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Abstract

Compressed gas is usually used for the pressure compensation of the deep-sea pressure-maintaining sampler.
The pressure and volume of the recovered fluid sample are highly related to the precharged gas. To better
understand the behavior of the gas under high pressure, we present a new real gas state equation based on the
compression factor Z which was derived from experimental data. Then theoretical calculation method of the
pressure and volume of the sample was introduced based on this empirical gas state equation. Finally, the
proposed calculation method was well verified by the high-pressure vessel experiment of the sampler under

115 MPa.
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1 Introduction

The deep sea is the largest habitat on earth, with at least 50%
of the total biosphere lying below a depth of 1000 m in the ocean.
Our knowledge of deep-sea ecosystems remains very limited
compared to that for continental shelf ecosystems (Drazen and
Yeh, 2012). This extreme environment is characterized by the ab-
sence of light, low temperature, and high hydrostatic pressure
(Koyama et al., 2002; Pavithran et al., 2007). A variety of topo-
graphical features exist in deep-sea environments, such as hy-
drothermal vents, cold seeps, oceanic trenches, seamounts, and
bathyal plains, which possess different physical and chemical
properties (Zhang et al., 2018). Extremophiles could be sensitive
to drastic changes in pressure and temperature and may be sens-
itive to changes in atmospheric pressure (Kim and Kato, 2010).
Studies on microbes in extreme environments can deepen the
understanding of deep-sea microbes’ survival principles and
deep-sea microbes’ functions in the food chain (Huang et al.,
2006). Humans currently do not understand the ecology and bio-
logy of the deep-sea biota because this remote environment is
difficult and expensive to access and sample (Shillito et al., 2015).
There are numerous methods to obtain samples from the deep
sea, such as trawls, water samplers, microbe samplers, multi-
bottle rosette samplers, bellows type samplers, box-core sedi-
ment samplers and grab samplers equipped with a camera (Koy-
ama et al., 2002; Kim and Kato, 2010; Bianchi et al., 1999). Re-
searchers have enabled investigations of seabed sulfides by de-
veloping near-bottom vehicles, including autonomous underwa-
ter vehicles (AUV), human-occupied vehicles (HOV), and re-
mote-operated vehicles (ROV) (Wu et al., 2019).

Maintaining the in-situ pressure of a sample can prevent the
chemical and biological properties of the sample from changing
due to the release of dissolved volatile components caused by de-

compression (Huang et al., 2018; Rossel et al., 2017). Internation-
al researchers have developed a variety of high-pressure instru-
ments to collect samples at depth and to retrieve them to the sur-
face under pressure, including isobaric fluid samplers, sediment
samplers, pressure-stat aquarium systems, high-pressure fish
trap-respirometers and the AbyssBox for permanent public ex-
hibitions of live deep-sea hydrothermal fauna (Koyama et al.,
2002; Shillito et al., 2015; Wu et al., 2010; Yamamoto, 2015;
Drazen et al., 2005; McNichol et al., 2016; Peoples et al., 2019).
These high-pressure sampling instruments are an inseparable
part of pressure compensation technologies. The scientific com-
munity is willing to use sampling instruments with pressure-
maintaining functions if the technology permits.

For a deep-sea sampler, an accumulator with compressed gas
is usually used to compensate the pressure loss that is caused by
small volume changes due to leakage, cubic deformation of the
vessel and the compression of sealing materials (Huang et al.,
2006; Jannasch and Wirsen, 1977). Previously, the parameters of
the pressure compensation technique, such as the sample
volume and sample pressure, were usually calculated by using
the ideal gas state equation. Although most existing real gas state
equations have quite good accuracy at pressures below 30 MPa,
the calculation errors for these parameters increases as the pres-
sure increases (as shown in Fig. 1), which makes them ill-suited
for the samplers used for abyssal and hadal zones (Wu et al., 2018).

This paper presents an empirical real gas state equation and
theoretical calculation method for deep-sea sampling equip-
ment. The degree of deviation for some existing real gas state
equations in ultrahigh pressures was analyzed and compared.
The gas compression experiments were conducted according to
the deep-sea gas pressure compensation range. We next pro-
posed a simple gas state equation for pressures ranging from 15
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to 120 MPa by fitting the data from the experiments. A theoretic-
al calculation method for the sample volume and sample pres-
sure of the sampler was proposed by combining with the real gas
state equation. Finally, the calculation method was well verified
by a high-pressure vessel experiment for the sampler under 115 MPa.

2 Comparison of the gas state equations

The state of a certain amount of pure gas can be determined
when two of P, Vand T are given. This functional equation is
called an equation of state (EOS), namely, f{P, V, T)=0 (Smith et
al., 2005). The simplest realistic model equation of state is the
ideal gas equation of state, which is acceptable at low pressures.
Under high pressure, an actual gas is increasingly resistant to
compression as the molecules move closer together (Priede,
2018). To represent the PVT behavior of both liquids and vapors,
it is essential to obtain an equation of state that encompasses a
wide range of temperatures and pressures with no limitation
(Halder, 2014). In this regard, numerous such equations have
been proposed (Hempert et al., 2017). The compression factor, Z,
which accounts for the deviation from ideal gas behavior, is
defined by Z=PV/RT (also known as the Virial Equation), where
Z=1 for an ideal gas (Monago, 2010). The PVT relations of real
gases have been elaborately discussed, with some better-known
equations involving large-scales of pressures and temperatures,
such as the van der Waals (vdW), Peng-Robinson (PR), Redlich-
Kwong (RK), Soave-Redlich-Kwong (SRK), and Martin-Hou
(MH) equations of state (Redlich and Kwong, 1949; Martin and
Hou, 1955; Soave, 1972; Peng and Robinson, 1976). Descriptions
of these EOSs are shown in Table 1. These types of equations are
complicated in form but are very capable of providing accurate
results. Therefore, these equations are successfully and widely
used in different areas.

Table 1. Different EOS types for real gases

Type Real gas EOS
vdwW P RT a
T V-b V2
Virial
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To examine whether the existing real gas state equations are
well-suited for full ocean depths, a gas compression experiment
ranging from 15 to 120 MPa was designed according to the deep-
sea gas pressure compensation range. More details of the experi-
ment are introduced in Section 3.2. Experimental data were ac-
counted for in existing real gas state equations to calculate theor-
etical gas pressure values. The relative errors of the theoretical
values were obtained by comparing them with the experimental
pressure values (as shown in Fig. 1).

Most existing real gas state equations have small errors at
pressures ranging from 15 to 30 MPa, but these deviations in-
crease gradually as the pressure increases. Therefore, an appro-
priate gas state equation should be chosen to deal with high pres-
sures of up to 120 MPa and should calculate the deep-sea

60
—a— vdW
40 ° SRK
v—— Virial
20 A PR
éj / ¢ Ideal
) * $ 8 o % 00 o o
ENE S22 Seaas
2 PeAa,
=4 ®
ol *e “ v— v
# 20 °*
* A A
*
—40 * .
*
760 1 1 1 1 1
20 40 60 80 100 120
Pressure/MPa

Fig. 1. The relative error between the theoretical and real pres-
sure values calculated by different gas state equations.

sampler parameters conveniently and precisely.
3 Real gas state equation based on compressibility factor

3.1 Thereal gas state equation for high pressure
This paper presents an empirical gas state equation that is
used for deep sea sampling techniques. It is shown as Eq. (1).

PV

= nRT:a1P2+ﬂ2P+a37 ey

Z(P)
where a1=1.4163x107°, 4, =8.6194x107%, and a3=0.804 9
when 15 MPa<<P<120 MPa. Z is the compression factor, P is the
pressure, Vis the volume, 7 is the amount of material, R is a gas
constant and 7'is the temperature.

3.2 Gas compression experiment and calculation

A gas compression experiment was designed to verify the
feasibility of the existing gas state equations at pressures ranging
from 15 to 120 MPa. The basic principle of the experiment is the
variable controlling approach. For the three parameters of P, V
and T, P is used as a variable and V and T are measured. As
shown in Fig. 2, the experimental system is mainly composed of a
high-pressure cylinder (with an inner diameter of 47 mm, a
length of 115 mm), a water pump, and some stop valves, gauges
and pipelines that can withstand pressures of up to 120 MPa. The
high-pressure cylinder contains a piston and a baffle ring. The
piston compresses the gas via a water pump, and the baffle ring
ensures that the piston moves to a certain position. Pressure
gauges I and II can detect the pressure of pure water and pure ni-
trogen at both sides of the piston. The water pump continuously
injects pure water into the high-pressure cylinder to push the pis-
ton forward. The thermometer displays the temperature of the
compressed gas in real time. The volume of the gas in the high-
pressure cylinder at the beginning and end of the compression
are 180.5 mL and 33 mL, respectively.

The main operations of the gas compression experiment in-
clude charging the gas to the cylinder and pressurizing the gas
with the water pump. First, pure nitrogen gas is charged into the
high-pressure cylinder by a gas pump. Then, the water pump
continuously injects high-pressure water into the cylinder until
the pressure of the gas no longer rises. The parameters of the gas
are set to Py, V;, and T, when the gas is charged. The parameter
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Fig. 2. Schematic diagram of the high-pressure system for the gas compression experiment.

values for the gas after the experiment are set to P;, V; and T;.
Each group of experiments is repeated at least three times to en-
sure the accuracy of the results. The data of these experiments
are shown in Table 2.

Table 2. The original values from the gas compression experi-
ments

No. Py/MPa P/MPa V,/mL V,/mL T/K T,/K
1 2.96 15.86 180.50  33.03 2938 2947
2 3.58 19.47 180.50  33.03 2949 295.4
3 4.02 22.33 180.50  33.03 2950 295.4
4 5.10 30.15 180.50  33.03 2942 2953
5 6.04 38.52 180.50  33.03 2942 2952
6 6.95 48.54 180.50  33.03 2948 295.6
7 8.01 62.84 180.50  33.03 2947 295.4
8 8.93 78.82 180.50  33.03 2945 2957
9 9.26 86.31 180.50  33.03 2945 297.4
10 997 101.28 180.50  33.03  297.7 298.9
11 1032 110.21 180.50  33.03 2962 296.5
12 1048 114.21 180.50  33.03 2965 297.3

3.3 Calculation of fitting process
The compression factor (Z) is defined in terms of the Ideal
Gas Law:

7 14% @

= o7

When the parameters such as pressure, volume and temper-
ature are known, the value of Z can be solved, as long as the
amount of substance “n” of the gas is solved. The “n” of the gas
can be determined and will be constant during the compression
process as long as the cylinder is precharged.

Since the precharge pressure is very low, we can choose a
suitable existing gas equation to accurately calculate the para-
meters of the gas at the precharged stage. From Fig. 1, it can be
seen that the relative error of PR is smaller than for other EOSs
below 30 MPa. Therefore, the PR equation is chosen here (Peng
and Robinson, 1976), which is shown in Eq. (3):

RT a

Py T vvE e s (v=0p)
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where a=0.457 24 a(T) and b=0.077 796 P a(T)=

C c
[14 (0.374 64 + 1542 260 — 0.269 920%) (1 — \/T/TC)]Z , R=
8.314, T, = 126.2 K, P, = 3.400 000 91 MPa, and w = 0.037 72,

The P, V,, T, and other parameters of the precharged gas are
substituted into the PR equation. When the value of V'is solved,
the value of “n” can be calculated according to the formula
‘n= V()/V ",

The values of P, V,, T, and “n” after gas compression are
brought into Eq. (2), and then the value of the gas compression
factor “Z” can be determined. After the “Z” of each group of ex-
periments is determined, the values of “Z” and pressure are plot-
ted, as shown in Fig. 3. The data curve is fitted with MATLAB soft-
ware to obtain the empirical equation of “Z” and “P”, as shown in
Eq. (1).

Compression factor (2)

empirical gas EOS

[ ) experiment data

048 1 1 1 1 1
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Fig. 3. Graphical representation of the compression factor
versus pressure.

4 Pressure compensation of deep-sea sampler

4.1 Description of the deep-sea pressure-maintaining fluid
sampler
The sampling cylinder is a part of the sampler that plays a vi-
tal role in collecting and maintaining the in situ pressure of the
sample. It is composed of an accumulator chamber, a sample
chamber, an orifice and two pistons (Fig. 4). The two pistons di-



Wang Shuo et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 8, P. 88-95 91

| sample sample sample orifice accumulator ~ accumulator
.. /ﬁ inlet piston chamber piston chamber
' /
! e/ - ¥
»
n v -n- n
fluid sample deionized water deionized water high pressure gas

Fig. 4. Schematic diagram of the pressure-maintaining sampling cylinder.

vide the cylinder into three sections, which are filled with com-
pressed gas, deionized water and the fluid sample. The com-
pressed gas is used for pressure compensation and the orifice is
used for controlling the flow velocity during the sampling pro-
cess. This design of the sampling cylinder has previously been
successfully applied in many field tests. At present, we are more
concerned about the parameters of the sampling cylinder, such
as the pressure of the precharged gas, the effect of pressure com-
pensation and the sample volume. Prior to the theoretical calcu-
lations of these parameters, it is necessary to determine the actu-
al operation of the sampling cylinder. There are three statuses of
the cylinder during the whole process of sampling, as shown in
Fig. 5.

Status I: When the sampler is being prepared on the deck, the
accumulator chamber of the sampling cylinder is precharged
with nitrogen at a pressure of approximately 10% to 20% of the
seafloor pressure. The two pistons are located at the forefront of
the two chambers and the part of the sample chamber between
the two pistons is filled with deionized water.

Status II: During the collection of a sample, the fluid enters
the sampling cylinder and pushes the piston back forward. The
deionized water enters the accumulator chamber through the
orifice, thereby pushing the piston of the accumulator chamber
to move backward. The two pistons keep moving until the intern-
al pressure of the cylinder is balanced with the pressure of the
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Fig. 5. Three sampling cylinder statuses.

outside seawater.

Status III: The high-pressure fluid inside the sampling cylin-
der will cause the expansion of the cylinder when the sampler is
retrieved back to the deck. During this process, the compressed
nitrogen gas compensates the pressure changes inside the cylin-
der.

4.2 Calculation of pressure compensation effect

According to the proposed real gas state equation, the para-
meters of gas in the three statuses have the following relation-
ships:
BVo _ Vi _ PV )
ToZo TWZi Ty’

where P, V, T and Z represent the pressure, volume, temperature
and compression factor of the gas, respectively. The subscripts 0,
1 and 2 correspond to the three statuses described above.

The outside pressure of the cylinder is reduced to the atmo-
spheric pressure after the sampler is retrieved on the deck. The
cylinder produces an elastic volume expansion under the action
of the internal pressure generated by the sample, compressed de-
ionized water and gas. The theoretical volume change of the cyl-
inder can be obtained by calculating the radial and axial deform-
ations of the cylinder under the difference of the internal and ex-
ternal pressure. From this elastic theory, the radial deformation
of the cylinder is shown as follows:

D?p;

where P, is the pressure of the samples, D, is the inner diameter
of the cylinder, D, is the outer diameter of the cylinder, L is the
length of the cylinder, r is the radius of the inner wall of the cylin-
der, E is the elastic modulus of material and p is the Poisson ra-
tios of the material.

The axial displacement of the cylinder is shown as follows:

_ DRLP(1 —2p)

AL = . 6
E(D3 -~ D7) ©

The volume change of the cylinder is then obtained:
AV =1(Dy + u)® (L + AL) /4 — nD3L/4. (7)

Regardless of the volume change of the fluid sample and de-
ionized water, the volume expansion of the sampling cylinder is
compensated by the compressed gas. Hence, we can obtain the
volume of the gas at Status III as follows:
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Vo =Vi+AV. ®)

According to Eqs (1) and (4), the gas volume in Status II can
be solved:

PV T\ Z (Pl)
Vi = . . 9
TP,  Z(Py) ©
Combining Eqs (4)-(9), we obtain:
Pg _ PO VO T2 (10)
Z(Py)  Z(Po) To (Vi +AV)

Since the ambient temperatures prior to deployment and
after recovery of the sampler are equal, T, = T,,. From Eqs (9) and
(10), we obtain:

P. 1
> ==, (1
Z(Pg) m
where
TWZ (P Z(Py) AV
m— 1 (1)+ (0) . (12)
P Ty PyVy

Combining Eqs (1) and (11), we obtain the solution for P, as
follows:

P, =353 03 {m - \/(0‘008 619 4 — m)* —4.559 9 x 107°| —

304.29.
(13)

Equation (13) provides a direct relationship of values between
the maintained sample pressure and the precharged gas pres-
sure. It can also provide theoretical guidance for the design para-
meters such as the length and radius of the sampling cylinder. In
the actual operation, factors such as the changes in ambient tem-
perature and the error of measurement will cause small devi-
ations in the real effects of the pressure compensation.

The precharged gas pressure is usually set to 10% to 20% of
the depth of the seabed when the sampler is deployed. The
sample pressures of the sampler at different depths are calcu-
lated by introducing different precharged pressure values into
Eq. (13). As shown in Fig. 6, it can be concluded that the sample
pressure holding effect is better with an increased precharged gas
pressure, which means that it has a strong ability to compensate
for the decrease in pressure of a fluid sample. In addition, the
separation distance of the several curves decreases with increas-
ing precharged pressure at a high pressure range, which indic-
ates that the maintenance effect of the sampler will not increase
significantly with increasing precharged pressure. This also
means that it is useless to blindly increase the precharged pres-
sure in order to improve the maintenance effect of the pressure.

4.3 Calculation of the sample volume

The pressure of the precharged gas also has an effect on the
sample volume. Since the total volume of the sampling cylinder
is constant, the more gas that is precharged, the less sample will
be collected. We designate the parameters of the sampling cylin-
der as follows: D is the internal diameter of the cylinder, L is the
internal length of the sample chamber, L, is the internal length of
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Fig. 6. The sample pressure curves of relationships between dif-
ferent precharged gas pressures and sampling depths.

the accumulator chamber, and V, is the total volume of the
sampling cylinder. We have:

(Lt L)
RLdUREE)

t (14)

After sampling, the pressures of the gas, sample and deion-
ized water inside the sampling cylinder are equal. We assume
that the compressed sample volume is V; and the compressed
deionized water volume is V},;. Since there is no change in the
overall volume of the sampling cylinder before and after
sampling, we can derive the following equation:

Vi = Vsc + Vpe + Va. (15)

At this time, the total volume of the compressed sample and
the deionized water are equal to the sum of the volumes of the
sample (V;) and deionized water (V,) at normal pressure and the
total of the compressed fluid volume.

(Vsc + Voc) - Pa

Vsc+ Vpe = Vs + Va + ; (16)
Ew
where Ey, is the elasticity modulus of the deionized water.
The gas volume in the final state is shown as Eq. (17):
Py T, Z(P
v, = Dololz (z)_ a7
P, Ty  Z(Py)

Since the parameters in Eq. (4) are all known, the value of V,
can be solved. According to Eqs (14)-(17), the sample volume V
collected by the sampler is:

_nD? [(Bw — Py) Ly + PyLs] N

S

4Ey
nD?*LgPy T (P, — Ew) Z(P») (18)
4EwP,T, Z(Py)’

The data from different depths and different precharged gas
pressures are brought into Eq. (18), and the corresponding
sample volume is obtained, as shown in Fig. 7. The volume of the
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Fig. 7. The sample volume curves of relationships between dif-
ferent precharged gas pressures and sampling depths.

sample decreases with increasing sampler depth. Additionally,
the volume of the sample at the same depth decreases with in-
creasing precharged pressure.

5 Results and discussion

A high-pressure vessel experiment of a deep-sea pressure-
maintaining sampler was conducted to verify the accuracy of the
theoretical calculation method. The sampler mainly consisted of
a sampling cylinder, a sampling valve and an actuator, which has
the typical structure as has been reported previously (Fig. 8) (Wu
et al., 2018). Six sets of these samplers were put into a high-pres-
sure vessel for conducting water sampling (Fig. 9). The sampling
pressure of the experiment was set to 115 MPa for simulating the
full ocean depth environment.

After the initial and the final parameters of P, V and T of the
experiment were recorded, the theoretical sample volume and
pressure were calculated by using the equations in Section 4. As
shown in Tables 3 and 4, the results of the calculations are very
close to the practical values, which prove the precision of this cal-
culation method. Compared to the ideal gas state equation, the
calculation method presented in Section 4 provides a better cal-
culation of the pressure and volume of the sampler sample.

For the sampler, we need to explore an appropriate usage rule
to better meet the needs of scientific investigations. The sample

Table 3. Sample pressure data from the simulation experiment

underwater

controller and actuator connectors

~-

sample sampling
inlet valve

. pressure

framework compensating unit

sampling cylinder

Fig. 8. Schematic diagram of the deep-sea pressure-maintain-
ing sampler.

Fig. 9. Water sampling experiment of the samplers in the high-
pressure vessel.

volume and pressure of the sampler operating at 115 MPa pres-
sure are calculated by setting different precharged pressures, as
shown in Fig. 10. As the precharged pressure increases, the
sample volume gradually decreases and the pressure of the
sample increases. To better meet the requirements of the sample,
scientists generally require that the pressure of the sample be
closer to the in situ pressure. However, it is difficult for the
sampler to ensure the in situ pressure. The better the pressure
holding effect of the sampler is, the smaller the sample volume

No. Precharged Measured sample Calculated Relative error of Calcu}ated pressure using Rele}tive error using
pressure/MPa pressure/MPa pressure/MPa  calculated pressure/% ideal EOS/MPa ideal EOS/%
1 23.5 102.9 102.54 0.3 55.93 45.6
2 23.5 102.4 102.23 0.2 55.93 45.4
3 23.2 103.1 102.61 0.5 55.78 45.9
4 18.4 102.1 100.89 1.1 53.60 47.5
5 19.3 102.7 101.51 1.1 53.99 47.4
6 19.3 102.7 101.51 1.1 53.99 47.4
7 19.3 103.2 101.86 1.3 53.99 47.7
8 19.0 102.5 101.35 1.2 53.86 47.5
9 18.6 100.3 99.90 0.4 53.69 46.5
10 19.0 100.1 99.84 0.2 53.86 46.2
11 18.6 98.6 98.84 0.3 53.69 45.5
12 18.9 95.1 96.76 1.8 53.82 43.4
13 18.9 100.2 99.89 0.3 53.82 46.3
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Table 4. Sample volume data from the simulation experiment

No. Precharged Measured sample  Calculated Relative error of Calcu.lated volume using Relz.itive error using
pressure/MPa volume/mL volume/mL calculated volume/% ideal EOS/mL ideal EOS/%
1 23.5 135.8 136.70 0.7 170.80 25.8
2 23.5 136.7 136.47 0.2 170.49 24.7
3 23.2 136.8 137.83 0.8 171.53 25.4
4 18.4 156.0 154.12 1.2 180.70 15.8
5 19.3 152.1 151.23 0.6 179.20 17.8
6 19.3 149.3 151.22 1.3 179.20 20.0
7 19.3 155.6 151.45 2.6 179.52 15.4
8 19.0 151.2 152.22 0.7 179.74 18.9
9 18.6 153.4 152.75 0.4 179.35 16.9
10 19.0 149.9 151.24 0.9 178.36 19.0
11 18.6 151.2 152.08 0.6 178.38 18.0
12 18.9 150.4 149.61 0.5 175.67 16.8
13 18.9 152.8 151.64 0.8 178.64 16.9
104 - their support in the high-pressure vessel experiments.
102 L 4 180
References
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Fig. 10. The sample pressure and sample volume on different
precharged gas pressures when operating at 115 MPa.

obtained. During actual applications, the pressure value of pre-
charged gas is usually set to be 10%~20% of the bottom pressure.
This requires the users to set an appropriate precharged pres-
sure for the gas according to the actual needs of the scientific in-
vestigation.

6 Conclusions

The calculation errors of the existing gas state equations in-
crease as the pressure increases over 30 MPa. We proposed an
empirical gas state equation based on the compression factor Z
which was obtained by quadratic polynomial regression of the
experimental data. It shows adequate accuracy for compressed
nitrogen gas with a pressure ranging from 15 to 120 MPa. Fur-
thermore, the theoretical calculations of the pressure and volume
of the deep-sea sampler combined with the proposed gas state
equation were described in detail. Water sampling experiments
inside the high-pressure vessel were constructed, and the results
demonstrated the accuracy of the theoretical calculation method.
The theory of pressure compensation can provide theoretical
guidance not only for the design and operation of deep-sea
samplers but also for other high-pressure instruments associated
with compressed gases.
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