
Phase state control model of supercritical CO2 fracturing by temperature
control

Jintang Wang a, Baojiang Sun a, Hao Li a,⇑, Xin Wang b, Zhiyuan Wang a, Xiaohui Sun a

a School of Petroleum Engineering, China University of Petroleum (East China), 266580, China
b Institute of Oceanographic Instrumentation, Shandong Academy of Sciences, 266100, China

a r t i c l e i n f o

Article history:
Received 18 June 2017
Received in revised form 12 October 2017
Accepted 14 November 2017

Keywords:
Supercritical CO2

Fractures
Temperature-pressure field
Phase control

a b s t r a c t

A phase state control model of supercritical CO2 (SC-CO2) fracturing by temperature control has been
developed on the basis of CO2 physical properties, fluid filtration characteristics, internal energy, and flow
work variation in the fractures. A considerable amount of analysis focuses on the effects of the CO2 injec-
tion temperature and pressure, geothermal gradient, pumping rate of CO2 fracturing fluid temperature,
pressure field, and phase behavior in the wellbore and fractures. In this study, the phase control method
of the fractures during SC-CO2 fracturing in addition to its chart is obtained. The results indicate that the
temperature of the SC-CO2 fracturing model in the wellbore and fracture is less than that when not con-
sidering the flow work model at the same location. During the process of fluid flow, a transition occurs
from the liquid to supercritical state in the wellbore or fractures. The phase transformation point differs
in the fractures such that a lower injection temperature relates to a high pumping rate, lower geothermal
gradient and closer location of transformation point to the end of fractures. Thus, to obtain the optimal
stimulation effect of the supercritical CO2 fracturing, the phase behavior of CO2 should be controlled
according to the reservoir conditions through surface equipment by optimizing the injection tempera-
ture, pressure, and pumping rate of the fracturing fluid.

� 2017 Published by Elsevier Ltd.

1. Introduction

Unconventional natural gas reservoirs are generally character-
ized by low porosity, low permeability, and low pore throat radius.
The resistance of gas flow is significantly greater than that of con-
ventional reservoirs, and the physical properties degrade with
increasing burial depth [1]. Therefore, fracturing has been widely
used for improving oil and gas production indices in unconven-
tional reservoir development, with the ultimate aim of improving
single-well production and achieving a stable production period.

SC-CO2 fluid refers to a CO2 fluid at a particular state above the
critical temperature (304.1 K) and critical pressure (7.38 MPa) [2].
The SC-CO2 is featured with high density, low viscosity, zero sur-
face tension and high diffusion coefficient. It also has good heat
transfer and mass transfer performance. The SC-CO2 fracturing
technology has many advantages comparing traditional hydraulic
fracturing [3,4]. (1) No harm to the reservoir and be able to prevent
clay from swelling in sensitive formations. (2) Can reduce the vis-
cosity. The SC-CO2 is gasified quickly and dissolved into the crude
oil at formation temperature, which can greatly reduce the viscos-

ity of crude oil. (3) Improve the reservoir permeability and reduce
fluid flow resistance. (4) Quickly and completely flowing back after
fracturing. Compared with the liquid CO2 fracturing or other fluids,
SC-CO2 has strong liquidity which can flow into the micro fractures
of formation with its zero surface tension properties. Meanwhile, it
shows up a lower threshold pressure which can greatly reduce
pumping pressure [5,6]. In consequence, SC-CO2 fracturing is a
promising fracturing technology. The critical temperature and
pressure can be reached in the wellbore by controlling the fractur-
ing parameters, which makes the CO2 in supercritical state.

In the early years of shale gas development, many countries
such as the United States and Canada conducted a large number
of experiments to explore CO2 fracturing technology in shale gas
fields with favorable results. The U.S. Department of Energy con-
ducted a pilot test of CO2 fracturing in tight shale gas reservoirs;
the production was five times that of fracturing with N2 foam
[7]. A high yield was also obtained in a tight gas reservoir in south
Texas, U.S.A., by using CO2 fracturing [8]. Moreover, by using CO2

fracturing, the national energy company of Canada achieved a sig-
nificant increase in yield in the southern Alberta tight gas reservoir
compared with conventional fracturing [9]. The statistics of CO2

fracturing applications in the field are listed in Appendix A.
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The fracture temperature field of the SC-CO2 fracture affects the
physical properties of the fracture fluid and the law of fracture
propagation. It is difficult to fully calculate the fracture tempera-
ture field for SC-CO2 fracturing by using the conventional method
mainly because for the following reasons. The phase and thermo-
physical parameters of CO2 in the fracture are dependent on tem-
perature and pressure, and each parameter needs to be calculated
by using a coupling algorithm. In addition, the CO2 filtration rate is
far more than that for conventional fracturing fluid, and a filter
cake rarely forms [10]. Further, CO2 in porous media seepage has
an obvious throttling effect [11]; the high filtration characteristics
and throttling effect significantly influence the temperature field in
the fracture.

The phase control of CO2 fracturing fluids in the fractures are
mainly subject to temperature and pressure fields in the wellbore
and fractures, which are determined through coupling calculation.
In conventional fracturing, heat conduction, convection, and radia-
tion are considered for calculating the temperature and pressure
fields according to the heat transfer law. The temperature field
model for heat exchange between liquids and the wellbore or for-
mation is deduced through the finite difference method [12].
Moreover, the dimensionless heat transfer coefficient and Joule-
Thomson effect are used to improve the computational accuracy
of the temperature and pressure fields in the wellbore [13,14]. In
the fracture and near-fracture areas, heat conduction and convec-
tion in the formation and heat convection along the direction of
the fractures are studied for calculating the temperature field in
the fractures [15]. However, this method disregards the tempera-

ture gradient in vertical fractures, and the treatment for leak-off
is unreasonable. A numerical solution proposed by Kamphuis–Da
vies–Roodhart (K–D–R) [16] for determining the fracture tempera-
ture field considers fractures, the fluid loss zone, and reservoir
temperature distribution; therefore this algorithm is ideal. In
recent years, application of gas and foam, along with other uncon-
ventional fracturing fluid has been greatly developed for use in oil
and gas reservoirs, particular in tight reservoir. Analysis on the
flowing laws of CO2 emulsion and CO2 foam in the fracture com-
bined with laboratory experiments and field examples have been
conducted [17–20]. However, research on the temperature and
pressure distribution of SC-CO2 fracturing fluid in fractures
requires further improvement.

In this work, based on physical property equation of CO2, the
phase state control model of CO2 by temperature control has been
established in view of CO2 internal energy, variations of flow work
and filtration properties. The effects of injection temperature,
injection pressure, pumping rate and different geothermal gradient
on CO2 phase distribution in the wellbore and fractures can be
obtained. Accordingly, the phase control method is proposed to
provide theoretical basis for SC-CO2 fracturing.

2. Phase control model

Owing to the CO2 fluid properties, phase changes occur during
fracturing as a result of temperature and pressure variation. CO2

fluids present three types of phase state: gas, liquid, and supercrit-
ical state. The SC-CO2 fracturing fluid exhibits double properties of

Nomenclature

Cpf specific heat capacity of fracturing fluid, J/(kg�K)
Cpw specific heat capacity of formation fluid, J/(kg�K)
Cpr specific heat capacity of rock, J/(kg�K)
CR rock compressibility, Pa�1

C1 formation compressibility in fluid-invaded area, Pa�1

C2 compressibility coefficient of oil–gas reservoirs, Pa�1

Cf compressibility of SC-CO2, Pa�1

CJT Joule-Thomson Coefficient, K/MPa
dti internal diameter of tubing, m
EH specific enthalpy of CO2, J/kg
f coefficient of friction resistance, dimensionless
F fluid filtration rate of SC-CO2, m/s
GDC geothermal gradient, K/m
H fracture height, m
k permeability, m2

kf fracturing fluid thermal conductivity, J/(m�K)
kw formation fluid thermal conductivity, J/(m�K)
kr rock thermal conductivity, J/(m�K)
Qinj injection rate, kg/s
r0 wellbore radius, m
rh outer radius of cement sheath, m
S saturation of formation fluid, dimensionless
p pressure, Pa
p1 formation pressure in fluid-invaded zone
p2 formation pressure, Pa
pi initial formation pressure, Pa
pf pressure of supercritical CO2 in the fracture, Pa
pb pressure of fluid at the bottom of well, Pa
pei original reservoir pressure, Pa
T temperature of CO2 fluid, K
T0, p0 temperature and pressure of triple point, K, MPa
Tf average temperature of fluid in the fracture at y loca-

tion, K

Tsur temperature of formation at constant temperature
point, K

Tinj fluid injection temperature, K
Trw temperature of rock at fracture wall in y location, K
Tb temperature of fluid at the bottom of well, K
Te temperature of formation at certain depth, K
t time, s
u fluid velocity, m/s
V fluid volume, m3

W fracture width, m
a heat transfer coefficient, J/(m2�s)
z well depth, m
qf fracturing fluid density, kg/m3

qw formation fluid density, kg/m3

qr rock density, kg/m3

g1 pressure conductivity coefficient of formation in fluid
invaded zone, m2/s

g2 pressure conductivity coefficient of oil-gas reservoirs,
m2/s

u porosity, dimensionless
l fluid viscosity, Pa�s
l1 viscosity of CO2, Pa�s
l2 viscosity of reservoir fluid, Pa�s
h angle between wellbore and horizontal plane, �
kwb heat transfer coefficient between fluid and formation in

wellbore, J/(m�s�K)
Twb temperature at the interface between wellbore and for-

mation, K
d formation thermal diffusivity, m2/s
DE enthalpy difference, kJ/m3

erf(x) gauss error function: erfc(x) = 1 � erf(x)
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