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Abstract: A novel chemical-consolidation method based 
foam amino resin system of sand control systems in the 
oilfield is reported. This sand control technique is more 
superior to the conventional method owing to its advanta-
ges such as the outstanding resistance and lower density 
as well as simple process preparation. The apparent 
density of the foam resin system ranges from 0.528 g/cm3 to  
0.634 g/cm3 at room temperature. Moreover, the system has 
excellent foaming properties and excellent compatibility 
with the formation fluids. In addition, the foam amino resin 
sand consolidation system was optimized and investigated. 
Simultaneously, the sand-fixing performance of the foam 
resin system was comprehensively assessed. The optimized 
conditions are as follows: curing temperature, 60°C; 
curing time, 12 h; consolidated core compressive strength, 
6.28  MPa. Furthermore, the consolidated core showed 
remarkable resistance to the formation fluids. In summary, 
the foam resin system effectively met the requirements of 
the sand control and the horizontal wells in the oilfield.

Keywords: sand control; foam amino resin; system  
compatibility

1  Introduction
The movement of particles is problematic for producing 
wells in the oilfield. Typically, these particles could be 
formation sands. Recently, much attention has been 
paid to controlling the formation sands in theinjecting 
well, producing well, and even shale gas well (1-3).  
In recent years, mechanical method is the widely used and 
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Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.
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1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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effective method of sand control in the oilfield. It includes 
the use of the slotted liner and gravel packing (4,5). This 
method successfully holds the sand on the consolidated 
reservoir, but is not useful for poorly and unconsolidated 
reservoirs (6). However, an alternative to the mechanical 
method is the chemical-consolidation method, where 
particles are bonded together to prevent movement. The 
chemical-consolidation method using resins including 
epoxies (7,8), phenolic aldehydes (9), and furans (10,11) 
has been widely utilized in a variety of applications in well 
production. Moreover, this method has been widely applied 
for the preparation of resin-coated proppants (12-14) 

and the strengthening of unconsolidated sands (15,16). 
Nevertheless, these three types of resins have higher density 
and poor rheological property, and their preparation 
process is complex, increasing the production cost. 

Currently, the latest technology of consolidation 
chemicals is water-based resin systems (17). These 
systems have several benefits compared to conventional 
chemical resin technologies, including lower density, 
better rheological property, and easier cleanup equipment 
(18). The water-based system can also be foamed with 
nitrogen, helping to provide better coverage in longer 
intervals (19). Similarly, the melamine formaldehyde resin 
belonging to amino resin is a comprehensively utilized 
high-performance water-based resin. In addition, it is non-
toxic and has high temperature resistance and excellent 
mechanical properties (20). At present, the melamine 
formaldehyde resin has found extensive application in 
all fields such as bonded plates and decorative materials 
as the main binder in the manufacture of wood-based 
panels. In particular, the melamine formaldehyde resin 
has not been investigated and applied in the chemical 
sand control in oilfield until now (21).

In this study, we proposed a one-step process to 
prepare a water-based foam resin system from melamine 
formaldehyde resin solutions using foaming agent and 
stabilizer for sand control in the oilfield. This study is 
divided into two parts. In the first part, the concentration 
and type of foaming agent and stabilizer were screened 
for the foam amino resin system; first, the compatibility 
between the foam system and the formation fluids was 
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investigated by experimental methods. Second, the 
concentration of the curing agents, coupling agent, and 
the foam resin system was optimized for the foam resin 
sand consolidation system. Moreover, the adaptability 
and resistance properties of the consolidated core were 
analyzed in terms of sand particle size and the medium of 
formation fluids.

2  Experimental 

2.1  Materials 

All starting chemicals of analytical reagent grade were 
purchased from Aladdin and used unless otherwise stated. 
In addition, the amino resin of melamine formaldehyde 
resin (IND, 40%) was supplied by CSL resins. The curing 
agent, ammonium chloride (IND, >99%), and the foam 
stabilizer, sodium carboxymethyl cellulose (IND, >96%), 
were obtained from Guangdong New Material Co. Ltd. 
Furthermore, the silane coupling agent (IND, >98%) was 
purchased from Jining Chemical Co. Ltd. All the materials 
were utilized as received.

2.2  Evaluation methods of foam performance 

At present, the concentration and type of foaming agent 
and stabilizer have been screened for a variety of foaming 
methods such as Din method, Ross-Miles, and Warning 
Blender method (22). Ultimately, we used Warning Blender 
method for the screening test of foaming agent and foam 
stabilizer with a speed of 600 r/min and a stirring time 
of 3 min. In contrast, in order to meet the requirements 
of oilfield operations, the foam system needs to carry 
enough of the resin solutions to achieve high compressive 
strength of consolidated core, which is intuitive for the 
performance for higher foaming volume V0. In contrast, to 
make the foam system entering the deep part of stratum, 
the foam system should have strong stability, i.e., longer 
foam decay half-life t1/2. However, the most significant 
evaluated parameters of the foam system are the foaming 
properties and stabilization performance, and both of 
them depend on each other. Accordingly, these properties 
were characterized as foam composite index Fc, applied 
to screen the type and concentration of the foam system.

			   F V tc 0 1/2= ⋅ 		
where Fc is the foam composite index, mL · min; V0 is the 
foaming volume, mL; t1/2 is the foam decay half-life, min.

2.3  Method of foam resin sand consolidation 

The direct injection method used is as follows: 100 g 
quartz sand with size ranging from 40 mesh to 60 mesh 
was weighed and filled in the glass sand pack with  
φ25 × 200 mm. The surface of the sand was wet by injecting 
water with a plunger  pump, and then the foam resin 
sand consolidation system was pumped into the sand 
pack, ensuring that both ends are compact. Finally, the  
sand pack was placed in a closed container at a pressure 
of 5 Mpa and 60°C. After a curing time of 12 h, the 
consolidated core was taken out.

2.4  �Evaluation method of the system  
consolidated properties

The compressive strength and permeability of the 
consolidated core were measured, according to the 
determination (CNS, no. SY/T 2000-5276) of flexural 
strength and compressive strength, as well as the gas 
permeability of artificial core in the chemical sand 
control.

The core resistance to medium performance evaluation 
was investigated by the following tests. The consolidated 
core was immersed in a sealed container with different 
media solutions at room temperature for three days, and 
then the core was taken out from the solutions and its 
compressive strength was measured.

3  �Preparation of foaming resin 
solution

3.1  �Screening of foaming agent concentration

The foaming resin system is mainly made up of resin based 
solution and foaming agent as well as foam stabilizer. 
Simultaneously, sodium dodecyl sulfate (SDS) as a 
foaming agent with excellent compatibility with amino 
resin was selected through the preliminary experiments 
(23). In addition, the foaming properties of the foam 
resin system are directly affected by the concentration 
of foaming agent (SDS). Therefore, the foam composite 
index of the foaming resin system was calculated at 
different concentrations of SDS, aimed to evaluate the 
effect of the concentration of SDS on the foaming amino 
resin system.

Figure 1 shows the effect of different concentrations 
of SDS on the foaming properties (the based fluids: 20 mL 



X. Shang et al.: A novel chemical-consolidation sand control composition   3

amino resin solutions and the SDS concentration ranges 
of 0.1–0.9 wt%). The graph shows that the foam composite 
index first rises and then decreases with increasing SDS 
concentration. Moreover, at 0.5 wt% SDS concentration, 
the foam composite index of the maximum reached 
1720  mL · min. This can probably be explained by the 
fact that with increasing SDS concentration, the massive 
SDS molecules are adsorbed and closely arranged on 
the surface, increasing viscosity and enhancing the 
foam stability (24). Nevertheless, the SDS concentration 
exceeds the critical micelle concentration. Because of the 
presence of a significant amount of counter-ion in the 
diffusion layer, the electric double layer is compressed 
and the electrostatic repulsion is weakened, improving 
the deteriorated speed of destruction of foam stability. 
Finally, 0.5 wt% foaming agent SDS was selected and used 
in the subsequent experiments.

3.2  �Screening of foam stabilizer 
concentration

Following foam stabilizer were selected: Sodium 
carboxymethyl cellulose (CMC), sodium fluoride 
polyvinyl alcohol, polyethylene glycol, solid particles 
(Na-montmorillonite), Nano SiO2, and sodium 
polyacrylate. Table 1 presents the effect of different types 
of stabilizer on the foam properties (the based fluids: 
20 mL amino resin solutions, 0.5 wt% SDS, 1 wt% foam 
stabilizer). As listed in Table 1, the CMC stabilizer has 
excellent compatibility with the amino resin. Moreover, 
the foam composite index is up to 3388 mL·min, 
demonstrating the best foaming and stable performance. 
CMC may also have excellent compatibility with amino 
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Figure 1: Effect of SDS concentration on the foaming property 
(embedded image: volume change of foams with different SDS 
concentrations).

resin. The viscosity of the resin solution increases, and 
consequently the foam drainage speed decreases together 
with enhancing the rigidity of the liquid films and the 
gas permeability. Hence, the foam decay half-life and the 
foam stability improved. Therefore, CMC was screened as 
a foam stabilizer in this study.

Not only the concentration of the stabilizer has critical 
effect on the foaming properties of the foam resin system, 
but also affects the economic benefit of the system for 
practical application. Figure 2 shows the effect of different 
CMC concentrations on the foam properties (the based 
fluids: 20 mL amino resin solutions, 0.5 wt% SDS, and the 
CMC concentration ranges 0.5–1.5 wt%), demonstrating 
that at CMC concentrations >1%, the foam composite 
index rises gradually with increasing CMC concentration. 
However, at CMC concentration >1%, the foam composite 
index decreases. The main reason is probably that 
when the concentration of CMC is >1%, the amount of 
CMC molecules increases in liquid films, improving the 

Table 1: The effect of different types of stabilizer on the foam 
properties.

Stabilizing agents Foaming 
volume (mL)

Half-time 
(min)

Foam composite 
index (mL·min)

Sodium soil 48 47 2256
Sodium carboxymethyl 
cellulose(CMC)

44 77 3388

sodium fluoride 50 40 2000
Polyvinyl alcohol(PVA) 46 35 1610
Polyethylene glycol(PEG) 51 58 2958
Nano SiO2 49 41 2009
Sodium polyacrylate 46 26 1196
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Figure 2: Effect of CMC concentration on the foam property 
(embedded image: volume change of foams with different CMC 
concentrations).
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viscosity of the system. Consequently, the foam decay rate 
of the liquid films decreases, increasing the stability of 
the foam. Nevertheless, with further increase in the CMC 
concentration, the concentration of sodium ions rises and 
the liquid film thickness of the diffusion layer compressed 
together with increasing degree of molecular curling. 
Ultimately, the viscosity of the foam system is reduced, 
affecting the foam stability of the system. Therefore, the 
optimized concentration of CMC is identified as 1 wt%. 

3.3  �Compatibility of the foam resin system 
with formation fluids

3.3.1  Effect of pH 

Through adjusting the pH of the base solution, the 
stability of the foam resin system was observed under 
different acid and alkali conditions. Figure 3 shows the 
effect of different pH solutions on the foam properties 
(formulation: 20 mL amino resin solutions, 0.5 wt% SDS 
and 1 wt% CMC). The graph shows a slight effect on the 
foam volume at different pH values of fluids; however, 
it significantly affects the foam decay half-life. This 
behavior can be attributed to the acidic nature of as the 
amino resin curing agent, in other words, resin long-chain 
structure easily forms a three-dimensional structure even 
when cured under the acidic conditions. Consequently, 
compared to the alkaline environment, the system has a 
better stability in acidic condition. Nevertheless, in acidic 
conditions (pH = 4) and alkaline conditions (pH = 10), the 
foam decay half-life was >40 min, hence the system has 
good stability in acidic and alkaline environment.

3.3.2  Effect of salinity

The salinity of the formation fluids also affects the 
foaming properties and stability of the foaming resin 
system. In the experiments, two different salts, NaCl 
and CaCl2, in the concentration range 2 × 104 – 10 ×  
104 mg/L to the foaming solutions (formulation: 20 mL 
amino resin solutions, 0.5 wt% SDS and 1 wt% CMC), 
indicating that the foam volume of the system is slightly 
different under different salinity conditions, but it has 
a significant effect on the decay half-life of the foam. 
Correspondingly, as shown in Figure 4, the foam decay 
half-life declines rapidly with larger salt concentration. 
The added salt ions in the foaming solution compress 
the thickness of the ionic atmosphere in the surfactant, 
resulting in a loose adsorbed layer (25), thus decreasing 
the foam decay half-life. The results further show 
that the decay half-life finally flattens after 45 min 
at a concentration of 2 × 104 mg/L salt. This behavior 
illustrates that foam resin system is seized of the strong 
salinity resistances.

3.3.3  Effect of oil saturation

Figure 5 shows the effect of oil saturation on the foam 
resin system (formulation: 20 mL amino resin solutions, 
0.5 wt% SDS and 1 wt% CMC). The foam volume gradually 
decreases at the initial stage. In contrast, the foam 
decay half-life significantly increases with increasing 
oil saturation. The results indicated that the foam resin 
system has selective stability features of common foam. 
That is due to the expansion of oil drops in the gas–
liquid interface, decreasing the thickness of the bubble 
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Figure 3: Effect of pH value on the foam property.
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Figure 5: Effect of oil saturation on the foam resin system.

Figure 6: Microscopic image of the foam amino resin system.
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Figure 7: Effect of curing agent concentration on sand consolidation 
properties.

film and forming a instable bridge across the foam film 
(26,27). Nevertheless, at a certain oil concentration, some 
of the crude oil is emulsified and has good dispersion 
properties in amino resin solutions. Simultaneously, the 
liquid film thickness is improved by small emulsified 
oil droplets, decreasing the liquid film decay rate. In 
other words, the foam resin system possesses excellent 
resistances to oil.

The abovementioned analysis proves the prominent 
compatibility between the foam resin system and 
simulated formation fluids. Therefore, when the foam 
resin system is injected into the formation, it maintains 
excellent foaming properties.

The microscopic image of the foam amino 
resin system was obtained using an Oslo Bahrain 
microscope. Figure 6 shows that the foam is dense and 
uniform in size. The remarkable foaming properties of 
the foam resin system are fully illustrated. In addition, 

the apparent density of the foam resin system was 
measured using a foam density meter and ranges from 
0.528 g/cm3 to 0.634 g/cm3 and is lower than those of the 
conventional sand consolidation system (the density 
of unsaturated resin system ranges from 0.788 g/cm3 
to 0.821g/cm3; the density of the emulsified epoxy 
resin system and urea formaldehyde resin system are 
0.957 and 1.12 g/cm3, respectively). Therefore, the foam 
amino resin system was screened by the comparison 
tests (formation: 98.5 wt% MF resin solutions, 0.5 wt% 
SDS and 1 wt% CMC). 

4  �Preparation of foaming resin 
sand consolidation system

4.1  Screening of curing agent concentration

For meeting the curing time requirements of more 
than three hours in the oilfield application, NH4Cl 
curing agent was screened through the preliminary 
tests. Figure  7 shows the effect of curing agent NH4Cl 
concentration on the sand consolidation properties of 
the foam resin system (formulation: 25 wt% solutions 
of foam resin system, the coupling agent KH-550 initial 
concentration is 0.2 wt%, and the curing agent NH4Cl 
concentration ranges of 0.5–2.5 wt%), indicating 
that with the larger concentration of curing agent, 
the compressive strength initially increases and 
then decreases. This behavior could be attributed to 
substantial phenolic hydroxyl and hydroxymethyl in 
the foam resin system. Correspondingly, with increasing 
curing agent concentration, the crosslinking density and 
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the compressive strength of consolidated sand increase 
by degrees. Nevertheless, in the presence of excess 
concentration of the curing agent, the condensation 
reaction of the resin is suppressed. Accordingly, the 
pre-polymer formed by the resin polymerization is 
brittle, ultimately decreasing the compressive strength 
of the consolidated core. To sum up, 1% concentration 
of curing agent NH4Cl was used in the subsequent  
experiments.

4.2  �Screening of coupling agent 
concentration 

Figure 8 shows the effect of the coupling agent KH-550 
on the sand  consolidation properties of the system 
(formulation: 25 wt% solutions of foam resin system, 
1 wt% curing agent as well as the coupling agent 
KH-550 concentration ranges 0.1–0.5 wt%). As shown in 
Figure 6, the effect of the compressive strength of the 
consolidated core rises to the maximum and then slightly 
drops. We believe that this is due to the possibility that 
the coupling agent plays a critical bridging role between 
the sand and resin molecules in  the preliminary stage 
(27). Similarly, the concentration of the coupling agent 
is also better, attributed to the presence of HO–Si  
bond on the sand surface. With excess of KH-550, the 
Si–O–Si bonds are formed on the sand surface by 
the KH-550, decreasing the HO-Si bonds. Finally, its 
hydrogen bonding strength with the sand decreases, 
and the intensity decreases. In summary, the optimized 
concentration of coupling agent KH-550 was selected as 
0.2 wt%.

4.3  �Screening of foam resin system 
concentration 

Figure 9 shows the effect of the concentration of foam 
resin system on the sand  consolidation properties 
(formulation: 1 wt% curing agent and 0.2 wt%, the 
coupling agent KH-550 as well as the concentration of 
the foam resin system ranges 10–30 wt%). The graph 
represents that with increasing concentration of the 
foam resin system, the compressive strength of the core 
is gradually enhanced. Conversely, the permeability 
descends by degrees. This phenomenon can be 
explained by the fact that the substantial resin solutions 
is filled in sand pore, blocking the communication of 
pore communicated with each other. Ultimately, the 
permeability of the core decreases gradually. When 

Figure 10: (A) 20 mesh ~ 40 mesh, (B) 40 mesh ~ 60 mesh,  
(C) 60 mesh ~ 80 mesh, (D) 80 mesh ~ 100 mesh: (E) 100+ mesh.
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Figure 8: Effect of the coupling agent KH-550 in the sand 
consolidation properties.
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the concentration of the foam resin system reached 
20 wt%, the strength and permeability are relatively 
moderate. To sum up  the above analyses, the optimum 
concentration of the foam resin system was identified as 
20 wt%.

4.4  �Compatibility of system with sand 
particle size 

The sand consolidated formulation of the foam amino resin 
system was screened (foam resin system: curing agent: 
coupling agent = 20 wt%:1 wt%:0.2 wt%). Simultaneously, 
100 g sand with 20–40 mesh, 40–60 mesh, 60–80 mesh, 
80–100 mesh as well as 100+ mesh was consolidated 
by the foam resin sand  consolidation system, and the 
adaptability of the system with respect to sand particle 
sizes was investigated to prove the sand control ranges 
in the oil layer. The consolidated cores using different 
meshes of sands were shown in Figure 10. It shows that 
different meshes of sands can be consolidated to produce 
cores with the use of the system.

Table 2 shows that when the sand particle size is 
small, the compressive strength of the consolidated core is 
enhanced probably because the smaller sand particle size 
occupies a greater specific surface. In addition, the more 
sand surface is adsorbed by the resin molecules, increasing 
its compressive strength. Simultaneously, the pore volume 
is increased, and the effective permeability tends to 
descend. The system is better adapted to the formation 
sands with particle size >60–80 mesh. The analysis of the 
experiment result indicated excellent compatibility of the 
sand consolidation system with the formation sands.

4.5  �Medium resistance of the  
consolidated core

In the comparative experiments, urea formaldehyde resin 
(UF) sand consolidation system were used in the oilfield 
as a reference, and the effects of the consolidated core 
in water, 10 wt% HCl solution, 10 wt% NaOH solution, 
and NaCl solution (2 × 104 mg/L salinity), as well as 
diesel oil were investigated. Table 3 shows that when the 
consolidated core immerses in water, diesel fuel, and 

Table 2: The compatibility of the sand consolidation system sand 
particle size.

Sand size, Mesh 20-40 40-60 60-80 80-100 100+

Compressive strength, MPa 5.23 5.65 6.28 6.91 7.74
Permeability, μm2 0.284 0.24 0.168 0.017 0.001

Table 3: The effects of the consolidated core on the simulated 
medium fluids of formation.

Medium solutions NaCl  
solutions 

diesel  
oil

Water 10% 
NaOH

10% 
HCl

Compressive strength, 
MPa (MF)

5.23 6.28 5.86 4.20 3.35

Compressive strength, 
MPa (UF)

3.72 3.14 3.64 3.46 1.67

NaCl solutions, the compressive strength (MF) is almost 
unaffected. Compared to the compressive strength (UF), 
the foam resin (MF) system demonstrated remarkable 
alkaline and oil resistance; moreover, the consolidated 
core met the requirements of formation salinity; however, 
in 10% hydrochloric acid solution, the strength is 
comparatively lower, and its resistance towards acid 
needs further investigation.

5  Conclusions
In this study, the foam amino resin sand consolidating system 
was optimized. Indeed, the optimum formula of the system 
is as follows: 97.3 wt% amino resin solutions, 0.5 wt% SDS, 
1 wt% CMC and 1 wt% NH4Cl, and 0.2 wt% coupling agent 
(KH-550). Simultaneously, the apparent density ranges from 
0.528 g/cm3 to 0.634 g/cm3 at room temperature. In addition, 
the system has excellent foam properties and remarkable 
compatibility with the formation fluid. Comprehensively, 
the sand consolidation performance of the foam resin 
system was assessed. At a curing temperature of 60°C, the 
compressive strength and permeability of the consolidated 
core is in the range 5.12–6.28 MPa and 0.92–2.7 μm2,  
respectively, after a curing time of 12 h. In contrast, the 
consolidated core has remarkable resistance to water, oil, 
and alkali fluids as well as salinity variation.

The performance of this novel sand control method 
based foam amino resin system was tested in the lab, and 
by April 2016, this technology was applied in two testing 
wells in the Shengli Oilfield in China. 
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