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Abstract: It was deemed important to calculate the thermal recovery production model of tight oil
reservoirs after fracturing and packing based on the field data of an oilfield in Bohai Sea, China. The
thermal recovery production of a tight oil reservoir after fracturing is demonstrated through theoreti-
cal calculation and practical field data on the premise of five hypotheses. Fractures change the fluid
flow capacity of the reservoir. Combined with the relevant theories of reservoir thermal production,
the dual porosity system in the fractured zone and the single porosity system in the unfractured
zone were established. The calculation models of heat loss in the fractured and unfractured zones
were derived to determine the thermal recovery heating radius of the reservoir after fracturing and
packing. Combined with the pseudo-steady state productivity formula of the composite reservoir,
a production calculation model of thermal recovery after fracturing and packing in the tight oil
reservoir was established. The results showed that the heating radius of the reservoir after fracturing
and packing is smaller than that of the unfractured reservoir, and the additional heat absorption
of the fracture system generated by fracturing and packing reduces the thermal recovery effect.
The thermal recovery productivity of heavy oil reservoirs is mainly affected by the heating radius.
With the increase of fracture density, the heating radius decreases and production decreases. The
increase of fracture porosity also leads to the decrease of the heating radius and the production. The
calculation result of this model is improved after tight oil reservoir fracturing during the production
period, which indicates that the model has a better prediction effect of the production of the tight
reservoir after fracturing and packing.

Keywords: tight oil reservoir; fracturing; thermal oil recovery; heat loss; heavy oil production

1. Introduction

The recoverable reserves of global heavy oil are about 400 billion tons, 2.7 times that
of conventional crude oil. The high content of resins and asphalt in heavy oil leads to high
viscosity and poor fluidity in reservoir conditions. Because the viscosity of heavy oil is
sensitive to temperature and decreases rapidly with the increase of temperature, thermal
recovery technologies such as steam flooding integrated with fracturing or other measures
are adopted for the development of heavy oil. Compared with conventional heavy oil
reservoirs, the characteristics of conventional heavy oil reservoirs and the influence of
fractures after fracturing and packing should be considered during thermal recovery. In
general, fracturing technology improves reservoir properties and permeability, making it
easier for oil and gas to flow into the wellbore. However, the introduction of proppant and
changes in filtration patterns during fracturing can have an impact on thermal recovery.
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Thermal recovery production of the heavy oil reservoir after fracturing and packing is
closely related to reservoir rock and fluid, fracture distribution, and proppant properties.
Previous research has conducted a lot of work on productivity prediction of the heavy oil
reservoir with fractures and the fractured reservoir [1-3]. However, there is little research
on the thermal recovery productivity model of heavy oil after fracturing, and the influence
of hydraulic fracture propagation on the subsequent thermal production capacity is not
clear. The existing problems are summarized as follows: First, the current calculation
model of thermal recovery is limited to reservoir types and has only studied reservoirs
with fracture or common single porosity reservoirs. There are few studies on the thermal
recovery model of the reservoir after hydraulic fracturing which lead to a complex fluid
flow environment. Second, as an effective stimulation and sand control measure in tight
reservoirs, there has been no relevant study on the influence of proppant in hydraulic
fractures on the subsequent thermal production capacity.

Therefore, in this paper, from the perspective of the hydraulic fracture reconstructing
reservoir permeability, combined with reservoir thermal recovery, the dual porosity system
of the fractured zone and the single porosity system of the unfractured zone are both
established. A heat loss calculation model is derived and the heating radius of thermal
recovery after reservoir fracturing and packing are determined. Incorporated with the
pseudo-steady state deliverability equation of the compound reservoir, a production calcu-
lation model of the thermal recovery of the tight oil reservoir after fracturing and packing
is established. Combined with actual production data of the China Bohai oil field, through
theoretical calculation and practical experience, the thermal recovery production of the
tight oil reservoir after fracturing was demonstrated. These results are innovative and
can provide a constructive theory basis for the efficient development of other tight oil
reservoirs.

2. Model Establishment

To study the thermal sweep area of thermal recovery after fracturing, the thermal
sweep area is divided into the fractured zone and unfractured zone. The fractured zone is
regarded as a hydraulic fractured reservoir composed of fracture-pore dual porosity media,
as shown in Figure 1.
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Figure 1. Thermal recovery model after formation fracturing and packing.

The assumptions of the model are as follows [4-6]:

(1) The temperature in the heated zone is the steam temperature.
(2) During steam injection, steam injection speed and pressure remain constant.



Processes 2021, 9, 2226

30f11

(3) Since the effect of heat conduction is much greater than that of convection, the model
only considers heat conduction and does not consider the heat exchange generated
by convection.

(4) Some of the heat brought in by steam injection is applied to heat the matrix and
fracture system, while the rest is lost in the top and bottom layers.

Before predicting oil production from the matrix, the heating radius and reservoir
temperature need to be calculated:

2.1. Heating Radius
2.1.1. Fractured Zone

The fractured zone is heated by steam injection, and the heat loss during the heating
process includes the heat absorption of overburden rock, underlying rock, the fracture
system, and the matrix system [7].

The heat loss rate of overburden and underlying rocks [8]:

_ KgpAT
o Vot
where « is the heat dissipation of overburden and underlying rocks, AT is the temperature

difference between the original formation temperature and the steam temperature, and the
specific calculation formula is as follows:

Kob
Mob

AT=T,—T,

Combined with the steam injection heating area, the total heat loss of overburden and
underlying rocks:

A(t)
Q1= 2/0 qdA

where A(t) is the area of formation heated by steam injection changed with time ¢, is
brought into the heat loss rate formula to obtain the total heat loss of overburden and
underlying rocks in time #:
bAT
Q=2 /

At time T (T < t), the corresponding total heat loss is:

Q1—2/ obATdA_ / _ KgAT _dA

Vra(t— 1) dt

During steam injection, the heat loss of the fracture system is affected by fracture
parameters such as fracture density and fracture porosity. At the same time, there is oil
and water in the fracture. Their heat capacity needs to be considered in calculating the heat
loss. In addition, the proppant in the fracture will also take away some heat. The specific
calculation formula is as follows [9,10]:

olh —hy whw
sznhAT{(l)f[M (h h)+M h ]+(1q‘)f)MS}£f;?

To simplify the calculation, let ¥ = ¢ fw + (1 —¢ f> M, then the heat
loss in the fracture system can be simplified as follows:

dA
Q2 = TlhAT‘Ff it
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L{/Ot

dt

Similar to the fracture system, there are three phases of oil, gas, and water in the matrix
pores, and the matrix itself also participates in heat transfer. The matrix heat dissipation
coefficient D is introduced to describe the heat loss in the matrix. The calculation formula

is as follows:
K

My,
where K, and M,;, are the matrix thermal conductivity and matrix heat capacity respec-

tively, which are affected by the matrix porosity and the fluid saturation in pores. The
calculation formula is as follows:

D:

K = $SoKo + ¢SewKe + (1 — ¢)K,

My = ¢SoM, + ¢SuMy + (1 — ¢) M,

Similar to the calculation of heat loss of overburden and underlying rocks during
steam injection, the heat loss in the matrix is described by using the matrix heat dissipation

coefficient:
/f KuAT,, dA

————dT
0 \/nD(t—1) dt
ATy =T, - T,
According to the energy conservation principle, the heat of steam injection into the

formation is the sum of the heat losses of overburden and underlying rocks, fractures. and
matrix, that is:

Qi=Q1+Q+0Q3

where Q; = 10009 X; Ly is the steam heat injected into the formation. Combined with the
heat loss calculation equation of each part we obtain:

/ KT dA4 4 sty 22 2 +2/ KAl _dA

Vra(t—1) d VaD(t—1) dt ’

The above formula is the heat conservation formula of the steam injection fracturing
area after fracturing and packing. By solving the above formula, the variation of the heating
area in the fracturing area with time can be obtained.

The equation above is solved by the Laplace transform [11]:

Qi
S

. 2/t KapAT _dA _ZKObATL{/f dt .dA}
Vet — 1) dt NG 0 Vt—T1 dt

Convolved by the function:

L@) = [ e Q=

F(1)-G(t) = /OtF((S)G(t—(S)d(S

Let F(t) = ‘;‘:,G( ) = —~, then,

fl

i )l ) - o g sain

dA dA
L{NhAT‘I’fdt} = nhAT\Iff-L{dt} = nhATY ;-S-L{A}
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’ z/t KnbTy _dA | _ 2KmATmL{/t dt dA} 2KmATmSL{A} \/,
0 /7D(t— 1) dt VrD 0 Vt—T dt

Substitute it into the conservation equation:

Qi 2K,AT T 2K AT, e
= 20 S {A}- /= + nhATY-S-L{A} + 2 S LAY ] S
S NG {Ayy/g+n FS-L{A} + N5 {Aky/ 3

Thus,

L{‘i} 2K 1 AT ; 2K ., AT .
b 2K AT, b 2K AT,
52< b *%Smwhlffﬂ) 53/2( —ob_— /54 2Kn ’”ernh‘PfATf)

_ Qi
T o372 2KpAT | 2Ky AT,
53/ (7% - Bl +nh‘YfAT\@)

Fap _ 2AT /Ky My +2ATy VKM
_ o« D b ). m miVim
Leth = nh¥ AT ‘ n%YfA , then,
Qi 1 B Qi 1 1 b

LA} = nh¥ (AT [53/2 <b+ \/g)} B bznh‘I’fAT[\/g<b+ \@) G

The above equation is solved by inverse operation:

T G
“3}-
L1{53b/2} =2b %

Thus,
L YL{A}} = Qi hzferfc(b\/i)ub,/i—l
bznh‘I’fAT T
That is,
- Q; 2AT /Koy My +2ATy /Ko Myt 2' 2AT /Koy My +2AT 7/ Koy Myt
e ()

nh‘YfAT

4 2. 28TV Ry M, ob 20T /Ky My
nh‘I’fAT

2
Let tD (AT\/ oM, +ATm\/KmMm> f.

Wi AT
Then,
nhY (AT
At) = Qini¥ s [exp tp erfc\ﬁ+2\/ = 1]
4(AT /Koy Myp + ATy /KoMy )

The above formula is the calculation formula for the change of the heating area in the
fracturing area with time during steam injection. When the area of the fracturing area is
known, the time required for the steam injection to heat the complete fracturing area can
be calculated.
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2.1.2. Unfractured Zone

Similar to the calculation of heat transfer in the fracturing area, when heat is transferred
to the unfractured area, the heat loss in the unfractured area includes the heat absorption
of the overburden rocks, underlying rocks, and the matrix system. Fluid flow is not
considered in the unfractured area, and only rock heat absorption is considered in the
matrix system. Then the energy conservation of the unfractured area is:

/ _ KapAT dAdT—i—Z/ MrhATZAd

Vra(t—1) dt

The calculation formula of the heating area in the unfractured area is as follows:

Az(l’) = QiM;ha lexp tpo- erfc\/g_kz\/g 11

AK2 AT
4KZ AT

4K2,
02 = Yy’

Assuming that the heating area is circular and the fracture radius is the average
fracture length, A(t) = A = m’Jz{ is used to calculate the time ¢ required for heat transfer
to the fracturing zone boundary, When t > t; formula A;(t) is used to calculate the heating
area. In this case, the heating area is a circular ring, and the heating radial distance is

Ty, = Az(t)/ﬂ'-ﬁ-?}.

2.2. Productivity Calculation

When calculating the productivity of the steam injection fracturing well, only the
production in the heating area needs to be calculated. When the heating range is greater
than the boundary of the fracturing area, there is discontinuous radial permeability in the
formation. The average permeability of the fracturing well porous flow process is obtained
according to the Bearden average permeability calculation formula:

lnﬁ

Linkt 1ln Te
K o rf

K[w =

According to the approximate solution formula of the pseudo-steady state of one well
in the center of the circular closed boundary of the composite reservoir, the production is
calculated as follows [12]:

Go = ﬁ_pwf
’ R10+R20
o = P — Puy
7 Ry + Row
2
Hon o 11
Ry, = — o [y, Th _ 27Th
Lo ZnKﬂvah<nrw 2r§+s>
Ry = Hoc  (pre 317
20~ 27K o Kroh Ty 4 27%
2
Hwh r 1rh
Ry — _ rwh [p,"h ~"h
e ZnKava,h< 272 +S>
3 172
Ryy = —Fwe ZE_, 20
Y 2K Krh 4 2712
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where g, is oil production, g, is water production.
Parameter meaning and unit in formula:
q1—Heat loss rate of overburden and underlying, kJ/ (m?-d);
a—Coefficient of heat dissipation of overburden and underlying, m?/d;
T;—Steam injection temperature, °C;
T,—Initial reservoir temperature, °C;
K,p—Thermal conductivity of overburden and underlying rocks, kJ/(m-d-°C);
M,,—Heat capacity of overburden and underlying rocks, kJ/ (m3-°C)
n—Fracture density, m~!;
¢ j—Fracture porosity;
M,—Volumetric Heat Capacity of crude oil, k] / (m3 °C);
My—Volumetric Heat Capacity of water, k] / (m3-°C);
M;—Volumetric Heat Capacity of proppant, kJ/ (m3-°C);
h,—Water level in the fracture, m;
h—Reservoir thickness, m;
D—Coefficient of heat dissipation of matrix, m2/d;
K,—Coefficient of heat conductivity of matrix, k] / (m-d-°C);
M,,—Heat capacity of matrix, kJ/ (m3.°C);
K,—Coefficient of heat conductivity of rock, kJ/ (m-d-°C);
Ky—Coefficient of heat conductivity of water, k] /(m-d-°C);
K,—Coefficient of heat conductivity of oil, k] / (m-d-°C);
M;—Volumetric Heat Capacity of rock, k] / (m3 -OC) ;
Sp—Water saturation;
S,—Oil saturation;
Ty,—Water temperature in the fracture, °C;
Q;—Heat injection rate, kJ /d;
gs—Steam injection rate, m®/d;
Xs—Steam quality of the down hole;
L,—Latent heat of steam, k] /kg;
K f—Fractured zone permeability, pum?;
K—Unfractured zone permeability, um?;
Kazv—Average permeability, um?;
rwo—DBorehole radius, m;
re—Boundary radius, m;
r f—Fracture zone radius, m;
go—Oil production, cm3/s;
qw—Water production, cm3/s;
p—Average reservoir pressure, MPa;
Pwf—Bottom hole pressure, MPa;
Uoh, Hoc—Viscosity of crude oil in hot and cold zone, mPa-s;
Huwh, Hwe—Viscosity of water in hot and cold zone, mPa-s;
Ky, Krp—Relative oil permeability, relative water permeability, um?;
s—Skin factor.

3. Results and Discussions

The calculation parameters are as follows (Table 1).
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Table 1. Model calculation parameters.
Thermal .
. Bottomhole Conductivity of Therr.nz‘il Heat Capacity of
Reservoir Flowi Overburd d Conductivity of Fracture P it Matrix Porosit Overburden and
Pressure/MPa owing verburden an rock/k]/ racture Porosity atrix Porosity Underlying/k]/
Pressure/MPa Underlying /K] / o EgS
(m-d-°C) (m-d-°C) (m?-°C)
20 12 145.7 149.5 0.02 0.2 2400
Heat Capacity of Vo?;nzgic I(_)Ife at Voglangic I;Ife at Pay Zone Initial Reservoir Gas Injection COIE:Z?:}?: of
Rock/k]J/ (m3'°C) P }’3 o pacity 30 Thickness/m Temperature/°C Rate/kg/h . yo
Oil/kJ/ (m3-°C)  Water/kJ/(m3-°C) Oil/KJ/(m-d-°C)
2320 1900 4200 20 60 6000 10
Thermal . L
Conductivity of Perm M}jitlrilx Jum? P rmFri)Ci’Tiltre /um? Oil Saturation Water Saturation TS t;amrh,?eftl/(lnc
Water/kJ/(m-d-°C) ermeabllity /s ermeabiity /i emperature
50 0.02 16.7 0.6 0.6 300

3.1. The Heating Radius versus Time

Based on the results, it was determined that the heating radius did not exceed the frac-
ture length within 20 days. The calculation method of the heating area of the unfractured
zone was used to calculate the heating radius of the thermal recovery without fracturing
treatment under the same conditions. It can be seen from the Figure 2 that the heating
radius of the thermal recovery after fracturing and packing is smaller than that of the
unfractured pay zone. This is because the proppant in the fracture absorbs part of the heat
when the hot steam is injected into the fractured and packed reservoir.

=N NN W WD
v © »un O u»n O

Heating radius/m

[y
(@]

o un

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Time/day

—@— After fracturing —@— Not fracturing

Figure 2. Curve of heating radius with time.

3.2. Thermal Recovery Yield

As can be seen from the Figure 3, although the heating radius of the thermal recovery
reservoir after fracturing is smaller than that without fracturing, the difference is slight.
However, fracturing greatly improves the reservoir permeability and productivity, so
fracturing can effectively improve production.
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Figure 3. Fracturing affects production.

In general, the production of conventional reservoirs increases with the increase of
fracture density, but the crude oil in heavy oil reservoirs almost does not flow without
heating. The main factor affecting the production is the heating radius of the heated
reservoir volume. Therefore, with the increase of fracture density, the contact area between
the hot steam and the matrix and proppant in the fracture increases, the heating radius
decreases, and the production decreases, as shown in Figure 4.

35 25
30
20 o
£ 25 =
g ~
S 20 15 §
© -
2 15 =
= 10 8
: 2
£ 10 =
g O
5
0 0
1 2 3 4 5 6

Fracture density/m-!

—@—Heating radius —@— Oil production

Figure 4. Fracture density vs. heating radius.

In accordance with the change of production with fracture density, the production
decreases with the increase of fracture porosity and the decrease of heating radius, as
shown in Figure 5.
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Figure 5. The influence of fracture porosity on production and heating radius.

4. Conclusions

(1) After fracturing and packing, the heating radius of the heated reservoir volume is
smaller than that of the unfractured reservoir, and the additional heat absorption of
the fracture system generated by fracturing and packing leads to the reduction of the
thermal recovery effect.

(2) Fracturing can effectively improve reservoir permeability and increase production in
contrast with no fracturing treatments.

(3) The thermal production capacity of fractured heavy oil reservoirs is mainly affected
by the heating effect, namely the heating radius. With the increase of fracture density,
the heating radius decreases and the production decreases. The increase of fracture
porosity also leads to the decrease of the heating radius and the production.
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