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Abstract

The precise control of the annulus pressure involves drilling safety and cost, which has always been the focus of drilling engineering. In
this paper, combined with the composition characteristics of the Riserless Mud Recovery (RMR) System, the calculation method of equivalent
circulating density (ECD) and annulus pressure of the RMR system was proposed. According to the heat exchange characteristics of the RMR
system, a mathematical model of the temperature field in the annulus was built. The variation of temperature field in the annulus of some well
sections was simulated by computational fluid dynamics (CFD) software. Comparing the CFD analysis results with the calculation results of the
mathematical model, the feasibility of the mathematical model was verified, and the temperature variation curve in the annulus was obtained.
Based on the drilling data of a vertical well in the South China Sea, this paper analyzed the effects of seawater depth, cuttings concentration, and
drilling pump displacement on the ECD and annulus pressure of the RMR system. The research results showed that the drilling fluid’s temperature
in the RMR system’s annulus rises and then falls. Secondly, among the three factors of operating seawater depth, cuttings concentration, and
drilling pump displacement, any factor will increase the ECD and annulus pressure of the RMR system.
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Introduction

dual-gradient drilling (DGD) and achieving precise control of the
annulus pressure [12,13]. Another function of the subsea pump
is to provide power for the return of drilling fluid in the annulus.
As the only channel for drilling fluid in the annulus to return to
the platform, the selection and deployment of the return line will
affect the lifting efficiency of drilling fluid. In a shallow water en-
vironment, the hose is usually used as a return line because the
impact force of seawater in a shallow water environment is small,
and hose winding on drill string will not occur, and using hose can
reduce the manufacturing cost. However, in a deepwater environ-
ment, the hose is easily wound around the drill string due to the
increased impact force of seawater. In order to ensure the safety of
the drilling, it is necessary to use steel pipes as the mud return line
in the deepwater environment.

The limit seawater depth of riser used in offshore drilling
engineering is 3,047m [1-3]. However, due to the impact force
of seawater, the riser will vibrate at different frequencies, which
makes it impossible for the riser to be used ideally in a deep-water
environment [4-6]. Moreover, the manufacturing cost of the ris-
er is prohibitive. Based on the above problems, and to effectively
solve the impact of narrow safety pressure window, shallow gas,
and shallow flow on offshore drilling engineering, the Norwegian
AGR company invented the Riserless Mud Recovery (RMR) system
[7-9]. As shown in Figure 1, the RMR system is mainly composed
of three modules: Suction Module, Subsea Pump, and Return Line.
The primary function of the suction module is to collect the drill-
ing fluid returned from the annulus [10,11]. The primary function
of the subsea pump is to adjust the pump speed so that the pres-
sure exerted on the wellhead by the subsea pump is equal to the In 2003, the RMR system was successfully commercialized for
static pressure of the seawater at the depth, thereby achieving the first time in the Caspian Sea [14,15]. It is currently the most
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widely used and most successful DGD technology in the world.
Compared with conventional offshore drilling, the RMR system
has the following advantages:

a) The RMR system abandons the riser used in convention-
al offshore drilling, reducing drilling costs and requirements for
drilling platforms and enabling the smaller drilling platforms to
have the potential to drill in deep water.

b)
drilling, the RMR system enables the annulus pressure to be more
within the safe pressure window, thus enabling the number of cas-

As shown in Figure 2, compared to conventional offshore

ings to be reduced. The RMR system reduces the volume of mud
used in the drilling process and reduces drilling costs.

c¢) The RMR system enables the cuttings at the bottom of
the well to be lifted along the drilling fluid to the platform through
the mud return line instead of being directly discharged to the sea-
bed, thus meeting environmental requirements.

d)

turn line instead of a large diameter riser, the drilling fluid has a
faster return flow rate.

Because the RMR system uses a small diameter mud re-
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Figure 1: Composition of RMR system.
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Figure 2: RMR system enables annulus pressure to be more within safe pressure window.
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The RMR system has higher cuttings lifting efficiency than
conventional offshore drilling. The RMR system is still not widely
used in the deepwater field, the main reasons are:

a)  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.

b)  There are some difficulties in detecting and handling the
kick, and the well control operation is complicated.

c) Because the drill pipe is directly exposed to seawater, the
drill pipe needs to have higher corrosion resistance and fatigue
strength.

Well control has always been a significant concern of drilling
engineering. Based on the drilling data of a vertical well in the
South China Sea, this paper analyzed the factors affecting the an-
nulus pressure of the RMR system by combining the dual-gradient
pressure principle. The main influencing factors include seawater
depth, cuttings concentration, and drilling pump displacement.

As the seasons and working place change, the operating sea-
water depth will change accordingly. According to the dual-gradi-
ent pressure principle of the RMR system, the subsea pump ad-
justs the pump speed so that the pressure acting on the wellhead
is equal to the subsea static pressure at that depth. Therefore,
when the operating seawater depth changes, the pressure exerted
by the subsea pump on the wellhead will also change accordingly,
thereby affecting the annulus pressure. This condition is the most
significant difference compared to conventional offshore drilling
when analyzing the annulus pressure of the RMR system. From the
results of literature research, the influence of cuttings concentra-
tion on annulus pressure is often neglected, but the reasons for the
neglect are not explained. The cuttings concentration is a function
related to the rate of penetration. In this paper, the influence of
different cuttings concentrations on the annulus pressure was ob-
tained through calculation. The calculation results show whether
the cuttings concentration can be neglected in the calculation of
the annulus pressure. The flow rate of drilling fluid in the annulus
varies with the drilling pump displacement change, resulting in
different annulus pressure losses of drilling fluid in the annulus.
Annulus pressure loss is an indispensable part of annulus pres-
sure analysis. Based on the characteristics of the RMR system, the
influence of different drilling pump displacement on annular pres-
sure was analyzed in this paper.

Pressure field

The annulus pressure of the RMR system consists of three
kinds of pressure:

a) The pressure exerted by the subsea pump on the well-
head, and it is also the inlet pressure of the subsea pump.

b) The circulating liquid column pressure is generated
when the drilling fluid circulates in the annulus.

c¢)  The pressure loss is caused by drilling fluid circulating
in the annulus. The annulus pressure of the RMR system can be
calculated via Equation 1:

P P.

ann = Fyjer +B, +APf (D)

is the inlet pres-
sure of the subesea pump, MPa; P_ is the circulating liquid column

where P__is the annulus pressure, MPa; P,

inlet

pressure; AP, is the annulus pressure loss, MPa.

The inlet pressure of the subesea pump can be calculated via

Equation 2:

P.

2 1op = 0.00981p, 0, (2)

where p_ is the density of seawater, g/cm? h_ is the seawater
depth, m.

The circulating liquid column pressure can be calculated via

Equation 3:
By =0.00981] p,, (1-C, )+ pCCa:Ihf 3)

where p_is the density of drilling fluid, g/cm?®; p_is the density
of cuttings, g/cm?; C_is the cuttings concentration, dimensionless;
h, is the formation depth, m.

When the fluid flow in the annulus is laminar, the annulus
pressure loss can be calculated via Equation 4:

4h K 4(2041) vy ann
AP, = 4)
/ (dh‘dm)[ "(dh‘dpo)

When the fluid flow in the annulus is turbulent, the annulus
pressure loss can be written as in Equation 5:

2fpmhf"r2n,ann
APf = (&)
(4, ~dpo)
where K is the consistency coefficient of drilling fluid, Pa-s®;
n is the fluidity index of drilling fluid, dimensionless; v is the
flow rate of drilling fluid in the annulus, m/s; d, is the diameter

of wellbore, cm; dpo is the outer diameter of drill pipe, cm; f is the
friction coefficient, dimensionless.

ECD can be calculated via Equation 60

AP
ECp = Pwhw +[om (l—Ca)+cha:'+7f (6)
hy h

Equivalent static density (ESD) can be calculated via Equation

ESD = I:pm (I_Ca)+pcca:| @
1+ CTAT - CPAP

549073107 [, (1-C )+ £y | ©
B 1+4.8351x10 S AT

Cr

€ =05636x10" [p (1—c )+p c }AP70.1394 ©
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where C, is the thermal expansion coefficient, dimensionless;
C, is the elastic compression coefficient, dimen-sionless; AT is
the temperature difference between the drilling fluid at a certain
depth and the platform, °C; AP is the pressure difference between

the drilling fluid at a certain depth and the platform, MPa.

Cuttings concentration can be calculated via Equation 10:

ROP
Cy = s (10)
3600 vy amn —vs ) (1= dpo 47 )

400
Vmann = 3 2\ (1D
T dh _dpo
d —
vy A M 2
m

where ROP is the rate of penetration, m/h; v_is the setting ve-
locity of cuttings in annulus, m/s; Q is the discharge capacity, L/s;
A is conversion coefficient, dimensionless; d_is the cutting diam-
eter, cm.

Temperature field
Assumptions

A drilling fluid control volume of length dx was taken in the
annulus, and the flow direction of drilling fluid was set to positive
direction, and the following assumed conditions were made:

a)  The temperature in any section of annulus perpendicu-
lar to the flow direction is uniform.

b)  Ignore the heat conduction along the flow direction.

c)  All physical properties are constants.

d) No heating measures are taken in the wellbore.
Mathematical model

The physical model of heat transfer process of annulus was
shown in Figure 3.
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Figure 3: Heat transfer model of annulus.
N J
The heat injected from the lower surface of the control volume _
q)outl - qmcptx+dx (16)

can be calculated via Equation 13:
13)

The heat transfer from the formation to the drilling fluid in the

Py = dmCplx

annulus can be calculated via Equatjon 14:

® ~dp) tfor—tx)dx (14)

in2 = fa” (dh
The temperature of the formation at depth x can be calculated
via Equation 15:

or =1 +m(L-x) (15)

The heat that flows from the upper surface of the control vol-
ume can be calculated via Equation 162
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The heat transfer from the drilling fluid in annulus to the drill-
ing fluid in drill pipe can be calculated via Equation 17:

® s =Uap(dy —dpo ) (1 —te)dx — (17)

Combined with the boundary condition t =t the calculation
equation of the temperature of drilling fluid in annulus can be cal-

culated via Equation 18:

t=Ax+Be™ + D (18)
mU
A=- Ja (19)
Uy *+Uap
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+
fa*Yap ﬁ(dh—dp0)<Ufa+Uap)
U, +Ugp)z
=TT 4 —dy) @
qup
D=8 (22)

where U, is the heat transfer coefficient between the forma-
tion and the drilling fluid in annulus, W/(m?-°C); U, is the heat
transfer coefficient between the drilling fluid in annulus and the
drilling fluid in drill pipe, W/(m?°C); t, is the temperature of the
drilling fluid at the bottom of well, °C; t_ is the temperature of the
drilling fluid in drill pipe, °C; t_ is the surface temperature of forma-

tion, °C; m is geothermal gradient, °C/100m; q, is the mass flow of
drilling fluid through control volume, kg/s.

Numerical simulation

The temperature changes of the drilling fluid in the annu-
lus at formation depth 500m-1,000m, 2,500m-3,000m, and
4,500m-5,000m were simulated. The basic parameters were
shown in Table 1. The results from the analysis of the computa-
tional fluid dynamics (CFD) were shown in Figure 4. The tempera-
ture of the drilling fluid at the bottom of well was 67 °C. According
to the result of CFD analysis, the temperature of drilling fluid at
4,500m was about 80 °C, 90 °C at 3,000m, 85 °C at 2,500m, 70 °C at
1,000m and 50 °C at 500m. From the results of the CFD analysis,
the temperature of drilling fluid in the annulus first increased and
then decreased.
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Figure 4: CFD analysis results of annulus temperature.
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Table 1: Input parameters for CFD.
Parameter Data Parameter Data
Minimum annular velocity, m/s 3.7 Annulus width, m 0.12
Geothermal gradient, °C /100m 4.2 Formation density, kg/m? 3.1
Heat transfer coefficient Ufa, W/(m?e °C) 430.3 Heat transfer coefficient Uap, W/(m?e °C) 152.7

Calculation results

The temperature distribution of drilling fluid in the annulus
was calculated by using the built mathematical model. The calcu-
lation results were shown in Figure 5.

f5

The calculation results were consistent with CFD analysis re-
sults, which show that the mathematical model built in this paper
has sure accuracy. From the calculation results, there was a ten-

dency for the temperature of the drilling fluid in the annulus to
rise first and then decrease. This is because when the drilling fluid
begins to return in the annulus, @, _, >®_ ,the temperature of the
drilling fluid will rise. As the drilling fluid continues to flow in the
the temperature of the drilling fluid will drop.

out2’

annulus, D <D

Results and Discussion

This paper’s calculations and analyses were based on drill-
ing data from a vertical well in the South China Sea. Based on the
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drilling data of this well, the effects of operating seawater depth,
cuttings concentration, and drilling pump displacement on ECD
and annulus pressure were analyzed in this section. The critical

Table 2: Key parameters of the vertical well in the South China Sea.

parameters of the well were shown in Table 2. The casing program
of the well was shown in Figure 6. The calculation of this section
was based on the size of the intermediate casing.

Parameter Data Parameter Data
Well depth, m 6300 Seawater depth, m 1500
Diameter of surface casing, m 0.34 Diameter of intermediate casing, m 0.24
Diameter of production casing, m 0.18 Diameter of drill pipe, m 0.13
Density of drilling fluid, kg/m? 1500 Density of seawater, kg/m? 1020
Density of cuttings, kg/m? 2500 Surface temperature of seawater, °C 20
Geothermal gradient, °C/100m 4.2 Circulation time, h 8
Rate of penetration, m/h 7 Discharge capacity, L/s 45
-
Temperature (°C)
Dl} 30 60 %0 120
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= 2000+
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z
2 3000F
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Figure 5: Calculation result of temperature distribution in annulus.
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Figure 6: Casing program of the vertical well in the South China Sea.
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Effect of operating seawater depth

According to the dual-gradient pressure principle of the RMR
system, the pressure exerted by the subsea pump on the wellhead
is equal to the static pressure of the operating seawater depth.
Therefore, the change in operating seawater depth mainly affects
the pressure exerted by the subsea pump on the wellhead. By com-
bining Equation 1 and Equation 6, the variation of ECD and an-
nular pressure at operating seawater depths of 1,500m, 2,000m,
2,500m, and 3,000m was analyzed. The calculation results were
shown in Figure 7.

As can be seen from Figure 7, as the operating seawater depth

of the operating environment of the RMR system increased, the
value of the ECD increased and the value of the annulus pressure
increased. This is because, as the seawater depth increases, the
pressure P, acting on the wellhead increases, but the circulating
liquid column pressure P_and annulus pressure loss AP, did not
change. As a result, the ECD and annulus pressure increase. From
the above analysis, the inlet pressure of the subsea pump P, has
an important influence on the change of the annulus pressure.
Under the condition that the P,
should be taken to regulate the ECD so that the annulus pressure
can pass through the safe pressure window to a greater extent.

is constant, certain measures
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Figure 7: Influence of operating seawater depth on ECD and annulus pressure.
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By combining Equation 3 and Equation 6, the effects of dif-
ferent cuttings concentration on ECD and annulus pressure were
explored. The cuttings content was set to 5%, 7%, 9% and 11%
respectively. The calculation results were shown in Figure 8. As
can be seen from Figure 8, as the cuttings concentration increased,

Effect of drilling pump displacement

the ECD and annulus pressure also increased. This is because, as
the cuttings concentration increases, the circulating liquid column
pressure P_in-creases, but inlet pressure of subsea pump P, and

annulus pressure loss AP, did not change. As a result, the ECD and
annulus pressure increase.

e N
1.6 r T y . r . . . 100
4 ﬁ.;ﬁ : ;_
1.5 - 80
=
=
4= 14 L6 2
g i ECD/45L-s" g
: 4 # L F
=0 ',.#' — ECIVSSLs" =
=" - -1 =
a 1.3 =—=ECD/G5Ls 40 _5
= —ECD/75Ls" =
] —- Pressurc/45L-s" r 5
1.2 =- Pressure/SSLs" L 20 '
—- Pressure/65L-s"
1 Pressure/T5Les" i
1.1 : T : . T . . . 0
] 1000 2000 3000 4000 S000
Measured depth (m)
Figure 9: Influence of discharge capacity on ECD and annulus pressure.
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By combining Equation 4 and Equation 5, it can be known
that the drilling pump displacement mainly affects the annulus
pressure loss. The drilling pump displacement was set to 45 L/s,
55 L/s, 65 L/s, and 75 L/s, respectively. The effects of different
drilling pump displacements on ECD and annulus pressure were
explored. The calculation results were shown in Figure 9. It can be
seen that as the discharge capacity increased, the ECD increased,
and the annulus pressure increased slightly. The main reason is
that as the discharge capacity increases, the flow velocity of the
drilling fluid in the annulus becomes larger, and the pressure loss
becomes larger. Combined with Equation 1 and Equation 6, it is
obtained that the annulus pressure and the ECD is increased.

Conclusion

a)  The temperature of the drilling fluid in the annulus was
calculated using a mathematical model of the temperature field
within the annulus. Through the calculation results, the tempera-
ture of the drilling fluid in the annulus of the RMR system in-
creased first and then decreased.

b)  As the operating seawater depth increases, the pressure
Pinlet acting on the wellhead increased, but the circulating liq-
uid column pressure Pm and annulus pressure loss APf did not
change. As a result, the ECD and annulus pressure increased.

c¢)  As the cuttings concentration increased, the circulating

How to cite this article:
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liquid column pressure Pm increased, but inlet pressure of subsea
pump Pinlet and annulus pressure loss APf did not change. As a
result, the ECD and annulus pressure increased.

d)  As the drilling pump displacement increased, the flow
velocity of the drilling fluid in the annulus became more extensive,
and the pressure loss became larger, so the annulus pressure and
ECD increased.
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