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1 INTRODUCTION

With the rise in offshore oil and gas, their exploration and development are moving toward deep-
water (500–1500 m) and ultra-deep-water (>1500 m) areas, making deep-water–related technology a
competitive field among countries (Brockway et al., 2019; Zhong, 2021). China is a newcomer in
deep-water oil and gas exploration and lacks key technologies. Compared with onshore drilling, the
environment of offshore oil drilling is more complex, and conventional drilling equipment and
methods are difficult to adapt to unexpected situations (Gao et al., 2016).

Some field engineering cases show that as the water depth increases, the safe window between
fracture-pressure and pore-pressure becomes narrow, and oil and gas development will face many
technical difficulties, such as poor drilling conditions and high risks, which eventually lead to huge
losses. Conventional drilling technology is costly and risky, and cannot meet the technical
requirements of deep-water drilling. Dual-gradient drilling (DKD) can increase the drilling
window through certain technical means, which can adapt to the harsh conditions of deep-
water well and reduce the drilling risk. Since the 1990s, DKD has been developed and applied
to tackle these challenges (Li et al., 2020).

This paper provides a series of outlooks to lead the exploration and development of deep-water oil
and gas resources by reviewing the technology and equipment of dual-gradient drilling in deep water,
detailing its principles, technical characteristics, and adaptability. Considering the characteristics and
challenges, this paper divides dual-gradient drilling into two branches, riser drilling and riserless
drilling (Xu et al., 2005).

2 DUAL-GRADIENT DRILLING TECHNOLOGY

In conventional drilling, the bottom hole pressure is equal to the drilling fluid column pressure from
the sea surface to the bottom hole, which can be expressed as

PCD � 0.0098ρCDHWVD (1)
where PCD is the bottom hole pressure for conventional drilling, MPa;HWVD is the vertical depth of
well, m; and ρCD is the conventional drilling fluid density, g/cm3.

While DGD can have two liquid column gradients in the wellbore annulus (Xu et al., 2005;
Scanlon and Medeiros, 2012), the bottom hole pressure is equal to the sum of the fluid column
pressure (seawater or a fluid with a density equal to that of seawater) from the sea level to the
seafloor and the mud column from the seafloor to the bottom hole. The formula can be
expressed as
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PDGD � 0.0098ρsHs + 0.0098ρDGD(HWVD −HS) (2)
where PDGD is the bottom hole pressure for dual-gradient
drilling, MPa; ρS is the seawater density, m; HS is the water
depth, m; and ρDGDis the drilling fluid tight, g/cm3.

After adopting DGD, the starting point of mud column
pressure changes from the sea level to the mud on the seabed
line theoretically, increasing the mud safety density window and
improving the safety and reliability of underwater operating
systems.

The present DGD techniques are shown in Figure 1; the
implementation is mainly divided into riser drilling and riserless
drilling. Riser drilling includes two categories: a subsea pumping
system (SMD, Deep Vision) and a dual-density system (Hollow
Microsphere, LSU riser gas-lift/dilution). Riser drilling is of two
types: a jetting conductor setting and a riserless mud recovery
system.

3 RISER DRILLING

At present, the main methods of realizing DKD with a riser in the
industry include a subsea pumping system and a dual-density
system (Wang et al., 2019; Pei et al., 2021).

3.1 Subsea Pumping System
The present subsea pumping system takes returns from the well
annulus at the seafloor and pumps them back to the surface. By
adjusting the inlet pressure of the seafloor pump to near seawater
hydrostatic pressure, the idea of dual-gradient drilling is realized.

3.1.1 SMD (Subsea Mudlift Drilling)
In 1996, SMD JIP developed a subsea mudlift drilling system; the
principle is as follows: The rig’s mud pumps displace the mud down
the drill string, through the bit, and back up the annulus to the
seafloor. A subsea rotating diverter (similar to a rotating control
device) diverts themud flow from the annulus to a cutting processor,
which crushes large cuttings into a size small enough to pass through
the seafloor pump and up the return lines without clogging. After the
mud and cuttings pass through the cutting processor, the seafloor
pump displaces the returns up the return line and back to the rig.

3.1.2 Deep Vision System
The principle of dual-gradient drilling in the Deep Vision system
is similar to the SMD. The difference is that the Deep Vision
system adopts coiled tubing drilling technology, which ensures
that when a drill tube is connected, the pump can be continuously
circulated to ensure safe drilling when encountering a narrow
density window and reduce the probability of sticking accidents.

FIGURE 1 | (A) Classification of DKD. (B) Schematic diagram of SMD. (C) Schematic diagram of the hollow microsphere system. (D) Schematic diagram of RMR.
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3.2 Dual-Density System
The concept of dual gradients can be accomplished by injecting
some specific substances (hollow microspheres, gas, and low-
density fluid) into the annulus to reduce the density of the riser
annulus and to make it equal to seawater, realizing dual-gradient
drilling.

3.2.1 Hollow Microsphere System
The first annular injection method was based on the injection of
hollow microspheres at the base of the riser. The hollow
microspheres and drilling fluid are mixed in offshore pump
sets to form a low-density fluid, which is pumped into the
annulus from the seabed through pipelines to reduce the fluid
density in the riser. The returning drilling fluid is separated by the
ground-handling unit to separate the hollow microspheres and
drill cuttings from the drilling fluid. These isolates enter the
seawater pool, where the heavy drill cuttings sink to the bottom
and the light hollow spheres float on the surface. The advantage of
this system is that the hollow microspheres are incompressible
and the linear pressure gradient generated can be better combined
with the DKD ideas.

3.2.2 Riser Gas Lift
The second substance injected into the annular space is gas,
which is similar to the previous system. In this system, the treated
gas is compressed through the pipeline and injected at the base of
the riser. The mud/gas separation equipment is used to separate
the gas from the mud stream when circulated to the surface,
realizing the secondary utilization of gas.

3.2.3 Riser Dilution
This is similar to the riser gas lift principle; the difference is that the
injected gas is replaced with a drilling base fluid or low-density
fluid by adjusting the base fluid injection rate to control the density
of the annular fluid. The advantage of this system is that the system
does not require special subsea equipment and some older drilling
platforms can be implemented with minimal modification.

4 RISERLESS DRILLING

The technology can be divided into the following two categories: a
jetting conductor setting and riserless mud recovery (Beck et al.,
1991; Jonggeun, 1999; Jeanjean, 2002; Cohen et al., 2008).

4.1 Jetting Conductor Setting
In the 1960s, Mint-on proposed the jet casing technology, which
has now become the preferred technology for deep-water and
ultra-deep-water drilling worldwide. The combination of tubing
and subsea drilling tools is placed in the water, and when the
tubing reaches the subsea mud line, the subsea pump set is
activated for drilling.

4.2 RMR (Riserless Mud Recovery)
The riserless mud recovery (RMR) system is a new and emerging
technology for open-hole drilling, which is applied for the open
hole sections (no BOP installed), enabling return of fluid and

cuttings in a closed system. As one of the essential pieces of
equipment of a deep-water RMR system, the mud recovery line
(MRL) is the only channel for subsea mud, which contains
cuttings returning from the bottom hole to be transferred
from the subsea to the rig for handling. The system is
effectively a subsea pump, drawing mud returns from a
suction module mounted on the wellhead via a hose line and
pumping the fluid and cuttings back up to the rig.

5 CONCLUSION

1) The subsea pumping system, as one of the most prevalent and
well-established methods for achieving dual-gradient drilling,
can efficiently reduce the annular pressure of the riser;
nevertheless, subsea pumps are expensive, and the
reliability of complex subsea pumping systems is uncertain.
In comparison, the dual-density system is more cost-effective.
It does not necessitate a complex subsea pumping system, and
it can provide a suitable pressure gradient with only a small
amount of power. However, the primary problem of dual-
density systems is the efficiency of the separator and the
appropriate injection method. As a result, it is critical to
continue developing a new type of high-efficiency
downhole separator to realize the precise control of the
wellbore pressure gradient.

2) Riserless drilling is an emerging drilling technology that
avoids riser-related pipe string difficulties, reduces the
complexity of the subsea system, enhances the safety of
well control, and lowers the risk of underwater
complications. Due to the huge consumption of drilling
fluid, which is in short supply in offshore operations, the
necessary way to achieve uninterrupted drilling is to solve the
problem of high drilling fluid consumption.

3) In general, DKD has matured into a robust deep-water drilling
technology. Although China has developed DKD to an
industrial level, the main equipment is still dependent on
imports, and the basic theoretical research needs to be
improved. To make the DKD technology better serve the
development of China’s deep-water resources, its basic theory
should be further expanded: invest in the development of the
related core equipment, and establish a complete basic
theoretical system. Achieving a breakthrough in this field
will provide a technical guarantee for the exploration and
development of deep-water resources in China.
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