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Abstract

The CO,/sand dry-frac process is a waterless fracturing technology in which CO, instead of water is used as fracturing fluid. The application
of the technology abroad (in the USA and Canada) shows that it works well in stimulating low-pressure, low-permeability, strong water-locking/
water sensitive reservoirs. Thus, a series of experimental studies were carried out on its production increase mechanism, fracturing fluid system,
pressurized air-tight sand blender, and fracturing process. Some conclusions were made. First, the CO, viscosity enhancement technology can
raise the critical CO, viscosity by 240—490 times, significantly improving the sand-carrying and fracture-making capacities of CO, fracturing
fluid, so it is a key technique in CO,/sand dry-frac process. Second, with the development of CO, pressurized air-tight sand blender, a complete
set of key devices for the CO,/sand dry-frac process can be made in China, meeting the requirements of the fracturing operation. Third, fully
automatic flowback is also realized. Fourth, CO, instead of water is used in this fracturing operation, saving a large amount of water consumed in
fracturing, and lowering cost. Fifth, the CO,/sand dry-frac process is feasible and suitable for the stimulation of low-pressure, low-permeability
and strong water-locking reservoirs, with substantial production increase.
© 2014 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction reservoirs and adsorbed gas reservoirs (shale gas, coal-bed

methane, etc.) than conventional fracturing technology, so it

CO,/sand dry-frac is a waterless fracturing technology in
which water in conventional hydraulic fracturing fluid is
replaced by CO,.

The technology has several leading edges over conventional
hydraulic fracturing, namely relatively low damage to reser-
voir permeability, high retention coefficient of propped frac-
ture conductivity, high post-frac flowback rate, and high
desorption rate of adsorbed gas. It works better in enhancing
the productivity of water-sensitive/strong water-locking
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is a very promising stimulation technology.

By the end of 2003, CO,/sand dry-frac had been applied
more than 1100 well-times in North America led by the United
States and Canada, which is peculiarly effective in the stim-
ulation of shale gas reservoirs [1].

The study on CO,/sand dry-frac technology in China is still
at the very beginning. The main difficulties in CO,/sand dry-
frac lie in the following aspects: difficulty in reaching large
proppant and high proppant concentration due to poor sand-
carrying (proppant transport) capacity and high filtration rate
of fracturing fluid; high requirements on frac-string, wellhead
and surface equipment due to high surface operation (treat-
ment) pressure; the need to develop special pressurized air-
tight blender matching [2] surface equipment and wellbore
string because blending equipment (blender) used in
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conventional fracturing cannot meet the requirements of CO,/
sand dry-frac.

2. Production increase mechanism of CO,/sand dry-frac

Water-based fracturing fluid filtration would lead to rela-
tively high damage to permeability (permeability damage) in
strong water-sensitive/water-locking reservoirs, undermining
the results of fracturing. Water-locking damage is commonly
seen in low-pressure and low-permeability gas reservoirs [3].
For example, the water-locking permeability loss ratio reaches
24.9%—68.2% in Upper Paleozoic sandstone reservoirs of
Sulige gas field [4].

COy/sand dry-frac is able to dramatically increase the post-
frac production of strong water-sensitive/water-locking reser-
voirs, because: (1) the fracturing fluid has ultra-low interfacial
tension, and can completely and rapidly flowback from res-
ervoirs after vaporizing when subjected to heat; (2) the frac-
turing fluid without residuum can well clean the conductive
bed of propped fractures, which will maintain high fracture
conductivity and large effective fracture length; (3) high sol-
ubility of CO, in formation crude oil can decrease the vis-
cosity of formation crude [5] and improve oil mobility; and (4)
theoretically, ultra-low interfacial tension of CO, in super-
critical state can accelerate the desorption of adsorbed gas in
reservoirs.

3. Fracturing fluid system of CO,/sand dry-frac

CO; has a low viscosity of 0.1 mPa s in liquid state, and a
viscosity of about 0.02 mPa s in gas state and supercritical
state. Low viscosity of CO, would lead to high filtration, poor
sand-carrying (proppant transport) and fracture-making ca-
pacity of fracturing fluid, so it is necessary to improve frac-
turing fluid performance by increasing its viscosity. The
method to increase CO, viscosity is to add miscible agents
[6,7]. Non-polar liquid CO, is a very stable solvent with ultra-
low dielectric constant, viscosity and surface tension [8].
Conventional thickener cannot be miscible with CO, to in-
crease its viscosity, so new thickeners special in structure need
to be developed.

The variation pattern of CO, viscosity with temperature and
pressure in microscopic, mesoscopic and macroscopic scales
was studied by using molecular simulation technique [9], and
the microscopic mechanisms of the effect of chemical type
and concentration on CO, viscosity were also examined.
Moreover, the molecular structure of thickener was designed,
combining with laboratory experiments, a new CO, thickener
TNJ was developed, and the corresponding CO,/sand dry-frac
fluid system was formulated with the formula of: 1.5%—2.0%
TNJ+ (98.5%—98.0%) liquid CO,.

3.1. Viscosity
At 62—63 °C and 15—20 MPa in the experiment, the

fracturing fluid viscosity of 1.5% TNJ+ 98.5% CO, was
5—9 mPa s and the fracturing fluid viscosity of 2.0%

TNJ 4 98% CO, was 6—10 mPa s. The experimental results
indicate that the CO, viscosity in supercritical state was
dramatically increased by 240—490 times with a thickener
content of 1.5%—2.0% (Figs. 1 and 2).

3.2. Friction loss in pipeline

According to field test results, the friction loss of CO,/sand
dry-frac fluid in 88.9 mm diameter tubing (internal diameter of
76 mm) was approximately calculated and the corresponding
friction loss factors at different pumping-rates are listed in
Table 1.

3.3. Filtration

Since CO,/sand dry-frac fluid has no residuum (residue)
and far higher viscosity than natural gas, the fracturing fluid
filtration in gas reservoirs is mainly affected by fracturing fluid
viscosity and formation fluid compressibility. As there is no
experimental measuring apparatus to test CO,/sand dry-frac
fluid filtration currently, theoretical formula was used to
calculate the filtration coefficient of the fracturing fluid. At the
reservoir permeability of 0.4—1.2 mD, reservoir porosity of
14.0%, formation temperature of 104.6 °C, and pressure dif-
ferential of 5—14 MPa, the magnitude order of filtration co-

efficient is 107>—1072 m/min®>.

3.4. Matrix permeability loss-ratio of core samples

Only the permeability loss ratio caused by CO, thickener
TNIJ to core matrix was evaluated because there is no exper-
imental measuring apparatus to test the core sample matrix
permeability loss ratio caused by CO,/sand dry-frac fluid at
present.

Experimental results indicate that the CO, thickener YNIJ
caused an average permeability loss of 2.75% to cores (Table
2), which is quite insignificant.

4. Pressurized air-tight blender

Fracturing pump used in CO, fracturing can pump liquid
CO, and fracturing pump will malfunction in the case of CO,
vaporization. Therefore, CO, in surface pump set system must
be kept in liquid state during fracturing.

Viscosity / (mPa-s)

1 1 1 L 1 ]
1% 2% 3% 4% 5% 6%
TNJ dosage

Fig. 1. Relationship between CO, viscosity and thickener dosage of TNIJ.
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Fig. 2. Relationship between CO, fracturing fluid (2%TNJ + 98%CO,) vis-
cosity and time.

CO, phase state is sensitive to temperature and pressure,
and blenders used in conventional hydraulic fracturing cannot
meet the requirements of CO,/sand dry-frac operation.
Therefore, a pressurized air-tight blender was developed
independently, which has heat preservation, pressure holding,
sand control, flow measurement, sand concentration-
monitoring functions.

4.1. Components of pressurized air-tight blender

A pressurized air-tight blender is composed of a blending
tank assembly, a power system, a monitoring and controlling
system and a manifold system.

The blending tank assembly with heat-preservation func-
tion is used to store proppant for fracturing. Proppant is
transported to the frac-string by sand-transporting screw in the
blending tank. The power system, providing driving force for
the hydraulic motor installed on the sand-transporting screw,
features low rotating-speed and large torque, and allow
stepless regulation of rotating speed in a certain range.

Designed with a manual and automatic remote control, the
blending tank assembly has the functions to monitor tank in-
ternal pressure, fluid flow rate, proppant concentration etc. It
also can do fine adjustment of the valves and rotating speed of
sand-transporting screw remotely.

The manifold system consists of gas manifold, liquid
manifold, liquid level control manifold, liquid pressurized
manifold, and gas intake and discharge manifold etc., which is

Table 1
Pipeline friction losses of CO,/sand dry-frac fluid in tubing of 88.9 mm
diameter.

Pumping rate/(m® min ') Friction loss (pressure)/(MPa km™")

2.4 10.8
2.0 9.6
1.7 5.7
1.4 4.0
Table 2

Core sample matrix permeability loss ratio caused by CO, thickener TNIJ.

Core sample no. Matrix permeability/mD Porosity Permeability loss ratio

1 0.075 5.578% 1.58%
2 0.093 9.287% 3.92%

used in conjunction with the controlling system to complete
proppant filling, cooling, and flowback, etc.

4.2. Key technical parameters

Key technical parameters of the blender: working pressure
is 2.5 MPa, working temperature is —20 °C, capacity is 10 m’,
and maximum sand-transporting rate is 0.5 m>/min.

5. COy/sand dry-frac process

Reservoir characteristics, fracturing fluid properties, well-
bore string, fracturing equipment, post-frac production and
other factors need to be comprehensively considered in CO,/
sand dry-frac operation to ensure good fracturing result and
operation safety.

5.1. Fracturing model

The fully three-dimensional (3D) fracturing software
(stimulator) which has CO, fracturing fluid description mod-
ule was used to simulate and design CO,/sand dry-frac oper-
ation, and it can fulfill the design and analyses of compressible
fracturing fluid.

5.2. Fracturing parameter design

Pumping rate is a key factor affecting the result of CO,/
sand dry-frac. The sand-carrying and fracture-making capac-
ities of fracturing fluid can be improved by increasing
pumping rate, thus enhancing fracturing fluid efficiency [10].

Since CO,/sand dry-frac fracturing fluid has high propped
fracture conductivity retention coefficient, conductivity com-
parable to conventional hydraulic fracturing can be created at
relatively low sand concentration. Generally, the average sand
concentration is kept below 10% in the CO,/sand dry-frac
operation.

A relatively high proportion of pad fluid is needed in the
COy/sand dry-frac treatment to lower temperature in reservoir
fractures, improve fracture-making capacity and ensure safe
sand fracturing.

5.3. Fracturing string design

CO, fracturing fluid has high friction loss in fracturing
strings [11], so tubing of 73.02 mm in diameter cannot meet
the requirement of large pumping rate and tubing of 88.9 mm
in diameter is used as fracturing strings in general.

In view of the low temperature and relatively high pene-
tration of CO,, packers need to be set at the lower end of
tubing to ensure casing safety [12].

5.4. Fracturing equipment matching and surface
pipeline designing

The surface equipment flowchart of CO,/sand dry-frac
operation is shown in Fig. 3.
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Fig. 3. Surface fracturing equipment flowchart of CO,/sand dry-frac treatment.

The CO, storage tanks and the water chamber of fracturing
pump are connected by a high pressure hose in which the
pressure is 2.0—2.5 MPa during fracturing treatment.

The fracturing fluid in the fracturing pump is supplied by
CO; circulating booster-pump. Connecting the fracturing pump
and the CO, storage tanks, the CO, circulating booster-pump
supplies sufficient fracturing fluid to the fracturing pump.

A desander must be installed in the surface flowback flow
to remove the proppant carried by post-frac flowback fluid and
ensure safe running of surface flowback equipment. A needle
valve is installed behind the desander to control CO, flowback
rate.

5.5. Fracturing operation procedures

First, pressure testing was conducted on surface flowback
pipelines and high-pressure fracturing hard pipelines with a
nitrogen booster-pump truck.

Second, pressure testing was carried out on the high-
pressure hoses with gas phase CO, in storage tanks.

Third, cool the surface pipelines and fracturing equipment.

Fourth, perform fracturing treatment according to the
pumping schedule.

Fifth, shut the well.

Sixth, disassemble fracturing pipelines and equipment.

5.6. Post-frac flowback control

After the CO,/sand dry-frac treatment, flowback operation
can be initiated until the wellbore temperature recovers after
shut-in Ref. [12]. Flowback rate must be carefully controlled
to prevent sand production during the flowback operation.

6. A field test

On August 12, 2013 the first CO,/sand dry-frac field test in
China was conducted in Pls{ reservoir of Well XX-22 in

Table 3
Fracturing parameters of Well XX-22 in the Sudong block.
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Fig. 4. Fracturing operation curves of the 1st Member of the Lower Permain
Shanxi Fm (P;s;) in Well XX-22 of the Sudong block.

Sudong block of Sulige gas field. P;s; in this well is a sand-
stone reservoir of 8.8 m thick, with a matrix permeability from
electric log of 0.4—1.2 mD and a formation pressure coeffi-
cient of 0.86, representing low-pressure, low-permeability and
strong water-locking damage reservoirs.

The pumping rate was 2.0—4.0 m*/min, the injected sand
volume was 2.8 m> and the average sand concentration was
3.5% (Table 3) in this fracturing treatment. The fracturing
operation went smoothly and the CO, pressurized air-tight
blender ran stably. The corresponding fracturing parameters
and operation curve are shown in Fig. 4.

The field test indicates that effective fractures were created
by the CO,/sand dry-frac treatment and the fracture width can
meet the requirements of proppant injection. The instanta-
neous shut-down pressure was 22.0 MPa in the fracturing
treatment of Well XX-22 in Sudong block, and the corre-
sponding reduced bottomhole pressure is 52.7 MPa, which,
much higher than formation closure pressure, can open up
fractures. The dynamic fractures created at the CO, pumping
rate of 2.0—4.0 m*/min (CO, thickener concentration is
1.5%—2.0%) can meet the demand of proppant injection of
70 kg/m®.

Well XX-22 in Sudong block started to open flowback after
shut-in for 24 h. In the second day, the flowback gas was
flammable. In the third day, the CO, completely flowed back,
realizing completely automatic flowback. The maximum shut-
in pressure was 16.4 MPa, and the absolute open flow from
single-point test was 3.0 x 10* m¥/d.

After guar gel fracturing treatment, the adjacent Well XX-
20 and Well XX-21 in Sudong block were disable to flowback
with low wellhead pressure (the shut-in wellhead pressure of
Well XX-20 and Well XX-21 in Sudong block was 0 MPa and
3.5 MPa respectively), and gas test of them failed to yield any
gas production. Compared with conventional guar gel

Pumping rate/(m> min~") Sand volume/m®

Average sand concentration

Total fluid volume/m® Thickener concentration

2.0—4.0 2.8 3.5%

254.0 1.5%—2.2%
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Table 4

Petrophysical parameters and well productivity of Well XX-22 and adjacent wells in Sudong block.

Well no. Horizon (formation) Thickness/m Porosity Matrix permeability/mD Gas saturation Interpretation Absolute open flow (AOF)/(10* m* d~1)
Sudong  Pysy 4.0 13.99% 1.18 66.0% Gas reservoir 3
XX-22 Pys; 4.8 9.04% 0.40 55.6% Gas-bearing reservoir
Sudong  Pis} 5.5 7.05% 0.14 46.8% Gas reservoir No productivity
XX-20 Pis3 4.4 7.74% 0.24 53.6% Gas reservoir
Sudong Pjs? 1.8 7.15% 0.34 36.3% Poor gas reservoir No productivity
XX-21 Pis3 3.6 8.22% 0.29 45.2% Poor gas reservoir
fracturing treatment, the CO,/sand dry-frac significantly References

improved reservoir productivity (Table 4).

The field test shows that the CO, thickener reached the
expected goal of improving CO, fracturing fluid properties.
The pressurized air-tight blender ran stably and reliably, and
data was recorded continuously during the fracturing treat-
ment. Process and design agreed with actual situations, which
provided good guidance to the field fracturing operation.
Compared with conventional hydraulic fracturing treatment in
adjacent wells, the CO,/sand dry-frac treatment of Pis;
reservoir in Well Sudong XX-22 of increased well production
more substantially.

7. Conclusions

(1) COy/fsand dry-frac process is feasible, and works well in
improving the productivity of low-pressure, low-perme-
ability and strong water-locking damage reservoirs
[13,14].

(2) CO, viscosity enhancement technology can increase the
viscosity of supercritical CO, by 240—490 times, a key
technology for CO,/sand dry-frac improving the sand-
carrying and fracture-making capacities of CO, frac-
turing fluid.

(3) The development of CO, pressurized air-tight sand
blender realizes the matching of key fracturing devices
and can meet operation requirements of CO,/sand dry-
frac.

(4) COy/sand dry-frac technology realizes completely auto-
matic flowback.

(5) CO, is used in the CO,/sand dry-frac technology to
replace water-based fracturing fluid, which can substan-
tially save water in fracturing treatment and achieve
recycling economy.

(6) Increasing sand injection volume and lowering costs are
the future direction of CO,/sand dry-frac technology.
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