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Abstract In mature reservoirs, the success of preformed

particle gel (PPG) treatment rests primarily on the ability of

the PPG to reduce and/or plug the high permeable forma-

tions, but not damage the low permeable formations. Static

test models (filtration test model and pressure test model)

were used to determine the effect of PPG on low permeable

formations. This work used a strong preformed particle gel,

Daqing (DQ) gel made by a Chinese company. The particle

gel sizes were ranged from 30 to 120 mesh for this work.

PPGs are sized in a millimeter or micrometer, which can

absorb over a hundred times their weight in liquids. The gel

strength was approximately 6500 Pa for a completely

swollen PPG with 1 % (weight percentage) NaCl solution

(brine). 0.05 %, 1 %, and 10 % NaCl solutions were used

in experiments. Sandstone core permeability was measured

before and after PPG treatments. The relationship between

cumulative filtration volumes versus filtration times was

determined. The results indicate that DQ gels of a particle

size of 30–80 mesh did not damage the cores of a low

permeability of 3–25 mD. The DQ gels of a smaller par-

ticle size ranging from 100 to 120 mesh damaged the core

and a cake was formed on the core surface. The results also

indicate that more damage occurred when a high load

pressure (400 psi) was applied on the high permeability

cores (290–310 mD). The penetration of the particle gels

into the low permeable formations can be decreased by the

best selection of gel types, particle sizes, and brine

concentrations.

Keywords Formation damage � Mature reservoirs �
Preformed particle gel � Low permeable formations

1 Introduction

Water production is the main problem in oil/gas well

operations as reservoirs mature (Seright 2003; Bai et al.

2008). Veil et al. (2004) reported that nearing the end of

oil/gas production lives, water production can be 98 % of

the material brought to the surface. Water production makes

oil/gas wells unproductive and economically wasteful,

which can cause early shut-in wells and decreased oil/gas

production. Also, more water production can increase the

costs of removing both scale and corrosion, and separating

water from hydrocarbon. These costs increase as the water

production increases (Dalrymple 1997). Worldwide,

approximately three barrels of water are produced daily

with each barrel of oil (Wiedeman 1996; Bailey et al. 2000).

The situation is even worse in the United States, where

more than 10 barrels of water are produced for each barrel

of oil (Nemec 2014). Bailey et al. (2000) reported that the

cost of treating and removing the surplus water production

is expected to be 40 billion U.S. dollars (USD) globally.

Hence, conformance control treatments and water shut-off

are important in the oil industry.

Fluid flow in porous media is affected by the reservoir

heterogeneity. It affects the selection of production plans,

reservoir management, and oil recovery methods. Reser-

voir heterogeneity is the most important cause of increased

water production and decreased oil production. Water
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flooding is widely used in the oil industry to maintain

reservoir pressure. Numerous reservoirs have cracks and

channels due to mineral dissolution or sand production in

the duration of water flooding (Liu et al. 2010). Reservoirs

with high permeability zones and fractures are relatively

common in mature reservoirs (Bai et al. 2008; Liu et al.

2010). To solve the problem of reservoir heterogeneity, gel

treatments are widely used in oilfields (Zitha and Darwish

1999; Thomas et al. 2000; Bai et al. 2007a, b; Wang et al.

2008; Al-Muntasheri and Zitha 2009; Wu et al. 2011).

A chemical method extensively uses in situ gel treatment

for both water shut-off and conformance control. In the

in situ gel treatment process, a mixture of polymer and

cross-linker (gelant, the liquid formulation of the in situ gel

composition is called a gelant) is injected into the forma-

tion, and the gel forms under reservoir conditions (Liu et al.

2010). In situ gel penetrates into the high permeable for-

mation and creates gel to reduce or plug the high permeable

formation. Therefore, the gel is affected by the rock and

fluid properties. Preformed particle gels (PPGs) are used to

overcome different drawbacks inevitable in in situ gelation

systems. These drawbacks include the inability to control

gelation time, the uncertainty of gelling due to shear

degradation, gelant composition changes caused by chro-

matographic fractionation effect and dilution by formation

water. PPG is created on the surface and injected as gel

particles (Chauveteau et al. 2001; Pritchett et al. 2003;

Frampton et al. 2004; Rousseau et al. 2005; Sydansk et al.

2005; Bai et al. 2007a, b; Zaitoun et al. 2007; Wu et al.

2011). PPGs are a better selection than in situ gels from the

point of controlling the particle sizes for different reservoir

characterization. Presently, preformed gels contain pre-

formed bulk gels, partially preformed gels, and particle gels

(Chauveteau et al. 2000, 2001; Bai et al. 2007a, b, 2008).

For conformance control treatments, all particle gels

used in oilfields are superabsorbent polymers (SAP). Par-

ticle gels contain PPGs, microgels, swelling micrometer-

sized polymers (Bright WaterR), and a pH-sensitive cross-

linked polymer (Coste et al. 2000; Chauveteau et al. 2000,

2001; Al-Anaza and Sharma 2002; Pritchett et al. 2003;

Frampton et al. 2004; Huh et al. 2005; Rousseau et al. 2005;

Bai et al. 2007a, b, 2008; Zaitoun et al. 2007; Roussennac

and Tosschi 2010; Zhang et al. 2010; Jia et al. 2011; Juntail

et al. 2011a, b). Table 1 displays different types of particle

gels used in the oil industry, related studies and the

researchers who developed these gels, particle size, and

applications. PPGs, microgels, and BrightWaterR have all

been used as water shut-off materials in mature reservoirs.

pH-sensitive polymers are used to solve potential problems

caused by polymer flooding, such as high injection pressure

with associated pumping costs, the creation of unwanted

injection well fractures, and the mechanical degradation of

polymers due to high shear near the wellbore (Al-Anaza and

Sharma 2002; Huh et al. 2005, 2009; Al-Muntasheri et al.

2009, 2010). During matrix acidizing treatments for in situ-

gelled acids, numerous acid methods have been used to

improve acid diversion in heterogeneous reservoirs (Gomaa

and Naser-El-Din 2010; Gomaa et al. 2011; Rabie et al.

2011, 2012; Reddy 2014). Legemah et al. (2014) reported

the impact of different crosslinkers on the fluid properties

while using low polymer loading as fracturing fluids.

PPGs have a collection of compositions which could

absorb more than a hundred times their weight in solutions

(Bai et al. 2007a, b, 2008; Zhang and Bai 2011; James

2011). In addition, they do not easily release the absorbed

fluids under pressure (Bai et al. 2007a, b, 2008; Zhang and

Bai 2011; James 2011). Bai et al. (2012) reported that the

PPGs could absorb an enormous quantity of water because

water has a large quantity of hydrogen ions. The water

absorption volume is affected by sodium chloride (NaCl)

concentrations (Bai et al. 2012). Sun et al. (2014) reported

that the main element of PPG is the potassium salt of a

cross-linked polyacrylic acid/polyacrylamide copolymer.

Liu et al. (2010) reported that in China, PPGs are widely

used to decrease the theft zones in production and/or injection

wells. Lately, to control CO2 breakthrough for CO2-flooded

zones, both Occidental Oil Company and Kinder-Morgan

Company used similar materials with good results (Smith

et al. 2006; Pyziak and Smith 2007; Larkin and Creel 2008).

A lot of researchers have studied the propagation and

blocking effectiveness of PPGs in both high permeable

reservoirs and fractured layers (Bai et al. 2007a, b; Zhang

and Bai 2011). Elsharafi and Bai (2012) determined that

the best PPG treatments occurred when the PPG could

simply penetrate through the high permeable layers without

damaging the low permeable formations. Elsharafi and Bai

(2015) found that the permeability of the gel pack in the

fluid channels depended upon the particle strength, particle

size, brine concentration, and the load pressure. The rela-

tionship among the cumulative injection volumes against

time is needed to determine the damage to low permeable

reservoirs (Ershaghi et al. 1986; Vetter et al. 1987). The

cumulative injection volume value was used because if the

core were damaged the flow rate will not be constant. As a

result, the curves (the relationship between the cumulative

filtration volume and the injection time) will not be straight

lines. Filtration tests have been used in the past to study the

damage of cores fully saturated with brine, oil, or residual

oil while injecting suspended particles, oily water, or a

combination of both into these cores (Hsi et al. 1994;

Coleman and McLelland 1994; Al-Abduwani et al. 2005;

Ali et al. 2009). The main purpose of this paper is to study

the effect of strong PPGs on low permeable zones/areas in

mature reservoirs, including the effects of rock perme-

ability, salinity, particle size of PPGs, PPG types, pore

throat size in cores, gel strength, and the injection pump
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pressure. This paper is also needed to find out how to

minimize the formation damage when the PPGs were used

for water shut-off or conformance control treatment in

mature reservoirs. This work used both filtration tests and

load pressure tests to find out if the PPGs will damage the

low permeable zones/areas. The damage or penetration

caused by PPGs on unswept low permeability oil-rich

zones could be effectively controlled by controlling parti-

cle gel strength, gel type, particle size, and brine concen-

tration. This paper’s results can be used to properly select

the gel particles that will not damage the formation for the

best particle gel treatment.

2 Experimental

2.1 Materials

2.1.1 Performed particle gel

Daqing (DQ) gel, a type of preformed particle gel (PPG),

was used in all filtration tests and load pressure experi-

ments. Table 2 lists the typical characteristics of the DQ

gel. The percentage in Table 2 for gel and NaCl are weight

percent. We used gels of various particle sizes of 30,

50–60, 80, and 100–120 mesh to determine the influence of

PPG sizes on the reduction in the formation permeability.

Figure 1 illustrates different particle sizes of the DQ gel

fully swollen with 1 % brine.

2.1.2 Sodium chloride solutions (brines)

Brines used in all filtration tests and load pressure experi-

ments were prepared by dissolving sodium chloride (NaCl)

in deionized water. Different NaCl solutions (0.05, 1, and

10 wt% NaCl solutions at laboratory conditions) were

carefully chosen to make preformed particle gels. The NaCl

concentration expressively influences the swelling ratio and

the strength of PPGs. Figure 2 illustrates the influence of the

NaCl concentration on the ultimate swelling ratio of PPGs.

Table 3 indicates the PPG strength variance at different

NaCl concentrations before and after being compressed.

2.1.3 Sandstone core preparation

Twenty samples were collected from different sandstone

sources (Missouri sandstone, Roubidoux sandstone, and

Berea sandstone). The length (L) of all samples was 1.5 in.

(3.7 cm) and the diameter (d) of all samples was 1.5 in.

Table 1 Various particle gels used in the oil industry

Particle gels Related studies Developer Particle size Applications

Preformed

particle gel

(PPG)

Coste et al. (2000), Bai et al. (2007a, b, 2008), Jia et al. (2011),

Zhang and Bai (2011), Juntail et al. (2011a, b)

PetroChina and

Missouri S&T

Millimeter

(10 lm–

mms)

4000 plus

injection

wells

Microgels Chauveteau et al. (2000, 2001), Rousseau et al. (2005), Zaitoun

et al. (2007)

IFP Microgel

(1–10 lm)

10 plus gas

wells

Bright waterR Pritchett et al. (2003), Frampton et al. (2004), Roussennac and

Toschi (2010)

Nalco, Chevron,

and BP

Submicron

(\1 lm)

60 plus

injectors

Table 2 Typical characteristics

of the DQ gel (after Zhang and

Bai 2011)

Properties Value

Absorption deionized water, g/g [15

Apparent bulk density, g/L 850

Moisture content, % 0.96

pH value 6.5–7.0 (±0.5; 1 % gel in 0.9 % brine)

DQ 100–120
mesh

DQ 80
mesh

DQ 50–60
mesh

DQ 30
mesh

Fig. 1 Different particle sizes of the DQ gel fully swollen with 1 %

brine
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(3.7 cm). To make sure that the dimensions of all samples

were exact, a caliper was used to measure the core length

and diameter. The samples were placed in an oven at

120 �C for 24 h. After that, the samples were evacuated

and then saturated to 100 % with brines of chosen

concentrations.

2.2 Experimental setup

2.2.1 Filtration test model

Figure 3 displays an experiment setup, which was pri-

marily composed of a Teledyne ISCO model 500D syringe

pump and one filtration test model. The syringe pump was

used to inject brine into the filtration test model. The fil-

tration test model was set up with a transparent round tube

that contains a core sample fixed inside the round tube by

two O-rings. In addition, a heavy duty glue was used to seal

the space between the round tube and the core sample. Two

lids were used (one above the round tube and one below the

round tube). Bolts, nuts, and shims were used to fasten the

two lids on the round tube. The first lid above the round

tube had a hole which represented an inlet for the injected

brine. The second lid, which was located below the round

tube, had a hole which represented an outlet to discharge

brine. To measure the pressures around both the sandstone

core and the PPG sample, pressure gauges were used. A

differential pressure transducer was attached to the data

acquisition unit to measure the differential pressure around

the gel pack. The filtration test model did not use a piston.

2.2.2 Load pressure model

Figure 4 displays a load pressure model which was used to

determine the influence of PPGs on the core damage after

being compressed by a piston. The difference between this

model and the filtration test model is that the load pressure

model used a piston. The piston was placed on the top of

PPGs inside the round tube. Brine was used to fill the space

above the piston inside the round tube. To measure the

pressure on the bottom of the piston (load pressure), two

pressure gauges were used, one under the piston and

another above the sandstone core. A differential pressure

transducer was connected between the two pressure gauges

to measure the differential pressure around the PPG

sample.

2.3 Experimental procedures

2.3.1 Filtration test

The sandstone core sample was evacuated and saturated

with the desired brine, and then the porosity of the sand-

stone core sample (/) was determined. The desired sand-

stone core sample was fixed on the bottom portion of the

transparent filtration test model. Brine was injected into the
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Fig. 2 Effect of the NaCl concentration on the swelling ratio of PPGs

Table 3 Effect of the NaCl concentration on PPG strength before and after being compressed

No. Type of

gel

Particle

size, mesh

Gap, mm NaCl

concentration, %

PPG strength before being

compressed G0
b, Pa

PPG strength after being

compressed G0
a, Pa

1 DQ gel 30 1.5 0.05 4089 5994

2 DQ gel 30 1.5 0.25 4328 6358

3 DQ gel 30 1.5 1 4486 6583

4 DQ gel 30 1.5 10 4603 7368

Fig. 3 Schematic of the filtration test model
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filtration model to determine the core permeability before

filtration tests. Completely swollen PPGs were poured into

approximately half of the transparent round tube on the top

of the core surface and the other space inside the round

tube was filled with brine. Brine was injected at different

constant pressures of 10, 50, 10, 100, 10, 200, 10, 400, 10

psi, and each constant pressure was run for 30 min as

shown in Table 4, or until 500 mL of brine (pump volume)

was injected into the core sample. The reason for repeating

the 10 psi pressure test, was to find out the further damage

to the sandstone core sample while using various injection

pressures. A cumulative flow rate was measured at 1, 2, 3,

4, 5, 7.5, 10, 15, 20, 25, and 30 min for each pressure used.

After 4 h and 30 min from the first core permeability

measurements, PPGs were poured out from the round tube

and brine was injected to determine the permeability of the

core sample.

2.3.2 Load pressure test

A round piston was placed on the top of the PPGs inside

the round tube after each filtration test. The PPGs were

compacted by the round piston using brine as an injection

liquid, with up to 300 psi pump pressure. Compacted PPGs

were poured out from the round tube, and brine was

injected to measure the permeability of the core sample.

2.4 Measurement of PPG strength

Gel strength measurements were important. Particle gel

strength measurements were taken to determine the PPG

strength. These measurements indicated which particle gel

was a weak gel and which was strong. These measurements

also were used to determine which PPG could be selected

without damaging the unswept oil-bearing zone. To

determine the PPG strength (G0), a rheometer, KAAKE

RheoScope1 (Thermo Scientific) was used as shown in

Fig. 5. PPG strength measurements were taken, before and

after the PPG was compacted by the piston at room tem-

perature to find out the influence of compression on the

PPG strength. The measurement model was fixed for

oscillations with a frequency of 1.000 Hz, and stress of

1.0 Pa. The sensor which was used for gel strength mea-

surement was PP35 Ti Po LO2 016, with a gap of 1.5 mm.

PPG strength measurements were measured for each PPG

sample during 60 s.

3 Calculation

3.1 Permeability of sandstone rocks

The linear Darcy equation was used to calculate the per-

meability (k) of different sandstone samples as shown in

Eq. (1):

k ¼ QlL
0:78d2Dp

; ð1Þ

where Q is the fluid flow rate, cm3/s; l is the brine vis-

cosity, cP; L is the sandstone core length, cm; Dp is the

differential pressure, atm; d is the diameter of the

Fig. 4 Schematic of the load pressure model

Table 4 Steps for various injection pressures versus time

Step Injection pressure, psi Time, min

1 10 30

2 50 30

3 10 30

4 100 30

5 10 30

6 200 30

7 10 30

8 400 30

9 10 30

Fig. 5 Instrument for measuring gel strength
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sandstone core, cm; and the physical meaning of the con-

stant 0.78 is p/4.

3.2 Pore throat of sandstone rocks

Numerous attempts have been made to relate the pore

diameter of a solid to intrinsic, more readily measurable

properties, such as porosity and permeability (Elgmati et al.

2011). The Kozeny model describes the flow of fluids

across straight cylindrical channels in a rock bed by com-

bining Darcy’s and Poiseuille’s laws (Elgmati et al. 2011).

This study used a calculation method to find out the

average pore throat size (do) of the various sandstone core

samples. The relationship between the porosity, sandstone

rock permeability, and the average pore throat diameter

could be described by Eq. (2) (Hong 1985; Lei et al. 2010):

do ¼
ffiffiffiffiffiffiffiffiffiffi

32sk
/

s

; ð2Þ

where k is the sandstone rock permeability, lm2; / is the

sandstone rock porosity, %; and s is the tortuosity constant,

dimensionless. This analysis assumes that the tortuosity

coefficient is equal to 1. The pore diameter of the sandstone

core sample was calculated with the simplified Kozeny

formula. Table 5 shows the PPG sizes and the ratio of the

particle diameter to the pore throat diameter of different

samples (dp/do). The dp/do values are 84–390, 26–127, and

17–84 for the core samples of permeability of 5–25,

110–115, and 290–310, respectively.

4 Results and discussion

4.1 Results of filtration tests

The results included the influence of particle size of PPGs,

core permeability, and NaCl concentration on the damage

to different sandstone core samples. The outcomes also

contained the alteration of each core permeability after gel

injection. Altered constant injection pressures were used to

determine the relationship between the various cumulative

volumes against time (filtration curves). The curve shape

could be used to find out the sandstone rock damage.

4.1.1 Influence of PPG particle size

Several PPGs (30, 50–60, 80, and 100–120 mesh) were

used to determine the influence of particle size on sand-

stone rock damage.

Figure 6 shows experimental results of the cumulative

filtration volume versus the filtration time. The perme-

abilities of various cores were 10.65 mD for Fig. 6a,

20.45 mD for Fig. 6b, 12.35 mD for Fig. 6c, and 9.75 mD

Table 5 Properties of each sandstone sample used in experiments with various PPG sizes and NaCl solutions

No. Type of sandstone Porosity /, % Permeability k, mD NaCl concentration, % dp, mesh dp, lm do, lm dp/do

1 Missouri sandstone 14.0 10.65 1 30 595 1.55 383.84

2 Berea sandstone 15.0 20.45 1 50–60 250–297 2.07 120.77–143.47

3 Berea sandstone 15.0 12.35 1 80 177 1.61 109.75

4 Missouri sandstone 14.0 9.75 1 100–120 125–149 1.48 84.45–100.67

5 Roubidoux sandstone 16.0 114.20 1 30 595 4.74 125.30

6 Roubidoux sandstone 16.0 111.80 1 50–60 273 4.69 53.21

7 Roubidoux sandstone 16.0 110.00 1 100–120 137 4.66 26.82

8 Roubidoux sandstone 18.5 306.00 1 30 595 7.22 82.31

9 Roubidoux sandstone 18.5 300.28 1 50–60 250–297 7.16 34.91–41.48

10 Roubidoux sandstone 18.5 294.22 1 80 177 7.08 24.97

11 Roubidoux sandstone 18.5 293.20 1 100–120 125–149 7.07 17.68–21.07

12 Berea sandstone 14.0 10.80 0.05 30 595 1.56 381.16

13 Berea sandstone 14.0 10.65 1 30 595 1.55 383.84

14 Berea sandstone 14.0 10.35 10 30 595 1.52 389.37

15 Roubidoux sandstone 16.0 111.80 0.05 30 595 4.69 126.64

16 Roubidoux sandstone 16.0 113.23 1 30 595 4.72 125.84

17 Roubidoux sandstone 16.0 114.70 10 30 595 4.75 125.03

18 Roubidoux sandstone 18.5 300.50 0.05 30 595 7.16 83.06

19 Roubidoux sandstone 18.5 306.00 1 30 595 7.22 82.31

20 Roubidoux sandstone 18.5 305.00 10 30 595 7.21 82.44
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for Fig. 6d. Figure 6a, b, and c respectively, show the

influence of various PPG particle sizes (30, 50–60, and 80

mesh) on the core damage using different injection pres-

sures (50, 100, 200, and 400 psi).

The relationships between the cumulative filtration

volumes and the filtration test times (filtration curves) for

each 10 psi, displayed in inserts Fig. 6a–c remain a straight

line. There was a change in the y-scale (cumulative vol-

ume) for Fig. 6a–d because of different permeabilities of

PPG packs. The PPG of larger particle sizes has higher

PPG pack permeability than PPG of smaller particle sizes.

As a result, the flow rate was affected by the PPG pack

permeability. The flow rate decreased with a decrease in

the particle size. The flow rate was constant with time,

which indicates that the swollen particle gels of 30, 50–60,

and 80 mesh did not damage the porous media. No PPG

was observed to penetrate into the cores because the par-

ticle size of PPGs was larger than the pore throat of the

cores (no piston used). As a result, no cake was formed on

the surface of the sandstone core. Other filtration curves in

these figures remain straight lines. That means that the flow

rates did not change with time and, therefore, no damage

occurred at high pressures of 50, 100, 200, and 400 psi. The

filtration model included a round tube withstanding a

maximum pressure of 400 psi. The round tube will be

broken if the pressure exceeds the limit pressure. The curve

shapes of the different 10 psi pressures proved that when

the injection pressure increased, no sandstone core damage

occurred because all 10 psi pressure curves remain

overlaid.

Figure 6d shows the influence of 100–120 mesh PPGs

on the core damage. The curves are not similar for all 10

psi pressure. The filtration curves at 50, 100, 200, and 400

psi did not remain linear, implying that the core damage

occurred at those pressures. DQ particle gel of small sizes

of 100–120 mesh may damage the sandstone cores of
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permeability of 5–10 mD. PPGs were observed in the core

because PPGs of 100–120 mesh have a lower gel strength.

4.1.2 Influence of core permeability

Twenty cores of permeabilities of 5–25, 110–115, and

290–310 mD were selected to investigate the influence of

core permeability on sandstone core damage, and experi-

mental results are listed in Table 6.

Table 6 provides the influence of permeability on the

reduction in the core permeability (KR). The permeability

reduction means the decreasing of the original core per-

meability in percentage value after the core was damaged

by PPGs for both static and load pressure models. kb is the

core permeability before PPG usage and ka is the core

permeability after PPG usage (without a piston). Table 6

also shows the permeability of each core (kac) and the core

permeability reduction (KRac) after PPGs were compressed

by a piston. The core permeability was determined at flow

rates of 1, 2, and 3 mL/min after PPGs were poured out

from the round tube.

For low permeability cores of 5–25 mD, the core per-

meability was not changed when PPGs of 30, 50–60, and

80 mesh were used. Less PPGs penetrated into the sand-

stone cores when PPGs of large particle sizes were used in

low permeability cores. Figure 7 shows the influence of

core permeability on the permeability reduction of sand-

stone cores under the conditions of different PPG particle

sizes and brine concentrations, respectively.

The core permeability reduced by 0.26 %–1.97 % for

cores of 110–310 mD when PPGs of 30, 50–60, and 80

mesh were used. On the contrary, the core permeability

increase caused an increase in the influence of 100–120

mesh PPGs on the rock damage. The core permeability

reduction increased from 31.8 % to 92.9 % for cores of

5–310 mD.

4.1.3 Influence of NaCl concentration

Different brines (0.05 %, 1 %, and 10 % NaCl solutions)

were chosen and used to investigate the influence of the

NaCl concentration on the core damage. Several com-

pletely swollen PPGs were prepared from 30 mesh PPGs

and different brines. As also shown in Fig. 7b, PPGs did

not damage the low permeability cores (10–15 mD) at

different NaCl concentrations. Figure 7b also shows the

effect of different brine concentrations on the permeability

reduction of higher permeability cores (110–115 mD and

300–310 mD). More core permeability reduction occurred

when the NaCl concentration was lower for filtration tests

before the gel was compressed by a piston. Table 3 shows

the gel strength of the PPGs swollen with different brines

Table 6 Experimental results for the DQ gel with several particle sizes and NaCl solutions for filtration tests and load pressure models

No. Type of sandstone /, % kb, mD PPG particle size, mesh NaCl concentration, % ka, mD KR, % kac, mD KRac, %

1 Missouri sandstone 14.0 10.65 30 1 10.65 0 5.65 46.94

2 Berea sandstone 15.0 20.45 50–60 1 20.45 0 8.50 58.43

3 Berea sandstone 15.0 12.35 80 1 12.35 0 5.05 59.10

4 Missouri sandstone 14.0 9.75 100–120 1 6.65 31.79 3.75 61.50

5 Roubidoux sandstone 16.0 114.20 30 1 113.90 0.26 7.07 93.75

6 Roubidoux sandstone 16.0 111.80 50–60 1 110.26 1.37 5.09 95.40

7 Roubidoux sandstone 16.0 110.00 100–120 1 30.55 72.27 3.90 96.45

8 Roubidoux sandstone 18.5 306.00 30 1 304.00 0.65 0.84 99.70

9 Roubidoux sandstone 18.5 300.28 50–60 1 295.60 1.56 0.77 99.74

10 Roubidoux sandstone 18.5 294.22 80 1 288.40 1.97 0.62 99.78

11 Roubidoux sandstone 18.5 293.20 100–120 1 20.70 92.93 0.36 99.87

12 Berea sandstone 14.0 10.80 30 0.05 10.80 0 5.05 53.24

13 Berea sandstone 14.0 10.65 30 1 10.65 0 5.65 46.94

14 Berea sandstone 14.0 10.35 30 10 10.35 0 5.75 44.44

15 Roubidoux sandstone 16.0 111.80 30 0.05 111.37 0.38 5.35 95.19

16 Roubidoux sandstone 16.0 113.23 30 1 112.90 0.29 7.07 93.73

17 Roubidoux sandstone 16.0 114.70 30 10 114.50 0.17 8.25 92.79

18 Roubidoux sandstone 18.5 300.50 30 0.05 298.00 0.84 0.64 99.78

19 Roubidoux sandstone 18.5 306.00 30 1 304.00 0.65 0.84 99.72

20 Roubidoux sandstone 18.5 305.00 30 10 303.50 0.49 0.90 99.70
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before and after the gels were compressed by a piston. The

PPGs with low NaCl concentrations have less gel strength.

G0
b was the gel strength before PPGs were compacted by a

round piston and G0
a was the gel strength after PPGs were

compressed by a piston. After being compressed by a round

piston, the PPG strength increased. The increase in the PPG

strength was due to the water loss of swollen PPGs (El-

sharafi and Bai 2012).

4.2 Results of load pressure tests

Sequences of experiments were done to study the influence

of load pressure on rock damage as shown in Table 6. A

round piston was placed at the top of the PPGs inside the

round tube and the PPGs were compacted by the piston

with 300 psi as a load pressure. After the gel was com-

pressed, the permeability of each core was determined at

the flow rates of 0.5, 0.75, and 1 mL/min. These lower flow

rates were used because the stabilized pressure around the

sandstone core increased so much after the gel was com-

pressed and the core was damaged further. To confirm the

level to which the injection pressure influenced the damage

to various cores, the load pressure tests were needed.

Table 6 displays the DQ gel effect on the core damage as

well as the core permeability reduction. The core perme-

ability was determined before and after the PPGs were

compressed. These measurements were taken to find out

the influence of the load pressure on the damage to sand-

stone core samples.

Figure 8 shows the influence of the particle gel size,

rock permeability, and the NaCl concentration on the

damage to sandstone core samples after being compressed

with a piston. The load pressure was 300 psi. Figure 8a

shows the influence of the particle size of PPGs on the core

permeability. Smaller-sized particles damaged the cores

more than the larger-sized particles. This is because the

smaller-sized particles may enter further into the porous

media, particularly high permeability cores. Figure 8b

shows the influence of NaCl concentration on the sandstone

core permeability. The swollen PPGs prepared with solu-

tions of higher NaCl concentrations decreased the core
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permeability less than PPGs prepared with solutions of

lower NaCl concentrations. The gel strength of the PPGs

with higher NaCl concentrations was higher than that

prepared with lower NaCl concentrations. Figure 8 shows

that in high permeability cores, PPGs damaged the cores

further.

4.3 Damage removed from the surface of sandstone

rocks

After each load pressure experiment the damage was

removed by cutting a slice or slices from the core surface

first, 1.5 mm and then to 3 mm. This would remove the

damage on the core surface and would not affect the core

permeability of the non-damaged area since the core was

fixed inside the round tube using two O-rings and a heavy

duty glue. The core was cut with a sharp steel cutter which

scratched the core surface many times until the core

damage was removed. The purpose of cutting the core

surface was to determine the penetration of the DQ gel into

the core. This study included evaluating the effect of

100–120 mesh of DQ gel on the core permeability. The

core permeability was determined after being cut. Figure 9

displays the reduction in the core permeability before and

after each cut for the sandstone cores with permeabilities of

110–120 mD and 290– 310 mD, respectively. Zhang and

Bai (2011) found that the swollen gel particles will prop-

agate through porous media of super high permeability.

Elsharafi (2013) used a quantitative analytical model to

determine the formation damage in the low permeable

zones/areas.

PPGs penetration into the core surface was proved after

removing the core damage by cutting the surface of the

cores. The gel penetration was only a few millimeters even

if a PPG of small particle size (100–120 mesh) was used.

After the core permeability was measured, it was found

that the core permeability returned to its original value

when the damage removed. Thus, the PPG could not

propagate through cores of permeability \ 310 mD. In

these cases, as shown in Fig. 10, PPGs were found to form

an internal filter cake or an external filter cake (Azizi et al.

1997). On the sandstone core surface, an external filter

cake was created (Fig. 10a). When PPGs propagated a few

millimeters into the rock surface, an internal filter cake was

created (Fig. 10b). In this work, there was no deep pene-

tration of PPGs from the surface of sandstone cores

(Fig. 10c). Hence, PPGs cannot transmit from side to side

of sandstone cores while the ratio of particle size of PPGs

to pore throat size is greater than 17 for reservoir forma-

tions with rock permeability\ 310 mD. Core damage was

also dependent on the pore size. The damage increased if

the pore throat size increased in high permeability rocks.

5 Comparison between weak (LiquiBlockTM 40K)
and strong (Daqing) gels

Elsharafi and Bai (2012) investigated the influence of weak

PPGs on low permeable formations. A comparison

between the effect of a strong gel (DQ gel) and a weak gel

(LiquiBlockTM 40K gel) on rocks is significant to select the

best PPG type for use in a specific mature reservoir. The

chosen PPG should improve sweep efficiency and mini-

mize formation damage.

5.1 Filtration test results

A comparison of filtration test results indicate that the DQ

gels of 30–80 mesh are a good choice to protect low per-

meable formation from gel penetration. This gel would not

damage low permeability cores (less than 25 mD) when no

piston was used as it can be seen in Fig. 11a. Additionally,

the permeability reduction caused by gels of 30, 50–60, and

80 mesh was less than 2 % while the core permeability was

110–115 mD and 290–310 mD, respectively. In contrast,

the particle gels of 100–120 mesh damaged the cores and

reduced their permeability. Experimental results show that

the weak gels with a low brine concentration are softer and

(a) DQ gel (100−120 mesh)

Rock permeability reduction, %
0 20 40 60 80 100

After being cut 1.5 mm

Before being cut

(b)

DQ gel (100−120 mesh)

Rock permeability reduction, %
0 20 40 60 80 100

After being cut 1.5 mm

Before being cut

After being cut 3 mm

Fig. 9 Permeability reduction in sandstone core samples before and

after the rock surface was cut. a 110–120 mD core. b 290–310 mD

core
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more deformable than those with a high brine concentra-

tion. Therefore, low brine concentration caused more core

damage. The weak gel damaged the formation more than

the strong gel because the weak gel had less strength and

compressed further than the strong gel. Figure 11b shows a

cake formed on the core surface when LiquiBlockTM 40K

gel was used. Figure 12 illustrates the initial core

permeability (core permeability before the filtration test)

versus the final rock permeability (after the filtration test)

for both gels (LiquiBlockTM 40K gel, and DQ gel).

LiquiBlockTM 40K gel of 30–120 mesh penetrated into the

low permeable formations and decreased their permeabil-

ities more than the DQ gel.

5.2 Load pressure results

The DQ gel, after being compressed by a piston, influenced

core damage similar to the LiquiBlockTM 40K gel. The

compressed DQ gel also formed a cake on the core surface

and decreased the core permeability. The core damage

under the load pressure was higher than that under the

filtration test because the PPGs were compressed more

under the load pressure. As a result the pressure around the

PPG pack inside the round tube and the pressure on the top

of the core surface increased. Therefore, more particle gels

penetrated into the core surface and caused further damage.

The change from the initial rock permeability to the final

rock permeability for LiquiBlockTM 40K gel and DQ gels

was depending on the particle size of gels, gel strength, and

the original core permeability. Figure 13 shows the rela-

tionship between the initial core permeability and the final

core permeability for LiquiBlockTM 40K and DQ gels.

Figure 13 illustrates the final core permeability after PPGs

were compacted by a piston for different permeability

cores and PPGs of various particle sizes, respectively. A

syringe pump with 300 psi injection pressure was used for

LiquiBlockTM 40K and DQ gels. This load pressure

reduced the core permeability more while using higher

permeability cores for both gels. Both gels produced seri-

ous core damage and more permeability reduction when

higher permeability cores were used. More damage

occurred when higher permeability cores were used

because higher permeability cores had larger pore throat

(a) (b) (c)

Fig. 10 Diagram of PPG damage. a PPGs form an external filter cake. b PPGs form an internal filter cake. c PPGs propagate in the core

Fig. 11 Photos of the PPG effect on the core damage. a Not damaged

(strong gel). b Damaged (weak gel)
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sizes which allowed PPGs to penetrate into the core surface

and form a cake easier than lower permeability cores. In

field applications, the strong gel causes less formation

damage to the unswept, low permeable zones/areas than the

weak gel. In addition, the formation damage of unswept,

low permeability, oil-rich zones could be controlled by

controlling the strength, type, and particle size of PPGs,

and the brine concentration.

6 Conclusions

(1) Filtration test results demonstrate that the strong DQ

gel (30, 50–60, and 80 mesh) did not damage low

permeability cores of 5–25 mD.

(2) The PPG did not propagate through sandstone cores

and did not create a cake on the surface of sandstone

cores.
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(3) The PPG damage to cores was influenced by the PPG

size and the NaCl concentration; 100–120 mesh DQ

gel damaged low permeability cores (5–25 mD) and

the core permeability reduced by up to 32 %.

(4) Load pressure test results demonstrate that the PPG

damage to cores was affected by the load pressure;

more damage occurred when higher load pressure

was applied.

(5) The PPG damage to cores was influenced by the rock

permeability; more damage occurred when using

sandstone cores of high permeability of 290–310 mD.

(6) A comparison between weak and strong gels shows

that a strong gel is a better selection when consid-

ering formation damage protection.
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