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Abstract: Under the constraints of high temperature and heterogeneity, the common profile control agent can not effec-
tively plug the steam channeling. To address this issue, it is necessary to develop the high temperature resistance steam
channeling plugging agent to improve the steam suction profile in the heavy oil reservoir. This paper used Simple Vari-
able Method to optimize the content of the components of the high temperature resistant plugging agent. Static perform-
ances evaluation aims to study the influence rules of the formation condition (temperature, salinity and pH value). Dy-
namic evaluation is used to study its performance (plugging ratio, residual resistance factor, scouring resistance and ther-
mal stability) in the sand-filled pipe to testify its applicability. The ratio of the component and the injection sequence are
shown as follows: 0.03% coagulant +2.2% cross-linking agent I + 1.2% cross-linking II + 6% high efficient main agent.
The evaluation experiment results show that the gel can resist at least 280°C, the plugging ratio is above 93.1%. The plug-
ging ratio only have a 8.43% reduction after scoured by 15 PV steam (280°C). After a 10-day thermal stability experiment
(280 °C), the plugging ratio is still above 80%. The result indicated that the plugging agent is suitable for the improvement

of steam suction profile. The suggested way of injection is also provided.
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1. INTRODUCTION

Currently, high temperature profile control technology
mainly consists of the high temperature resistant foam, gel and
inorganic particles. Under the precondition of meeting the
requirements of heat resistance, foam profile control agent has
poor stability, the period of validity of gel profile control agent
is short, the particle profile control agent is easy to cause the
rigid block and it also has a poor injection performance, and
then damage the formation [1]. The mechanical of resins pro-
file control agent is poor, it is easy to plug the formation. For
the vertical permeability differences, we should use gel plug-
ging agent with low deformation and liquidity under the pre-
condition of meeting the requirements of heat resistance, it has
effective adjustment block effect [2-5].

This project adopts the modification technology to im-
prove the heat-resistant ability of the traditional high tem-
perature resistant main agent, with the coagulant and two
types of cross-linking agent, they form a space mesh quad-
ripolymer gel and then recombine with new type of high
temperature resistance inorganic particle; Through the per-
fect evaluation system to systematically describe the sensi-
tivity, adaptability and effectiveness of the blocking agent to
the formation environment. It is an ideal profile control
agent. This study provides a reference for other high-
temperature profile control technology research and has a
guiding significance for site construction applications.
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2. THE DEVELOPMENT OF PLUGGING AGENT
SYSTEM

65% concentrated nitric acid is used in experiments by a
certain percentage which makes a modification reaction with
the traditional high-temperature main agent on the basis of
the original molecules, increasing nitro to improve heat re-
sistance performance. By contrast colloidal temperature re-
sistance performance, we can optimize the best component
contents of the main agent.

High temperature resistant test results show that when the
solid-liquid ratio is 1:6, it has the least amount of dehydra-
tion at high temperatures after the main generated agent is
gelled, and it stills keep high strength and toughness. The pH
of the preparation of modified high temperature resistant
main agent product is between 2 ~ 3 in the end, the pH of
aqueous solution value is neutral, when the mass fraction of
main agent is greater than or equal to 14%, the solution is
saturated and becomes dark red. The introduction of the nitro
makes the stability of benzene of the main agent stronger
enough to resist high temperature. Under the environment,
the substitution reaction, condensation reaction and cross-
linking reaction occur between the molecules. Eventually,
the reactants generate a kind of semisolid quaternary co-
polymer gel colloid with pyknotic space mesh structure,
which is the main reason of its high temperature resistance
[6-9].

3. RATIO OPTIMIZATION EXPERIMENTS

The experiments aim to optimize the content of each
component, we use the gelling properties (gelling time, gel-
ling viscosity) as the screening criteria. The temperature of
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simulated formation is 200°C, the pH of the plugging agent
solution is 7.

Experiment drugs: Coagulant, Modified main agent,
cross-linking agent I, cross-linking agent II, pH adjusting
agent, formation water.

Experiment instruments: Hydrothermal synthesis reactor,
electric balance, Brookfield rotary viscometer, incubator,
electric blender, pH meter, measuring cylinder, beaker and
so on.

Experiment method: Weighing a certain quality of the
modified-main agent, cross-linking agent I and coagulant,
sufficiently dissolved in the water, respectively, adjusting the
pH value to 7. Mixing the three kinds of solutions, then add-
ing the cross-linking agent II into mixed solution. The mixed
solution is divided into ten parts approximately, putting each
part into hydrothermal synthesis reactors, sealed, placed in
the reaction environment (200°C) taking out one reactor
every one hour, it should be cooled to room temperature in
the air, then opened the reactor (the reactor cannot be opened
in the high temperature), should be used the routine method
to measure the viscosity of gel in the reactor with viscome-
ter, select the appropriate rotor and rotate, when the number
fluctuated in a range with a small amplitude, average sould
be recorded. The ratio of each component in the solution
using the above procedure [10-15] should be changed.

3.1. The Influence of HPAM on the Plugging System

The contents are shown as follows: HPAM + cross-
linking agent I+ cross-linking agent II = + 0.03 wt.%+2.2
wt.%+1.5 wt.%. We will investigate the effects of the con-
tent of HPAM according to the gelling properties of the
plugging agent system.

As shown in Fig. (1), the viscosity increases when the
content of HPAM increases, the gelling time reduces. It has a
role in promoting the formation of the gel. The content of
HPAM is in direct proportion to the initial viscosity of the
solution, we can change the content to make it easier to in-
ject. After an overall consideration, the content of HPAM is
0.03wt.%.
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Fig. (1). The influence of HPAM on the gel system.
3.2. The Influence of the Modified High Temperature
Resistant Main Agent on the Plugging Agent System

The contents are shown as follows: HPAM + cross-
linking agent I + cross-linking agent II = 0.03 wt.%+2.2
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wt.%+1.5 wt.%. We will study the effects of the content of
main agent according to the gelling properties of the plug-
ging agent system.

As shown in Fig. (2), the content of the main agent is in
direct proportion to the gelling viscosity, but inversely pro-
portional to the gelling time. When the content of the main
agent is 6%, the gelling time is the longest, the content of the
main agent is between 6% and 10%, the gelling viscosity
changes a little. As the main agent, the phenolic hydroxy in
the molecule can connect with the cross-linking agent
through covalent bond, the suitable content contributes to the
denser structure and better high temperature resistance. After
an overall consideration, the content of the main agent is 6%.
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Fig. (2). The influence of the content of main agent on the gelling
time and the gelling viscosity.

3.3. The Influence of the Cross-linking Agent I on the Gel
System

The contents are shown as follows: Main agent + HPAM
+ cross-linking agent IT = 6 wt.% + 0.03 wt.%+1.5 wt.%. We
will investigate the effects of the content of cross-linking
agent I according to the gelling properties of the plugging
agent system.

When the content is 2.2%, the mole ratio of cross-linking
agent I and cross-linking agent II is 2:5. Intermolecular
cross-linking degree is the largest, when the content of cross-
linking agent increases, the viscosity decreases; The gelling
time reduces when the content of cross-linking agent I in-
creases Fig. (3). generally, the content of cross-linking agent
Iis 2.2%.
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Fig. (3). The influence of the content of cross-linking agent I on the
gelling time and the gelling viscosity.
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3.4. The Influence of the Cross-linking Agent II on the
Plugging Agent System

The contents are shown as follows: Main agent + HPAM
+ cross-linking agent I = 6 wt.% + 0.03 wt.%+2.2 wt.%. We
will investigate the effects of the content of cross-linking
agent I on the gelling properties of the plugging agent sys-
tem.

The content of cross-linking agent II is in direct propor-
tion to the gelling viscosity, but inversely proportional to the
gelling time. When the content of cross-linking agent II is
more than 1.2%, the final gel is in a semi-solid state, the gel
strength and the gelling time is less than 4 hours, which
show that the gelling time is short Fig. (4).

At last, the formula and the suitable ratio of components
are shown as follows: 0.03% coagulant +2.2% cross-linking
agent I + 1.2% cross-linking II + 6% highly efficient main
agent.
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Fig. (4). The influence of the content of cross-linking agent II on
the gelling properties.

4. STATIC PERFORMANCE EVALUATION OF
PLUGGING AGENT SYSTEM

4.1. The Influence of Temperature on the Gel Properties

The reaction temperatures of the compare experiment are
200°C, 240°C, 280°C, we will examine the impact of tem-
perature on the gel properties (Table 1).

Experimental results show that when the reaction tem-
perature is 240°C, the gelling viscosity of the plugging agent
is up to 65624 mpa-s. High temperature viscosity is between
10000 mpa-s and 60000 mpa's. The agent system has the
advantage of high efficiency and the wide range of gelling
temperature.

Table1. The influence of temperature on gelling time and
viscosity.
T/°C 200 240 280
gelling viscosity /mPa-s 37592 64750 13797
gelling time /h 8 7 5

4.2. The Influence of Salinity on Gel Properties

Experimental results show that when the salinity is be-
tween 1600 mg/L~3200 mg/L, the viscosity of the plugging
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agent changes a little, and gelling time increases. When sa-
linity is more than 4800 mg/L, it cannot be gelled or remain
in a low viscosity level.

4.3. The Influence of pH Value on Gel Properties

Reaction temperature is 200°C, we will study the effects
of pH on gel properties. Experiments show that when pH is
between 6 ~ 7, it has a little influence on gelling viscosity
and gelling time, the viscosity of the system decreases, as the
gelling time increase. When the pH >9, the change of the
gelling viscosity is irregular over time, it cannot gel.

5.DYNAMIC EVALUATION TEST

The devices of experiment and the ways of their connec-
tion are shown in Fig. (5).

Experiment method:

(1) Preparation of the sand-filled tube: Turn the sand-filled
tube into vacuum with the vacuum pump, water-saturated
it after half an hour. Then, measure the pore volume and
the permeability before plugging.

(2) The seal test: connecting the experiment devices accord-
ing to Fig. (6). Turn on the valves ¢ and d, turn off the
valve a and b. Injecting water through the pump to find
the place that is not sealed. Change or tight the connec-
tion until it is well sealed.

(3) Plugging experiment: Filled the profile agent solution in
the pistons container. Turn on the valves a, b, d, turn off
the valve c. Displace 3PV profile control agent into sand
filling tube at a constant speed of 1 ml/min, keep it
sealed, and put it into the thermostat at the temperature of
200°C for 12 hours until it is gelled.

(4) The different dynamic evaluation tests are done in fol-
lowing steps.

5.1. Plugging Ratio, Residual Resistance Factor and
Scouring Resistance

(1) Plugging ratio and residual resistance factor:

After the profile agent gelled, measure the water phase
permeability in the air condition. Injecting water at the speed
of 1 ml/min, 3 ml/min, 5 ml/min, 7 ml/min, 9 ml/min, calcu-
late the water phase permeability, respectively, then get the
average. The plugging ratio and residual resistance factor are
calculated by formula (1) and formula (2).

plugging ratio: £ = (K; — K;) / K; x 100% (1)
Residual Resistance Factor: RRF = K;/ K, 2)

Where K| is the water phase permeability before plug-
ging, K, is the water phase permeability after plugging.

Comparing the plugging ratio and residual resistance fac-
tor of gel system and composite system at different tempera-
tures [16,17].

(2) Scouring resistance

Injecting 30PV steam into the sand filling tube at the rate
of 3 ml/min after being sealed, Simulation environment tem-
perature is 280°C, the back pressure is 2.4 MPa. Measuring
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1. Constant flow pump, 2. Pressure monitoring device, 3. The pistons container,
4. Steel pressure vessels, 5. Back-pressure valve, 6. Sand-filled tube; 7. Thermotank (max: 300°C).

Fig. (5). The experimental flow chart.

Table2. Result of plugging ratio and residual resistance factor.
Water permeability measurement (md)
Type T(°C) Perm-plug method (md) Plugging ratio (%) RRF
Before plugging After plugging
200 3538 712 20 97.19 35.6
Gel 240 2830 675 14 97.93 48.21
280 3476 667 46 93.1 14.5
Table3. The result of scouring test.
perm-plug method Water permeability measurement (md) plugging ratio (%)
(md) before plugging After plugging 15PV 30PV After plugging 15PV 30PV
3538 712 20 355 97.19 88.76 50.14
the water phase permeability after scoured, compares the 100
plugging ratio before and after scoured. -~
. . . s o4t
As shown in Table 2, plugging rate achieves at least 93% -1
under different reaction temperatures. Plugging effect is = 88 |
slightly changed with high temperature. As a consequence, fo
the profile agent has a perfect performance of plugging. En 82 F
Table 3 shows that plugging ratio is still above 83% after 376t
15PV steam washed. When it increases to 30PV, permeabil- = 70 | | | | |

ity becomes 50.14%. Permeability declines to half it is still
enough to adjust the formation permeability differences; it
still reflects the characteristics that plugging agent can be
degraded and broke (Table 3).

5.2. Thermal Stability

Under the condition of high temperature, polymers are
prone to degradation to hydration. In the steam flooding,
retention ability of a profile control agent can be measured
by thermal stability through the curve of time-plugging ratio.
The simulation of formation temperature is 280°C.

At a temperature of 280°C , plugging ratio is still above
80%, after 10 days, the thermal stability curve gradually be-
comes steady. The plugging profile control agent is slightly
degraded under high temperature Fig. (5).
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Fig. (6). Result of thermal stability.

6. CONSTRUCTION PROCESS PARAMETERS
(1) Profile control agent

Calculate profile agent dosage according to Plugging
radius:

V =rnR*H¢ (3)

Where V' is dose of profile control agent, H is processing
layer thickness, R is average of process radius, and @ is po-
rosity. In addition, we should consider the scene construction
wastage.
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(2) Injection pressure

The injection pressure of the profile control agent should
be higher than the start-up pressure of high permeable zone.
It should be lowered than the start-up pressure of low perme-
ability layer to ensure that the majority of profile control
agent prioritize into high permeable formation [18,19]. Ac-
cording to the actual situation of the formation to determine
the reasonable injection pressure is:

0.8P, > P > P,+P,+P, )

Where Pg is processing layer fracture pressure, MPa; P, is
the injection pressure of oil displacement agent, MPa; Py is
processing layer formation pressure, MPa; Py, is friction loss
during the injection oil displacement agent, MPa ; Py is the
well fluid column pressure, MPa.

(3) Injection speed

Adopting the method of two-fluid process at a low pres-
sure and low emissions, the injection speed ranges from
0.2m’/min to 0.4 m’/min.

(4) Replace liquid dosage

After the construction of profile control, in the near well
bore zone, in order to not to make high temperature profile
control agent to cause congestion, prevent the steam around
and pressure-out and avoiding to dilute the gel plugging
agent. Generally, the dosage to replace liquid is 15% of the
entire displacement profile control agent [16-20].

CONCLUSION

(1) The main agent after being modified makes the gel with-
stand with high temperature at least 280°C. The results of
optimization experiment indicated that HPAM is used to
promote the formation of the gel, the main agent is the
critical reason of the high temperature resistant perform-
ance, the two kinds of cross-link provide the close con-
nection between molecules. Finally, the suitable contents
of components are shown as follows: 0.03% coagulant
+2.2% cross-linking agent I + 1.2% cross-linking II + 6%
high efficient main agent.

(2) Evaluation experiments show that plugging agent has low
initial viscosity, applicable to the pH=6~8, it has a large
range of reaction temperature (from 200°C to 280°C) and
a good salt resistance, plugging ratio is above 93.1%, it
has an excellent performance of thermal stability and
souring resistance. The result shows that the plugging
agent is easy to inject and has a good effect on profile
control.

(3) The plugging agent injected in the liquid form with the
method of double-fluid under the condition of low pres-
sure and low emissions during the inject operation. Due
to the heterogeneity of the formation, liquids are easier to
access into the high permeability layer preferentially.
Under the environment of formation, the gel plugs the
steam channel and forces the steam to change to the low
permeability layer. The steam channeling plugging agent
is suitable for the improvement of steam suction profile.
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