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High-efficiency pressure-retaining sampling technology for obtaining seabed
sediments is required for studying marine geological history, the survival
principles of marine microorganisms, and the evolution of earth life. In this
paper, a novel submersible-mounted sampler capable of collecting pressure-
retained samples at a full ocean depth is designed. The structure scheme is first
presented, including the sampling unit, pressure-retaining unit, and pressure-
compensation unit. The sampling kinematics model is then established, and the
influences of pressing velocity, and the length and inner diameter of pressure
pipe on the pressing force of the mechanical arm are determined, providing
important guidance for the design of the sealing structure. The maximum
working depth of the sampler is 11,000 m, the coring diameter of the sampler
is 54 mm, the maximum coring depth is 500 mm, and obtained samples can keep
close to in-situ pressures. The sampler can be mounted on a submersible and
operated using a single mechanical arm. During cruise TS-21 from August to
October 2021, the sampler was deployed 4 times at depth of 7700 m in the West
Philippine Basin, and the high pressure sediment samples were successfully
collected. The pressure change of the samples remained within +6%, which
verified the rationality of the design and the feasibility of this novel submersible-
mounted pressure-retaining sampler.

KEYWORDS

ocean depth, sediment, mechanical design, pressure-retaining sampler, kinematics
model, sea trial

1 Introduction

Ocean depths between 6,000 to 11,000 meters are known as the hadal zone, and, due to
their extreme depths, have been little explored by human beings. This is especially true for
research on the sediments distributed in these depths. To date, hadal zone ecosystems are
still poorly characterized due to the ultra-high pressure environment (Drazen and Yeh,
2012). In addition to the high pressures, such extreme environments lack light and have
low temperatures. However, piezophiles are well adapted to such environments (Nunoura
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et al,, 2015; Ritchie et al., 2017). The investigation of ecosystems in
such extreme environments can deepen the understanding of the
adaptations of deep-sea microorganisms and the evolution of earth
life (Huang et al, 2006). Currently, human beings are far from
understanding the ecological system in the hadal zone due to the
fact that collecting pressure-retained samples in this environment is
a rather demanding task (Shillito et al., 2015). Many devices have
been designed to collect pressure-retained samples from deep-sea
environments, these include water samplers, microorganism
samplers, and sediment samplers (Koyama et al., 2002; Kim and
Kato, 2010). Previous studies have concluded that pressure is one of
the most important attributes determining the in-situ state of
samples. This is because the loss of pressure leads to dissolution
of gas phase, loss of components, decomposition of organic matters,
death of piezophilic microorganisms, etc. (Huang et al, 2018).
Therefore, it is of significance to design a device capable of
collecting pressure-retaining sediments.

Pressure-retaining samplers collect sediments in a high pressure
state and retain the pressure as the samples are brought to the
surface, facilitating the efficient and effective research of deep-sea
sediments. Since the International Ocean Discovery Program
(IODP) and the Deep Sea Drilling Program(DSDP), the world’s
international marine research community has carried extensive
research into deep-sea sediment sampling technology and
equipment, and developed various kinds of pressure-retaining
sampling devices. The pressure core barrel (PCB) (Kvenvolden
et al., 1982) developed and used in DSDP is able to seal samples
and retain working pressures as high as 34.4MPa by rotating a ball
valve at the lower end and closing an exhaust port at the end of the
sampling cylinder. The advanced piston corer (APC) (Francis and
Lee, 2000) and pressure core sampler (PCS) (Dickens et al., 1997)
were used in IODP. The PCS sampler was hydraulically-driven with
a wire-line tool to retrieve sediments with a pressure close to in-situ
pressure. The maximum working pressure of the PCS sampler is 69
MPa, which gives it excellent pressure-retaining performance. The
hydrate autoclave coring equipment (HYACE) (Amann et al., 1997;
Schultheiss et al., 2009) developed by the European Union is driven
by vibration and can recover samples with working pressures as
high as 25 MPa, giving the sampler good pressure-retaining
performance. The hybrid PCS developed by Japan Marine
Geoscience and Technology Research Center was designed by
combining PTCS and PCS (Kubo et al,, 2014). This hydraulic
driven sampler uses cable coring in conjunction an accumulator,
its maximum working pressure is 35 MPa, the core sample diameter
is 51 mm, and the core length is 3.5 m. The multiple autoclave corer
(MAC) designed in Germany (Abegg et al., 2008) can work at water
depths of about 1000 to 2,000 m, and four pressure-retaining
sampling devices can be equipped and operated during one
sampling procedure, where each sampling device can collect a
sample of seabed sediment with a maximum length of 550 mm
and a diameter of 100 mm. The PTCS was developed by Japan
Technology Research Center (Kawasaki et al., 2006) and has a
maximum retained pressure of 30 MPa. The sampler has a bit
diameter of 66.7 mm, so it can obtain a sample with a core diameter
of 66 mm, and it can core a length of 3 m; its maximum working
depth is 100 m.
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With the rapid development of deep-diving technology in
recent years, sampling tools mounted on human occupied vehicle
(HOV) and remote operated vehicle (ROV) have become popular.
The ROV “Jason” from the US and ROV “Victor 6000” from France
have been equipped with sediment samplers (Eric et al., 2012) and
have obtained many deep sea sediment samples, but both are unable
to obtain pressure-retained sediments from depths greater than
10,000 m.

In China, the ROV “HAIMA” and HOV’HAILONG” have
been equipped with sediment samplers. However, their samplers
are non-pressure-retaining, which means that samples taken are
unable to retain the in-situ pressures. The HOV’JIJAOLONG”
developed in China (Lu et al., 2019) was mounted with a sediment
sampler capable of sampling at water depths of less than7,000 m,
sealing sediment samples, and retaining in-situ pressures.
However, the sampling process involves the coordinated
operation of two manipulators, which makes the whole working
process incredibly complex. Recently, Guo et al. (2022) proposed a
low-disturbance sediment sampler with a working pressure of 30
MPa. Their sampler that was also equipped with a pressure
accumulator system used gas pressure energy to make up for the
pressure change in the pressure-retaining cylinder during the
recovery process. Pressure tests observed a pressure reduction
from 30.77 MPa to 29.57 MPa, which verified the strength and
sealing performance of the sampler. Subsequently, pressure-
retained samples of about 700 ml were collected through a sea
trial, which further validated the feasibility of the sampler.
However, the working depth of their device is still limited. Case
et al. (2018) designed a novel high-volume sampler, which can be
mounted on an unmanned submersible to conduct pressure-
retaining sampling for sediments with a working pressure of 50
MPa. The most unique function of the sampler is that it can
continuously supply liquid and gas as supplements to keep the
pressure in a constant state. Chen et al. (2020) developed a
sampling device that can conveniently and economically sample
pressurized hadal sediments. Their sampler was also equipped
with a pressure accumulator system which compensates the
pressure loss in the cylinder as the sampler is brought to the sea
surface due to deformation caused by the great pressure difference
between inside and outside the sampler. Garel et al. (2019)
designed a sampler that can be adapted for use on a CTD-
carousel sampler. Their sampler is capable of obtaining samples
under high in-situ pressures (up to 60 MPa) by using one piloted
pressure generator and hydraulic control that maintain constant
pressure in the high pressure bottle.

The above-mentioned studies have focused on sediment
samplers suitable for a water depth of less than 10,000 m. Very
few have attempted to develop sediment samplers capable of
working at depths greater than 10,000 m. This is because such
attempts have been hindered by the fact that more sophisticated
technology and equipment are needed to obtain pressure-retained
sediments from ultra-deep seabed. To solve this technical problem,
a submersible-mounted sampler designed for collecting pressure-
retained sediments from hadal zone is proposed that will enable
researchers to better understand the rich information contained in
deep sea sediments. The sampler is a purely mechanical structure
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that does not require a power source, therefore, it does not require
an ROV or HOV to provide power or other power sources. This
greatly reduces the costs of design, development, and operation.
Moreover, the sampler is portable as it is light in weight, compact
in structure, convenient to operate, and, has good pressure-
retaining function, making it very suitable for submersible
sampling operations.

2 Design of the sampler

The novel sampler has been designed based on the program
“Development of the Gas-tight Sampler for Full Sea Depth
sediment” funded by the National Key Research Plan of China.
The sediment sampler can be mounted on a ROV or an HOV, using
a mechanical arm to operate the sampler.

The sampler does not need a submersible to provide power
sources. Furthermore, it was designed to have a compact structure,
it is easy to operate, and it is safe and reliable. The sampler is
constructed primarily out of TC4 titanium alloy, which has a high
material strength, strong corrosion resistance, low density, and
good comprehensive mechanical properties. These attributes
allow the sampler to tolerate the ultra-high pressures and
corrosive seawater, while also keeping the sampler as light as
possible. However, the fix bracket is made of alloy steel
(30CrMnSiA), the O-ring is made of fluoro rubber, and the
retainer is made of teflon material.

2.1 Pressure-bearing structure

The sampler’s structure scheme is shown in Figure 1. It mainly
consists of a pressure-retaining unit, a sampling unit, a pressure-
compensation unit, a sediment transfer unit, a fixed bracket, a
pressure pipe and a drain valve.

Locking device

Sampling unit

High pressure valve
Pressure-retaining unit

Connection valve
Drain valve

Pressure-compensation

Fixed bracket

Sediment transfer
valve

Sediment transfer unit

Charging valve

FIGURE 1
Structure scheme of the sediment sampler.
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2.1.1 Sampling unit

The main function of the sampling unit is to collect deep-sea
sediments. Its main components include of a sampling handle, a
sealing element 1, a sampling tube assembly, sediment transfer
pistons and sealing elements as shown in Figure 2. The sidewall at
the end of the sampling tube is provided with a plurality of evenly
distributed drain holes to facilitate the drainage. The outer side of
the sampling tube is connected with sealing element 1 through
threading. After the sampling is completed, the mechanical arm is
used to grab the handle and put it into the pressure-retaining
cylinder. The force from the lock spring enables the push-stop rod
to lock the sealing element 1 of the sampling unit. At this time, the
force form the support spring enables the sealing element 1 and the
floating piston to be sealed.

2.1.2 Pressure-retaining unit

As can be seen from Figure 3, the pressure-retaining unit is
mainly comprised of a pressure-retaining cylinder, lock springs,
support springs, pull rods, push-stop rods, a sealing element 2,
sealing rings, etc. A stepped hole is placed within the inner hole of
the pressure-retaining cylinder, and four blind holes with a certain
depth parallel to the axis of the cylinder were arranged on the
stepped surface. Each blind hole is provided with a spring, and the
sealing element 2 is arranged on it. A sealing ring is designed
between the sealing element 2 and the pressure-retaining cylinder.
The upper end of the pressure-retaining cylinder is spaced with
three holes each of which is spaced with a push-stop rod
respectively. The pull rod is assembled with a push-stop rod
through threading. A cover is arranged on the sidewall of the
pressure-retaining cylinder corresponding to the push-stop rod
hole. A lock spring is spaced between the corresponding cover
and the push-stop rod, and a sediment transfer interface is designed
at the bottom of the pressure-retaining cylinder.

2.1.3 Drain valve

The drain valve is used to close the pressure pipe that connects
the cylinder to the seawater outside. This drain valve allows the
water in the cylinder to be discharged, relieving the internal
pressure, which will ease the workload of the mechanical arm
enabling it to press into the pressure-retaining cylinder. The valve
includes a valve seat, valve trim, a valve body, a valve switch, a valve
deck, and an O-ring seal. The drain valve has two main functions:
first, while collecting samples through the sampling tube into the
pressure-retaining cylinder, the valve switch is opened to discharge
the seawater from the pressure-retaining cylinder, this ensures the
initial seal between the sampling tube and the pressure-retaining
cylinder. Secondly, after the sampling is completed, the valve switch
is closed to guarantee the seal and retain the pressure in the
pressure-retaining cylinder. The valve structure schematic is
shown in Figure 4. The valve trim and the valve body are sealed
using a combination of conical surface and an O-ring, and a
compression spring is arranged between the valve trim and valve
seat. When the valve switch positions itself in the position shown in
the Figure 4, there is a gap between the valve trim and the conical
surface of the valve body, and the drain valve is open. When the
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FIGURE 2
Structure scheme of the sampling unit.

Sealing elements  Drain holes Sampling tube

valve switch is pulled up, the ejector pin of the valve trim enters the
valve switch hole driven by the compression spring, and the valve
trim and the valve body are sealed. Subsequently, the drain valve
is closed.

2.2 Working principle

The sediment sampler is mainly used to obtain pressure-
retained sediment samples. After arriving at the sampling site, a
mechanical arm is operated to collect samples and place them into
the cylinder to be sealed and pressure-retained until returning to the
submersible workboat. As shown in Figure 5, the working process is
mainly divided into four stages: preparation, diving, sampling,
and recovery:

Preparation stage: As shown in Figure 5A, before the sampler is
launched with the submersible, and is fastened to the submersible’s
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tool basket, the sampling unit is fixed on the bracket, and the
pressure-compensation unit is charged with a given pressure
nitrogen. At this time, the piston is at the top of the cylinder.
When the pressure reaches a set value, the inflation valve is closed to
achieve pre-energy storage.

Diving stage: As shown in Figure 5B, after preparation, the
sampler dives with the submersible. With the increase of diving
depth, the pressure in the cylinder communicating with the outside
seawater increases continuously. Under the action of the pressure
difference, the compensation piston is moved downward, and the
pressure levels at the two ends of the piston are kept in a balanced
state, thus energy is continuously stored.

Sampling stage: Once the sampling site is reached, the
mechanical arm is operated to grab the handle from the basket
and move it to the seabed. The sampling tube is penetrated into the
sediment at a given velocity (Figure 5C) and then retracted at a
given velocity. Any sediment adhered on the outer wall of the
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Locking spring
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FIGURE 3
Structure scheme of the pressure-retaining unit.
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FIGURE 4

Structure scheme of the drain valve.

sampling tube is removed with a mud scraper ring and then the
sampler is inserted into the pressure-retaining cylinder until the
sampling unit is locked in place (Figure 5D). Finally, the mechanical
arm is used to close the drain valve and the sampler is
sealed (Figure 5E).

Recovery stage: As shown in Figure 5F, during ascension to the
sea surface, the sampler is tightly sealed. The pressure in the
cylinder changes because of the change in the environmental
temperature difference as well as external pressure, and the
pressure-compensation unit releases the pressure accordingly to
guarantee timely compensation of the pressure loss in the
obtained samples.

3 Sampling kinematics model

As shown in Figure 6, considering the high pressure and
complex environment experienced by the sampler under water,
the sealing surface with O-ring sealing structure is adopted to
guarantee pressure retaining under the ultra-high pressure. The
seal between the floating piston and the cylinder adopts a combined
sealing ring structure using an O-ring and retaining ring. The seal
between the sampling unit and the floating piston adopts a
combined sealing structure using a conical surface and fluoro
rubber O-ring. After sampling is finished, the sampling unit is
moved downwards by the external force until its sealing element 2 is
attached to the conical surface of the floating piston, and the
floating piston spring is compressed down. During this process,
the seawater in the cylinder flows out of the cylinder through the
drain valve driven by the pressure difference. A stress analysis of the
penetration process of the sampling unit was conducted, as shown
in Figure 6. F represents the pressing force when the sampling unit
is pushed downward into the pressure-retaining unit. During this
downward movement of the sealing element 2 and the floating
piston, the friction between the floating piston and the cylinder wall
is Fj, the elastic force of the floating piston spring is F,, and the
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overall force of the internal sea water pressure acting on the whole
sampling unit is PyS.

Assuming that the whole sampling unit moves downward at a
uniform velocity under the pressing force, according to the force
balance, there is:

F, =AP- S+F+4F, -G (1)
S = lrcD2 (2)

T4
F, = kx (3)

where AP is the pressure difference between the inside and outside
of the pressure-retaining unit, AP=P,-P;; S is the cross-sectional
area of the upper surface of the sealing element 2; D is the outer
diameter of sealing element 2; Fys the friction force between gas-
tight piece and the cylinder wall, which can be experiment ally
obtained; F,is the elastic force of the floating piston spring; k is the
elastic coefficient of the spring, and G is the overall gravity.

When the sampling unit penetrates into the pressure-retaining
cylinder, it is assumed that the seawater in the pressure-retaining
cylinder will be discharged through the drain valve according to
Bernoulli equation:

1 1
Py + Epv(z) +pgzo = Py + Epvf +pgzy + 2 AR + XAk (4)

where Py is the seawater pressure in the cylinder; p is the seawater
density; v, is the pressing velocity when operating the sampling
unit; g is the acceleration of gravity; z, is the position head of the
seawater surface in the cylinder; z; is the position head of the water
outside outlet; P, is the seawater pressure outside the cylinder; v, is
the seawater flow velocity the water outside the outlet; ZAhfis the
total loss energy during seawater discharge; and ZAh;is total local
loss energy during seawater discharge.

During the seawater discharge, Ahyis the loss energy along the
way caused by overcoming the resistance, which is calculated as

05 frontiersin.org


javascript:;
javascript:;
https://doi.org/10.3389/fmars.2023.1154269
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

He et al. 10.3389/fmars.2023.1154269

follows: where [ is the length of the pressure pipe; d is the inner diameter of
: the pressure pipe; and A is the loss coefficient of the fluids along the
Ahy = ll . (5)  pressure pipe, which is related to the Reynolds number and the

d 2

roughness of the pressure pipe wall. The critical Reynolds number
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FIGURE 5
Working principle. (A) preparation stage of the sampler before diving, (B) the sampler dives with the submersible, (C) sampling at the sampling site,
(D) sampling unit is locked after sampling, (E) drain valve is closed, and (F) recovery stage of the sampler.
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Re, is used as the criterion for judging laminar and turbulent flow
regime, which is usually taken as Re.=2300.

When Re<Re,, the seawater fluid flow within the pressure-
retaining cylinder is laminar. The value of A is only related to Re and
has nothing to do with the pipe roughness, therefore A as the loss
coefficient along the flow path is a function of Reynolds number,
calculated as:

PR

= Re (6)

When Re.<Re < 4000, the fluid flow in the pressure pipe is in
the transition zone between laminar and turbulent flow. In actual
practice, there are fewer Re number in this range, and the research
within this range is limited. Hydraulic smoothness is adopted here
as:

A =0.0025 - /Re )

When Re>Re,, the area where the fluid flows in the pressure
pipe is a hydraulic smooth area. The value of A in this area is only
dependent on Re and has nothing to do with the relative roughness,
which can be expressed by the Blasius formula as:

_ 03164 (8)
VRe
where the value of A is related to the flow state of the viscous fluid in
the sampling tube, the inner diameter and the roughness of the
inner wall of the sampling tube; and Re is the Reynolds number of
the fluid, which can be expressed as:

d
Re=v.— 9
p )

where 7 is the kinematic viscosity of seawater and v is the flow
velocity of seawater, and according to the fluid continuity equation,

10.3389/fmars.2023.1154269

there is:

D

V= (E)ZVO (10)

When seawater flows through abrupt boundaries, e.g., bends

and drain valves, forces are generated that hinder its flow, thus
causing local losses Ah;:

pv:

2 (11)

Ah] =

where ¢ is the local resistance coefficient, which can be obtained by
consulting relevant data.

(1) For the piston movement process (AH=Ho~H,):Ahy is the
loss along the path during the seawater discharge process:

AH v}
Ahgy = A — . —
1 = A D p

5 (12)

(2) For the drainage process of the drain valve(l):Ahy, is the loss
along the path during the seawater discharge process:

i D"
d 24t P

Ahgy = 2, (13)

According to Formulas (12) and (13), the total loss in the
seawater discharge process is obtained as:

2 AH v} L, D*
EAhfi:Ahf1+Ahf2 =;LIF'TOP+ 72 2d40p (14)
i=1

During the drainage process, local resistance mainly appears at
the cross section of cylinder wall opening, the cross section between
the hole and pressure pipe, and the cross section between the
pressure pipe and drain valve guide holes. According to formula for
calculating local loss, the local losses at each abrupt boundary
during seawater discharge are obtained successively.

Vo

Fy

K
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F
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Pressure pipe
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FIGURE 6
Stress analysis diagram of dynamic seal structure.
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(1) When the seawater flows into the opening of the cylinder
wall, the local loss coefficient is &; _ 0.5, which can be expressed
as:

_0~5.p_ng4

2
pvi
Ay = 65 = T3

(15)

(2) Due to the design of the pressure pipe, seawater flows
through bent sections, and the local loss coefficient of a 90° bend
pipe is & - 0.132. The local loss in this process can be expressed
as:

0.132 pv;

D*
d* 2

2
%
Ahjy = 54% =n (16)
where 7 is the number of 90° bends.
(3) The seawater flows into the drain valve, which has a one-way
valve structure, at which point the loss coefficient is & _ 2, which
can be expressed as:

2

d

4
PYo 4

2

2
%

Ay = ¢ 25 - (17)

According to equations (15)~(17), the total local loss from these

main abrupt flow sections can be obtained as:

3
ElAhjm = Apj1 + Apjp + Apj3 (18)
m=

With the prerequisite of satisfying the structural design of the
pressure-retaining unit, during the process of pressing, the
relationship between pressing force(F,) and flow velocity(vy) is
greatly influenced by flow resistance, which is mainly determined
by the design and layout of the pressure pipes.

In order to ensure a smooth pressing process, the minimum
pressing force(F,,) should be F,,>F. The calculation parameters of
the specific model are shown in Table 1

TABLE 1 Parameters of the kinematics model.

10.3389/fmars.2023.1154269

4 Results and discussion

Using the univariate method, the influence rules of pressure pipe
length(]), pressure pipe inner diameter (d), and pressing velocity(v,)
on pressing force are calculated and obtained to provide a theoretical
reference for parameter design of the sampling structure.

Figure 7 shows the relationship between pressing force and pressing
displacement under the condition that pressure pipe length(/) is 100
mm and pressure pipe inner diameter(d) is 2 mm. Clearly, the pressing
force and the pressing displacement change linearly as pressing velocity
changes, and the greater the pressing velocity, the greater the pressing
force required. When the pressing velocity is 1 mm/s, the pressing force
of the pressing process is within 100 N; but when the pressing velocity
reaches 6 mm/s, the pressing force of the pressing process reaches 533
N. Field experiments have shown that the maximum pressing force that
the mechanical arm can provide underwater is about 500 N. If the
maximum pressing force is exceeded, the sampler will be unable to lock
and seal the sampling unit, so it is very important that a reasonable
pressing velocity is selected.

The pressing velocity of the mechanical arm directly determines
the pressing force. Figure 8 shows the relationship between the pressing
force and pressing velocity (1~20 mm/s) when the pressure pipe is 100
mm in length and has an inner diameter of 2 mm. It is clear that the
pressing force increases significantly with increasing pressing velocity,
and the greater the pressing velocity, the larger the increase in pressing
force. From the above analysis, the selection of an appropriate pressing
velocity can effectively reduce the pressing force and ensure effective
sealing during sampling operation. Generally, to make the operation of
the mechanical arm more convenient, the pressing velocity should be
as low as possible (usually 2 to 6 mm/s), while also guaranteeing that
the pressing force is less than 500 N.

Figures 9 and Figure 10 show the relationships between pressing
force and the length and inner diameter of the pressure pipe at
different displacements. As can be seen from Figure 9, the pressing

Symbol Name Value Symbol Name Value
Inner diameter of pressure-
m Weight of valve trim 3.5 kg D ! . p " 83 mm
retaining unit
. . 5 Inner diameter of pressure
G Acceleration of gravity 9.8 m/s d . 1~7 mm
pipe
Inner diameter of drain
Density of t 1030 kg/m® d 16.5
P ensity of seawater g/m n valve thimble mm
K Elastic coefficient 2.96 N/mm 21-29 Relative head height 50 mm
. Coefficient of local
Ef Kinetic friction force 54 N G . 0.5
resistance
o Coefficient of local
F Static friction force 78 N G X 0.132
resistance
Coefficient of local
L Length of pressure pipe 30~100 mm 2
g P PP & resistance
Number of bends of
AH Movement of valve trim 5 mm n umber o e.n s 0 2
pressure pipe
Vo Pressing velocity 1~20 mm/s
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FIGURE 7

Influence of pressing displacement on pressing force.

force increases linearly with increasing length of the pressure pipe,
and the degree of increase is basically the same among displacements.
This further demonstrates that the length of the pressure pipe should
be as short as possible when designing the drainage structure of the
sampler. This is because the shorter the pressure pipe length, the
smaller the loss energy along the path(Ah)). In this way, the pressing
force can be reduced to facilitate sampling and sealing.

As shown in Figure 10, when the mechanical arm presses at a
constant velocity of 2 mm/s, the inner diameter of the pressure pipe
has a strong influence on the pressing force when the diameter (d) of
the pressure pipe is less than 2 mm. However, when the diameter(d)of
the pressure pipe is greater than 2 mm, the pressing force is not
greatly affected by the inner diameter of the pressure pipe. For
example, at the end of the pressing displacement when x=5 mm,
when the inner diameter increases from 1 mm to 2 mm, the pressing
force decreases by 92.3%; but when the inner diameter increases from
2 mm to 3 mm, the pressing force decreases by 44.8%, which is about
0.5 that of the former. Therefore, the design of the inner diameter of
the pressure pipe is of great importance because it directly determines
the pressing force required from the mechanical arm.

4000 4000

—=— x=0 mm
3500 | [ x=5mm 43500
3000 |- 43000
2500 - 4 2500
&€ 2000 |- - 2000
=
1500 - 1500
1000 | - 1000
500 {500
(O 1 1 1 1 1 1 1 1 1 17 0
2 4 6 8 10 12 14 16 18 20
v/ (mm/s)
FIGURE 8

Influence of pressing velocity on pressing force
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FIGURE 9
Influence of pressure pipe length on pressing force.

5 Sea trial

The sampler was mounted on the HOV Fendouzhe(Striver) in the
West Philippine Basin during cruise TS-21 from August to October
2021, which was organized by the Institute of Deep-sea Science and
Engineering of Chinese Academy of Sciences. The sampler was
deployed 4 times at the water depth of 7700 m in the West
Philippine Basin. Figure 11A shows that the sampler was installed
and fixed in the tool basket of the submersible after all preparations and
inspections were complete. Figure 11B shows the submersible robot
being operated by the pilot to carry out sampling operations after the
sampler reached the sampling site. Figure 12A shows the final pressure
of the samples in the sampler after ascending to the surface and
Figures 12B-D shows the sediment samples obtained during the sea trial.

As shown in Table 2, pressure-retained sediment samples were
obtained in the third and fourth operational trials. The retained
pressures were 74.5MPa and 81MPa, respectively, in which the
respective pressure changes were -6% and +3%. The results of the
fourth sampling show that the pressure of the sample was greater
than the in-situ pressure, which was due to gas expansion caused by
the temperature increase as the submersible rose to the sea surface.

2000 - 4 2000
—a—x=0 mm
1750 | —e—x=5mm | 750
1500 - 1 1500
1250 - 4 1250
~
€ 1000 - 1000
=
750 - 1750
500 - 1 500
250 - 4250
o Ho
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d/(mm)
FIGURE 10

Influence of inner diameter of pressure pipe on pressing force.
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FIGURE 11

The scene of the sea trial, (A) the sampler was installed and fixed in the tool basket, and (B) the sampling operations after the sampler reached the
sampling site.

5 ’
AR
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|

| [

FIGURE 12

Sediment sample obtained, (A) the final pressure of the samples in the sampler, (B—D) the sediment samples obtained during the sea trial.
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TABLE 2 Sea trial results.

No. Diving No. Location Water depth (m)
1 FDZ031 129.697°N, 16.974°F ‘ 7723.0
2 FDZ032 129.697°N, 16.974°F ‘ 77217
3 FDZ036 129.736°N, 16.946°E ‘ 7728.4
4 FDZ038 129.700°N, 16.944°F ‘ 77159

Upon completion, this sea trial represented the first time that China
has obtained high-quality pressure-retained sediment samples from
an abyssal environment at a depth of more than 7,000 m.

6 Conclusion

(1)The proposed sampler can be mounted on a submersible and
used to obtain samples that are pressure-retained and sealed using a
single mechanical arm. In this way, in-site sediment samples can be
successfully obtained for scientific investigations interested in
seabed geological resource exploration, microbial communities,
chemistry, and life evolution.

(2)The sampler was tested in a field sea trial in the high seas of
the Philippine Sea, and sediment samples with high pressure-
retaining rates were successfully collected from the seabed at a
water depth of 7700 m. The pressure change of the collected
samples was within +6%.

(3) The novel pressure-retaining sediment sampler designed in
this study is compact in structure and light in weight, making it
suitable for operation by an ROV or HOV mechanical arm in the
abyssal environment. This prototype provides new insight into the
design of portable deep-sea samplers. Similar novel samplers will
likely be widely used in the deep-sea field for the investigation of life
evolution and abyssal environment.

(4) In the future, more functions will be added to the sampler.
For example, an temperature-retaining function to control the
temperature; a multi-functional in-situ test instrument to conduct
in-situ tests on the end resistance, friction force, pore water
pressure, and CT scanning technology for in-situ sample analysis;
and chemical or physical analysis equipment for sediment.
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