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ABSTRACT

The riserless mud recovery (RMR) system abandons the riser used in conventional offshore drilling, and the drill
string above the seabed is directly exposed to seawater, resulting in convective heat transfer from the drilling
fluid in the drill string to seawater. Therefore, the wellbore temperature distribution in the RMR system is quite
different from the conventional offshore drilling. In this paper, based on the heat transfer characteristics of the
RMR system, a mathematical model of the thermal field of the RMR system is established. The data used in this
paper come from a vertical well in the South China Sea. Computational Fluid Dynamics (CFD) software is used to
simulate the temperature distribution in drill string at different seawater depths and different formation depths
in this paper, and the simulation results are compared with the calculation results of the mathematical model, so
as to verify the feasibility of the mathematical model established in this paper. Combined with the calculation
results of the mathematical model, this paper also explores the effect of different discharge capacity and different

injection temperature of drilling fluid on the wellbore temperature change.

1. Introduction

The riser used in conventional offshore drilling technology will vi-
brate at different frequencies due to the impact force of seawater [1,2],
thus affecting the normal drilling operation, and the manufacturing cost
of riser is very expensive [3,4]. Therefore, the existence of the riser
actually limits the development of offshore drilling engineering to the
deepwater field and the ultra-deep water field. Based on the above
problems, and in order to effectively solve the impact of narrow safety
pressure window, shallow gas and shallow flow on offshore drilling
engineering, Norwegian AGR company invented RMR system [5].

As shown in Fig. 1, the RMR system is mainly composed of three
modules: suction module, subsea pump and return line. The main
function of the suction module is to collect the mud returned from the
annulus [6]. The main function of the subsea pump is to adjust the
pump speed so that the pressure exerted on the wellhead by the subsea
pump is equal to the static pressure of the seawater at the depth,
thereby achieving a dual-gradient drilling (DGD) and achieving precise
control of the annulus pressure [7-10]. As the only channel for mud in
annulus to return to the platform, the selection and deployment of the
return line will affect the lifting efficiency of mud. In shallow water
environment, hose is usually used as return line, because the impact
force of seawater in shallow water environment is small, and hose
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winding on drill string will not occur, and using hose can reduce the
manufacturing cost of return line [11,12]. However, in deep water
environment, due to the increased impact force of seawater, the hose is
easily wound around the drill string [13,14]. In order to ensure the
safety, it is necessary to use steel pipe as the return line in deepwater
environment.

In 2003, BP America implemented commercial applications of the
RMR system in the Caspian Sea [15-17]. It is currently the most widely
used and most successful DGD technology in the world. Compared with
conventional offshore drilling, RMR system has the following ad-
vantages: (1) The RMR system enables the annulus pressure to be more
within the safety pressure window, thus reducing the number of cas-
ings, reducing casing and cementing time, and reducing the cost of well
construction [18,19]. (2) The RMR system abandons the riser used in
conventional offshore drilling, and the drilling platform no longer bears
the huge suspension load of riser, which reduces the requirement of
drilling platform, so that the third generation or even the second gen-
eration of drilling platform can meet the requirements of deepwater or
ultra-deepwater drilling operations [20,21]. (3) Since the RMR system
abandons the riser, the drilling platform is no longer subjected to the
load caused by the movement of the riser in the seawater, so the sta-
bility of the drilling platform is improved [22]. (4) In the case of an
emergency evacuation, it is not necessary to consider the accident
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Fig. 1. Composition of the RMR system.

caused by the riser reaching the top of the seabed [23]. (5) The RMR
system enables the cuttings to be lifted along the drilling fluid to the
drilling platform through the return line instead of being directly dis-
charged to the seabed, thus meeting environmental requirements [24].
(6) Because the RMR system uses a small diameter return line instead of
a large diameter riser, the drilling fluid has a faster return flow rate, so
RMR system has higher cuttings lifting efficiency than conventional
offshore drilling [25]. (7) The RMR system reduces the volume of mud
used in the drilling process and reduces drilling cost [26].

The RMR system is still not widely used in the deepwater field, the
main reasons are: (1) There are some difficulties in detecting and
handling the kick, and the well control operation is complicated
[27,28]. (2) The technical principle of the subsea pump is complex, and
it is not currently possible to manufacture a subsea pump suitable for
using in deepwater field [29,30]. (3) Because the drill string is directly
exposed to seawater, the drill string needs to have higher corrosion
resistance and fatigue strength [31,32].

Because the drill string of RMR system is directly exposed to sea-
water above the seabed, the drilling fluid in the drill string will conduct
convection heat exchange with seawater, so the temperature distribu-
tion in the wellbore of RMR system will be very different from that of
conventional offshore drilling technology. Because the wellbore tem-
perature distribution is an important factor affecting the properties of
drilling fluid, it is necessary to study the wellbore temperature field of
RMR system.

According to the heat transfer characteristics of each part of RMR
system, the mathematical model of thermal field in drill string above
and below the seabed is established. The mathematical model of
thermal field in annulus can be referred to Ref. [33]. Moreover, this
paper uses CFD software to simulate the thermal field in some drill
strings, and compares the results of numerical simulation with those of
mathematical model, thus verifying the feasibility of the mathematical
model. Finally, this paper analyses the effect of different discharge
capacity and different injection temperature of drilling fluid on the
change of wellbore temperature.

2. Mathematical model

In this section, the mathematical models of thermal field of drill
strings above and below the seabed are established respectively. Since
the heat transfer characteristics in the annulus of the RMR system are
the same as those of conventional offshore drilling, the mathematical
model in annulus is no longer established in this paper.
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2.1. Problem description

Since the drill pipe of the RMR system above the seabed is directly
exposed to seawater, the drilling fluid in the drill pipe will convectively
exchange heat with the seawater, and the heat transfer to the seawater
by the drilling fluid in the drill pipe is higher due to the lower and lower
seawater temperature. The larger the lead, the lower the temperature of
the drilling fluid in the drill pipe.

The drill pipe below the seabed of the RMR system will convectively
exchange heat with the drilling fluid in the annulus. Due to the low
temperature of the drilling fluid in the drill pipe, the drilling fluid in the
annulus will transfer heat to the drilling fluid in the drill pipe. This
causes the temperature of the drilling fluid in the drill pipe to rise.

2.2. Assumed conditions

A drilling fluid control volume of length dx is taken in the drill
string, and the flow direction of drilling fluid is set to positive direction,
and the following assumed conditions are made:

(1) The temperature in any section of drill string perpendicular to flow
direction is uniform.

(2) Ignore the heat conduction along the flow direction.

(3) Ignore the effect of ocean current.

(4) All physical properties are constants.

(5) No insulation layer is set on the outer wall of drill string.

2.3. Mathematical model in drill string above seabed

The heat transfer process of the drill string above the seabed is
shown in Fig. 2.
The heat injected from the upper surface of the control volume:

Dy = qupT;( (€8]
The heat that flows from the lower surface of the control volume:
(Doutl =dy Cp Tx+dx (2)

The heat transferred from the drilling fluid in the drill string to the
seawater:

Doypx = Upsﬂdpi(n( - Tsea)dX (3)
The relationship between Ty 4x and T is:
dT,
Tx+dx ~ Tx + = ( 4)

According to the law of conservation of energy @;, = @y, and
combined with the boundary condition Tx—o = Ti,;, the mathematical
model of thermal field of drill string above the seabed can be obtained:

T=Be ™ +C 5)

¥x

Fig. 2. Heat transfer process of the drill string above the seabed.
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where T, is the temperature of seawater, °C; Ty,; is the injection
temperature of drilling fluid, °C; gy, is the mass flow of drilling fluid
through control body, kg/s; Cj, is the specific heat capacity of drilling
fluid, J/(kg'K); Uy, is the heat transfer coefficient between drilling fluid
in drill string and seawater, W/(m>K); dy; is the inner diameter of drill
pipe, m; Ty is the temperature of drilling fluid at x, °C; Ty 4y is the
temperature of drilling fluid at x + dx, °C.
The temperature of seawater can be calculated via [34]:

Tsurf_seaf (Z)

Teea = —0.338 +
1.485 X 10* Tyt _seaZ + f () )

f(z) = 1 + e 00167+1244 (10

The heat transfer coefficient between the drilling fluid in drill string
and seawater can be calculated via [35]:
1

"o po_g,, o
mihp  Kksteel  Tpi (11

Ups =

where Tqyrf sea iS the surface temperature of seawater, °C; Z is the sea-
water depth, m; ry,, is the outer radius of drill string, m; rp; is the inner
radius of drill string, m; hj, is the convective heat transfer coefficient in
the drill string, W/(m?K); kgeer is the thermal conductivity of drill
string, W/(m'K).

2.4. Mathematical model in drill string below seabed

The heat transfer process of the drill string below the seabed is
shown in Fig. 3.
The heat injected from the upper surface of the control volume:

Pinz = 4, Cp Ix (12)
The heat that flows from the lower surface of the control volume:
Douts = Gy Cp Trax (13)

The heat transferred from the drilling fluid in the annulus to the
drilling fluid in the drill string:

Drill string

Annulus

By

Fig. 3. Heat transfer process of the drill string below the seabed.
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Dip3 = L]apﬂdpi(nnn - ];()dX 14)

According to the law of conservation of energy @, = @y, and
combined with the boundary condition Tx—o = Ti,», the mathematical
model of thermal field of drill string below the seabed can be obtained:

T=Ee™+F 15)
D= quP
Usp7tdypi (16)
q,,C,
E = Tina — Tann + Tamn mob
Usp 71 17)
q.,C
F = Topn — Tamn m P
Uapﬂdpi (18)

where U,,, is the heat transfer coefficient between drilling fluid in drill
string and drilling fluid in annulus, W/(m*K); T;,, is the temperature of
the drilling fluid at the seabed, °C; Tap, is the annulus temperature, °C.

3. Verification of mathematical model

In this section, the basic data involved in the numerical simulation
and calculation carried out in this paper is from a vertical well on the
South China Sea [36]. The conventional offshore drilling technology is
used in the actual drilling of the well. If the RMR system is used for
drilling, referring to the casing program design method of the RMR
system [37], the well structure of the well is shown in Fig. 4. The
seawater temperature distribution in this area is shown in Fig. 5

The temperature distribution in some drill strings is simulated by
CFD software, and the simulation results are compared with the cal-
culation results of the mathematical model, which verifies the feasi-
bility of the mathematical model. The basic parameters used in the
calculation and the simulation in this section are shown in Table 1 [36].

3.1. Results of numerical simulation

The wellbore temperature distribution when using conventional
offshore drilling is shown in Fig. 6. The results of numerical simulation
of the temperature distribution in the drill string above the seabed are
shown in Fig. 7 and Fig. 8.

As shown in Figs. 7 and 8, the temperature in the drill string is about
12.84°C-13.22°C at the seawater depth 500 m, 5.59 °C-5.97 °C at the
seawater depth 1000 m and 3.54°C-3.65°C at the seawater depth
1500 m.

¢ 339.7mmx1948 m
¢ 444 .5mmx1950m

¢ 244.5mmx5148 m
¢311.2mmx5150m

177.8 mmx6298 m
$215.9mmx6300m

Fig. 4. Casing program when using RMR system.
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Fig. 5. The seawater temperature distribution in this area.

The results of numerical simulation of the temperature distribution
in the drill string below the seabed are shown in Fig. 9, Fig. 10, Fig. 11
and Fig. 12.

As shown in Figs. 9, Figure 10, Figs. 11 and 12, the temperature in
the drill string is about 15.03 °C-16.70 °C at the formation depth 500 m,
33.4°C-35.07 °C at the formation depth 1000 m, 60.04 °C-60.81 °C at
the formation depth 1500 m, 67.71 °C-68.48 °C at the formation depth
2000m, 92.68°C-93.34°C at the formation depth 4500m,
87.43°C-88.09 °C at the formation depth 5000 m, 79.19 °C-80.16 °C at
the formation depth 5500 m and 68.51 °C-69.48 °C at the formation
depth 6000 m.

3.2. Results of calculation

The calculation results of wellbore temperature are shown in
Fig. 13.

It can be seen from Fig. 13 that the calculation results of the
mathematical model are basically consistent with the results of the
numerical simulation. Therefore, the mathematical model established
in this paper has certain feasibility.

To facilitate the analysis of the characteristics of wellbore tem-
perature variation, the curves in Fig. 13 are divided into three sections:
A, B and C. In section A, the drill string is directly exposed to seawater,
and the drilling fluid in the drill string conversely exchange heat with
seawater, which results in the temperature drop in the drill string. In
section B, the temperature in the annulus is higher than the tempera-
ture in the drill string. Therefore, the annulus transfers heat to the drill
string, causing the temperature inside the drill string to rise and the
temperature in the annulus to drop. In section C, the temperature in the
annulus is lower than the temperature in the drill string, so the drill
string transfers heat to the annulus, causing the temperature inside the
annulus to rise and the temperature in the drill string to drop.

4. Analysis of influencing factors

In this section, the effect of different discharge capacity and dif-
ferent injection temperature of drilling fluid on wellbore temperature
change is analyzed.
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Fig. 6. The wellbore temperature distribution when using conventional off-
shore drilling.
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Fig. 7. Simulation results of seaswter depth 500-1000 m.
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Fig. 8. Simulation results of seaswter depth 1000-1500 m.

4.1. Influence of discharge capacity change on wellbore temperature

The injection temperature of drilling fluid is 35°C. The discharge
capacity is set to 35L/S, 45L/S and 55 L/S respectively. The effect of
different discharge capacity on the wellbore temperature is shown in
Fig. 14. For the convenience of analysis, the curves in Fig. 14 are di-
vided into three sections: A, B, and C.

In section A, as the discharge capacity increases, the heat exchange

Table 1

Basic parameters used in the calculation and the numerical simulation.
Parameter Value Parameter Value
Thermal conductivity of drilling fluid, W/(mK) 1.23 Thermal conductivity of drill string, W/(m'K) 45.5
Discharge capacity, L/S 35 Inner diameter of drill string, mm 94
Density of drilling fluid, g/cm® 1.5 Outer diameter of drill string, mm 154
Specific heat capacity, J/(kgK) 3400 Injection temperature, °C 35
Seawater depth, m 1500 Formation depth, m 6100

166



X. Li, et al.

48.44
45.10
41.75
38.41
35.07
31.73
28.39
25.05
2171
18.37

15.03
[c]

Fig. 9. Simulation results of formation depth 500-1000 m.
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Fig. 10. Simulation results of formation depth 1500-2000 m.
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Fig. 11. Simulation results of formation depth 4500-5000 m.

time between the drilling fluid in the drill string and the seawater is
shortened, and the heat transferred from the drilling fluid in the drill
string to the seawater is reduced. Therefore, in section A, as the dis-
charge capacity increases, the temperature in the drill string will in-
crease.

In section B, the temperature in the drill string is lower than the
temperature in the annulus. The heat transfer time between the drilling
fluid in annulus and the drilling fluid in drill string is shortened with the
increase of discharge capacity, and the heat transferred from the

80.16
78.22
76.28
74.34
72.39
‘ 70.45
68.51
66.57
a 64.63
62.68

60.74

5500
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5700

5800
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Fig. 12. Simulation results of formation depth 5500-6000 m

Temperature/'C
0 20 40 60 80 100
0 ) L ML T = | ¥ ] T
/‘;/(1281,500) —e— Temperatufe in d;rill string 1
- G78,10000 —e— Temperature in annulus;
(3.53.1500)
2000 (14.97,2000 7
(35.38,2500) 1
(60.24,3000) > 7]
£ (69.68,3500) 1
S 4000 | B
5 B
A \\\ ]
6000 157 69.6000) J
(87.84,6500) ] W —
(79.61,7000) c
(66.89,7500)
8000 P " 1 | - 1 2 1 P 1 PR 1

Fig. 13. Calculation results of wellbore temperature in RMR system. Comparing
Fig. 6 with Fig. 13, it can be seen that the wellbore temperature distribution of
the RMR system is quite different from conventional offshore drilling.
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Fig. 14. Influence of discharge capacity change on wellbore temperature.
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Fig. 15. Influence of injection temperature change on wellbore temperature.

drilling fluid in annulus to the drilling fluid in drill string decreases.
Therefore, in section B, with the increase of discharge capacity, the
temperature in the drill string decreases and the temperature in the
annulus increases.

In section C, the temperature in the drill string is higher than the
temperature in the annulus. The heat transfer time between the drilling
fluid in drill string and the drilling fluid in annulus is shortened with the
increase of discharge capacity, and the heat transferred from drilling
fluid in drill string to drilling fluid in annulus decreases. Therefore, in
section C, with the increase of discharge capacity, the temperature in
the drill string will increase and the temperature in the annulus will
decrease.

4.2. Influence of injection temperature change on wellbore temperature

The discharge capacity is 35L/S. The injection temperature of
drilling fluid is set to 35 °C, 45 °C and 55 °C respectively. The effect of
different injection temperature on wellbore temperature is shown in
Fig. 15. For the convenience of analysis, the curves in Fig. 15 are di-
vided into three sections: A, B and C.

As can be seen from Fig. 15, the temperature in drill string and
annulus will increase with the increase of the injection temperature,
whether in section A, B or C. The main reason is that when the prop-
erties of drilling fluid, heat transfer time and heat exchange rate do not
change, with the increase of injection temperature, the more heat is
injected into the lower liquid column when drilling fluid flows in the
wellbore. Therefore, with the increase of injection temperature, the
temperature in drill string and annulus will increase.

5. Conclusions

(1) The mathematical model of thermal field of RMR system estab-
lished in this paper is used to calculate the wellbore temperature.
The results of calculation are basically in agreement with the results
of numerical simulation. Therefore, the mathematical model of
thermal field of RMR system established in this paper has certain
feasibility.

(2) The change of the discharge capacity affects the heat transfer time
between different parts of the fluid. The larger the discharge ca-
pacity is, the shorter the heat transfer time is. Therefore, when the
discharge capacity changes, the temperature changes of different
parts of the wellbore will be different.

(3) When the properties of drilling fluid, heat transfer time and heat
exchange rate do not change, with the increase of injection
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temperature, the more heat is injected into the lower liquid column,
so the temperature of each part of the wellbore will increase.
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