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Abstract— A robotic system that can perform in situ microbiological identification and

Douglas M. Pargett, Scott Jensen, Brent Roman, et al

T~ quantification of larvae, bactgsl\and other microscopic organisms at depths up to 4000m has been

developed and deployed by MBARI. The system is composed of\a:\e;isﬁﬁg-hw-prmre detection

instrument and a Deep Water Sampling Module that collects up to 10L of seawater and
decompresses it for analysis. The architecture for the Deep Water Sampling Module was inspired by

lungs and the mechanics of breathing.

Index Terms—Lung, Hydraulic, ...

[. INTRODUCTION

A PRIMARY goal of the Monterey Bay Aquarium Research Institute (MBARI) is to extend the operating
depth and duration of ocean scientific instrumentation. The Environmental Sampling Processor (ESP)

R (WSTh AN \a- ’7
program utilizes : robolic(hbma‘mlﬂy instruments for in situ identification and quantification of Q ﬁ

larvae, bacteria and other microscopic organisms in near real time [1], [2].(This\avoids the time lag and | 5‘:’1
T} \ 1} 'Ia"

changes of state that occur when samples are sequestered and transported to the laboratory for analysis. b L
Af st e "
Additionally, as a robotic systc;lNcan be deployed for months, e&&bkng-n@wwseafeh-ﬁ?t;ackmg

microbial activity over time without/{mman presence! Although typically deployed in less than 50m N (/N ‘

seawater, MBARI undertook the task of bringing the ESP scientific capabilities into the deep sea. J\( wD ff
; . . . . )
%mm =t;he ESP instrument filters a volume of the ambient seawater, collecting the sometimes 7 5
0 (}f/
./
through the 500kPa rWem, resulting in a S‘bln operating depth limit. The Deep ESP project W
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p
sparse microbes for autonomous detection. However this requires processing liters of the ambient seawater
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developed interface systems that would allow an ESP to operate in depths to 4000m, where the ambient CU) N/ g
pressure is about 41 MPa.
As the ESP instrument has numerous valves, fittings and remotely operated pressure seals, it was h

more feasible to develop a pressure modifying interface that could feed reduced pressure seawater to the

J instrument rather than redesign the instrument to perform the same functions at much higher pressures. A
4000m Deep Water Sampling Module (DWSM) was developed that could collect the seawater sample
under high ambient pressure and themmw that water, so that the ESP
instrument could safely filter and identify the microbes present. Out of several concepts, a differential
pressure driven system inspired by lungs and the biological process of breathing presented the greatest
potential. System design and fabrication found many parallels to lung structures and processes of inhaling

and exhaling seawater, even to the point it garnered the nickname, “aqua-lung:*
’ oLt
: . {j LO \ /) /\\\ N
II. DEEP WATER SAMPLING MODULE PURPOSE ) L" ' ' DLW
s . \ .
The Deep Water Sampling Module is the interface between the ocean and the ESP instrument. This

complex system has one simple function, to provide low pressure seawater that the core ESP can process

M 07 S > 50m  (7)
while tis-stilk located in-the-deep-ocean.

Starting in 2005, MBARI developed and tested the first deep ESP system to 1000m depth in the
Monterey Bay canyon. It worked on a similar concept as the 4000m version, as it used the same ESP
instrument for microbiology identification, with an interface system that would sequester and decompress
the seawater prior to filtering and analysis. However, the 1000m system was implemented by very different

methods and hardware(i:lfgr background information; a short description of the 1000m Deep ESP equipment

follows.

ollows {ﬂ‘?’v /‘ B «,JIU/ M
| i\ fM JWW om

A. Reviewl000m Deep ESP 107!

The 1000m Deep ESP was developed only to the capability of one-day, ROV tethered operations. The
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Deep ESP system was mounted on a tool sled underneath MBARI’s Ventana ROV, which provided power
and communications to the instrument.

The 1000m DWSM used a cylinder and piston system to collect and decompress seawater. One large
cylinder was used to inhale and sequester the seawater, and another much smaller one to decompress the
sequestered seawater. Two identical oil compensated linear actuators were used to drive the pistons. The
method of operation was the sampler cylinder would intake a seawater sample, then valve closed from the
ocean. The smaller piston would expand that enclosed volume, creating the decompressed condition. The

system would then valve to the ESP instrument which would filter the water, passing the filtrate to the back

side of the sample cylinder piston.
Although the cylinder and piston method of the 1000m system was a straight forward approach to
sequestering and decompressing in-situ, there were drawbacks and lingering problems with this
A

architecture. h-of tst i 1 vy ssens-tearned-from-the 1000m..
b

B. 1000m Lessons Learned

1) Needed more sample, 10L
In the deep ocean, microbial life can be much less abundant than at the surface. The 1000m Deep ESP
used a 1.8L sequestered volume of seawater, which wa\sqetenn-'med m sufficient for the science

goals. A 10L sample of raw scawater was estimated to be necessary. However, enlarging the 1000m
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architecture for a 10L volume would be intractable.

V4
A drawback to the linear actuator and piston assemblies of the 1000m system is that the size of the 1
[ @
mechanism is linearly proportional to the volume sampled. The length of the fully assembled linear Y
Ly
actuator, anti-rotation rod, and piston cylinder was 1.15m. Increasing the volume of that piston diameter to ;"
7

. ."I’I i
10L would have required a much longer mechanism, over 6m. Alternatively, a larger diameter cylinder | b

could be used to increase the sample volume, but at over five times the area. Higher capacity actuators,
motor controllers and power supplies would have been needed.
2) Regquired active dynamic control.

The process of the 1000m system required that both linear actuators be powered and maintain position
control at all times, otherwise the decompressed state could not be maintained. Both the sample and
decompression piston shafts were exposed to ambient sea pressure via the oil compensator on the linear
actuator, and could back drive if power was lost. The sequestered volume would return to ambient pressure
very quickly, likely damaging the ESP instrument.

To prevent the need for active dynamic control to maintain a safe operating pressure, during the Systerﬂ

engineering stage, we proposed that the 4000m DWSM processes of sequestering, decompressing, '1_
sampling, and exhausting, should be a sequence of single actuated steps. Each step transitions from one | WY

| IV L
| :J.lj\_r'

17

'
J

stable condition to another stable condition, so that a single mode failure at any state would either remain

stable at that condition, or predictably drift to the last stable condition.

mmM
C. Design for Testing \N\\ﬁ\éﬂ;; ;ym /MW /Wf o

Any sampling module acts as a conlrojled 1nterface between the high pressure environment of the deep
sea and the low pressure ESP. As suc h(it)s strongly affected by pressure and undesired conditions may
only appear while under pressure. Such conditions may prevent the system from functioning, or may cause
damaging instabilities.

One development complexity with the 1000m Deep ESP system was that it could not be tested on shore

under the pressures it would experience during deployment. The system needed to be fully immersed in the
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pressure environment fE)r the forces to be exerted during decompression, and it was much too large to fit in
any readily available hyperbaric pressure chambers. This made actual deployments in the ocean the only
place that engineering testing could be done. It took several months of iterative modifications and dives to
resolve a pressure induced control instability with the linear actuators.

To prevent similar development problems in the 4000m Deep ESP, we had another design goal that the

system be testable at MBARI, at deployment pressures. '&is—g@al-p&?prefcreﬂt’&'meptﬁhat-emﬂdh&/&/

"ﬁ%ﬂﬁfﬁm‘ﬂmﬁdk DX 1o i ’[”‘ﬂ‘"“() J€ o —

III. DESIGN PROCESS

The 4000m DWSM project started with determining the system requirements based off the science
A
objectives. It would need to sequester up to 10L of seawater; decompress thal@a potemia\f_ 41 MPa L to

MY =

: -
Z&O(ylﬁ’a,}provide that water to the core ESP for processing; collect the filtered water back lﬁ@n the core GUV’)‘?

o~

ESP; and prepare for the next sampling event. The functional requirements and design goals are as follows: \J""‘.
}:‘ v 3)‘.!‘
a. Operate from 0 to 4000m ( L J f“ﬁr
b.S single volume & i "
: 1 A Py
eques er/smg e volume for processing > | J!,'?'Lﬁ ; [ﬂ AP
c. Com up to 10L 4« SEATGIN aw e s
W V)
d.Maintain homogenous sample i 9!
. iJ‘]U) i
e. Prevent sample<to~sample contamination \ e '
* [f
f. Deployment duration up to 1 year. " \’5‘\")5, QW’ N - ,,)Qd )
- o ? 177
g.Operat:%—waw-(empcrm, 0-35°C } ﬂ(}iif‘”,
: 111 /7 ]J;LP oY
h. Series of stable sequences ] /l:-’{,:{,l)ﬁ piogs INfS PED. W . )
i. Deployment pressure testable while on shore
A. Conceptual Design “s’@&
.fwk
A systems engineering approach was used to develop the sequence of operations that the DWSM, \< /
_____'_._4‘
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it i
regardless of hardware implementation. The 4km DWSM i provides the ESP

with a volume of water to sample and prOC(?él-led-ﬁ‘blmple Operating Theory:
Yir NG foLaaG— shefld -

\\\}\% -

1.Intake a volume of seawater, sequestering up to 10L;
2.Decompress, typically to 300 kP@ 7-
“G{) j 3.If gas is generated from the sampled seawater during the decompression, transfer and vent off so that
t]U Uﬁdecompresswn may be completed.
W
S‘ﬁ pV‘“’ 4.0nce stable decompression is reached, open isolation valves to the ESP core
5 Push water thru the filtration stage of the ESP, collecting the ﬁl“c%‘ed water in the resample bag.
C/ON / 6. Onc\qal-l» fi lterm\gehas-eempleted- of thatisequestcred samgli‘;\}?sc 1)solatlon valves to the core ESP;

7.Recompress the system to ambient pressure,

8.Exhaust old water, and prepare for next sampling event.

B. Conceptual Design - - Pt

- ——— e ey g

/ T he concegtua] design process was Jum}sta.l ted by bramston‘nmg sessions-with three key engineers;

._\ o \
/ ) . /i\ll\ which had-detailed knowlchgg of how thgz\ core ESP instrument

work.zé,\t_he requitements for the~4000m Deep ESR, and how the.] 000m sy&*m functiohﬁd. Over a few days,
N\

\

\ system diagrams were ‘sketched on dry €
unctional rekents. "he system with greatest potential to meet the requirements and goals was

modeled after lungs and the biological processes of breathing.

(Lung Diagram)
8% L
*\,.,H"ﬁ M (Ep/ .
P e
At the very top level, the 4000m DWSM operates like lungs. To inhale air into the lungs, the human body

generates reduced pressure inside the chest in two ways. Most notab1y7t\he diaphragm m—d-mwn-dewn-byy

s { ciea, T
/A{c,/!ﬁ}f"é} }/ﬂ}/ﬂf \
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—o | T gl |
i i - . Also, accessory muscles in the

chest lift the ribs upward to expand the volume. When an air passage is open via the mouth or nose, the

ambient air pressure drives air in the lungs, filling the volume made available. To exhale, the diaphragm

and accessory muscles relax and the weight of the chest places the air inside the lungs at higher pressure
than ambient. To exhale more forcefully, abdominal muscles contract to push upward on the dlaphragm ,7
increasing the pressure more, and air is forced out.

A major des1gn decision of the 4000m DWSM was to go to a hydraulically pumped system. The raw

o

£ 40

ﬂ\.@\ q

\i‘”

seawater is drawn into the system, pumped thru the ESP, and exhausted back to the ocean all by pumping >

hydraulic fluid. This way, alﬁ‘h& pumpsz oil, effectively eliminating corrosion and

contamination concerns. Instead of pistons, the pump design of the 4000m DWSM decouples the sample [

S
volume from the size of the mechanisms. The pumps can move greater volume}lﬁkjust allowing more

THUS USING-
pumping time. i , the sample volume can be increasedt%usl— larger chambers and bags, but

~FRGUIEes No changew the driving mechanisms.
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Deop Water Samplor
Process Diagram

As described, the 4000m DWSM m1mlcs breathlng action by pumping oil into or out of the hard pressure %ﬂﬁﬂ

pumps is transferred thru the flexible “lung” membranes to the raw seawater, which then flows accordingly.

—, . #
generate a pressure differential. In51de the hard pressure housmgs the pressure generated by the oil s&'ﬂ

. u)tcf

The architecture of the 4000m DWSM is two similar assemblies of a dry electronics housing mated to a

variable pressure oil chamber. Inside each oil chamber is a flexible bag for containing the seawater. Each

dry housing contains control electronics and actuators to valve to direct the water and oil as needed.
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Inhale/Exhale
When inhaling seawater, oil is pumped from inside the hard chambers to an ambient pressure storage
WAL YTSI06 Vs 7))

reservoil);l This decreases the pressure inside the chambers and the higher ambient pressure forces seawater
to flow into the selected valve port, filling the appropriate seawater bag. In exhaling, oil is pumped into the
chambers from the reservoir, increasing the pressure inside the chambers above ambient. The seawater in
the appropriate bag is pushed out through the selected valve port.

Decompression

A major benefit of the lung inspired system is that it functions by pressure differentials already.
Decompression is the same action as inhaling, pumping oil out of the hard volume. With the intake valve

closed, another pump of much higher pressure capacity is used to pump oil from inside the chambers to the

ambient storage. As there is no open port for the seawater to make up the pressure differential, the pressure

inside the chambers continues to drop until the target pressure is reached. y Jf'
l
ot
. i1 p5
Samplin i . H
pling W fl ﬂ( o 'Mm’-,{ﬂ’f
After decompression, a flow path is opened through the ESP instrument’s filtering stage. The sample fw‘ L ,gV y
il
pump pumps oil from twchmbel‘ to the sample one, creating the pressure differential ‘ﬁﬁ | gf,Stith
b X
between the two seawater bags. This drives the raw scawater through the filter membrane in the ESP ¢ e
R e e (1 - ot A‘J Co'ﬂf
instrument, and into the bag of the downstream chamber. ¥ e oA =" 2
? | R 25 it
Recompression ’ \S&L {',"? ﬂv‘ﬁ\ 4 o P

M9
After the filtering is completed, the ESP isolation valves are closed andcan be brought back

to ambient pressure safely. Recompression is accomplished by allowing oil from the ambient reservoir to

5

flood back into the decompressed chambers. To prevent a hammer condition, the decompressed volume is ms

1\6‘*\/4%\\"3 g?(kr g 1
initially opened thru a small-erifice valve, adding flow resistance. When the pressure differential between \\’U‘* :

1
the chambers and the sea is small, a full port valve is then opened to the ambient storage so that the {),U'Uﬂp
pressures may equalize much quicker.

The restricted flood yalve also allows for a method of slightly increasing the pressure when
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o\fé gecompressed. The decompression pump can only pump one way. If the target pressure were overshot \,J\ﬂ ¥
.
\/@ﬁ{* during decompression, say the pressure was brought down to 150 kPaa instead of the desired 300kPaa, the /nj ),
U/ﬂl\;’ pressure can be brought up slightly, by momentarily opening the restricted flood valve. J mﬁp’" :
. | f\f

4?1{‘51£Pr00f of Concept
Hﬂ ﬁ(; JJ The hydraulic lung pumping concept was novel enough that a proof of concept was needed. As the
ﬁ;rﬁ' bulkhead plates of the final design are complex machined manifolds, changes to the flow path could not be
0\,@”]\ made without significant cost. Prior to starting detailed design, a 2L sequester prooioficoncepl was =3
fabricated out of PVC piping to demonstrate the system, verify the sequence of operations, lock down the
valve scheme, and show that controllable volumes of water could be moved by pumping only the oil.

Although this proof of concept was very basic, it did validate the hydraulic lung process quite well, and

cleared doubts about the concept.

IV. DETAILED DESIGN
The hydraulic fluid used is 20 Cst silicone oil. Silicone oil was chosen as it is nontoxic and inert to the
ESP detection chemistry, in the event trace amounts get into the sampled seawater. One drawback of the
silicone oil is that it will affect most silicone rubber materials in contact with it, including seals and orings.
Mé_l\_litrile materials were selected whenever possible. Much care was taken in selecting COTS components fo ‘fN 15 JL;

ensure that no silicone materials were exposed to the oil.
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Xy b There are several oil pumps and valves, and a reservoir of

oil in a storage bag 4 t/Ab/m nt pressure, outside of the chambers. Three oil pumps are used for the system.

The Intake/Exhaust Pump (IEP) is used to generate low pressure differentials to ambient, and is used to fill

 Dcoryhgssion LVAP” 4

and empty the seawater bags; a/lﬁjl pressure pump (HPP) used to pump oil out to ambient storage at Lﬂlv

high pressure differential, to create Ele decompressed environment the ESP can sample form. Thirdly, the | ;gj
Sample Pump (SP) is used to move water through the ESP filter stage. ) ﬁ'ﬂj g ’\] / /}‘/
W )ﬂ //ﬂ,ﬂﬂ
Lungs-Water Bag System

The 4000m DWSM holds the raw and filtered seawater in flexible bag assemblies suspended in the oil
chambers. The bag assemblies consist of the bag, a multiport cap, internal tubing, a stirring pump, a
pressure switch assembly, and a seawater isolation diaphragm for the pressure switches.

The 10L bag is made of woven nylon with a polyethylene lining, and is commercially manufactured for
water storage while camping. The only modification is heat sealing the outer seam of the bag to prevent any
shedding of nylon fibers into the process oil. Although there have been no failures of the bags, they are
replaced after every major deployment.

The custom designed bag cap replaces the stock cap, and connects the seawater ports of the chamber to
filling and sampling tubes that go into the bag. The filling tube opens to the very top of the bag, so that if
any gas is present or generated during decompression, it will collect at the top and can be vented out. The

ESP sampling tube pulls water from the 2/3 depth point in the bag. This depth point of the bag was chosen

to avoid collecting any clumped sediment from the bottom, but to also reduce the likelihood of drawing air
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into the ESP instrument once-filtering- hasstam&r&ieeweued;auwlﬂmt-passlhm—the—ﬁlt&membfane/L/
g

M 1
f fltﬁﬂpf

(Bag Diagram or Solid Model) ﬂ\ )

The seawater bags can suffer from the same problems as lung55 microbes and particulate can collect in
the lower portions. In the DWSM,Qsenled biological matwﬁmmm for two
reasons. For the ESP instrument to accurately measure quantities of microbes per volume of scawater, the
sample water must remain homogenous with the particles suspended. In addition, particulate that settles
may not be emptimm and could contaminate future sampling and analysis. To keep the particulates
suspended in the 4k DWSM bags, a stirring pump draws water from the bottom of the bag and returns it
near the top.

Pressure switches

Just as divers are concerned about barotraumas to lungs or ears, the DWSM bag assembly could be

damaged by excessive pressures. The.critical “never hold your breath,” rule of diving is mainly to prevent a
ged by p &Q\ y g

lung rupture. Air inhaled at depth will exp}d as the diver ascends to a lower ambient pressure, so it is

critical to allow it to escape. Additionally, damage tquld be caused by a “squeeze” condition, where the

pressure outside is much greater than that in the lungs, or’more commonly, the ears.
In diving, the solution is to allow flow to equalize pressure, however in the 4k DWSM that is not

possible. That would result in the oil and seawater mixing. During normal operation, the driving pumps
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may produce pressures that can cégf ly damage the bags, however when inhaling or exhaling water, that
pressure differential is not across the be{é‘.-@embrane, it is across the tubing and valves that restrict the water
flow. It is only when the bag volume has rf;:iched the limit conditions that the pressure differential is ’
applied across the bag membrane. \\ ) ,,J

1% / Filling the DWSM bags too much may cause a burst or seeping of seawater into the process oil. In

4 f‘f’pﬁ addition, an overly emptied bag can be squeeze damaged in just the same way. The 4000m DWSM detects
when a pressure differential exists across the bag membrane. This is needed to detect the squeeze and burst
risk conditions, but also the normally encountered condition of a slight pressure on the bag, indicating the
“empty” condition.

There are three pressure switches connected to the bag capﬁhe “empty” pressure switch triggers when
the bag volume maintains a 3.7 kPa pressure blow the oil in the chamber. The control system manages this
normally encountered condition, shutting off the pump and setting the volume counter to zero, declaring the

(4530 bag empty. “Squeeze” condition is signaled by a 12.5 kPa pressure below that of the oil, and the “burst”
/ condition is 3.7 kPa above the oil in the chamber. In addition to signaling the controller, the squeeze and
burst switches also trip limit switches on the motor controllers, cutting power to any i)ump that could
continue to add pressure in the risk direction.

The switches used have a double contact that is vibration and acceleration resistant. However the contacts
are exposed to the working fluids. Although that is not a problem for the oil side of the pressure switches,
the seawater side would continuously short out and eventually corrode. To prevent this, the bag cap

contains a small flexible diaphragm transfer barrier, filled with silicone oil. In this way, the pressure switch

contacts are not exposed to seawater, but still reference the pressure in the bag.

(Bag Cap Solid X-section) Mz 2l
) /\/ [4 ;

Al ‘
/,df Of///

{{(]/5 {)/c,’f/

Intake/Exhaust Pump

/yfﬁ/ﬁ
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The Intake/Exhaust pump (IEP) resides in the Resample oil chamber and pumps to and from the ambient
oil reservoir. This action generates the differential pressure in the DWSM that inhales and exhausts the
seawater from either of the sample bags. Another way of considering this action is displacement. When ) \

( exh/a/usting, the IEP pumps oil into the chamber volume, displacing the seawater out a pathway that is openl\
| to the sea. When inhaling, theIIEP pumps oil from inside the chamber to the ambient storage, and the sea j
\Jpressure forces seawater to enter and take up that space via.

The inhaled volume is controlled by tracking the encoder position of the IEP motor.

(More on the contol of IEP and setting the empty bag, 0 volume state.)

fhe IEP was originally a gear pump; however this pump had trouble operating at increasing depths. The
most likely reason is the formation of low pressure pockets between the meshing gears. At sea level, a WM/ 33
small vapor pocket could form in that void. At depth, the high ambient pressure forces the gears together. ﬂ&/ 15
This increases the drag on the motor, resulting in an increase in current required to maintain pump speed. ]N/ Wﬁﬂ‘

This theory matches the evidence that the increase in running current is proportional to ambient pressure.
This also seems to be the cause of excessive wear seen on the gear teeth of the gear pump IEP.

The initial 1000m tests were done with the gear pumps, and were at the limit of functionality. After

several tests and deployments, this pump was replaced with a rotating piston pump, similar in function to

|
the sample pump, but of larger displacement. This pump has been lab tested to 20 MPa, and deployed to

1600m depth, and shows no _{:_l}glg_g_;_(i_irhl__rllflnipg current with respect to pressure.

A magnetic shaft coupling capable of 100mNm torque was developed so that the motors of the IEP and
SP could be located in the dry electronics housings instead of the oil. The 6A14V titanium pressure shroud
is designed so it can be pressurized from either direction to 41 Mpa. ¥ oL

v /\m!' AN P f}y}/M 4 W W /7/’?"5’? M’)’ /ﬂ,{m]’ 5/,{&1"7’)’ “gdlﬁ*

?
e 5ﬂ’“+> 6 A | E ,
bt U89 Vfif/ ek 8 T )
QC(JIHJ}(?.SSIO}T ump e Zz .
I I ¢;/ / Z M

Wwater is'‘typics i tbleritis slightly compressible}AAt 4000m depth,

scawater is about 2% denser than at the surface. The silicone oil used is also slightly compressible. In
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addition to pumping the volume needed to expand the seawater and oil, the decompression stage also needs
to move the volume that the pressure housings lose when they deform slightly under the pressure. The
decompression action is made by valve isolating the 4000m DWSM chambers from the sea, and purhpigg

oil from inside that closed volume to the ambient storage outside.

\_Qﬁhi-g-h—preesumymnp—{ﬂ-needed%mp—&he silicone oil to an ambient storage reservoir at 41 MPa} The

Copdp o PURIM,

decompression pump used is a three plston cam drlven high pressure hydraulic pum is coupled to an

o R ——— THYS PvmP
oil compensated S00W brushless DC motor thaB\in its own pressure housing, an extension from the

resample oil chamber. The pump motor is driven from a motor controller in the dry electronics housing.
The four conductors for the brushless motor are passed into the oil chamber by a pressure rated connector,
6@0 but the motor’s hall sensor and encoder are located in the dry electronics housing, magnetically coupled to
/ the backside of the rotor shaft. This eliminates the problems associated with the encoder in the oil and
under pressure, but allows a much smaller pressure connector to the motor, saving valuable space on the

- bulkhead plate.

Sample P
amfvifszmp// e,/ww;;a/‘/ Aiiems 175 S A YSS.

<2 The sampling-action-of the 4000m DWSM is-used-after-decompression-and-the-ESP-core-has ptaced-a<—
Wm%mmmm1 The DWSM is opened to the ESP core, and the sample pump is
A

used to generate the differential pressure across that filter. To maintain stable pressure differential across

the filter, the sample pump is servoed to the difference of the two DWSM pressure transducers. Prior to ()H{V&'O

. 1 (R
Rl et

start of filtering, this difference is tared to_ESP’s internal pressure transducers.

The sample pump is a valveless rotating piston pump, submerged in the Sani‘plq side oil chamber. It is
also magnetically coupled to a motor and encoder, located in the dry electrical housiﬁﬁ“eq the other side of
\\

the bulkhead plate. The pump is bypassed when decompressing and recompressing so that tl";i%‘t-yyo

"
chambers equalize. o M})
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Compliance \<< W
The reciprocating pump action of the IEP causes prgssurer’)sgikes. Although tolerable, a spring loaded
pulse damper was developed to even out the oil/wate .glw.‘ I pically pulse dampers use an air chamber to
buffer the pressure, however, at 4000m depth, air pockets are mostly gone. MBARI developed a bi-
directional spring loaded pulse damper E-:—L_l—-ff:—d ;‘or both the IEP and the Sample Pump. On the IEP, it

functions as a pulse damper, evening out the pressure spikes from the piston pump cycling. For the SP, it

also functions as spring driven compliance, resulting in better pressure control, and steady pressure on the

filter membrane. T M )‘J—h JH cofﬂ‘ﬂ‘fw
55 MM ﬂnﬂﬂgg/"/é

1 il
Pressure boundary
A significant design decision was selecting the two story architecture for the DWSM cylinders. It A | 1}
consists of a central bulkhead with identical pressure housings for each side, the top housing being an M W 9 ¥
atmospheric pressure electronics chamber, the bottom is the variable pressure oil chamber. ﬁ;’

Um/l

All equipment in the DWSM is structurally mounted to the bulkhead plates, which also function as the gfﬂ
main fluidic manifolds and penetrator bases for cabling and fluid connections. Their design became the
focus that all the designs keyed into, but also where they competed for space. To design these plates, man

of the other system components had to essentially be designed simultaneously.
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Identical anodized 6061-T6 Aluminum bell shaped pressure housings are used for the oil chamber and
the dry electronics chambers. They are assembled with the 6A14V Titanium bulkhead plates sandwiched

between them.

As the high torque of the decompression pump is much greater than can be magnetically coupled, the iﬂ’l}m

Resample bulkhead into the dry electronics housing.

Rotary Valves

The oil and seawater paths of the 4000m DWSM chambers need to be isolated from the sea pressure.

Several high pressure 3-way valves are used for both the oil and seawater flow lOOpSS Swagelok Trunion —

S valves were chosen due to their high pressure capacity, low actuation torque, and ready availabilitﬁ(.al:

three way valves are attached to a motorized actuator and encoders for the system to automatically set valve

4 b oy
positions needed for each cycle of the sampling process. T heﬂactualo; and encode;\ar%modular components

"’0‘_9&5, used in the ESP instrument. ~— AN =

Three of these valves manage oil flow paths, and four valves for the seawater paths. As all these valves
are stainless steel, eventually corrosion will require rebuilding the seawater valve system. For ease of
maintenance, all the seawater valves are located in the dry pressure housing of the Sample can,Wfﬂa—a-Les?“

iﬁm_pﬁe&ted—assembly

W‘“ 0%

l‘l
W 4\]‘)

rnf;*“ﬂ



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 17

%(Reta{y—va}ve diagram)
Is

Pressure transducers ([, C,l/ ”\.—
W 30 A 3V st T

The oil pressure of is monitored byApressure transducers reading absolute pressure from
N TE® LHLETS Corl CrBE BRIFT ¥ puobec FRES, TRANS, w0 WVEY THE AOC TS | 0H0
Oto41.4 MPaN he resample chamber also has a digital pressure transduce}l‘ te’assist in decompressing the
system. The pressure transducers are needed to control the sample pump at pressures very low in their (E
operating range, but temperature changes camdrift-them-outside-the-allowable-en D As—tempet:a&me‘ﬂ'/
, the digital-pressure-is-used-to-verify-that-the-analog

transducers-(and-the custom electronics that servo-off them)-are-reading-aceurately-enough-to-open the

=k Lieatvalssio tlie-cozeiSP:

e TS

‘/_{/ ,;)16/
A. Electrical 57 ,/,»rf b W 4 5/‘5"”;(
/ff/f" M&/‘f /

funetions-in-the-ESP-core-were-showing-up-inthe- DWSM. The ESP core instrument used a distributed

~~  Control Architecture where small real time processors monitored and control local functions while a main
g bials - SANRT T N GuvS,
non-real time processor managed the system as a whol¢. Because :@ he electrical design of the

DWSM was based on the reuse of many of the components developed for the core ESP instrument. This

meant that there would be a division of functions based upon the capabilities of the ESP core hardware. WP’I\D

The core hardware supports the following functions: ‘Qﬁ‘d\ A w\f
2 Servo Channels /\\3\5 6
12C interface
. . . )
Analog to digital conversion pﬁp’zl’ \A‘Jﬂ"
4 Rotary valves A cﬂ’j ’ e
Jﬁm )’ / b 7 £ )
8 solenoid drivers ,{ / m ﬂ»!
)0 ” '
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While the core hardware did cover a majority of the DWSM functions there were a few mlssmg plcces Qo ‘iﬁ,ﬂ -
st s oo
TM need was the ability to sense the state of the sample bags. The instrument needs to know thc Q@ P it m&
p3 MK

limits of the bags, when they were full and empty and disable the appropriate motor to protect the bagji 'ﬂl &
LIN

This ability also allowed the instrument to detect the empty condition thus allowing the pumps to find the 0
AMBIIOVS R G 10 gy
volume condition required for sample tracking. To be able to decompress, recompress and pump the

sample, the pressures needed to be monitored. To meet these requirements a new board was developed to

s LEsPWOg Fot
interface between these sensors and the current hardware. The new board called essprovidedthe— <o

A
¢ Pressure sensor signal conditioning and bag limit switch monitoring iy
;;gs Ane W {"
and the associated motor disable logic. \x\k\ &"\\"5&’ Q,ﬁﬁ

gh’ﬁ

The signal conditioning required the input of two sensorsyone input from the lo\ca[ b}nd an input from
Ihe'-rglote bag>\ These two inputs were scaled, filtered and?llultiple;\ﬂo the approé;iate channel of the
HU“ Dwarf. H".l:}_1_ese sensors are high precision sensors as they need to be able to measure the ambient ocean
pressure (4000m, 6000psia) and resolve decompressing pressures around 30 psia. The other function that
was required was a differential pressure during sampling. This pressure is used to control the rate at which

the sample pump runs and the pressure applied across the Core instruments filter. While the pressure

sensors allow the instrument to monitor how the bag is used the pressure limit switches protect the bag

from the end points. Q / ,(/ 15 5t / a/f?/y{ ‘4)% YI//VW

V. HiIGH PRESSURE TESTING

As was earlier mentioned, a design goal was to be able to operate the system at deployment pressures
while still in the lab. The architecture of the lun,%—\based 4000m DWSM is such that all the operating pumps
and motors are inside the pressure housings. There are only two ports that connect to the outside ambient
g&ﬂ/w pressure, one for seawater and one for oil to/from the ambient storage. To test the DWSM at pressure, only
three things are needed, a source of high pressure water, a source of high pressure oil, and a mechanical

bolting arrangement to hold the pressure housings sealed while pressurized internally. The pressure
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housings were designed to not only withstand the 41MPa of external pressure when deployed, but also to

(rrgd

(46& contain the same pressure internally when tested in the lab. For the bell housings, this required designing a
/ significant flange and bolting assembly, as well as a 41 MPa seal that works equally well with pressure

from either direction.

il m s\:\mﬁf ﬁ\ses\:\\m ;.js) (-
~ AHi gh PI‘CSSLII:G Interface (HPI) system was developed that provided the pressurized water and oil to the
DWSM so that it could operate in the lab, executing all the operations under the same loads as when )h‘ﬁd r{(
deplo;fefi’.ﬂl.‘ikc the DWSM, the HPI system is also a lung i;xspired s%st_er_nﬁtransfer barrier accumulator P b ﬂ
e 2 pvish L

’{‘m provides pressure balanced water and oil to the DWSM.@ is filled, emptied and pressurized by pumping
G,prﬁ just the oil. As it exchanges oil with the DWSM, the same 20 cSt silicone oil is used.

/ As the deep ocean is cold, to further simulate the conditions while deployed, the fully assembled DWSM,
ESP instrument and HPI are placed in a refrigerated shipping container anda::.old operated at W
pressure-to-2€. In this manner, all the pumps, switches, and valves, operate at the same pressure and

(ﬁc, SESE
temperature ‘as-they wi%ming deployment. The-eperating systems-withim the DWSM-and-ESP-are-under \}f)\\

sea. Since the HPI pressure and cold test can be accomplished in just a couple days, it has become 5 A T“{'

standard to do a full system validation at deployment temperature and pressure prior to every mission.
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( VI. DEPLOYMENEE

The 4km Deep ESP system has been deployed several times at depths up to 1600n.k\

femn -Ll-) 1000m ROV-test-dives-— -~ i

2)April 2009 A5 + 1

Vi Ak /) £

3)May 2009 Z&a 57 K

JE 27T
“4)M2-June-2009 n e m ; 5 %) I
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VII. FUTURE DIRECTION

Incubation Experiments
Longterm cabled observatory

Wand-for point-source sampling Y

OL (»\"‘Vg;\r\'\ -
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VIII. CONCLUSION

The capability of collecting and decompressing deep ocean seawater has been developed for in situ
microbial identification. This can enable new scientific research and ocean monitoring with the goal of

better understanding the life and chemistry of the deep sea.
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