in brine cores was less compared to that in the oil cores no 

further tests in brine cores were conducted. Both the tests were conducted without 

fluid loss additives, thus if there is any permeability reduction, it would be caused solely 

by the polymer particles. The polymer loading was 35 Ib/Mgal for both linear HPG and 

guar. The leak-off and the shut-in times were 20 min. and three hours, respectively.

In the case of HPG, the filtrate had penetrated approximately the first four inch 

(estimated based on the amount of leak-ofQ, whereas for guar the filtrate had 

penetrated approximately the first five inch of the core. Based on the depth of 

penetration of the filtrate one would have expected the regain permeability to be low. 

However, that was not the case, especially for HPG.

Figure 6-6 (Test 6-5) shows the variation in sectional permeability caused due 

to the leak-off of linear HPG and its subsequent recovery during flowback with oil. It 

is evident fi’om the figure that only 50% damage was caused to the first four inch of the 

core due to leak-off. Also, during the flowback, the sectional permeabilities were 

recovered more than 100% of the original permeabilities, similar to that observed in the 

case of crosslinked HPG. This provides additional strong evidence for the hypothesis
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that the polymer particles do not effectively adhere to the pore throats in the presence 

of oil. Further, it appears that the HPG leak-off Acilitated cleanup of damage that was 

caused by the initial injection of brine and a possible transition to strongly water-wet 

behavior.

Figure 6-7 (Test 6-6) illustrates the variation in sectional and overall 

permeabili^ caused due to the leak-off o f linear guar and its subsequent recovery 

during flowback with oil. In this case, the sectional damage caused to the first two inch 

of the core due to leak-off was severe compared to that caused by HPG leak-off. The 

presence of residue in guar attributes to the additional damage. However, during 

flowback the sectional permeability was gradually recovered. After injecting 2.5 pore 

volumes of oil, approximately 50%, 62%, 72%, and 100% for the 0-2 inch, 2-4 inch, 4- 

6 inch, and 6-10 inch sections of the original permeabilities were recovered, 

respectively.

W.4 Effect of Fluid Lou Additives and Shut-in Time

Two leak-off tests were conducted to investigate the effect of fluid loss

additives and shut-in time on the regained permeabilities of oil cores. The fracturing 

fluid used was 35 Ib/Mgal crosslinked HPG and the fluid loss additive used was 25 

Ib/Mgal silica flour. The shut-in time in the case of Test 6-7 (Fig. 6-8) was 12 hours, 

whereas in the case of Test 6-8 OFig. 6-9) was 3 hours.

Figures 6-8 and 6-9 clearly demonstrate that the fluid loss additives do not 

cause additional permeability impairment compared to clean crosslinked fluids. 

Therefore, th^r have no effect on the regain permeability. In both tests, all the 

sectional permeabilities were recovered to more than 100% of their original values. In
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the test with 12 hour shut-in, the regain permeability was 175-275% of the pre-leakoff 

penneability. The increase in flow rate also contributed to the increase in regain 

permeabilities. On the other hand, with identical fluid system and 3 hour shut-in, the 

regain permeability was nearly 100% of original permeability. The permeability 

recovery could be either due to removal of initial damage or it could be a result of 

alteration in wettability such that the relative permeability to oil is significantly 

increased. Comparison of tests with two different shut-in times suggests that removal 

of formation damage’ effect cannot by itself completely explain the results for test with 

12 hour shut-in.

A plausible explanation is that increased contact time with HPG filtrate might 

have allowed an opportunity for significant wettability alteration towards water-wet 

conditions. This could explain the significant increase in regain permeability (greater 

than 100%) in eariier tests. Similar behavior was observed for linear HPG as shown in 

Fig. 6-6. Permeability regain was lower for linear and crosslinked guar (approximately 

100%). This suggests that it is the difference in the chemistry of guar and HPG which 

causes different behavior, leading further credence to the hypothesis that the interaction 

of HPG with the rock matrix causes the observed shift towards water-wet behavior.

6.3.5 EflTcct of Crude Oil on Regain Permeability

Figure 6-10 illustrates the variation of return permeability after the leak-off of

35 Ib/Mgal crosslinked HPG in a core sample containing crude oil as the oil phase. The 

leak-off and shut-in time were 20 minutes and 3 hours, respectively. The pressure drop 

during the leak-off was maintained at 500 psi. The crude oil used in this experiment 

had some particulate components and it was not filtered prior to the test. The results
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indicate that there was no damage caused to any part of the core due to the leak-off. 

This shows that under the given conditions crude oil does not allow any polymer 

particles to adhere to the pore throats. However, during the flowback (simulated oil 

production) there was a reduction in permeabilities for all sections. The reduction in 

permeabili^ can be attributed to the deposition of the particulate components in the 

crude oil or to adverse interaction between crude oil and polymers. The last four inch 

section (6-10 inch), which was never contacted by the filtrate, was the most affected 

section which suggests that longer duration of exposure to crude oil causes greater 

damage, hi fact, interaction with the filtrate appears to have inhibited the permeability 

reduction due to oil components.

In order to verify the hypothesis that the decrease in regain permeabilities was 

mainly caused due to the deposition of particulate components in oil, the crude oil was 

filtered using a 0.5 pm filter paper. The impact of filtered and non-filtered crude oil on 

the initial crude oil permeability is shown in Fig. 6-11. The figure clearly indicates that 

in the case of non-filtered crude oil (Test 6-9), the initial permeability to crude oil 

decreases dramatically with time whereas in the case of filtered crude oil (Test 6-11), 

there is not much variation in initial permeabilify to crude oil. This demonstrates that 

indeed the particulate components in the crude oil are the cause of permeability decline.
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Chapter 7 

Development of a Dimenslonless Correlation

7-1 Introduction

A thorough understanding of the filtration characteristics of fluids used for 

hydraulic fi'acturing is essential for realistic design and successful execution of 

hydraulic fi’acturing treatment. Therefore, an accurate prediction of leak-off plays an 

important role during the design of fracturing treatments. The most common technique 

of determining the leak-off rate of a given fracturing fluid is to conduct static or 

dynamic filtration experiments on core samples in the laboratory and plot the 

cumulative leak-off volume, V, as a function of time, t, or V t.

Several researchers have proposed analytical equations to predict leak-off 

volume based on dynamic and static leak-off data. Howard and Fast̂  ̂proposed a two- 

parameter static fluid loss equation that relates the cumulative leak-off volume, V, to 

Vt as:

V = V ^+ 2C ^V t (7-1)

where spurt loss, is the amount of fluid lost prior to filter cake formation and wall 

building coefficient, C«, is due to the resistance offered during the deposition of a filter
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cake on the formation face. The V , and C* are determined from the intercept and 

slope of the leak-off volume vs. Vt plot, respectively, as shown in Fig. 1-1.

Roodhart^ proposed a three-parameter dynamic fluid loss equation that 

accounts for cake shearing effects in addition to spurt loss and cake deposition effects. 

The model is similar to Eq. 7-1 except that it consists of an additional term to represent 

a dynamic equilibrium region during which cake erosion is dynamically balanced by 

cake deposition.

Clark and Barkat^’ also proposed a three-parameter dynamic fluid loss equation 

which is given by:

V = V ^ (l-e - ‘̂ ‘) + C^t (7-2)

where Cb indicates the rate of cake buildup and Cd is dynamic leak-off coefficient.

The major drawback of such models is that th ^  do not represent the effect of 

shear rate on leak-off accurately. These models assume that the viscosity of the filtrate 

inside the porous media remains constant, whereas in reality the filtrate in the porous 

media behaves as a non-Newtonian pseudoplastic fluid, during the invasion process. 

As a result, initially, the apparent viscosity of the filtrate is low due to high shear rate 

and then increases as the shear rate decreases with time. The variation in apparent 

viscosity of the filtrate can have a significant impact on the leak-off rate.

The objective of this study is to develop a model based on dimensional analysis 

to predict dynamic leak-off of fiacturing fluids. Charles and X e^ had developed a 

dimenslonless model, however, the model does not take into account the variation of 

filtrate viscosity. The model developed in this study takes into account the variation of
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filtrate viscosity with shear rate in the porous media. The major advantage of 

dimensional analysis over empirically derived equations is that considerably less 

experimentation is required to establish a relationship between the variables over a 

given range. The model developed in this study is validated with experimental data for 

leak-off in samples of varying size and a variety of fluids. The results predicted by the 

model are also compared with the traditional V vs. Vt relationship.

7-2 Model Formulation

The instantaneous rate of dynamic leak-off is expected to depend on the fluid

and rock properties as well as the flow parameters, hnportant fluid and rock properties 

are fluid viscosity, concentration o f fluid loss additive, permeability, and porosity. The 

important flow parameters include the local pressure gradient and the shear rates in the 

core sample. Functionally, the leak-off volume may be expressed as;

V = f[AP.u.,y.KUA,t) (7-3)

where V is the cumulative leak-off volume, AP is the pressure drop, u , is the

apparent viscosity of the fluid, y is the shear rate, k is the formation permeability, L is 

the length o f the core sample, A is the cross-sectional area to leak-off, and t is the leak

off time.

Based on the method of dimensional analysis ’̂ the following relationship was 

obtained:
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where a, b, and c are parameters which must be determined from the experimental data.

The viscosity behavior of the filtrate in the porous media can be characterized 

by a power law model and the porous media shear rate can be determined from the 

following expression":

d v /^^
(7-5)

where v = V/A, n is the flow behavior index, <|» is porosity, and X is the rock 

characteristic factor.

The apparent viscosity of the filtrate is given by:

. n - 1
=Ky (7-6)

where K is the fluid consistency index.

Substituting Eqs. (7-5) and (7-6) into Eq. (7-4) and rearranging, the following 

relationship is obtained:

dv 
dt

where:

(•+e)

Cg =K ^ 3n + 1

Ca =
 ̂ 3n + 1  ̂
n̂J8k(|>X.

(7-7)

(7-8)

(7-9)

(7-10)

123



Equation (7-7) is solved numerically using modified Euler’s method. The 

parameters a, b, and c are refined using the built-in utility “SOLVER” in MS-EXCEL 

by seeking to minimize an objective function which is the sum-ofi-squared residuals 

defined as:

o b j = f J v „ - v ^ ) ’ (7-11)

where the subscripts “exp ” and “cal ” denote observed and calculated v at i"* time, 

respectively.

It is advantageous to solve Eq. (7-7) numerically if the parameters in the model 

vary with time. However, for a case where the parameters do not vary with time, Eq. 

(7-7) can be integrated to obtain an analytical solution. The final form of the analytical 

solution is:

(7-12)

7.3 Results and Discussion

The model was validated using the data presented in Chapter 5 and by Lord et

al?°, based on leak-off studies in a large-scale, high-temperature, and high-pressure 

simulator (BPS). The experimental data reported in Chapter S and by Lord et a/.^ was 

obtained at ambient temperature.

Figures 7-1 through 7-4 compare the model predictions with the experimental 

data presented in chapter S and Figs. 7-5 and 7-6 compare the model predictions with 

the experimental data presented by Lord et a/.^
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Figure 7-1 illustrates the comparison between the model prediction and 

experimental leak-off data of borate crosslinked 35 Ib/Mgal HPG in 25 mD Berea 

sandstone core sample. The leak-off pressure drop and time were 500 psi and 20 

minutes, respectively. As seen in this figure, a good match is obtained between the 

predictions and the experimental data. A correlation coefficient, R̂ , of 0.94 was 

obtained. The resulting optimized parameters for the experiments considered in this 

paper are listed in Table 7-1. In addition, based on the C , and data obtained fi-om 

the experiment, a Vt relationship is fitted through the experimental data. As seen fi’om 

the figure, during initial time the Vt fit over-predicts leak-off but at later times a good 

match with the experimental data is observed.

Table 7.1 : Summary of optimized parameters

Figure a b c
7-1 -0.0164 0.9463 1.1104
7-2 -0.1324 0.9107 0.9856
7-3, 7-4 -0.3111 1.0775 1.6329
7-5, 7-6 -0.2293 0.8233 1.0673

Figure 7-2 compares the model prediction and experimental leak-off data of 

borate crosslinked 35 Ib/Mgal guar in 44 md Berea sandstone core sample. The test 

conditions are identical to those maintained for the crosslinked HPG leak-off test. For 

this case also, the quality of match obtained is excellent (R  ̂ = 1). However, the 

parameters obtained are different than those obtained for crosslinked HPG test (Table 

7-1). This could be attributed to the difference in chemistiy and rheology of the fluids 

which can lead to different interaction of the fluids with the core sample. In this case 

also, the Vt fit over-predicts initial leak-off.
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The parameters in Figs. 7-1 and 7-2 were globalized by defining a new global 

objective function which was the summation of the objective function of individual 

mqxeriments. Figures 7-3 and 7-4 show the impact o f globalized parameters on the 

model prediction. For crosslinked HPG the model prediction is fairly good with a 

coefficient correlation of 0.86. However, for crosslinked guar the model 

underestimates leak-off during the time period from approximately 1 to 16 minutes (R  ̂

= 0.73). This indicates that the parameters are a function of the type of fluids used.

A comparison between the model prediction and experimental leak-off data of 

borate crosslinked 35 Ib/Mgal HPG and 35 Ib/Mgal crosslinked HPG + 25 Ib/Mgal 

silica flour in the HPS is shown in Figs. 7-5 and 7-6, respectively. Synthetic core 

samples were used in both the experiments. The cross-sectional area to leak-off was 

3873 cm .̂ The pressure drop during leak-off was maintained at approximately 700 psi 

and the leak-off time was over 70 minutes The permeability of the core samples in 

Figs. 7-5 and 7-6 are 6.9 and 7.7 md, respectively. Identical optimized parameters are 

obtained for both the cases (Table 7-1). fri both the cases, the model prediction is very 

good with coefficient of correlation neariy equal to 1. In both the cases, Howard et 

al?^ model highly underestimates the leak-off at later times.
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Chapter 8 

Conclusions and Recommendations

8.1 Conclusions Drawn from Leak-off Studies

Based on modeling and experimental studies presented, the following conclusions are

reached:

1. In the presence of mobile oil saturation, spurt loss of both linear and crosslinked 

fracturing fluids is significantly reduced compared to that obtained during single

phase leak-off.

2. In the presence of mobile gas saturation, spurt leak-off is driven by spontaneous 

imbibition followed by the relative permeability effects.

3. Reservoir properties govern spurt loss and time required for achieving a stable filter 

cake in the presence of mobile oil saturation.

4. The fluid leak-off in the presence of 100% brine saturation in tight reservoirs 

(permeability less than 0.1 mD) is significantly affected by reservoir properties.

5. The effectiveness of water-based fluid loss additives is significantly reduced in the 

presence of oil saturation. Fracturing fluids without FLAs’ can be effectively used 

for fi’acturing reservoirs having a permeability less than 0.4 mD.
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6. In the presence of mobile oil saturation, the wall building coefficient of a 

crosslinked fluid is a linear function of the fracture face permeability.

7. In the presence of mobile oil saturation, increase in leak-off pressure drop only has 

an effict on spurt loss.

8. Crosslinked fluids perform better compared to linear fluids in the presence of 

mobile oil saturation.

9. The model developed in this study can be used as an effective tool in predicting 

leak-off in the presence of two-phase flow.

8.2 Conclusions Drawn from Return Permeability Study

The following conclusions are drawn from this study;

1. The regain permeabilities in the case of oil saturated cores are significantly higher 

compared to that determined for 100% brine saturated cores for linear and 

crosslinked guar and HPG, respectively.

2. The cleanup of HPG (crosslinked and linear) is better compared to that of guar 

(crosslinked and linear) in oil saturated cores.

3. The fluid loss additive has no adverse effect on regain permeability.

4. In the case of HPG, the shut-in time has a positive impact on regain permeability.

5. HPG may have a tendency to alter the wettability of the formation towards more 

water-wet.

8.3 Conclusions Drawn from DImenslonless Model Study

The following conclusions are drawn from this study:

1. The proposed model is able to represent the experimental leak-off data more

accurately than the conventional cumulative leak-off volume vs. Vt plots.
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2. The model parameters exhibit sensitivity to rock and fluid properties.

3. A general set of model parameters achieves qualitative match with experimental 

data Tor a variety of ̂ sterns.

4. The general parameters, when refined for the specific system achieve excellent 

match.

8.4 Future Work

Following are the recommendations suggested for future woric

1. Experiments should be conducted with core and fluid samples obtained fi-om field 

locations.

2. Effect of fiacture face area on leak-off in the presence of mobile hydrocarbon 

saturation needs to be investigated.

3. Further investigation needs to be carried out to determine the positive impact of 

production rate on regain permeability.
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NOMENCLATURE

A cross-sectional area to leak-oK
a, b parameters defined by Eq. (7-4)
Ci dynamic lealc-off comment, ÇJ/T)
Cfi mass concentration of polymer in the filtrate, QJUV)
Ĉ oM) concentration of pofymer in the filtrate penetrating inside

the reservoir rock, (M/L^)
CpKin) concentration of polymer in the filtrate on the cake sur&ce, (M/L )̂

Cw wall building coefficient, (L/T*^
c parameter defined by Eq. (7-4)
ci.,.3 constants
Cb rate of cake buildup,
D dispersion coefficient, (L^/T)
d height o f the fiacture, (L)
g acceleration due to gravity, (UT^)
h height, (L)
he filter cake thickness, (L)
K fluid consistent index, (M/LT)
Ke erosion rate constant, (T/L)
k absolute permeability of reservoir rock, (L^
kr relative permeability
L length of core sample, (L)
n flow behavior index, ^^ /L ^)
P phase pressure, ^f/L T ^
Pe capillary pressure, (M/LT^
Pinj injection pressure, (M/LT^
q flow rate, QJ/T)
S phase saturation
t time,(T)
u superficial velocity o f phase, (L/T)
V leak-off volume, QJ)
Vtf spurt loss volume, (Ü)
w. width of the slot, (L)
y vertical distance, (L)

Greek
y shear rate, (T*)
X rock characteristic flictor
M. viscosity of the phase, (M/LT)
p density of phase, (M/L^)

porosity
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Subscripts
a apparent
c
bt breakthrough time, (T)
f  filtrate
g gas
o ofl
wr residual water
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Society of CIM, Banfî  Alberta, Canada, May 14-17, 1995.

29. Stewart, BJL, Mullen, ME., Howard, W.J., and Norman, WD : "Use of a Solid- 
Free Viscous Carrying Fluid in Fracturing Applications: An Economic and 
Productivity Comparison in Shallow Completions,” paper SPE 30114 presented at 
the European Formation Damage Control Conference, The Hague, The 
Netherlands, May 15-16,1995.

30. Liang, J.T., Sun, R , and Seright, R.S.: "Why Do Gels Reduce Water Permeability 
More Than Oü PermeabiUty?,” SPERE (Nov. 1995) 282-86.

31. Zaitoun, A. and Kohler, N.: "Thin Polyacrylamide Gels for Water Control in 
Ifigh-Permeability Production Wells,” paper SPE 22785 presented at the 1991 
SPE Annual Technical Conference and Exhibition, Dallas, T)Q Oct. 6-9.

32. Howard, G.C. and Fast, CE.: "Optimum Fluid Characteristics for Fracture 
Extension,” Drr/J Prod (1957), pp. 261-270.

33. Clark, PE. and Barkat, 0.: "Analysis of Fluid-Loss Data,” SPEPE (August 
1990), 306-310.

34. Charles, DD. and Xie, X.: "New Concepts in Dynamic Fluid-loss Modeling of 
Fracturing Fluids,” Journal of Petroleum Science and Engineering 17 (1997), 29- 
40.

35. Shames, IJL: Mechanics o f Fluids, McGraw-Hill, Inc., New York (1992).

140



APPENDIX A 

Calculation of Cake Penneability

The filter cake formed during leak-off ̂ g .  3-1) is in series with the invaded 

zone. The overall permeability across the first section of the core sample and the filter 

cake can be determined based on the measured pressure profiles and leak-off velocity. 

The overall permeability is a harmonic average of the permeability in the first section 

and cake permeability:

k .  (A-t)

where Li is the length of the first section of the core sample, h« is the thickness of the 

filter cake, ki is permeability of the first section of the core sample which is assumed to 

remain constant as the leak-off progresses, and ke is the cake permeability.

Based on the leak-off velocity and pressure drop at a given time, k«v is 

determined using D are’s law. A constant cake thickness is assumed and ke is 

calculated by substituting k«v in Eq. A-1.
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