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ABSTRACT Hydraulic systems have been frequently used in deep-sea equipment because of their renowned
long service life, stable and reliable performance. However, impurities contained in hydraulic oil, such
as solid particles, gas and water, would jeopardize work efficiency of deep-sea hydraulic systems, and in
some extreme cases even cause failure of the whole system, resulting in breakdown of crucial deep-sea
equipment. Therefore, this paper aims to present a device, multifunctional oil-injection equipment (MOIE),
expected to be able to purify hydraulic oil in deep-sea hydraulic systems. Its major functions are to absorb
oil, remove impurities and fill oil, among which the removal of water and gas, i.e. dewatering and degassing,
is of significance. Theoretical analysis shows that the paper oil filter is able to remove the solid particles in
hydraulic oil, and degassing and dewatering of hydraulic oil could be achieved through vacuum filtration and
vacuum heating in high-temperature and low-pressure environment. The prototype of the MOIE is designed
and manufactured. The results from laboratory experiments indicate that this equipment can effectively
remove solid particles, gas and water from hydraulic oil. This study ensures the stability, safety and reliability
of the deep-sea hydraulic system by improving the quality of hydraulic oil.

INDEX TERMS Deep-sea hydraulic systems, degas, dewater, oil-injection, pressure tank, vacuum heating,

vacuum filtration.

I. INTRODUCTION

In deep-sea hydraulic systems, pressure compensation
devices are commonly used to mitigate the influence of sea
water pressure on systems [1]. Hydraulic oil is an ideal
pressure-balancing medium in deep-sea pressure compensa-
tion devices [2]. The main impurities in hydraulic oil are
solid particles, gas, and water [3]. The impurities would
affect the performance of hydraulic systems, shorten service
life of hydraulic components, and sometimes even be the
critical factor to determine whether hydraulic systems can
work normally [4], [S]. Solid particles in hydraulic oil could
easily wear and block hydraulic devices [6]. Gas in it would
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significantly increase compressibility and non-linearity of
hydraulic oil, which will affect the accuracy and rigidity of
system transmission, leading to undesirable consequences
such as actuator movement errors, automatic control errors,
inaccurate positioning, and positioning drift [7], [8]. More-
over, water would corrode hydraulic devices and influence
insulation performance [9], [10]. Therefore, the purity of
hydraulic oil, which means low gas content, low water con-
tent and few solid particles must be strictly controlled and
guaranteed.

The removal of bubble in hydraulic oil has been considered
in design and manufacturing processes of hydraulic systems.
To degas, the most commonly used method is to change
parameters or shapes of an oil tank in hydraulic systems. For
example [11], [12], make sure the horizontal cross-sectional
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area of oil tank is larger than its vertical cross-sectional area;
enlarge the distance between an oil inlet and outlet to make
oil flow smoothly; set up a bulkhead in an oil tank and
increase its volume to prolong fuel residence time in the
fuel tank; reduce the diameter of an inlet and outlet ports to
control oil flow [12], [13]. These methods allow oil to move
smoothly and stand for a period of time, which contributes
to both reducing bubble generation and increasing bubble
release time. However, the degassing effect of these methods
still needs to be improved because bubble is too small to
float to oil surface with its own buoyancy [14]. Although the
proposed centrifugal degassing method is relatively simple,
it remains challenging to achieve in engineering applica-
tion [15]. As to water in hydraulic oil, it can be divided into
three types: free water, emulsified water and dissolved water,
among which dissolved water is difficult to remove [16], [17].
The traditional water removal methods, such as gravity cen-
ter method, centrifugation method, adsorption method, etc.,
are not able to remove dissolved water successfully [18].
So, to tackle dissolved water, new methods are needed.
At present, specific research on removing gas, water and solid
particles in hydraulic oil has hardly been found or is still
under way. And few equipment that integrates oil absorption,
impurities removing and oil injection has been found or
is under development, either. In this paper, we design and
develop a multifunctional oil-injection equipment (MOIE)
for deep-sea hydraulic systems. It integrates the functions of
oil absorption, impurities removing and oil injection, among
which impurity removal includes removing solid particles,
degassing and dewatering. Its degassing and dewatering of
hydraulic oil are achieved through vacuum filtration and
vacuum heating in high temperature and low-pressure envi-
ronment. The following are its advantages:

1) The removal of impurities in hydraulic oil ensures the
stability and reliability of the deep-sea hydraulic system.

2) Compared with traditional methods, the oil filtration,
impurity removal and oil injection in the MOIE are performed
in a closed environment, which avoids secondary pollution.

3) The method of the vacuum oil injection can prevent
the air remaining in the deep-sea hydraulic system from
contaminating the hydraulic oil.

After a brief introduction, the remainder of this paper is
structured as follows. In Section II, the method of remov-
ing solid particles, degassing and dewatering are elaborated.
In Section III, the design of the MOIE, especially its pressure
tank is explained in detail. In Section IV, the degassing and
dewatering laboratory experiments are conducted to verify
the MOIE oil-filtering performance. The concluding remarks
are given in Section V.

Il. METHOD OF REMOVING IMPURITIES

The section II mainly introduces the application of high-
precision oil filter to remove solid particles from hydraulic
oil, and the removal of gas and water by vacuum heat-
ing the hydraulic oil in high temperature and low-pressure
environment.
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A. REMOVING SOLID PARTICLES

The role of an oil filter is mainly to remove solid parti-
cles from hydraulic oil. The filtration accuracy of oil filter
refers to the size of smallest solid particles that can be fil-
tered out. The oil filter can be divided into rough oil filter
(10 < d < 100um), ordinary oil filter (5 < d < 10um),
high-precision oil filter (1 < d < 5um), and ultra-precision
oil filter (d < 1um), where d is the diameter of the smallest
solid particles [19]. The commonly used oil filters are listed
in Table 1 [20].

Theoretically, the more accurate an oil filter is, the cleaner
hydraulic oil and the more reliable hydraulic systems are. But
pursuing excessive filtering accuracy alone is unrealistic. For
example, hydraulic oil with solid particles less than 1um is
mainly used in ultra-precision instruments, while most ocean
equipment does not need such precision hydraulic oil and
3 ~ 5um can well meet the requirements. Moreover, such
ultra-precision oil filter is not available on market and needs
to be tailor-made. The selection of oil filter should consider
other factors as well, such as filtration accuracy, cleaning
method, flow capacity, service life, etc. [21]. The oil filtering
accuracy is expected to be 2 ~ 10um. Therefore, compared
with metal oil filter, paper oil filter is selected for the follow-
ing two reasons: first, since oil flow rate is not high, it does not
require filter to have high strength; second, paper oil filter can
absorb some water in the oil while filtering the solid particles
at the same time. Furthermore, metal filter is difficult to clean
and replace when it is clogged. Fig. 1 is the structure scheme
of a paper oil filter. The oil enters in inlet A, passes through
filter core and flows out of outlet B. In this process, solid
particles are filtered and cling to the surface of filter paper.
When the pressure difference between m and n, signifying
the pressure at the inlet and the outlet respectively, reaches
a preset value, the signal generator sets an alarm to remind
people to replace the filter core. And the filter core should be
changed frequently in case being blocked and affecting the
filtering accuracy.

A B
Inlet Outlet

(@)

o NIl Shell

o) .

------- Filter Core
(@)
— - Spring
=

FIGURE 1. Structure scheme of paper oil filter.
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TABLE 1. Commonly used oil filters.

Oil filter Type accﬁirl;l;;t(i(;)/im)
Mesh oil filter Rough 20<d <100
Line-gap oil filter Ordinary 5<d<10
Paper oil filter High-precision 3<d<s
Metal oil filter High-precision 3<d<s

Filter core Characteristics

Simple structure, Easy to
clean, high strength

Simple structure, Not easy to
clean

Lower cost, Easy to clean, Not
high strength, able to absorb a
small amount of water in oil
Difficult to clean, high
strength

Copper-mesh

Steel wire or
aluminum wire

phenolic resin or
microporous wood pulp

Sintered metal powder

TABLE 2. Description of parameters.

Notation Description

R Radius of the gas-nucleus

Ry Original radius of the gas-nucleus
R Critical radius of the gas-nucleus
P, Pressure on the gas-nucleus

P. Critical pressure on the gas-nucleus
r Radius of the bubble

h Depth of the bubble

Dg Density of the bubble

pi Density of the oil

m Mass of the bubble

Fy Gravity of the bubble

Fy Buoyancy of the bubble

v Rising speed of the bubble

u Oil fluid viscosity

Notation Description

N Content of the gas-nucleus

y Heat capacity ratio

o Cavitation inception coefficient
P, Standard atmospheric pressure
Py Pressure of the bubble

F, Viscous resistance of the bubble
a Rising acceleration of the bubble
Py Oil-surface pressure

Vs Volume of the bubble

np Amount of substance of the bubble
R Gas constant

T Temperature

My Molar mass of the bubble

ta Rising time of the bubble

B. DEGASSING

Degassing means removing gas-nucleus and bubble from
hydraulic oil. Gas-nucleus is microscopic while bubble is
macroscopic [22], [23]. Increasing the radius of gas-nucleus
can cause it to develop into bubble [24]. Here, we first explain
in what kind of environment would gas-nucleus develop into
bubble. Then, theoretic analysis is presented to describe ris-
ing motion of bubble in hydraulic oil, and we particularly
look into how oil fluid viscosity influences bubble rising
movement.

The gas-nucleus scale distribution spectrum is applied to
indicate the content of gas-nucleus with different radius in the
liquid [25]. It is challenging to theoretically study the gas-
nucleus scale distribution spectrum since too many factors
are intertwined, and currently it is difficult to derive. Through
fitting a large number of experimental data, Pan obtained an
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empirical formula of the gas-nucleus scale distribution spec-
trum in the liquid at standard atmospheric pressure [26]—[28]:
_12 4

N = 864e” KR (1)

The description of all parameters mentioned from Eq.s (1)

- (20) in Chapter B is provided in Table 2, where R is the
radius of gas-nucleus and N is the content of gas-nucleus.
This formula is highly consistent with the experimental data
of the Ginedroz’s gas-nucleus scale distribution, and is con-
sidered reliable [29], [30]. The gas-nucleus scale distribution
spectrum shown in Fig. 2 is plotted from Eq. (1). It shows that
the radius of gas-nucleus is mainly distributed in 1 ~ 30um.
When R > 30um, the gas nucleus content is almost zero. Set
G as the content of gas-nucleus in the liquid when R > x (x
is a positive number on the X axis). To calculate G, Eq. (1)
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FIGURE 2. Gas-nucleus scale distribution spectrum.

needs to be rewritten as follows:
G=1- f NdR 2)

Let R = 1um be substituted into Eq. (2) to obtain G =
99.95%, which means that the radius of almost all gas-
nucleus in the liquid is greater than 1pm.

For easy analysis, let gas-nucleus and bubble be ideal gas.
According to idea gas equation:

PV = nRnT 3)

where P is the absolute pressure, V is the volume of ideal gas,
n is the amount of substance of ideal gas, T is the absolute
temperature, and R,, is the molar gas constant. Since n does
not change, increasing 7 and decreasing P together would
cause V to increase. This can be explained by the fact that in
high-temperature and low-pressure environment, molecules
move violently and the distances among them become larger,
i.e. the radius of gas-nucleus R continues to increase [31].
As the process of gas-nucleus developing into the bubble
illustrated in Fig. 3 shows, when R > R, the gas-nucleus
would lose its stability and develop into bubble. Then R,
is the maximum radius at which the gas-nucleus remains
stable. Gas-nucleus with different R, have different R, [32].
Therefore, the prerequisite for gas-nucleus to develop into
bubble is P, < P, [33].

Eq. (4) is the critical pressure equation of gas-nucleus
[34], [35]:
P, — 20(1 —3y)

3R,y

where y, P,, and o are the constants, y = 1.4,
P, = 101.325kPa and 0 = 0.05. The radius of almost
all gas-nucleus in the liquid is greater than 1um, so bring
R, = lpum into Eq. (4) to obtain P, = 2.513 x 10* Pa.
Vacuum means low-pressure. In this paper, vacuum refers to
the middle level of vacuum degree, between 1.333 x 10~ 1Pa
and 1.333 x 10°Pa. Since 1.333 x 10°Pa < 2.513 x 10*Pa,
it is concluded that in high-temperature and vacuum (HTV)
environment, gas-nucleus will develop into bubble.

+ Py “
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After gas-nucleus develops into bubble, its ascending
velocity in oil is similar to the descending velocity of solid
particles in liquid [36], [37]. The external force of bubble
and solid particle are the same but in opposite directions,
which easily causes bubble to deform [38]-[40]. Therefore,
the bubble is approximated to an equal volume of solid sphere
for analysis [41]-[43].

The Stokes’ law is:

4 3
Fo = 57”' Pg8g (5
4 3
Fp = 3P (0)
F, = 6mury 7)

According to Newton’s law:
Fy—Fg—F, =ma ®)
substitute Egs. (5) - (7) into Eq. (8):

4 4 4 3
371 = po)g — bmury = 271 pea ©)

When v = 0, the bubble is in its initial state and its rising
acceleration reaches the maximum, i.e. a = da;q. When
a = 0, the bubble is in an equilibrium state and its rising
speed takes the maximum value, i.e. v = vpax. Aftera = 0,
the bubble rises with a constant speed vy, as illustrated
in Fig.4. Therefore, the acceleration motion causes v from the
starting O to reach v;,,y, and the uniform motion is v = vy
The time for the acceleration motion is 7y and that for the
uniform motion is ;.

Integrate the separation variable for Eq. (9):

201 — plgrt . —52at 21— pelgr?

v=( on Je e+ o (10)
Substituting a = 0 into Eq. (9) is
2 5
Vmax = 9_ugr (o1 — pg) (11)
From Eqgs. (10)- (11), when v = vy
y = 2P per mlau (12)

9u

Therefore, the smaller the bubble radius r is, the shorter
the acceleration time #; is. At standard atmospheric pressure
(T = 273.16K, 101.325kPa), p, = 1.293kg/m?>, fluid vis-
cosity of NO.46 anti-wear hydraulic oil is u46 = 0.0391Pa.s,
the radius of most bubble in hydraulic oil is below
1.5 x 10~*m and a few larger bubble is below 2 x 10~3m,
soletr = 1.5x 10™*mand r = 2 x 10~3m [44]. Substituting
these parameter values into Eq. (12), we get the acceleration
motion time of bubble with these two radii as shown in Fig. 5.

From Fig. 5, when r = 1.5 x 10~*m and tg =1x 10~%s,
y — 0. whenr = 2 x 10~3m and tg = 1.5 x 10_45,
y — 0. This means that it takes quite a short time for
bubble to reach v,,,y, then the bubble starts a uniform linear
ascending motion. Therefore, 7; can be neglected, and the
bubble acceleration movement can be ignored accordingly.

VOLUME 8, 2020
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FIGURE 3. Gas-nucleus developing into bubble.
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FIGURE 4. Bubble ascending process in hydraulic oil.
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FIGURE 5. Acceleration motion time of bubble.

In short, the rising motion of the bubble can be simplified to
a uniform motion of v = vy, as shown in Fig. 6. The bubble
rising speed mentioned later is v,y .

t,-Uniform motion

] (O:Bubble
CJ:oil

h

P:P0+pgh () a=0,y=Vy4
v

FIGURE 6. Simplified bubble ascending process in hydraulic oil.

According to Eq. (3):
Py, = Po+ pigh (13)
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Bubble
m
= — 14
np M, (14)
4 3
Vy, = gnr (15)
Substituting Egs. (13)- (15) into Eq. (3) is
3mR,, T
r= M (16)
4w Mp(Po + pi1gh)

where m, R, T, p;, h, M are constants. With the increase of T
and decrease of Py, r will be increased. This further proves
that in HTV environment, the radius of bubble will become
larger, and its buoyancy will be increased.

It can be seen from Eq. (11) that the bubble rising speed
is affected by oil viscosity. Oil viscosity is associated with
ambient temperature and pressure. In HTV environment, oil
is expanded, molecular spacing is increased, and molecular
attraction is decreased, so oil viscosity is decreased as well
[45], [46]. This viscosity change law can be expressed as:

U= uoeaPO—A(T—TO) (17)
In Eq. (20), a, A, Ty, and up are constants. When 7T is
increased and Py is decreased, u will be decreased.
Then:

om 3m (18)
PV, T anr3
Substituting Eq. (18) into Eq. (11) is
28p1 , mg
= —7 - — 19
Vmax u " 6urrr (19)
Then:
h
ty = (20
Vmax

Therefore, in HTV environment, r will be increased and u
will be decreased, which makes v, to be increased and #
to be decreased. These result in shortened bubble rising time,
indicating that bubble will quickly float to oil surface and be
released.

C. DEWATERING

The principle of water removal in hydraulic oil is to utilize
the differences of saturated vapor pressure (SVP) of hydraulic
oil and water during vacuum heating [47], [48]. In closed
environment at certain temperature, the pressure of vapor in
equilibrium with liquid is called SVP. Different liquids have
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different SVPs and the SVP of the same liquid increases as
temperature becomes higher [49], [50]. Both boiling-point
and volatility of liquid are related to SVP [51], [52]. For
different liquids at the same temperature, the higher the SVP
is, the lower the boiling point and the stronger the volatility
are. Now take commonly used No. 32, 46, 68, 100, 150 anti-
wear hydraulic oil and water as examples for comparison,
and list their SVPs at 20°C and 60°C in Table 3 [53], [54].
Apparently, the SVP of water is much higher than that of
hydraulic oil. When hydraulic oil is heated under vacuum,
the water in it is more prone to be volatile. Therefore, water
could be both separated and removed from hydraulic oil by
vacuum heating at certain temperature.

TABLE 3. SVP of hydraulic oil and water.

V-32 V-46 V-68
20°C 1.9x10°Pa  2.0x10%Pa  2.3x107Pa
60°C 4.0x103Pa  2.5x10°Pa  4.5x10**Pa
V-100 V-150 Water
20°C 1.1x107Pa  8.0x10°Pa  2.339x10°Pa
60°C 4.0x10°Pa  3.3x10°Pa  1.9932x10*Pa

It is known that high temperature easily causes oil
molecules to polymerize into resin substances, such as asphalt
or tar, which easily block oil pipes and oil filters, and finally
affect the work of the MOIE [55]. The service life of hydraulic
oil is closely related to its work temperature. When tem-
perature is higher 60°C, every 8°C increase will shorten its
service life by half. The lifespan of oil at 90°C is only 10%
of it at 60°C [56]. Choose an appropriate work temperature
which allows water to be heated and separated from oil while
ensuring sufficient oil serving time is critical.

The SVP of water and commonly used oil at 60°C is
19.932 x 10°Pa and less than 4.0 x 1073Pa, respectively.
This vacuum refers to the middle level of vacuum degree,
between 1.333 x 10~ Pa and 1.333 x 103Pa. When hydraulic
oil is in a vacuum environment of 60°C, water molecules will
volatilize to form gas-nucleus, while oil molecules remain
stable. Therefore, 60°C is selected as the temperature for
degassing and dewatering from hydraulic oil.

Ill. DESIGN OF THE MOIE

Based on the theoretical analysis described in Section II,
the MOIE that integrates oil absorption, removing solid par-
ticles, degassing, dewatering and oil-injection functions can
be designed.

A. GENERAL DESIGN

The MOIE can be decomposed into four parts, including
the oil filter system, the pressure tank system, the vacuum
pump system, and the equipment trolley. The oil filter sys-
tem is mainly used to filter solid particles in hydraulic oil.
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The pressure tank system is a vacuum heating chamber for
degassing and dewatering of hydraulic oil. The vacuum pump
system extracts gas from the pressure tank to ensure the low
pressure inside of the pressure tank. The equipment trolley
fixes devices and makes it portable. The function of each
MOIE system is shown in Fig. 7.

r—— Four parts— — — 4 - - Function — — — — —

Oil filter system IJ—|—>|

[ L
[ L
Pressure tank system |—|—|—F|

MOIE | I

FIGURE 7. Function of each system in the MOIE.

The MOIE consists of a vacuum pump, high-precision
oil filter, two immersion electrical heaters, some measuring
gauges, a pressure tank with capacity of 60L and inner diame-
ter of 0.5m, etc. Fresh air can be injected into the pressure tank
through an air filter. The heater located near the bottom of
tank has the maximum power of 2kw and can be adjusted by
a designed program. To let oil be heated evenly, the inner cir-
culation is ensured during the heating process. The hydraulic
oil circuit of the MOIE is shown in Fig. 8, and the cru-
cial steps of the oil purification process are explained
here.

1) Oil absorption and filtration. Connect the oil inlet pipe
to an external oil tank. Open the vacuum pump to vacuumize
the pressure tank. The air pressure in the external tank is
higher than that in the pressure tank. Due to such pressure
difference, the oil will flow into the pressure tank along the oil
pipe. Switch on the low-pressure oil transfer pump to enhance
the oil transfer capacity and the internal circulation capacity.
After the oil passes through the paper oil filter, the solid
particles in the oil will be filtered.

2) Degassing and dewatering. Switch off the oil inlet valve
once the volume of oil in the pressure tank reaches the preset
value. Keep the vacuum pump running to maintain a low
pressure in the pressure tank. Switch on the electric heaters
and heat the oil according to the preset control program to
keep the oil temperature at 60°C. It starts degassing and
dewatering.

3) Oil injection. Use vacuum oil injection to complete oil
filling operation. First, vacuum the hydraulic equipment to
evacuate the residual air in the hydraulic equipment and keep
it as well as the pressure tank in vacuum state. Second, switch
on the oil valve between the pressure tank and the hydraulic
equipment. There is a height difference between them. Based
on the law of connected vessels, when the air pressure in the
hydraulic equipment and the pressure tank are the same, their
liquid within reaches the same level. Therefore, the oil in the
pressure tank will flow into the hydraulic equipment via the
oil pipe.
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FIGURE 8. Hydraulic oil circuit of the MOIE.

B. DESIGN OF THE PRESSURE TANK IN THE MOIE

This section focuses on the design of the pressure tank, one
of the crucial steps in designing the MOIE. The following
mainly introduces the pressure tank material, thickness, tem-
perature control system, heater, air filter.

Stainless steel 304 is renowned for rust prevention, oxi-
dation resistance, high-temperature resistance and corrosion
resistance [57], [58]. It is selected as the material of the pres-
sure tank wall. Wall thickness is the most important structural
parameter of pressure tank. Appropriate wall thickness is
the basic condition for ensuring structural strength, structural
rigidity and service life [59], [60]. The calculation of the
pressure tank wall thickness is closely related to the allowable
stress:

i 310
[Oamin] = Tamin = — = 103.3MPa
o 6%0 2D
[Obmin] = nmm = T = 206.7MPa
S

The description of all the parameters from Eq.s (21) to
(25) and their numerical values are provided in Table 4.
In Eq. (21), [ amin] is the allowable stress of the yield limit,
and [0 bmin] is the allowable stress of the tensile limit, so the
allowable stress [o] = 103.3MPa.

Calculate the wall thickness of the pressure tank as shown
in Eq. (25):

(Sn =5§+C+ A
5> Pimax - d _ 0.5 x 490
= 2[8] — pimax  2x103.3x1-0.5 (22)
= 1.189mm
C=C+C

where &, is the wall thickness of the pressure tank, § is
the calculated thickness, and C is the additional thickness.
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The calculated thickness is to ensure the strength and stiffness
of the container under specified load conditions. Accord-
ing to GB150 ~ 89, it refers to the ASME code and the
Japanese JISB8243 code equivalent to ASME [61], [62].
The additional thickness C is divided into Cy and C,. C| is
the negative thickness deviation of steel plate and C; is the
corrosion allowance [63], [64]. During rolling procedure of
manufacturing processes, the thickness of pressure tank may
vary. If negative deviation occurs, the actual thickness will be
smaller than it is calculated, and the strength of pressure tank
might be affected accordingly. Therefore, a negative thick-
ness deviation C; is introduced to increase the thickness in
advance. The relationship between the values in the pressure
tank thickness calculation is shown in Fig. 9.

Because of the corrosion resistance of 304 stainless steel,
we assume hydraulic oil to be non-corrosive, C» = 0. Now
take C = 1.25mm, round §, to 2.5mm. Then calculate the
maximum withstood pressure:

8, =8, — C =2.5-1.25 = 1.25mm

28, [o]¢ _ 2x125x103.3 x 1
d+8, 490 + 1.25

= 0.526MPa

Pamax -

(23)

where §, is the effective thickness, and Pg;q is the actual
maximum withstood pressure. Here, P,y is almost close to
Pimax, so the wall thickness of the pressure tank §,, = Smm is
considered reasonable and feasible.

As explained in Section II, excessively high oil-
temperature would damage the quality of hydraulic oil, and
excessively low oil-temperature would cause difficulty to
achieve degassing and dewatering. Therefore, the tempera-
ture of hydraulic oil must be strictly controlled. The heater
installed inside the pressure tank is used to heat the hydraulic
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TABLE 4. Description of parameters.

Notation  Description Value Notation  Description Value
3

Oamin Yield limit of stainless steel 304 310MPa G, Specific heat capacity of oil (lkzxolé)) v

Obmin Tensile limit of stainless steel 304  620MPa Oil density 900kg/m3

s Safety factor 3 Oil volume in the fuel tank 0.06m>

0 Weld coefficient 1 AQ Temperature difference 40°C

d Inner diameter of the tank 490mm Heating time 3600s

Thickness additional 1.5mm Heating efficiency 0.7
On Nominal thickness Smm Pimax Ideal maximum withstand pressure ~ 0.5MPa
Negative Thickness 4 1 1
Deviation C; Y Thickness _
Corrosion 4 Additional C 4
Allowance C, Y v Design = Nominal
Calculated Thickness dq Thickness 6
Thickness § v | Effective "
Thickness 1+ Thickness J,
Round value 4 v v
FIGURE 9. Pressure tank thickness.

oil up to a temperature of 60°C. This paper adopts the Input, &~  PID 2238 77115 | Output
modified Smith fuzzy PID controller to maintain the oil 451.855 +1
temperature at 60°C, and the oil heating system is the control
object. The transfer function as a first-order transfer function :
with a delay described by Huang et.al. is shown in Eq. (24), Smilth et
which not only reserves the main features of controlled object Predictor

but also facilitates the theoretical analysis and the real control
operation [65], [66].

22.8 e—77.11s

G(s) = ———2>
)= 51855 1 1

(24)

With the characteristics of large inertia, large time delay
and large time-varying parameters, it is difficult for tradi-
tional PID controller to control accurately the oil heating
process in the MOIE [67]. The traditional Smith predictor
can solve such problems, but must obtain accurate mathemat-
ical models of the controlled system. To further reduce the
accuracy requirements of the model and obtain better control
results, a first-order filter is added to the Smith predictor
[65]. And the block diagram of the modified Smith fuzzy PID
control system is shown in Fig. 10.

The modified Smith fuzzy PID control system not only
maintains the dynamic performance advantages of the Smith
fuzzy PID control, but also has good robustness and small
oscillation. Therefore, it can meet the requirements of
the temperature control for degassing and dewatering of
hydraulic oil. The heating power of the heater can be
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First-order
Filter

FIGURE 10. Block diagram of the modified Smith fuzzy PID control
system.

estimated by Eq. (28):

S Cov VRO hekw
v T (25)
P = — = 1.54KW
n
where N is the energy required for the pressure tank, and P
is the power required by the heater. The normal temperature
of hydraulic oil is about 20°C, so the temperature difference
AQ is 40°C. Hence, it is necessary to select the heater with
the power greater than 1.54KW to meet the requirement. Two
heaters with the specification of GYY2-220/1 are selected
with the power of each 1KW.
The pressure tank is also equipped with level gauge, ther-
mometer, air filter, relay, pressure gauge, etc. The 3D model
of the pressure tank is displayed in Fig. 11. When sucking
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SN/ —Pressure Gauge

Relay

Thermometer

FIGURE 11. 3D model of the pressure tank.

oil, the low-pressure oil pump will ensure that the hydraulic
oil circulates in the low-pressure oil circuit. However, if the
gas pressure in the pressure tank is too low, the self-priming
ability of the low-pressure oil pump will be reduced, and even
bubble will be generated. The gas remaining in the MOIE
before its working may be dissolved in hydraulic oil, so all
the gas needs to be discharged through the vacuum pump.
After the gas is discharged, the inside of the MOIE is in
vacuum, which is not conducive to the work of the low-
pressure oil pump. Therefore, to ensure the gas pressure not
too low, an air filter is installed on the top of pressure tank to
communicate with the atmosphere. The gas from the air filter
will not be dissolved into the hydraulic oil, and only a small
amount of gas can enter the pressure tank through the throttle
valve control. After the oil suction is completed, the throttle
valve will be closed to prevent gas entering the pressure tank.
Therefore, the vacuum degree of the pressure tank is safely
ensured.

IV. EXPERIMENTS

This section verifies the oil purification performance of the
MOIE by a series of degassing and dewatering experiments
carried out in the laboratory at the Ocean College of Zhejiang
University. The prototype of the MOIE is displayed in Fig. 12.
The oil temperature change curve of the pressure tank when
the MOIE works is shown in Fig. 13. After the MOIE runs
for 30 minutes, the temperature can reach to and maintain at
60°C. Therefore, the degassing and dewatering experiment
time was set for 60 minutes to allow gas and water to be
maximally removed. The hydraulic oil used in the experi-
ment was No. 46 anti-wear hydraulic oil. Each sample in
both degassing and dewatering experiment was repeated for
20 times. Record the results of each time, and take the median
of density in degassing experiment and the median of volume
in dewatering experiment as the representative of each sample
for later analysis.

A. DEGASSING EXPERIMENT

The degassing performance of the MOIE is verified by mea-
suring and comparing the density of the hydraulic oil. First,
four samples with 500ml hydraulic oil for each were pre-
pared. Secondly, these samples were undergoing different
processes as described in Table 5. Finally, the degassing effect
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FIGURE 12. Prototype of the MOIE.
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FIGURE 13. Oil temperature change with time.

of the MOIE was evaluated by calculating and comparing the
density of each sample.

TABLE 5. Degassing experiment.

Sample Operation Time

1 Oil only passes through the Stand for 60
high-precision oil filter minutes
Turn on the low-pressure oil

5 transfer pump and oil passes Stand for 60
through the high-precision oil minutes
filter
MOIE starts working but

3 switch off electric gheater Work for 60
(Vacuum but no heating) minutes.

4 MOIE works normally Work for 60
(Vacuum heating at 60 °C) minutes.

To prevent air contacting hydraulic oil when measuring the
volume of hydraulic oil, we designed a graduated cylinder as
shown in Fig. 14. The top of the graduated cylinder is semi-
closed only allowing oil pipeline of the MOIE to enter. Before
starting the measurement, the air in the graduated cylinder is
evacuated through an injection syringe.

The experimental results are presented as follows:

1) At the beginning, sample 1contained a small amount of
large bubbles. After being placed for 60 minutes, the bubbles
were partially released. Its mass was measured as 441.89g
and its density was calculated to be 0.88378g/cm?.

2) Sample 2 contained fine bubbles and it is difficult to
release them by purely standing still, as shown in Fig. 15. Its
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FIGURE 14. Graduated cylinder.

mass was measured as 439.93¢g, and its density was calculated
to be 0.87986g/cm’.

FIGURE 15. Sample 2 in degassing experiment.

3) There were no visible bubbles in Sample 3. Its mass
was measured as 441.99g, and its density was calculated to
be 0.88398g/cm’.

4) There were no visible bubbles in sample 4 neither. Its
mass was measured as 442.44¢g, and its density was calculated
to be 0.88488g/cm’.

The calculated density of each sample is plotted and dis-
played in Fig. 16. The following conclusions can be drawn.

1) The density of sample 2 is significantly low. This indi-
cates that when the hydraulic oil flows through the low-
pressure oil transfer pump, a small amount of air is mixed
inside. Therefore, after the MOIE sucks oil, the gas content
of the hydraulic oil in the pressure tank becomes higher.

2) The density of sample 3 is similar to sample 1. This
indicates that only 60 minutes’ vacuum treatment of the
hydraulic oil does not achieve effective degassing.

3) Compared with the other three samples, sample 4 has the
highest density, which indicates that the purity of hydraulic
oil in sample 4 is the best. This verifies that the hydraulic oil
is degassed in a vacuum environment of 60°C. And it also
proves that the degassing function of the MOIE is feasible
and effective.
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FIGURE 16. Each sample density.

B. DEWATERING EXPERIMENT

The dewatering performance of the MOIE is verified by
measuring and comparing the turbidity of the hydraulic oil.
Firstly, three samples were prepared with 240ml hydraulic
oil in the first sample and 210ml in the rest two. Differ-
ent operations were performed on each sample as described
in Table 6. Then, the dewatering effect of the MOIE was
verified by comparing the turbidity of each sample. To clearly
compare and analyze the experiment results, sample 2 and
3 were added 30ml water, respectively. Then the hydraulic
oil was emulsified and appeared milky and turbid, as shown
in sample 2 in Fig. 17.

TABLE 6. Degassing experiment.

Sample Type of hydraulic oil Operating
240ml of the original .
! hydraulic oil Static
Mix 210ml of the original
2 hydraulic oil and 30ml of Static
water together and stir.
Mix 210ml of the original
3 hydraulic oil and 30ml of MOIE works
normally

water together and stir

FIGURE 17. Dewatering experiment.

Compared with sample 1, sample 2 is apparently found to
be of a higher turbidity. Compared with sample 2, the tur-
bidity of sample 3 was lower, and its liquid was 10 ml
less than that of sample 2. It indicates that after the MOIE
worked for 60 minutes, 10ml of water in the hydraulic
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oil was removed, and the dewatering rate reached 33.33%.
Since most hydraulic oil contains less than 0.01% of water,
the dewatering performance of the MOIE is regarded feasible
and sufficient.

V. CONCLUSION

In this paper, the MOIE, multifunctional oil-injection equip-
ment for deep-sea hydraulic systems, is proposed. Its major
functions are to absorb oil, remove impurities and fill oil,
among which the removal of impurities is of significance
and is achieved through vacuum filtration and vacuum heat-
ing. The prototype was designed and developed, and the
laboratory-based experiments were carried out to further ver-
ify the degassing and dewatering performance of the MOIE.
Based on this, the following conclusions are drawn:

1) Both theory and experiment have proved that the paper
oil filter is suitable in the MOIE.

2) In high-temperature and low-pressure environment,
hydraulic oil can be degassed and dewatered, and at a tem-
perature of 60°C, the MOIE works best.

3) The design of the pressure tank is crucial, and its wall
thickness has been calculated to be Smm. The modified Smith
fuzzy PID controller can achieve temperature control, main-
taining the internal temperature of the pressure tank at 60°C.

4) The laboratory experiments have proved that hydraulic
oil can be degassed and dewatered by the MOIE with vacuum
heating.

Through the experiments we find that the control system of
the MOIE still needs improvement. When it works for more
than 18 hours, the preset temperature cannot be stably kept.
At this time, it needs to be revised manually. For future work,
more experiments are expected to improve the reliability of
the MOIE.
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