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Foreword

The world watched in horror in September 2005 as the video feeds from the hurricane-ravaged city

of New Orleans were broadcast worldwide. As the city was struggling to recover from Hurricane

Katrina, Hurricane Rita delivered the final blow to both the people on the coast of the Northern

Gulf of Mexico as well as to the oilfield infrastructure. In the aftermath, close to 200 oil and gas

production structures lay on the sea floor. The remaining structures fortunate enough to still stand

incurred heavy damage.

In the midst of this crisis, we were busily trying to complete the first edition of this manual to

meet an April 2006 publishing deadline. But the world changed for us on January 1, 2006 when the

phone rang demanding Bob Christ’s immediate travel to survey an oil barge that struck one of

those 200 unmarked submerged platforms, which resulted in it spilling 72,000 barrels of fuel oil on

the sea floor. Then a platform damage inspection was needed. . . dive support for decom-

missioning. . . structural repairs due to wind and wave stresses from hurricane force winds and

seas. . . the publication deadline passed and yet Bob was still in the field. Bob Wernli was juggling

his consulting, at-sea test support and a publication deadline for his second novel. Time was run-

ning out for both of us so we quickly buttoned up the first edition, although it was not as complete

as we had originally envisioned.

In this second edition, we have come closer to our goal of producing a broad overview of ROV

technology. Through the help of leaders and companies from throughout the industry, we have pro-

duced a solid survey of the current state of this capability. Our sincere gratitude and thanks go out

to those who contributed to our quest. These contributors are recognized in the Acknowledgements

section. What we envisioned from the beginning for this manual is a basic How To for ROV tech-

nology. The US Military has this type of top-level technology manual in their “Dash 10” series.

The aviation industry has what is commonly known as the “Jeppesen Manual” (named for the com-

pany that wrote the original manual). We hope that we have achieved this goal through this edition

of The ROV Manual.

This manual is a living breathing entity. Every book is a piece of history upon the publication

date; therefore, we welcome comments on this edition. We hope to revise this manual in the future

as the technology evolves and would like your comments for further refining this text if/when we

put forth another edition. Each subject within this manual could fill an entire book in and of itself.

We struggled with editing this manual (with a nominal word and text cap) to include all subjects in

as short and succinct a manner as possible while still getting the point across. Although, due to the

size constraints, we could not address the larger work-class ROVs as much as we desired, the tech-

nology, sensors, tools, manipulators, and related equipment apply across the board to all systems.

We hope that this text will whet the reader’s appetite for further research into the technologies,

equipment, and systems discussed.

The entire body of knowledge encompassing ROV technology is evolving rapidly and the lines

between ROV and AUV are quickly occluding as the field of robotics morphs from space to land

to sea. The subsea oilfield is firmly embracing the land-based model of network interconnectivity

bringing man (remotely) back into the harsh environment of the subsea world. The easy finds for

the world’s minerals have already been achieved and exploited. The frontier has moved from the
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29% of the Earth covered by land to the 71% of the Earth covered by sea. The mineral riches of

the world are hidden beneath those waves. The only way to get to them is with robotics. And that

is where the fun starts!

Bob Christ

SeaTrepid

Covington, LA

www.SeaTrepid.com

Robert Wernli Sr

First Centurion Enterprises

San Diego, CA

www.wernlibooks.com
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Introduction

This edition of The ROV Manual substantially expands upon the previous edition. This text

is divided into five logical parts covering the industry and environment, the basics of ROV

technology, payload sensors, intervention tooling as well as practical field applications. In the

last chapter of the book, we look into the future in order to examine what industry analysts feel

is the direction subsea technology is heading with a specific focus on the field of subsea

robotics.

It is often said that for every mathematical formula within a book, the population of book pur-

chasers is halved. As authors we certainly appreciate that thought, but seek to go from general

terms to specific (as well as from simple to complex) toward reaching a broad readership for this

subject. Some of the chapters are heavily focused on theory (e.g., Chapter 14 on underwater acous-

tics is heavily math-based) while others (e.g., Chapters 21 and 22, which focus on field applications

and procedures) contain little or no mathematics. The general technology user should feel free to

skip over the math-based sections, while those with a more academic bent or specific application

should delve into the technical aspects of theory.

Chapters 1 and 2 (Part 1) seek to paint a background picture of the industry, as well as the envi-

ronment, where ROVs operate and this technology applies. Chapters 3�11 (Part 2) drill down to

the actual vehicle in a good bit of detail while Chapters 12�18 (Part 3) branch out into the broad

subject of payload sensors. It is often said in this industry, “It is not about the vehicle, it is about

the sensors and tooling.” Therefore, we additionally break out Part 4 (Chapters 19 and 20) to

address the manipulators and tooling aspects of ROV technology while the final section (Part 5—

Chapters 21�23) focuses on both practical applications and standard operating procedures, then

closes with the authors’ take on the future of this technology.

While this text casts a wide net over the entire field of Remotely Operated Vehicle technology,

we focus specifically on the classes of vehicle (narrowly defined in Chapter 3) in the observation

class ROV (OCROV) and mid-sized ROV (MSROV) categories. The only subject missing to cover

the full gamut of vehicles (i.e., the Work Class ROV, WCROV) is high-pressure hydraulics. And

that subject will be left for a future iteration of this manual as we continue to refine this work while

the industry (and technology) continues to evolve.

The divisions (parts) of this manual each address a separate readership. Part 1 is geared towards

the business side and should be applicable to project managers making use of this technology while

Part 2 focuses specifically on the ROV technician. Part 3 is addressed to the project manager but

should also be of interest to the survey team as well as the ROV technician for gaining a general

understanding of deployed sensor technologies. Part 4 is directed toward intervention technicians

over a broad range of users (from Project Manager to Corporate Executive to Regulatory Officials

to, of course, ROV Technicians). And Part 5 wraps it all up with both practical considerations and

a look into the future.
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No text of this size can do any measure of justice to the field of ROV technology. The

authors have carefully carved out individual subjects in order to form an introduction into each

field. We hope that you, the reader, come away with a general understanding of this industry

and its advanced technologies, thus encouraging further investigation into your specific field of

interest.

Welcome to the exciting field of subsea robotics!

xxvi Introduction



CHAPTER

1The ROV Business

CHAPTER CONTENTS

1.1 The ROV ...........................................................................................................................................3

1.1.1 What is an ROV?........................................................................................................... 3

1.1.2 ROV size classifications ................................................................................................ 5

1.1.3 Vehicle shape versus mission......................................................................................... 8

1.1.4 ROV depth rating by classification.................................................................................. 9

1.1.5 Size versus ability to deploy sensors/tooling .................................................................... 9

1.2 Types of ROV services .....................................................................................................................11

1.2.1 Call out versus contract work ....................................................................................... 11

1.2.2 Day rate versus project management ............................................................................ 12

1.2.3 Strategy for service package deployment ...................................................................... 15

1.3 ROV economics...............................................................................................................................15

1.3.1 Capital expenditure (CAPEX) versus day rate................................................................. 15

1.4 ROV services by industry .................................................................................................................16

1.4.1 Science ..................................................................................................................... 16

1.4.2 Fisheries and aquaculture ........................................................................................... 17

1.4.3 Military...................................................................................................................... 17

1.4.4 Homeland security...................................................................................................... 18

1.4.5 Public safety .............................................................................................................. 18

1.4.6 O&G drill support ....................................................................................................... 18

1.4.7 Inspection, repair, and maintenance............................................................................. 19

1.4.8 Construction (O&G as well as civil)............................................................................... 19

1.5 Conclusions....................................................................................................................................19

1.1 The ROV
1.1.1 What is an ROV?
Currently, underwater vehicles fall into two basic categories (Figure 1.1): manned underwater vehi-

cles and unmanned underwater vehicles (UUVs). The US Navy often uses the definition of UUV as

synonymous with autonomous underwater vehicles (AUVs), although that definition is not a stan-

dard across the industry.

3The ROV Manual.
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According to the US Navy’s UUV Master Plan (2004 edition, section 1.3), an “unmanned

undersea vehicle” is defined as a:

Self-propelled submersible whose operation is either fully autonomous (preprogrammed or real-

time adaptive mission control) or under minimal supervisory control and is untethered except,

possibly, for data links such as a fiber-optic cable.

The civilian moniker for an untethered underwater vehicle is the AUV, which is free from a

tether and can run either a preprogrammed or logic-driven course. The difference between the

AUV and the remotely operated vehicle (ROV) is the presence (or absence) of a direct hardwire

(for communication and/or power) between the vehicle and the surface. However, AUVs can also

be (figuratively) linked to the surface for direct communication through an acoustic modem, or

(while on the surface) via an RF (radio frequency) and/or an optical link. But in this book, we are

concerned with the surface-directed, hard-wired (tethered) ROV.

The ROV falls within a broad range of mobile robotic vehicles generally termed “remotely con-

trolled mobile robots.” The motion of the vehicle can be via autonomous logic direction or remote

operator control depending upon the vehicle’s capability and the operator’s degree of input. The

Underwater 
vehicles

Manned
vehicles

Unmanned
vehicles

AUVs
(non-tethered)

ROVs
(tethered)

Work class Mid-sized Observation 
class

Special use

FIGURE 1.1

Underwater vehicles to ROVs.
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power of the vehicle can be onboard (i.e., battery or engine powered), offboard (i.e., power deliv-

ered through conductors within the tether), or a hybrid of both (e.g., onboard battery powered with

a power recharge transmitted remotely through the tether).

Simplistically, an ROV is a camera mounted in a waterproof enclosure, with thrusters for

maneuvering, attached to a cable to the surface over which a video signal and telemetry are trans-

mitted (Figure 1.2). Practically all of today’s vehicles use common industry standards for commer-

cial off-the-shelf (COTS) components.

As the ROV goes from its simplest shallow water form toward the more complex deep water

work vehicles, the required degree of sophistication of its operators as well as the depth of its sup-

port network climbs substantially in a similar fashion to that of aircraft or large surface vehicles.

The modern ROV is a mature technology with established standards of operator qualifications,

safe operations, and a proven history of getting work done in the “dull, dirty and dangerous” work

environments of the world’s waters.

The following sections will provide a better understanding of the scope of this definition.

Subsequent chapters will provide in-depth discussions of the design of ROV systems along with

operational considerations.

1.1.2 ROV size classifications
ROVs can be more specifically described as teleoperated free-swimming robotic unmanned (or

“uninhabited” for the more modern term) underwater vehicles. These are used in a variety of appli-

cations from diver support to heavy marine subsea construction. The market is substantially seg-

mented into four broad categories based upon vehicle size and capabilities:

1. Observation class ROVs (OCROV): These vehicles go from the smallest micro-ROVs to a

vehicle weight of 200 pounds (100 kg). They (Figure 1.3) are generally smaller, DC-powered,

inexpensive electrical vehicles used as either backup to divers or as a diver substitution for

general shallow water inspection tasks. Vehicles in this classification are generally limited to

depth ratings of less than 1000 ft (300 m) of seawater (fsw/msw) due to the weight of the power

delivery components and one atmosphere pressure housings—which imposes limitations upon

the vehicle size (i.e., neutral buoyancy must be maintained if the vehicle is to have the ability

to swim). The vehicles within this class are typically hand launched and are free flown from the

Control
Console

Controller
Submersible

Tether

Monitor

FIGURE 1.2

Basic ROV system components.
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surface with hand tending of the tether. The older/antiquated term for vehicles of this

classification is “low-cost ROVs.”

2. Mid-sized ROVs (MSROV): These vehicles weigh from 200 pounds (100 kg) to up to 2000

pounds (1000 kg). They (Figure 1.4) are generally a deeper-rated version of the OCROVs with

FIGURE 1.3

Examples of OCROVs (Note: shoes atop for scaling).

(Courtesy SeaTrepid.)

FIGURE 1.4

Example of MSROV.

(Courtesy Forum Energy Technologies.)
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sufficient AC power delivery components and pressure housings capable of achieving deeper

depths over longer tether/umbilical lengths. These also are generally all-electric vehicles

(powering prime movers (thrusters) and camera movement controls) with some hydraulic power

for the operation of manipulators and small tooling package options. The vehicle electrical

power is stepped down to a manageable voltage for operation of the various components and

can be either AC or DC power. Vehicles in this classification are sometimes termed “light work

class” vehicles to fully differentiate them from OCROVs. Due to the weight of these vehicles, a

launch and recovery system (LARS) as well as a tether management system (TMS) is often

needed.

3. Work class ROVs (WCROV): Vehicles in this category are generally heavy electromechanical

vehicles running on high-voltage (.3000 V) AC circuits from the surface to the vehicle

(Figure 1.5). The power delivered to the vehicle generally is changed immediately to

mechanical (hydraulic) power at the vehicle for locomotion as well as all manipulation and

tooling functions.

4. Special-use vehicles: Vehicles not falling under the main categories of ROVs due to their

non-swimming nature such as crawling underwater vehicles, towed vehicles, or structurally

compliant vehicles (i.e., non-free-swimming). The special-use vehicle coverage is outside the

purview of this text.

The general difference between the OCROV and the MSROV is the power transmission and

depth rating. The general difference between the MSROV and the WCROV is the size of the

hydraulic power pack and the horsepower rating for the operation of manipulators and tooling.

Both the MSROV and the WCROV are deep-rated vehicles and both can be delivered to deep work

sites. The WCROV, however, can perform heavier tasks than the MSROV is capable of achieving

due to the added muscle of hydraulic actuation of its components (versus the electrical actuation of

the MSROV). There are a few “electrical WCROVs” on the market, but the vast majority of the

FIGURE 1.5

Example of WCROV.

(Courtesy FMC Technologies.)
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worldwide population of WCROVs is hydraulic due to the power requirement and the inherent reli-

ability of hydraulic systems over their electric counterparts within the seawater environment.

OCROVs are generally called “flying eyeballs” as their main job is to function as a shallow water

video platform. The MSROV has additional deepwater capabilities along with fiber optic telemetry

for full gigabit sensor throughput. The WCROV possesses all of the attributes of both the OCROV

and the MSROV along with high-powered hydraulic manipulators and tooling capabilities

(Table 1.1).

Table 1.2 depicts representative vehicle configurations and power/telemetry requirements.

Configurations vary within each category from vehicle to vehicle, but these represent the general

characteristics of vehicles within the specified size category. For specific vehicle parameters, please

consult the vehicle manufacturer’s technical specifications.

1.1.3 Vehicle shape versus mission
The length to width (termed “aspect”) ratio of the vehicle directly affects its hydrodynamics. Long

slender vehicles generally have lower drag characteristics at higher speeds but exhibit poor station-

holding capabilities. Short vehicles have much better station-keeping capabilities along with higher

maneuverability in all three axes of travel (x/y/z) but have much higher drag profiles as the speed

ramps up. AUVs typically exhibit the classical torpedo shape with a high aspect ratio and minimal

number of thrusters coupled with control fins for long-distance travel at higher speeds. The ROV is

typically used in station-keeping (or slow speed observation) tasks for close inspection and/or sen-

sor and tooling delivery.

AUVs typically have a closed frame for uninterrupted fluid flow about the vehicle (for minimal

drag at higher speeds) while ROVs typically have an open frame to allow for fluid flow through

the frame due to a higher number of internally mounted thrusters.

Table 1.1 ROV Classifications

Classification General Capability

OCROV Flying eyeball with limited intervention

MSROV Full gigabit data throughput with light intervention

WCROV Full gigabit data throughput with heavy intervention

Table 1.2 Representative Vehicle Characteristics

Size

Category

Input

Power

Vehicle

Power

Telemetry

Type

Depth

Rating

Launch

Method

TMS Thruster/

Tooling

Tooling

Fluid Flow

OCROV 110/220

VAC 1Φ
Low-voltage

DC

Copper

only

1/2 300 m

(1000 ft)

Hand

deploy

No Electric/

electric

Electric

only

MSROV 440/480

VAC 3Φ
Medium-

voltage DC or

AC

Copper or

fiber

.1000 m

(3000 ft)

Crane or

A-frame

Optional Electric/

hydraulic

15 lpm

(4 gpm)

WCROV 440/480

VAC 3Φ
High-voltage

AC

Fiber only .3000 m

(10,000 ft.)

A-frame Yes Hydraulic/

hydraulic

70 lpm

(18 gpm)
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Within the ROV group, vehicles with a higher aspect ratio are used for longer travel distances

(e.g., pipeline surveys or regional transects) while lower aspect ratio vehicles are used for close

inspections or tasks requiring station-keeping capabilities.

1.1.4 ROV depth rating by classification
General man and machine capabilities for working within the marine environment fall within the

depth limitations provided in Table 1.3.

At the current state of technology for telepresence with mobile robotic systems, man (a diver)

in the environment will be much more capable than a machine. This is due to the in situ situational

awareness provided by man as well as the ultimate dexterity of the end effector (a hand for a man

and a manipulator claw for the machine). But the costs and danger of placing man in the high-

pressure work environment of the deep sea are considerable. Within the commercial, scientific, and

governmental industries, more and more customers are looking for a robotic solution to the ever-

increasing requirements for subsea sensing and intervention; their goal is to limit the cost and lia-

bility exposure brought on from possibly harming “the man.” Look for vast future improvements in

both the technology and demands for this category of robotics.

1.1.5 Size versus ability to deploy sensors/tooling
It is best to view any underwater vehicle as simply a “bus ride to the work site.” The purpose of

the vehicle will always be the delivery of the sensor and/or tooling package to the work site in

order to accomplish the mission. The question then becomes: “How large does the vehicle need to

be in order to effectively accommodate the sensors and tooling package?”

In general, any ROV can float any sensor or tooling package—all that is necessary is to place

ample flotation aboard the vehicle to offset the in-water weight of the payload. The size of the

vehicle then needs to vary to optimally accommodate the prime mover (thrusters), tooling, and sen-

sors while still powering these items and thrusting/moving the package. Also, communication capa-

bilities must match the sensor bandwidth requirements to ensure sufficient data throughput exists to

transmit the telemetry to the operator station for logging sensor data and controlling the tooling

package.

Table 1.3 Capabilities Versus Depth

Category Depth Limitation

Air diving 190 ft (60 m)

Mixed gas diving 300 ft (100 m)

Saturation diving 1000 ft (300 m)

Atmospheric diving system 2300 ft (700 m)

OCROV 1000 ft (300 m)

MSROV .3000 ft (.1000 m)

WCROV .10,000 ft (.3000 m)
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With the advent of fiber optic communication capabilities on smaller mobile platforms, sensor

throughput capabilities have taken on a new dimension for the ROV as a sensor delivery platform.

While data over copper is still the prevalent setup for OCROVs (due to its inherent short-distance

transmission requirements and low-cost structure), fiber optics is the predominant telemetry con-

ductor for MSROVs and WCROVs. A short sample of sensors along with their data transmission

requirements and likely telemetry type is provided in Table 1.4.

For tooling, the main difficulties are (i) the vehicle’s ability to carry the tool as payload (i.e.,

the size of the vehicle vis-à-vis the tool itself) with a large enough vehicle-to-tool ratio so that the

tool does not “wag the dog”—or provide so much drag that it renders the vehicle uncontrollable

with the tool attached, (ii) the vehicle’s power delivery capability is sufficient to power the tool

while maintaining station, and (iii) the vehicle’s ability to physically reach the work site. A short

sample of tooling along with the typical payload and vehicle size requirements is provided in

Table 1.5.

Table 1.4 Sensors and Data Transmission Requirements

Sensor Type Bandwidth Protocol Telemetry Type

Single beam sonar Low RS-232/422/485 Copper or optical fiber

2D multibeam sonar Medium to high Ethernet Copper or optical fiber

3D multibeam sonar High Ethernet Optical fiber

UT metal thickness Low RS-232/422/485 Copper or optical fiber

Standard-def. video Medium Composite Copper or optical fiber

High-def. video Medium to high Ethernet Optical fiber

Radiation sensor Low RS-232/422/485 Copper or optical fiber

Pipe tracker Low RS-232/422/485 Copper or optical fiber

Table 1.5 Tool Type Versus Vehicle Characteristics

Tool Type Weight
in-
Water

Power Minimum Vehicle
Size

Single-function manipulator Low DC electrical OCROV

Light duty 4-function manipulator Medium Low pressure/flow hydraulic MSROV

Heavy-duty 7-function hydraulic
manipulator

High High-pressure/low-flow
hydraulic

WCROV

Wire rope cutter Medium High-pressure/low-flow
hydraulic

MSROV and WCROV

Hydraulic grinder Medium Low-pressure/high-flow
hydraulic

MSROV and WCROV

Diamond wire saw Low High-pressure/high-flow
hydraulic

WCROV
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1.2 Types of ROV services
1.2.1 Call-out versus contract work
ROV services are subdivided based upon a number of factors including whether the job is a pri-

mary versus supporting role, equipment footprint, duration of assignment, and other factors.

• Primary versus supporting role: An example of a primary function for an ROV is any diverless

operation such as subsea structural inspection, deepwater remote intervention, subsea pipeline

survey, and any other function where a diver is not present in the water or at the job site. A

supporting role would be as diver backup, such as a tool delivery vehicle, diver support as

backup, and for diver monitoring or monitoring of diver-mounted tooling.

• Larger ROV spreads require a larger footprint and higher support requirements. Whereas the

OCROV can simply plug into the vessel’s standard 110/220 VAC consumer-grade single-phase

power source, the MSROV and larger WCROV spreads require independent high-voltage/

high-service three-phase power sources. The OCROVs can be hand launched over the vessel

bulwarks while larger ROVs require a LARS. Many LARS require special configuration in

order to get the vehicle from the deck, into the water and back again in all sea states without

damage to equipment and danger to personnel. Further, in order to deliver the vehicle to deep

work sites, a TMS is required to manage the soft tether from the depressor weight (i.e., heavy

weight holding the vehicle steady at the work site) to the vehicle and to protect the vehicle from

damage during transit to the work site. This involves a separate electrical or hydraulic system,

essentially requiring two control systems in the water (doubling complexity).

• The two types of ROV assignments are broadly defined as “contract” and “call-out” work.

• Contract work involves long-term (greater than 6 months, duration) assignments that

generally involve (and cost-justify) integrating the vehicle into the work platform with the

requisite detailed and complicated mobilization. An example of a contract job would be a drill

support assignment whereby a complete section of the rig is dedicated to the ROV spread.

Another would be a dedicated ROV vessel with the LARS and control system integrated into the

superstructure of the vehicle. Integrating an ROV spread into a vessel of opportunity can be a

very expensive and time-consuming proposition undertaken only for jobs that will allow for

mobilization cost amortization over a long period (lowering per work day mobilization costs).

• Call-out work involves short-term (less than 6 months) assignments whereby minimal

integration work (termed “bolt on” integration) is performed into the vessel of opportunity

due to its limited duration. The exception to this would be a fully integrated ROV vessel

performing short-term work.

The cost of mobilizing a WCROV spread can be substantial. The LARS must be trucked over

roads with a special wide-load road permit; the work package (vehicle, TMS, LARS, and winch

with umbilical) weighs in excess of 100,000 pounds (50,000 kg) on deck, and the spread is up to

four vans (control, work, generator, and survey—in addition to the work package spread). The cost

of mobilizing an OCROV spread is simply hand-carrying the cases onto the vessel of opportunity

and plugging equipment into the vessel’s readily available consumer power.

Most mobilizations require several days of working out equipment issues in the field (normally

described as “tweaking the spread”) in order to achieve the optimum equipment configuration. This
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problem is multiplied as the complexity of the equipment increases. In short, mobilizing a

WCROV spread on a new vessel of opportunity for a short-term assignment is seldom worth the

trouble or the expense. The only way to justify a WCROV spread for call-out work is to have a

dedicated vessel with the ROV spread permanently integrated. But considering the relatively low

vessel/vehicle utilization of call-out work, it is an expensive asset to have idle, moored at the dock.

The inland work is the realm of the OCROV and MSROV, but unless it is a construction project

(requiring heavy-lift WCROV capability) it is generally call-out work. The offshore marketplace is

generally populated with larger exploration and production (E&P) companies performing construc-

tion projects requiring heavy WCROV equipment. In most cases, a smaller ROV would be more

than adequate to perform the scope of work for the project assignment but the engineering section

of these E&P companies are used to paying more for their ROV services and do not object to the

higher cost structure.

The market draw for OCROV and the MSROV services encompasses “the 80% solution” at a

substantially lower cost structure than the larger ROVs. The nature of the call-out business is short-

term and very profitable work. The upside to the call-out business is there are not many players to

dilute the already industry-wide low utilization inherent in call-out work. The downside of the call-

out business is the lack of any predictably sustainable work levels. It is, for the most part, either

feast or famine.

1.2.2 Day rate versus project management
This discussion is more applicable to the offshore hydrocarbon mining industry since it dominates

deepwater construction but also crosses to any deepwater construction industry (e.g., wind farms,

and seafloor mining).

The deepwater offshore oil and gas (O&G) service industry begins with the seismic survey and

ends with the gas pumping into the passenger car. The need for waterborne robotic services begins

with the precasing survey and ends when the pipeline crosses the preselected 1000 fsw (300 msw)

curve. The following is a sample list of services/tasks needed:

• Pipeline/umbilical/flowline pre-lay survey

• Subsea site survey

• Drill support

• Installation of wellhead valve trees

• Installation of subsea tie-back

• Inspection, repair, and maintenance (IRM) of subsea facilities

• Fabrication and installation of pull-tubes

• Subsea coiled tubing flowline procurement and installation

• Subsea wellhead control umbilical procurement and installation

• Subsea pipeline end terminations procurement and installation

• Spool piece measurements, fabrications, and installation

• Subsea umbilical termination assemblies procurement and installation

• Planning, management, and execution of pigging and testing flowline programs

• Conduct deepwater pipeline hot taps and deep tap projects

• Conduct deepwater diverless pipeline repairs utilizing ROVs onboard vessel
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• Plug and abandonment (P&A) of subsea valve trees and templates

• Umbilical and pipeline system recovery and decommissioning

• Subsea development survey, salvage, installation of long baseline (LBL) acoustic arrays

• Jumper and flying lead installations

• Strake installations to tension leg platforms

• Hydrotesting and commissioning subsea field developments

• Steel catenary riser tie-in, inspection, repair, and maintenance

• Mattress installations and crossing of pipelines, flowlines, and umbilical

• Platform and pipeline inspections to regulatory standards

The clear-bottom “survey” functions can be accomplished with logic-driven equipment and fall

more within the survey function than within the construction function. The logic-driven vehicles

are the AUVs and fall more within the traditional services of the survey company (i.e., outside of

the traditional service offerings of ROV service companies). Construction/IRM-type robotic ser-

vices require a more active approach to subsea vehicle control—which requires a teleoperated vehi-

cle (i.e., ROV) for active “man-in-the-loop” control.

As a day rate player, the ROV service company’s primary (some would say, “only”) function is

to have “uptime.” As a project management company, the primary function is to get tasks accom-

plished. As a “day rater” (DR), the goal is to have sufficient equipment to get the job and stay on

the job. As a “project manager” (PM), the goal is to have access to a large menu of services so as

to have them available when needed in order to fulfill the end goal (a completed task). The PM

company is farther up the proverbial “food chain” as it manages its own projects (as opposed to

taking directions from a PM). The deepwater intervention market is the realm of the ROV.

Required of the PM or DR company is ROVs with sufficient capability to deliver sensors and tool-

ing for the deepwater environment.

The end product for a DR company is the delivery of either sensors or tooling to the work site

with maximum uptime. The end product of a PM company is to accomplish an assigned project (as

outlined by the customer). In the risk/reward curve, the PM company stands a much higher opera-

tional and financial risk with a corresponding potential for huge profits. The DR player has a much

lower risk profile with a correspondingly lower profit upside.

The major players within the industry fall out to either day rate players or project management

players. The smaller OCROV and MSROV service companies generally own and operate their

equipment aboard the client’s vessel of opportunity. The typical day rate players in the WCROV

space are boat companies who use the ROV to sell the boat due to the substantial cost of mobiliz-

ing the WCROV spread onto the vessel (Section 1.2.1). The typical project management company

has the ROV services as one of the many tools within the tool chest.

On the day rate front, the investment (and hence the reward) is in the boat—not (significantly)

in the ROV. The boat companies are willing to go to a very low (or zero!) day rate on the ROV by

hiding the ROV’s day rate in the vessel day rate. This squeezes out any would-be purely day rate

WCROV-only companies.

“Is it an ROV vessel or is it a boat with ROV capability?” This is an important question. It de-

cides on the risk for downtime (the main purpose of a day rate company) should (when) the ROV

encounter operational or maintenance issues. Most DR companies resolve this issue by splitting the

customer contracts between the ROV company and the vessel company, thereby compartmentalizing
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the downtime risk (to the customer’s detriment). A project management company does not have

that luxury since if the ROV is down the entire mission is compromised.

In a post-Macondo offshore minerals extraction world, there is a new concept within the field

support vessel service that has arisen to address newer and more stringent regulations. The tradi-

tional platform supply vessel (PSV) is changing from a simple mud/chemical/fluids/bulk transfer

vehicle to a fully integrated deepwater support vessel. The new paradigm reasons that all future

field support vessels will require an ROV capability.

The move to deepwater O&G exploration and production has seen the movement of the well-

head of the production platform from the surface to the seafloor requiring all IRM tasks to be

accomplished robotically. All field support vessels will naturally be combined DR ROV companies

as well as vessel companies. And the demand will rise rapidly in the oilfields of the developed

world for the integrated deepwater support vessel.

So, the two choices are to be a DR player or a PM player. The equipment requirements for each

follow:

DR player: The trend within the deepwater IRM market is for “dynamically positioned” (DP—in

this case DP-2 for DP with redundancy) vessel capability in order for oil companies to allow

PSVs to approach deepwater production platforms. At a minimum, all vessels from which

ROVs operate in close proximity to deepwater production platforms will require a DP-2

capability. The typical DP-1 (dynamical positioning with no redundancy) vessel (for production

support) remains within the 170 ft (55 m) length overall (LoA) range with a high of 205 ft

(65 m) and a low of about 140 ft (45 m). The typical deepwater DP-2 platform supply vessel

(PSV) is in the 300 ft (95 m) LoA range. For the ROV spread, a name-brand hydraulic vehicle

(i.e., one of the major international WCROV manufacturers) with at least 150 hydraulic

horsepower is required as most contracts specify a minimum horsepower rating (and many

uninformed customers equate ROV horsepower with ROV capability).

PM player: This requirement is more task oriented as the risk of task completion borne by the

PM company is much more logic driven (as opposed to market driven). And it all boils down

to either a fiber (for sensor throughput and/or deepwater vehicle telemetry) or a pump (for

remotely powering subsea tooling). For sensor delivery, the vehicle simply needs to be big

enough to deliver the sensor while having a fiber for full gigabit data throughput. For tooling,

the vehicle’s auxiliary pump needs to be sized to drive the highest requirement tool anticipated.

Sensor delivery vehicle: This vehicle can be a small MSROV with electric thrusters and

minimal tooling capability. The vehicle must have a fiber optic capability for data transmission

along with some type of depressor to keep it at depth (most likely a cage or top-hat deployment

system), pressure-compensated components and a high-voltage power system to handle the

tether lengths/depths. Deepwater fiber optic-based electric MSROVs are certainly sufficient for

practically all sensor delivery tasking. Hydraulic WCROVs certainly have the sensor delivery

capability but are seen as expensive overkill for the sensor delivery task.

Tooling delivery vehicle: “It is all about the pump!” The highest anticipated tooling need for

IRM and light intervention tasks is exemplified by the hydraulic flow requirement of a diamond

wire saw as the hydraulic motor of the mid-sized saw requires both high pressure and high flow

rate. Polling the various tooling manufacturers of diamond wire saws finds that the mid-sized

diamond wire saw requires a 30 gpm (115 lpm) flow rate at 2000 psi (140 bar). The typical
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45 cc auxiliary pump on a 150 hp WCROV provides 20 gpm (75 lpm) at 3000 psi (200 bar),

which is the same hydraulic horsepower as 30 gpm (115 lpm) at 2000 psi (140 bar). The typical

150 hp WCROV should be sufficient to cover the highest draw tool initially anticipated for

IRM (and most construction) tasks. If the ROV company is a DR company, the company has

little choice other than to buy a name-brand system from a major manufacturer. If the ROV

company is a PM company, the choice is open as to whether to buy the WCROVs or to

manufacture the company’s own proprietary design.

1.2.3 Strategy for service package deployment
There will be two separate strategies with regard to deployment of services for a DR company ver-

sus a PM company. Both will have some common requirements, but the PM company will have

additional requirements above the DR company in order to field a “one stop shop” concept to its

customer base. Further, the customer base for a PM company will be much more sophisticated with

a much longer lead time for ordering services.

DR company: As explained above, it is useless to be a full-service DR WCROV company with-

out full ownership of the deployment vessel as the boat makes the lion’s share of the revenues/prof-

its. For the MSROV and OCROV company (due to the call-out nature of the business), vessel

ownership (while certainly an option) would probably be an expensive luxury as opposed to a

necessity. At best, the ROV company could purchase vessels and dig into an unserviced (or under-

serviced) niche left open by the void between the larger international PSV companies (who offer

ROV services as an added option to the vessel platform) and the smaller PSV companies (who only

offer vessel-only charters).

PM company: The strategy for a PM company is the same as for a DR company with the addi-

tion of a project management function. It would be preferable to keep the DR and PM companies

in relatively close geographical proximity to one another so that the engineering-to-deployment

process is done with a teamwork approach allowing for maximum face time with minimal travel

time.

1.3 ROV economics
1.3.1 Capital expenditure (CAPEX) versus day rate
Investment in ROV equipment can be quite expensive and financially risky. The cost of capital

involves daily interest charges as well as financial carrying costs. In addition to the cost of capital,

the equipment must be insured, maintained in an operationally ready status (when not in the field

earning revenues), housed in a secure location, staffed by qualified and trained personnel, and oper-

ated periodically (the “use it or lose it” proposition) to verify full readiness. Further, anything that

is put in the water has the chance of breaking free, becoming entangled, and/or becoming unrecov-

erable (equating to a full loss scenario). In short, not only does the ROV company require recapture

of its cost of capital, it also requires sufficient revenues to counter the carrying costs of maintaining

the vehicle during both revenue and nonrevenue days as well as compensation for risk involved
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along with some measure of profit. Table 1.6 describes a representative sample of day rates, costs,

and recapture on the various size categories of vehicles.

There is a trade-off between utilization and day rate in order to achieve an acceptable annual

return on investment (ROI) so as to substantiate the investment. Contract work typically enjoys a

higher utilization percentage over its call-out counterpart. But a contract ROV with a 1000-day pay-

back period (days, revenue to full recapture of the system cost) with a 75% utilization will take the

same time period to recapture its investment as a call-out system with a 10% utilization depending

upon the combined factors. Table 1.7 provides a sample of how the same recapture time is achieved

between a high recapture percentage coupled with a low utilization as opposed to a high utilization

coupled with a longer payback period. As demonstrated in Table 1.7, in the day rate world of ROV

services, it is all about utilization!

1.4 ROV services by industry
In this section, the various typical missions by industry will be explored with a conclusion as to the

typical vehicle type and sensor/tooling configurations for accomplishing those mission-related

tasks.

1.4.1 Science
Industry description: The general need for governmental/university/industrial research organizations

involves the gathering of sensor data and the taking of samples for the understanding of the subject

environment. Often, scientific manned diving or manned submersibles are used for shallow and

deeper water efforts. ROVs predominate as the robotic vehicle of choice for teleoperation due to

Table 1.6 CAPEX Versus Vehicle Sizes

Category Typical Depth
Rating

Typical
Cost

Typical Day
Rate

Type
Work

Payback
Period

OCROV 300 m (1000 ft) $100,000 $750 Call out 133 days

MSROV 2000 m (6600 ft) $1.5 million $3000 Call out 500 days

WCROV .3000 m (.10,000 ft) $5 million $5000 Contract 1000 days

Table 1.7 Utilization Rate Versus Recapture Time

Category Typical
Cost

Typical
Day Rate

Payback
Period

Utilization
Per Year

Revenue Days
Per Year

Years to
Recapture

OCROV $100,000 $750 133 days 10% 36 days 3.65

MSROV $1.5 million $3000 500 days 40% 146 days 3.42

WCROV $5 million $5000 1000 days 75% 274 days 3.65
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the lower cost structure over manned submersibles as well as the lower logistical requirements of

the ROV versus manned submersibles.

Typical mission: ROV equipment is typically used in this application to take physical in situ

samples and to deliver sensors for gathering data from the operational environment.

Typical vehicle type and configuration: As no significant heavy work is performed during sci-

ence missions (other than geological sampling), minimal intervention is needed requiring small

electric actuators, manipulators, and end effectors. Typical vehicles for this mission are the

OCROV and/or MSROV with high data-throughput capabilities and small electrical manipulators/

end effectors.

1.4.2 Fisheries and aquaculture
Industry description: As the world becomes increasingly more populous and the world’s oceans

remain over-exploited, fish farming has become much more pronounced in the production of food-

stuff for the world’s consumers. As a result, various usages of ROV equipment have become preva-

lent for both the production support at fish farms as well as use in regulatory compliance

assurances by policing authorities in open water fisheries locations.

Typical mission: The typical service provided by ROVs in this industry is the inspection of fish

cages within a fish farm and for various usages including checking nets for holes, assuring the

integrity of moorings for the farm, and the retrieving of “morts” (dead fish) from the cage for

health/sanitation purposes.

Typical vehicle type and configuration: As the intervention needs of this mission are minimal

and the operational environment is predominantly shallow water, the “flying eyeball” OCROV with

a simple video camera and a small manipulator is the vehicle/configuration of choice.

1.4.3 Military
Industry description: The predominant need and usage of ROVs in a military application involve

the three basic functions: mine countermeasures (MCM), object retrieval/recovery, and inspection/

security tasks.

Typical mission: For the MCM mission, the ROV is sent to a location of targets identified

through other sensors or means (mine-hunting sonar, laser line scanners, intelligence, etc.). Once

the mine is located, some form of end effector is required in order to neutralize the mine for final

disposition. For the object retrieval function, much heavier vehicles are needed in order to rig

heavy-lifting gear for retrieval to the surface. And for the inspection/security function, a simple

video camera along with basic sensors is needed.

Typical vehicle type and configuration: For the MCM mission, the predominant vehicle is a

special-use explosives delivery platform whereby the vehicle delivers a charge and then egresses

the area for detonation or (for the more poignant “suicidal” approach) the vehicle carries the charge

within close proximity of the mine and then detonates itself and (hopefully) the mine simulta-

neously. This single-shot MCM vehicle is clearly an OCROV (hopefully of minimal cost) while the

charge delivery-then-evacuation vehicle is typically an MSROV with a dexterous electric manipula-

tor capability. For the object retrieval ROV, a heavy-duty WCROV is needed along with hydraulic
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manipulators and deepwater capabilities. The inspection/security vehicle is clearly an OCROV with

minimal sensor and tooling requirements.

1.4.4 Homeland security
Industry description: Homeland security needs involve the periodic inspection of various vulnerable

locations for structural integrity and presence (hopefully, absence) of security threats.

Typical mission: ROVs are typically used in this application for periodic ship hull and pier secu-

rity inspections and sweeps.

Typical vehicle type and configuration: This function is clearly the realm of the OCROV with

minimal sensor and tooling capabilities. The cheaper the per inspection cost the more likely and

often the inspection will take place (thus increasing the security proportionately).

1.4.5 Public safety
Industry description: The public safety industry is typically the realm of the police and fire depart-

ment. Every year, recreational boaters drown, often requiring first responders to perform search and

rescue (more often “search and recovery”) in response to public needs.

Typical mission: Many public safety diving (PSD) teams are attached to various municipalities

and/or regional governmental authorities. In many cases, the PSD team has an ROV capability

assigned to a team member to augment the team’s capability. By the time the ROV is typically

called in, however, the team is in full recovery mode (as opposed to rescue mode). The typical mis-

sion of a PSD team is search and gathering/recovery of crime scene evidence or recovery of inac-

cessible items (e.g., drowning victim).

Typical vehicle type and configuration: The budgets of most municipalities obviate the funding

for anything other than OCROVs with minimal tooling and sensor capabilities; therefore, the

OCROV dominates this function.

1.4.6 O&G drill support
Industry description: Support of drilling operations has become a requirement as the search for

hydrocarbons has pushed into deeper waters off the coasts of the world’s continents. In waters

deeper than 1000 fsw (300 msw), the wellhead and blowout preventer stack have moved from the

surface to the seafloor, requiring all intervention tasks be performed robotically. The requirement

for ROV support during all drilling functions in deepwater has become the industry standard.

Typical mission: ROVs for drill support are used from the first spud-in (initial drill bit penetra-

tion into the ocean bottom) through to well completion. Missions include observation of the sea-

floor environment, mounting of well casing seals and guides, guiding of tooling and drill

equipment into the well along with various other operations. Recent regulations, in the wake of the

April 2010 Macondo oil spill in the northern Gulf of Mexico, have required a second standby

ROV, operated from a vessel separate from the drilling rig, to manually operate the BOP should

there be a service interruption on the main drilling rig.

Typical vehicle type and configuration: The typical ROV size and configuration for drill

support are a larger MSROV or a light WCROV. A drill support operation typically requires a
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drill-rig-located ROV with a 7-function hydraulic manipulator along with a second 5-function manip-

ulator/grabber for steadying the vehicle during work. As the heavy-lifting functions are mostly han-

dled from the surface, the vehicle does not require the muscle of a construction project, thus allowing

the vehicle to be in the 50�100 hp range.

1.4.7 Inspection, repair, and maintenance
Industry description: The inspection, repair, and maintenance (IRM) market (also referred to as

“IMR,” or inspection, maintenance, and repair) broadly comprises the IRM of subsea fixed or float-

ing structures for various industries. These industries include offshore wind farms, fish farms

(although this is considered under Section 1.4.2), civil engineering projects (marine deepwater

intakes, outfalls, tidal energy production structures, etc.), ship husbandry, and IMR of various off-

shore O&G industry support structures.

Typical mission: The typical mission for inspection of subsea structures involves the visual and

nondestructive testing/evaluation of various man-made items for safety, security, structural integ-

rity, and functionality of the fixture as well as primary and supporting systems. The repair and

maintenance functions are carried out during the course of the asset’s life through various tech-

niques for supporting the life of the project.

Typical vehicle type and configuration: The ROV need during the inspection phase varies

depending upon the operating environment (depth, currents, surface conditions, etc.) and the type

of inspection being conducted (e.g., high-bandwidth acoustic mapping, structural flooded member

detection, and cathodic potential measurement). For basic visual shallow water inspections, a small

OCROV will be sufficient, but for higher-bandwidth sensor delivery and/or deepwater operations in

harsh conditions, an MSROV will be required. For the repair and maintenance functions, most

operations can be accomplished with an MSROV with light intervention and tooling capabilities.

As the need for further mechanical tasks becomes heavier, the project may have periodic need for a

WCROV, but in most cases the MSROV will suffice.

1.4.8 Construction (O&G as well as civil)
Industry description: The marine subsea construction industry encompasses the full gamut of

heavy-lift ROV needs for the setting and assembling of subsea structures.

Typical mission: ROVs for use in this mission typically are tasked with setting and pulling rigging,

guiding large construction pieces into place, moving heavy pieces from location to location, laying and

burying cables and pipelines and setting mattresses as well as the various tasks outlined in Section 1.2.2.

Typical vehicle type and configuration: Vehicles in use for the subsea construction tasking are

typically higher powered (.150 hydraulic hp) and specification WCROVs with dual 7-function

manipulators and high pressure/flow remote tooling delivery capabilities.

1.5 CONCLUSIONS

The business aspect of the ROV service industry can be just as challenging as the technical aspect.

It is quite daunting to the un-indoctrinated. Like the aviation and maritime counterparts to the ROV

business, the support structure requires not only a deep equipment and spares pool, it also requires
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a thorough training program, procedures, controls, and a commitment to service quality. It is a

financially risky business rife with pitfalls. But the rewards are clear and evident for the entrepre-

neur willing to navigate the regulatory and economic minefields.

Field personnel must be properly trained with a positive “can do” attitude with thorough trou-

bleshooting skills and a trained eye toward accomplishing the task in a safe and cost-effective man-

ner. In this business, it is all about the people!

What follows in the remainder of the manual is the fun part—the technical aspects of the ROV

system and its use.
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In order to comprehend the concepts of operating in the ocean world, an understanding of the

details of this environment is needed. The content of this chapter explores the makeup of fresh

water and seawater and then goes into the interaction of this substance with the world of robotics.

We will explore the basic concepts of water density, ocean circulation, currents and tides and how

each of these affects the operation of ROV equipment. Armed with a general knowledge of ocean-

ography, work site predictions may be made on such variables as turbidity (affecting camera

optics), temperature/salinity (affecting acoustic equipment and vehicle buoyancy), tide and current

flows (affecting drag computations on the submersible/tether combination), and dissolved gases

(affecting biological population). This section condenses information from complete college curric-

ulums; therefore, for further details, please see the references in the bibliography. Special thanks go

to Steve Fondriest of Fondriest Environmental, Inc. for his contribution to the fundamentals of

environmental monitoring and data collection instrumentation.

2.1 Physical oceanography
2.1.1 Distribution of water on earth
Earth is the only planet known to have water resident in all three states (solid, liquid, and gas). It is

also the only planet to have known liquid water currently at its surface. Distribution of the earth’s

water supply is given in Table 2.1.

As shown in Table 2.1, most (97%) of the world’s water supply is in the oceans. Water can dis-

solve more substances (and in greater quantities) than any other liquid. It is essential to sustain life

and is a moderator of our planet’s temperature, a major contributor to global weather patterns, and,

of course, essential for operation of an ROV.

The oceans cover 70.8% of the earth’s surface, far overreaching earth’s land mass. Of the ocean

coverage, the Atlantic covers 16.2%, the Pacific 32.4%, the Indian Ocean 14.4%, and the margin

and adjacent areas the balance of 7.8%. It is also interesting to note that the Pacific Ocean alone

covers 3.2% more surface area on earth than all of the land masses combined.

2.1.2 Coastal zone classifications and bottom types
General coastal characteristics tend to be similar for thousands of kilometers. Most coasts can be

classified as either erosional or depositional depending upon whether their primary features were
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created by erosion of land or deposition of eroded materials. Erosional coasts have developed

where the shore is actively eroded by wave action or where rivers or glaciers caused erosion when

the sea level was lower than its present level. Depositional coasts have developed where sediments

accumulate either from a local source or after being transported to the area in rivers and glaciers or

by ocean currents and waves.

Of primary interest to the ROV pilot, with regard to coastal zones, is the general classification

of these zones and its effect upon general water turbidity in the operational area. Depositional

coasts tend to have a higher quantity of suspended solids in the water column, thus a higher turbid-

ity and degraded camera performance. Erosional coasts tend to possess fewer suspended particles,

thus featuring better camera optics. Further, the depositional source will greatly affect the level of

turbidity since mud deposited from a river estuary will have a higher turbidity than a rock and sand

drainage area.

As stated earlier, oceans cover 70.8% of the earth’s surface. Of that composition, the distribu-

tion between continental margins and deep-sea basins is provided in Table 2.2.

A substantial amount of scientific and oil exploration/production work is done in the continental

margins with ROVs. The continental margins are, in large part, depositional features. Their charac-

teristics are driven by runoff deposited from the adjacent continent.

Sediments are carried from the marine estuaries and then deposited onto the continental shelf.

As the seafloor spreads due to tectonic forces, the sediments fall down the continental slope and

come to rest on the abyssal plain. Substantial amounts of oil and gas deposits are locked in these

Table 2.1 Earth’s Water Supply

Water Source Water Volume, in
Cubic Miles

Water Volume, in
Cubic Kilometers

Percent of
Fresh water

Percent of
Total Water

Oceans, seas, and
bays

321,000,000 1,338,000,000 � 96.5

Ice caps, glaciers, and
permanent snow

5,773,000 24,064,000 68.7 1.74

Groundwater

Fresh 2,526,000 10,530,000 30.1 0.76

Saline 3,088,000 12,870,000 � 0.94

Soil moisture 3959 16,500 0.05 0.001

Ground ice and
permafrost

71,970 300,000 0.86 0.022

Lakes

Fresh 21,830 91,000 0.26 0.007

Saline 20,490 85,400 � 0.006

Atmosphere 3095 12,900 0.04 0.001

Swamp water 2752 11,470 0.03 0.0008

Rivers 509 2120 0.006 0.0002

Biological water 269 1120 0.003 0.0001

Source: US Geological Survey.
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sediments and are the focus of exploration and production efforts. The general bottom characteris-

tics of this shelf are mud and sediment.

2.2 Chemical oceanography
Water is known as the “universal solvent.” While pure water is the basis for life on earth, as more

impurities are added to that fluid the physical and chemical properties change drastically. The

chemical makeup of the water mixture in which the ROV operates will directly dictate operational

procedures and parameters if a successful operation is to be achieved.

Two everyday examples of water’s physical properties and their effect on our lives are (i) ice

floats in water and (ii) we salt our roads in wintertime to “melt” snow on the road. Clearly, it is

important to understand the operating environment and its effect on ROV operations. To accom-

plish this, the properties and chemical aspects of water and how they are measured will be

addressed to determine their overall effect on the ROV.

The early method of obtaining environmental information was by gathering water samples for

later analysis in a laboratory. Today, the basic parameters of water are measured with a common

instrument named the “CTD sonde.” Some of the newest sensors can analyze a host of parameters

logged on a single compact sensing unit.

Fresh water is an insulator, with the degree of electrical conductivity increasing as more salts

are added to the solution. By measuring the water’s degree of electrical conductivity, a highly accu-

rate measure of salinity can be derived. Temperature is measured via electronic methods, and depth

is measured with a simple water pressure transducer. The CTD probe measures “conductivity/tem-

perature/depth,” which are the basic parameters in the sonic velocity equation. Newer environmen-

tal probes are available for measuring any number of water quality parameters such as pH,

dissolved oxygen and CO2, turbidity, and other parameters.

The measurable parameters of water are needed for various reasons. A discussion of the most

common measurement variables the commercial or scientific ROV pilot will encounter, the infor-

mation those parameters provide, and the tools/techniques to measure them follows.

2.2.1 Salinity
2.2.1.1 Salt water
The world’s water supply consists of everything from pure water to water plus any number of dis-

solved substances due to water’s soluble nature. Water quality researchers measure salinity to

assess the purity of drinking water, monitor salt water intrusion into fresh water marshes and

groundwater aquifers, and research how the salinity will affect the ecosystem.

Table 2.2 Ocean Coverage Distribution

106 km2 Percentage of Earth’s Surface Area

Continental margin 93 18.2

Deep basins 268 52.6

Total 361 70.8
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The two largest dissolved components of typical seawater are chlorine (56% of total) and

sodium (31% of total), with the total of all lumped under the designation of “salts.” Components of

typical ocean water dissolved salts are comprised of major constituents, minor constituents, and

trace constituents. An analysis of 1 kg of seawater (detailing only the major constituents of dis-

solved salts) is provided in Table 2.3.

The total quantity of dissolved salts in seawater is expressed as salinity, which can be calculated

from conductivity and temperature readings. Salinity was historically expressed quantitatively as

grams of dissolved salts per kilogram of water (expressed as percentage) or, more commonly, in

parts per thousand (ppt). To improve the precision of salinity measurements, salinity is now defined

as a ratio of the electrical conductivity of the seawater to the electrical conductivity of a standard

concentration of potassium chloride solution. Thus, salinity is now defined in practical salinity units

(PSU), although one may still find the older measure of salt concentration in a solution as parts per

thousand or percentage used in the field.

Ocean water has a fairly consistent makeup, with 99% having between 33 and 37 PSU in dis-

solved salts. Generally, rain enters the water cycle as pure water and then gains various dissolved

minerals as it travels toward the ocean. Water enters the cycle with a salt content of 0 PSU, mixes

with various salts to form brackish water (in the range of 0.5�30 PSU) as it blends with rivers and

estuaries, homogenizes with the ocean water (75% of the ocean’s waters have between 33 and 34

PSU of dissolved salts) as the cycle ends, and then renews with evaporation.

Just as a layer of rapid change in temperature (the thermocline) traps sound and other energy,

so does an area of rapid change in salinity, known as a “halocline.” These haloclines are present

both horizontally (see cenote example later in this chapter) and vertically (e.g., rip tides at river

estuaries).

As the salinity of water increases, the freezing point decreases. As an anecdote to salinity, there

are brine pools under the Antarctic ice amid the glaciers in the many lakes of Antarctica’s

McMurdo Dry Valleys. A team recently found a liquid lake of super-concentrated salt water, seven

times saltier than normal seawater, locked beneath 62 ft (19 m) of lake ice—a record for lake ice

cover on earth.

Table 2.3 Dissolved Salts in Water

Component Weight in Grams

Pure water 965.31

Major constituents

Chlorine 19.10

Sodium 10.62

Magnesium 1.28

Sulfur 2.66

Calcium 0.40

Potassium 0.38

Minor constituents 0.24

Trace constituents 0.01

Total (in grams) 1000.00
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Salts dissolved in water change the density of the resultant seawater for these reasons:

• The ions and molecules of the dissolved substances are of a higher density than water.

• Dissolved substances inhibit the clustering of water molecules (particularly near the freezing

point), thus increasing the density and lowering the freezing point.

Unlike fresh water, ocean water continues to increase in density up to its freezing point of

approximately 22�C. At 0 PSU (i.e., fresh water), maximum density is approximately 4�C with a

freezing point of 0�C. At 24.7 PSU and above, ocean water has a freezing point of its maximum

density; therefore, there is no maximum density temperature above the freezing point. The maxi-

mum density point scales in a linear fashion between 0 and 24.7 PSU (Figure 2.1).

Thus, ocean water continues to increase in density as it cools and sinks in the open ocean. As a

result, the deepwaters of the world’s oceans are uniformly cold.

Comparisons of salinity and temperature effects upon water density yield the following:

• At a constant temperature, variation of the salinity from 0 to 40 PSU changes the density by

about 0.035 specific gravity (or about 3.5% of the density for 0 PSU water at 4�C).
• At a constant salinity (i.e., 0 PSU), raising the temperature from 4�C (maximum density) to

30�C (highest temperature generally found in surface water) yields a decrease in density of

0.0043 (1.000�0.9957) for a change of 0.4%.

Clearly, salinity has a much higher effect upon water density than does temperature.

As a practical example, suppose a 220 pound (100 kg) ROV is ballasted for 4�C fresh water at

exactly neutral buoyancy. If that same submersible were to be transferred to salt water, an addi-

tional ballasting weight of approximately 7.7 pounds (3.5 kg) would be required to maintain that

vehicle at neutral buoyancy.
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Salt water density, salinity versus temperature.
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Ice at 0�C has a density of 57.25 lb/ft3 (0.917 g/cm3), which is about 8% less than that of water

at the same temperature. Obviously, water expands when it freezes, bursting pipes and breaking

apart water-encrusted rocks, thus producing revenues for marine and land plumbing contractors.

2.2.1.2 Fresh water
A vast majority of the world’s fresh water supply is locked within the ice caps and glaciers of the

high Arctic and Antarctic regions. Fresh water is vital to man’s survival, and thus most human

endeavors surround areas of fresh water. Due to the shallow water nature of the fresh water collec-

tion points, man has placed various items of machinery, structures, and tooling in and around these

locations. The ROV pilot will, in all likelihood, have plenty of opportunity to operate within the

fresh water environment.

The properties of water directly affect the operation of ROV equipment in the form of tempera-

ture (affecting components and electronics), chemistry (affecting seals, incurring oxidation, and

degrading machinery operation), and specific gravity (buoyancy and performance). These param-

eters will determine the buoyancy of vehicles, the efficiency of thrusters, the numbers and types of

biological specimens encountered, as well as the freezing and boiling points of the operational envi-

ronment. The water density will further affect sound propagation characteristics, directly impacting

the operation of sonar and acoustic positioning equipment.

Fresh water has a specific gravity of 1.000 at its maximum density. As water temperature rises,

molecular agitation increases the water’s volume, thus lowering the density of the fluid per unit

volume. In the range between 3.98�C and the freezing point of water, the molecular lattice structure

(in the form of ice crystals) again increases the overall volume, thus lowering its density per unit

volume (remember, ice floats). The point of maximum density for fresh water occurs at 3.98�C (the

point just before the formation of ice crystals). At the freezing point of water, the lattice structure

rapidly completes, thus significantly expanding the volume per unit mass and lowering the density

at that temperature point. A graph describing the temperature/density relationship of pure water is

shown in Figure 2.2.
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Fresh water has a maximum density at approximately 4�C (Figure 2.1) yet ocean water has no

maximum density above the freezing point. As a result, lakes and rivers behave differently at the

freezing point than ocean water. As the weather cools with the approach of winter, the surface

water of a fresh water lake is cooled and its density is increased. Surface water sinks and displaces

bottom water upward to be cooled in turn. This convection process is called “overturning.” This

overturning process continues until the maximum density is achieved, thus stopping the convection

churning process at 4�C. As the lake continues to cool, the crystal structure in the water forms, thus

allowing the cooler water at the surface to decrease in density, driving still further the cooler (less

dense) surface water upward, allowing ice to form at the surface.

2.2.2 Pressure
The SI unit for pressure is the kilopascal (expressed as kPa). One pascal is equal to one newton per

square meter. However, oceanographers normally use ocean pressure with reference to sea-level

atmospheric pressure. The imperial unit is one atmosphere. The SI unit is the bar. The decibar is a

useful measure of water pressure and is equal to 1/10 bar. Seawater generally increases by one

atmosphere of pressure for every 33 ft of depth (approximately equaling 10 m). Therefore, one deci-

bar is approximately equal to one meter of depth in seawater (Figure 2.3).

As an ROV pilot, seawater pressure directly affects all aspects of submersible operation. The

design of the submersible’s air-filled components must withstand the pressures of depth, the flota-

tion must stand up to the pressure without significant deformation (thus losing buoyancy and sink-

ing the vehicle), and tethers must be sturdy enough to withstand the depth while maintaining their

neutral buoyancy.

2.2.3 Compressibility
For the purposes of ROV operations, seawater is essentially incompressible. There is a slight com-

pressibility factor, however, that does directly affect the propagation of sound through water. This

compressibility factor will affect the sonic velocity computations at varying depths (see

Section 2.2.8 later in this chapter).

2.2.4 Conductivity
Conductivity is the measure of electrical current flow potential through a solution. In addition,

because conductivity and ion concentration are highly correlated, conductivity measurements are

used to calculate ion concentration in solutions. Commercial and military operators observe con-

ductivity for gauging water density (for vehicle ballasting and such) and for determining sonic

velocity profiles (for acoustic positioning and sonar use). Water quality researchers take conductiv-

ity readings to determine the purity of water, to watch for sudden changes in natural or wastewater,

and to determine how the water sample will react in other chemical analyses. In each of these

applications, water quality researchers count on conductivity sensors and computer software to

sense environmental waters, log and analyze data, and present this data.
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PressureDistance
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18,000 0.5 7.34 50.6
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FIGURE 2.3

Pressure in atmospheres from various levels.
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2.2.5 Water temperature
Water temperature is a measure of the kinetic energy of water and is expressed in degrees

Fahrenheit (F) or Celsius (C). Water temperature varies according to season, depth, and, in some

cases, time of day. Because most aquatic organisms are cold blooded, they require a certain temper-

ature range to survive. Some organisms prefer colder temperatures and others prefer warmer tem-

peratures. Temperature also affects the water’s ability to dissolve gases, including oxygen. The

lower the temperature, the higher the solubility. Thermal pollution, the artificial warming of a body

of water because of industrial waste or runoff from streets and parking lots, is becoming a common

threat to the environment. This artificially heated water decreases the amount of dissolved oxygen

and can be harmful to cold water organisms.

In limnological research, water temperature measurements as a function of depth are often

required. Many reservoirs are controlled by selective withdrawal dams, and temperature monitoring

at various depths provides operators with information to control gate positions. Power utility and

industrial effluents may have significant ecological impact with elevated temperature discharges.

Industrial plants often require water temperature data for process, use, and heat transfer calculations.

Pure water freezes at 32�F (0�C) and boils at 212�F (100�C). ROV operations do not normally

function in boiling water environments; therefore, the focus here will be upon the temperature

ranges in which most ROV systems operate (i.e., 32�F to 86�F or 0�C to 30�C). The examination

of salinity will be in the range from fresh water to the upper limit of seawater.

Temperature in the oceans varies widely both horizontally and vertically. On the high tempera-

ture side, the Persian Gulf region during summertime will achieve a maximum of approximately

90�F (32�C). The lowest possible value is at the freezing point of 28.4�F (22�C) experienced in

polar region(s).

The vertical temperature distribution nearly everywhere (except the polar regions) displays a

profile of decreasing water temperature with increasing depth. Assuming constant salinity, colder

water will be denser and will sink below the warmer water at the surface.

There is usually a mixed layer of isothermal (constant temperature) water from the surface to

some near-surface depth due to wind mixing and convective overturning (thermally driven vertical

density mixing) that changes with the seasons (Figure 2.4). The layer is thin at the equator and

thick at the poles. The layer where there is a rapid change in temperature over a short distance is

termed a “thermocline” and has some interesting characteristics. Due to the rapid temperature gra-

dient, this thermocline forms a barrier that can trap sound energy, light energy, and any number of

suspended particles. The degree of perviousness of the barrier is determined by the relative strength

or degree of change over distance. For the ROV pilot, a thermocline in the area of operation can

hinder the function of acoustic positioning, sonar, and any sounding equipment aboard attempting

to burn through the layer. It is especially of concern to anti-submarine warfare technicians.

2.2.6 Density
Density is mass per unit volume measured in SI units in kilograms per cubic meter (or, on a smaller

scale, grams per cubic centimeter). The density of seawater depends upon salinity, temperature, and

pressure. At a constant temperature and pressure, density varies with water salinity. This measure is

of particular importance to the ROV pilot for the determination of neutral buoyancy for the vehicle.
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The density range for seawater is from 1.02200 to 1.030000 g/cm3 (Thurman, 1994). In an ide-

alized stable system, the higher density water sinks to the bottom while the lower density water

floats to the surface. Water under the extreme pressure of depth will naturally be denser than sur-

face water, with the change in pressure (through motion between depths) being realized as heat.

Just as the balance of pressure/volume/temperature is prevalent in the atmosphere, so is the temper-

ature/salinity/pressure model in the oceans.

A rapid change in density over a short distance is termed a “pycnocline” and can trap any number

of energy sources from crossing this barrier, including sound (sonar and acoustic positioning sys-

tems), current, and neutrally buoyant objects in the water column (underwater vehicles). Changing

operational area from a lower latitude to a higher latitude produces a mean temperature change in

4

3

1

2

Temperature (°C)

Mixed surface layer

D
ep

th
 (

km
)

Upper water
mass

Deepwater
mass

100 20
0

20

40

60

80

100

120

Wind mixed layer

Shallow
thermocline

Deep
thermocline

Summer

D
ep

th
 (

m
)

100 20

Mixed layer deepening

Shallow thermocline

Deep
thermocline

Fall

100 20

Mixed layer

Deep
thermocline

Winter

100 20

Mixed layer

Shallow thermocline

Deep
thermocline

Spring

Surface layer by

season

FIGURE 2.4

Surface layer mixing by season.

312.2 Chemical oceanography



the surface layer. As stated previously, the deep ocean is uniformly cold due to the higher density

cold water sinking to the bottom of the world’s oceans. The temperature change from the warm sur-

face at the tropics to the lower cold water can be extreme, causing a rapid temperature swing within a

few meters of the surface. This surface layer remains near the surface, causing a small tight “surface

duct” in the lower latitudes. In the higher latitudes, however, the difference between ambient surface

temperature and the temperature of the cold depth is less pronounced. The thermal mixing layer at

these latitudes, as a result, is much larger (over a broader range of depth between the surface and the

isothermal lower depths) and less pronounced (Figure 2.5). In Figure 2.5(a), density profiles by lati-

tude and depth are examined to display the varying effects of deepwater temperature/density profiles

versus ambient surface temperatures. Figure 2.5(b) and (c) looks at the same profiles only focusing on

temperature and salinity. Figure 2.5(d) demonstrates a general profile for density at low to midlati-

tudes (the mixed layer is water of constant temperature due to the effects of wave mechanics/mixing).

A good example of the effect of density on ROV operations comes from a scientific mission

conducted in 2003 in conjunction with National Geographic magazine. The mission was to the ce-

notes (sinkholes) of the Northern Yucatan in Mexico. Cenotes are a series of pressure holes in a cir-

cular arrangement, centered around Chicxulub (the theoretical meteor impact point), purportedly

left over from the K�T event from 65 million years ago that killed the dinosaurs.

The top water in the cenote is fresh water from rain runoff, with the bottom of the cenote

becoming salt water due to communication (via an underground cave network) with the open

ocean. This column of still water is a near perfect unmixed column of fresh water on top with salt

water below. A micro-ROV was being used to examine the bottom of the cenote as well as to sam-

ple the salt water/fresh water (halocline) layer. The submersible was ballasted to the fresh water on

the top layer. When the vehicle came to the salt water layer, the submersible’s vertical thruster had

insufficient downward thrust to penetrate into the salt water below and kept “bouncing” off the hal-

ocline. The submersible had to be re-ballasted for salt water in order to get into that layer and take

the measurements, but the vehicle was useless on the way down due to its being too heavily bal-

lasted to operate in fresh water.

2.2.7 Depth
Depth sensors, discussed below, measure the distance from the surface of a body of water to a

given point beneath the surface, either the bottom or any intermediate level. Depth readings are

used by researchers and engineers in coastal and ocean profiling, dredging, erosion and flood moni-

toring, and construction applications.

Bathymetry is the measurement of depth in bodies of water. Further, it is the underwater version

of topography in geography. Bottom contour mapping details the shape of the seafloor, showing

the features, characteristics, and general outlay. Tools for bathymetry and sea bottom characteriza-

tion are as follows.

2.2.7.1 Echo sounder
An echo sounder measures the round trip time it takes for a pulse of sound to travel from the source

at the measuring platform (surface vessel or on the bottom of the submersible) to the sea bottom

and return. When mounted on a vessel, this device is generally termed a “fathometer” and when

mounted on a submersible it is termed an “altimeter.”
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(d) sound velocity curve by depth.
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According to Bowditch (2002), “the major difference between various types of echo sounders is

in the frequency they use. Transducers can be classified according to their beam width, frequency,

and power rating. The sound radiates from the transducer in a cone, with about 50 percent actually

reaching the sea bottom. Beam width is determined by the frequency of the pulse and the size of

the transducer. In general, lower frequencies produce a wider beam, and at a given frequency, a

smaller transducer will produce a wider beam. Lower frequencies penetrate deeper into the water,

but have less resolution in depth. Higher frequencies have a greater resolution in depth, but less

range, so the choice is a trade-off. Higher frequencies also require a smaller transducer. A typical

low-frequency transducer operates at 12 kHz and a high-frequency one at 200 kHz.” Many smaller

ROV systems have altimeters, such as the Imagenex 852, on the same frequency as their imaging

system for easier software integration (the same software can be used for processing both signals)

and reduced cost (Figure 2.6).

Computation of depth as determined by an echo sounder is determined via the following

formula:

D5 ðV 3 T=2Þ1K1Dr

where D is depth below the surface (or from the measuring platform), V is the mean velocity of

sound in the water column, T is time for the round trip pulse, K is the system index constant, and

Dr is the depth of the transducer below the surface.

2.2.7.2 Optic�acoustic seabed classification
Traditional seafloor classification methods have, until recently, relied upon the use of mechanical

sampling, aerial photography, or multiband sensors (such as Landsatt) for major bottom-type

Vehicle
depth

Vehicle
altitude

Transducer
depth

Sounded
depth

FIGURE 2.6

Vessel-mounted and sub-mounted sounders.
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discrimination (e.g., mud, sand, rock, sea grass, and corals). Newer acoustic techniques for collect-

ing hyperspectral imagery are now available through processing of acoustic backscatter.

Acoustic seabed classification analyzes the amplitude and shape of acoustic backscatter echoed

from the sea bottom for the determination of bottom texture and makeup (Figure 2.7). Seafloor

roughness causes impedance mismatch between the water and the sediment. Further, reverberation

within the substrate can be analyzed in determining the overall composition of the bottom being

insonified. Acoustic data acquisition systems and a set of algorithms that analyze the data allow for

determining the seabed acoustic class.

2.2.8 Sonic velocity and sound channels
Sound propagation (vector and intensity) in water is a function of its velocity. And velocity is a

function of water density and compressibility. As such, sound velocity is dependent upon tempera-

ture, salinity, and pressure and is normally derived expressing these three variables (Figure 2.8).

The speed of sound in water changes by 3�5 m/s/�C, by approximately 1.3 m/s/PSU salinity

change, and by about 1.7 m/s/100 m change in depth (compression). The speed of sound in seawa-

ter increases with increasing pressure, temperature, and salinity (and vice versa).

The generally accepted underwater sonic velocity model was derived by W. D. Wilson in 1960.

A simplified version of Wilson’s (1960) formula on the speed of sound in water follows:

c5 14491 4:6T 2 0:055T2 1 0:0003T3 1 1:39ðS� 35Þ1 0:017D

where c is the speed of sound in meters per second, T is the temperature in degrees Celsius, S is

the salinity in PSU, and D is the depth in meters.

Temperature/salinity/density profiles are important measurements for sensor operations in many

underwater environments, and they have a dramatic effect on the transmission of sound in the

Echo
trace

Echo
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Smooth simple bottom Rough complicated bottom

FIGURE 2.7

Acoustic seabed classification.
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ocean. A change in overall water density over short range due to any of these three variables (or in

combination) is termed a “pycnocline.” Overall variations of pressure and temperature are depicted

graphically in Figure 2.9.

This layering within the ocean, due to relatively impervious density barriers, causes the forma-

tion of sound channels within bodies of water. These “channels” trap sound, thus directing it over

possibly long ranges. Sound will refract based upon its travel across varying density layers, bending

toward the denser water and affecting both range and bearing computations for acoustics

(Figure 2.10). Over short ranges (tens or hundreds of meters) this may not be a substantial number

and can possibly be disregarded, but for the longer distances of some larger ROV systems, this

becomes increasingly a factor to be considered.
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Variations of pressure and temperature with depth producing sound velocity changes.
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2.2.9 Viscosity
Viscosity is a liquid’s measure of internal resistance to flow or resistance of objects to movement

within the fluid. Viscosity varies with changes in temperature/salinity, as does density. Seawater is

more viscous than fresh water, which will slightly affect the computations of vehicle drag.

2.2.10 Water flow
Water flow is the rate at which a volume of water moves or flows across a certain cross-sectional

area during a specified time and is typically measured in cubic feet per second/cubic meters per

second (cfs/cms). The flow rate changes based upon the amount of water and the size of the river

or stream being monitored. Environmental researchers monitor water flow in order to estimate pol-

lutant spread, to monitor groundwater flow, to measure river discharge, to manage water resources,

and to evaluate the effects of flooding.

2.2.11 Turbidity
Turbidity (which causes light scattering—see Section 2.2.17.3), the measure of the content of sus-

pended solids in water, is also referred to as the “cloudiness” of the water. Turbidity is measured

by shining a beam of light into the solution. The light scattered off the particles suspended in the

solution is then measured, and the turbidity reading is given in nephelometric turbidity units. Water

quality researchers take turbidity readings to monitor dredging and construction projects, examine

microscopic aquatic plant life, and monitor surface, storm, and wastewater.

2.2.12 Chlorophyll
In various forms, chlorophyll is bound within the living cells of algae and other phytoplankton

found in surface water. Chlorophyll is a key biochemical component in the molecular apparatus

that is responsible for photosynthesis, the critical process in which the energy from sunlight is used

to produce life-sustaining oxygen. In the photosynthetic reaction, carbon dioxide is reduced by

water, and chlorophyll assists this transfer.

2.2.13 Water quality
Water quality researchers count on sensors and computer software to sense environmental waters and

log and analyze data. Factors to be considered in water quality measurement are discussed below.

2.2.13.1 Alkalinity and pH
The acidity or alkalinity of water is expressed as pH (potential of hydrogen). This is a measure of

the concentration of hydrogen (H1) ions. Water’s pH is expressed as the logarithm of the reciprocal

of the hydrogen ion concentration, which increases as the hydrogen ion concentration decreases

(and vice versa). When measured on a logarithmic scale of 0�14, a pH of 0 is the highest acidity,

a pH of 14 is the highest alkalinity, and a pH of 7 is neutral (Figure 2.11). Pure water is pH neutral,

with seawater normally at a pH of 8 (mildly alkaline).
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pH measurements help determine the safety of water. The sample must be between a certain pH

to be considered drinkable, and a rise or fall in pH may indicate a chemical pollutant. Changes in

pH affect all life in the oceans; therefore, it is most important to aquatic biology to maintain a

near-neutral pH. As an example, shellfish cannot develop calcium carbonate hard shells in an acidic

environment.

1 Hydrochloric acid

2 Lime juice

3 Acetic acid

4 Tomato juice

5 Black coffee

6 Milk

7 Pure water; blood

8 Seawater; baking soda

9 Borax solution

10

11

12 Household ammonia

13

14 Sodium hydroxide

3.5 Acid rain

5.5 River water

FIGURE 2.11

Graphical presentation of common items with their accompanying pH.
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2.2.13.2 Oxidation reduction potential
Oxidation reduction potential (ORP) is the measure of the difference in electrical potential between

a relatively chemically inert electrode and an electrode placed in a solution. Water quality research-

ers use ORP to measure the activity and strength of oxidizers (those chemicals that accept elec-

trons) and reducers (those that lose electrons) in order to monitor the reactivity of drinking water

and groundwater.

2.2.13.3 Rhodamine
Rhodamine, a highly fluorescent dye, has the unique quality to absorb green light and emit red

light. Very few substances have this capability, so interference from other compounds is unlikely,

making it a highly specific tracer. Water quality researchers use rhodamine to investigate surface

water, wastewater, pollutant time of travel, groundwater tracing, dispersion and mixing, circulation

in lakes, and storm water retention.

2.2.13.4 Specific conductance
Specific conductance is the measure of the ability of a solution to conduct an electrical current.

However, unlike the conductivity value, specific conductance readings compensate for temperature.

In addition, because specific conductance and ion concentration are highly correlated, specific con-

ductance measurements are used to calculate ion concentration in solutions. Specific conductance

readings give the researcher an idea of the amount of dissolved material in the sample. Water qual-

ity researchers take specific conductance readings to determine the purity of water, to watch for

sudden changes in natural or wastewater, and to determine how the water sample will react in other

chemical analyses.

2.2.13.5 Total dissolved solids
Total dissolved solids (TDS) is the measure of the mass of solid material dissolved in a given vol-

ume of water and is measured in grams per liter. The TDS value is calculated based on the specific

conductance reading and a user-defined conversion factor. Water quality researchers use TDS mea-

surements to evaluate the purity or hardness of water, to determine how the sample will react in

chemical analyses, to watch for sudden changes in natural or wastewater, and to determine how

aquatic organisms will react to their environment.

2.2.14 Dissolved gases
Just as a soda dissolves CO2 under the pressure of the soda bottle, so does the entire ocean dissolve

varying degrees of gases used to sustain the life and function of the aquatic environment. The soda

bottle remains at gas�fluid equilibrium under the higher-than-atmospheric pressure condition until

the bottle is opened and the pressure within the canister is lowered. At that point, the gas bubbles

out of solution until the gas/air mixture comes back into balance. If, however, that same bottle

were opened in the high-pressure condition of a saturation diving bell deep within the ocean, that

soda would (instead of bubbling) absorb CO2 into solution until again saturated with that gas.

The degree of dissolved gases within a given area of ocean is dependent upon the balance of

all gases within the area. The exchange of gases between the atmosphere and ocean can only occur at

the air�ocean interface, i.e., the surface. Gases are dissolved within the ocean and cross the air/water
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interface based upon the balance of gases between the two substances (Table 2.4). A certain gas is

said to be at local saturation if its distribution within the area is balanced given the local environmen-

tal conditions. The degree upon which a gas is able to dissolve within the substance is termed its “sol-

ubility” and in water is dependent upon the temperature, salinity, and pressure of the surrounding

fluid (Figure 2.12). Once a substance is at its maximum gas content (given the local environmental

conditions), the substance is saturated with that gas. The degree to which a substance can either

accept or reject transfer of gas into a substance is deemed its saturation solubility.

The net direction of transfer of gases between the atmosphere and ocean is dependent upon the

saturation solubility of the water. If the sea is oversaturated with a certain gas, it will off-gas back

into the atmosphere (and vice versa). Once equilibrium is again reached, net gas transfer ceases

until some environmental variable changes.

Table 2.4 Distribution of Gases in the Atmosphere and Dissolved in Seawater

Gas

Percentage of Gas Phase by Volume

Atmosphere Surface Oceans Total Oceans

Nitrogen (N2) 78 48 11

Oxygen (O2) 21 36 6

Carbon dioxide (CO2) 0.04 15 83

Source: Segar (1998).
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Solubility of two sea-level pressure gases based upon temperature.
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Oxygen and CO2 are dissolved in varying degrees within the world’s oceans. Most marine life

requires some degree of either of these dissolved gases in order to survive. In shallow water, where

photosynthesis takes place, plant life consumes CO2 and produces O2. In the deepwaters of the

oceans, decomposition and animal respiration consume O2 while producing CO2.

Dissolved oxygen is the amount of oxygen that is dissolved in water. It is normally expressed in

milligrams per liter (mg/l5 ppm) or percent air saturation. Dissolved oxygen can also enter the

water by direct absorption from the atmosphere (transfer across the air/water interface).

Aquatic organisms (plants and animals) need dissolved oxygen to live. As water moves past the

gills of a fish, microscopic bubbles of oxygen gas, dissolved oxygen, are transferred from the water

to the bloodstream. Dissolved oxygen is consumed by plants and bacteria during respiration and

decomposition. A certain level of dissolved oxygen is required to maintain aquatic life. Although

dissolved oxygen may be present in the water, it could be at too low a level to maintain life.

The amount of dissolved oxygen that can be held by water depends on the water temperature,

salinity, and pressure.

• Gas solubility increases when temperature decreases (colder water holds more O2).

• Gas solubility increases when salinity decreases (fresh water holds more O2 than seawater).

• Gas solubility decreases as pressure decreases (less O2 is absorbed in water at higher altitudes).

There is no mechanism for replenishing the O2 supply in deepwater while the higher pressure of

the deep depths allows for greater solubility of gases. As a result, the deep oceans of the world con-

tain huge amounts of dissolved CO2. The question that remains is to what extent the industrial pol-

lutants containing CO2 will be controlled before the deep oceans of the world become saturated

with this gas. Water devoid of dissolved oxygen will exhibit lifeless characterization.

Three examples of contrasting dissolved oxygen levels are as follows:

1. During an internal wreck survey of the USS Arizona in Pearl Harbor performed in conjunction

with the US National Park Service, it was noted that the upper decks of the wreck were in a

fairly high state of metal oxidation. However, as the investigation moved into the lower spaces

(less and stable oxygenation due to little or no water circulation), the degree of preservation

took a significant turn. On the upper decks, there were vast amounts of marine growth that had

decayed the artifacts and encrusted the metal. However, on the lower living quarters, fully

preserved uniforms were found where they were left on that morning over 60 years previous,

still neatly pressed in closets and on hangers.

2. During an internal wreck survey of a B-29 in Lake Mead, Nevada (again done with the US

National Park Service), the wreck area at the bottom of the reservoir was anaerobic (lacking

significant levels of dissolved oxygen). The level of preservation of the wreck was amazing,

with instrument readings still clearly visible, aluminum skin and structural members still in a

fully preserved state, and the shiny metal data plate on the engine still readable.

3. During the cenote project in the Northern Yucatan (mentioned earlier in this chapter), the fresh

water above the halocline was aerobic and alive with all matter of fish, plant, and insect life

flourishing. However, once the vehicle descended into the anaerobic salt waters below the

halocline, the rocks were bleached, the leaves dropped into the pit were fully preserved, and

nothing lived.
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2.2.15 Ionic concentration
There are four environmentally important ions: nitrate ðNO2

3 Þ, chloride (Cl2), calcium (Ca21), and

ammonium ðNH1
4 Þ. Ion-selective electrodes used for monitoring these parameters are described

below.

• Nitrate ðNO2
3 Þ: Nitrate ion concentration is an important parameter in nearly all water quality

studies. Nitrates can be introduced by acidic rainfall, fertilizer runoff from fields, and plant or

animal decay or waste.

• Chloride (Cl2): This ion gives a quick measurement of the salinity of water samples. It can

even measure chloride levels in ocean salt water or salt in food samples.

• Calcium (Ca21): This electrode gives a good indication of the hardness of water (as Ca21). It is

also used as an end point indicator in EDTA-Ca/Mg hard water titrations.

• Ammonium ðNH1
4 Þ: This electrode measures levels of ammonium ions introduced from

fertilizers. It can also indicate aqueous ammonia levels if sample solutions are acidified to

convert NH3 to ðNH1
4 Þ.

2.2.16 Solar radiation
Solar radiation is the electromagnetic radiation emitted by the sun and is measured in some under-

water scientific applications.

2.2.17 Light and other electromagnetic transmissions through water
Light and other electromagnetic transmissions through water are affected by the following three

factors:

1. Absorption

2. Refraction

3. Scattering

All of these factors, which can be measured by the ROV using light sensors, are normally

lumped under the general category of attenuation.

2.2.17.1 Absorption
Electromagnetic energy transmission capability through water varies with wavelength. The best

penetration is gained in the visible light spectrum (Figure 2.13). Other wavelengths of electromag-

netic energy (radar, very low-frequency RF, etc.) are able to marginally penetrate the water column

(in practically all cases only a few wavelengths), but even with very high intensity transmissions

only very limited transmission rates/depths are possible under current technologies. Submerged sub-

marines are able to get RF communications in deepwater with very low-frequency RF, but at that

frequency it may take literally minutes to get through only two alphanumeric characters.

In the ultraviolet range, as well as in the infrared wavelengths, electromagnetic energy is highly

attenuated by seawater. Within the visible wavelengths, the blue/green spectrum has the greatest

energy transparency, with other wavelengths having differing levels of energy transmission.
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Disregarding scattering (which will be considered below), within 1 m of the surface, fully 60% of

the visible light energy is absorbed, leaving only 40% of original surface levels available for light-

ing and photosynthesis. By the 10-m depth range, only 20% of the total energy remains from that

of the surface. By 100 m, fully 99% of the light energy is absorbed, leaving only 1% visible light

penetration—practically all in the blue/green regime (Duxbury and Alison, 1997). Beginning with

the first meter of depth, artificial lighting becomes increasingly necessary to bring out the true color

of objects of interest below the surface.

Why not put infrared (IR) cameras on ROVs? The answer is simple—the visible light spectrum

penetration in water favors the use of optical systems (Figure 2.13). IR cameras can certainly be

mounted on ROV vehicles, but the effective range of the sensor suffers significantly due to absorp-

tion. The sensor may be effective at determining reflective characteristics, but the sensor would be

required to be placed at an extremely close range, negating practically all benefits from non-optical

IR reflectance.

2.2.17.2 Refraction
Light travels at a much slower speed through water, effectively bending (refracting) the light

energy as it passes through the medium. This phenomenon is apparent not only with the surface

interaction of the seawater, but also with the air/water interface of the ROV’s camera system.

2.2.17.3 Scattering
Light bounces off water molecules and suspended particles in the water (scattering), further degrad-

ing the light transmission capability (in addition to absorption) by blocking the light path. The scat-

tering agents (other than water molecules) are termed “suspended solids” (e.g., silt, single-cell

organisms, salt molecules, etc.) and are measured in milligrams per liter on an absolute scale.

Modern electronic instruments have been developed that allow real-time measurement of water tur-

bidity from the ROV submersible or other underwater platform. The traditional physical measure of
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Light transparency through water (by wavelength).
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turbidity, however, is a simple measure of the focal length of a reflective object as it is lost from

sight. Termed “Secchi depth,” a simple reflective Secchi disk (coated with differing colors and tex-

tures) is lowered into the water until it just disappears from view.

All of the above issues and parameters will aid in determining the submersible’s capability to

perform the assigned task within a reasonable time frame.

2.3 Ocean dynamics
2.3.1 Circulation
The circulation of the world’s water is controlled by a combination of gravity, friction, and inertia.

Winds push water, ice, and water vapor around due to friction. Water vapor rises. Fresh water and

hot water rise. Salt water and cold water sink. Ice floats. Water flows downhill. The high-inertia

water at the equator zooms eastward as it travels toward the slower-moving areas near the poles

(Coriolis effect—an excellent example of this is the Gulf Stream off the East Coast of the United

States). The waters of the world intensify on the Western boundary of oceans due to the earth’s

rotational mechanics (the so-called Western intensification effect). Add into this mix the gravita-

tional pull of the moon, other planets, and the sun, and one has a very complex circulation model

for the water flowing around our planet.

In order to break this complex model into its component parts for analysis, oceanographers gen-

erally separate these circulation factions into two broad categories, “currents” and “tides.” Currents

are broadly defined as any horizontal movement of water along the earth’s surface. Tides, on the

other hand, are water movement in the vertical plane due to periodic rising and falling of the ocean

surface (and connecting bodies of water) resulting from unequal gravitational pull from the moon

and sun on different parts of the earth. Tides will cause currents, but tides are generally defined as

the diurnal and semidiurnal movement of water from the sun/moon pull.

A basic understanding of these processes will arm the ROV pilot with the ability to predict con-

ditions at the work site, thus assisting in accomplishing the work task.

According to Bowditch (2002), “currents may be referred to according to their forcing mecha-

nism as either wind-driven or thermohaline. Alternatively, they may be classified according to their

depth (surface, intermediate, deep, or bottom). The surface circulation of the world’s oceans is

mostly wind driven. Thermohaline currents are driven by differences in heat and salt. The currents

driven by thermohaline forces are typically subsurface.” If performing a deep dive with an ROV,

count on having a surface current driven by wind action and a subsurface current driven by thermo-

haline forces—plan for it and it will not ruin the day.

An example of the basic differences between tides and currents is as follows:

• In the Bay of Fundy’s Minas Basin (Nova Scotia, Canada), the highest tides on planet Earth

occur near Wolfville. The water level at high tide can be as much as 45 ft (16 m) higher than at

low tide! Small Atlantic tides drive the Bay of Fundy/Gulf of Maine system near resonance to

produce the huge tides. High tides happen every 12 h and 25 min (or nearly an hour later each

day) because of the changing position of the moon in its orbit around the earth. Twice a day at

this location, large ships are alternatively grounded and floating. This is an extreme example

of tides in action.
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• There is a vertical density current through the Straits of Gibraltar. The evaporation of water

over the Mediterranean drives the salinity of the water in that sea slightly higher than that of the

Atlantic Ocean. The relatively denser high-salinity waters in the Mediterranean flow out of the

bottom of the Straits while the relatively lower (less dense) salinity waters from the Atlantic

flow in on the surface. This is known as a “density current.” Trying to conduct an ROV

operation there will probably result in a very bad day.

• Currents flow from areas of higher elevation to lower elevation. By figuring the elevation

change of water over the area, while computing the water distribution in the area, one can

find the volume of water that flows in currents past a given point (volume flow) in the

stream, river, or body of water. However, the wise operator will find it much easier to just

look it up in the local current/tide tables. There are people who are paid to make these

computations on a daily basis, which is great as an intellectual exercise but is not

recommended to “recreate the wheel.”

2.3.1.1 Currents
The primary generating forces for ocean currents are wind and differences in water density caused

by variations in heat and salinity. These factors are further affected by the depth of the water,

underwater topography, shape of the basin in which the current is running, extent and location of

land, and the earth’s rotational deflection. The effect of the tides on currents is addressed in the

next section.

Each body of water has its peculiar general horizontal circulation and flow patterns based upon

a number of factors. Given water flowing in a stream or river, water accelerates at choke points

and slows in wider basins per the equations of Bernoulli. Due to the momentum of the water at a

river bend, the higher volume of water (and probably the channel) will be on the outside of the

turn. Vertical flow patterns are even more predictable with upwelling and downwelling patterns

generally attached to the continental margins.

Just as there are landslides on land, so are there mudslides under the ocean. Mud and sediment

detach from a subsea ledge and flow downhill in the oceans, bringing along with it a friction water

flow known as a turbidity current. Locked in the turbidity current are suspended sediments. This

increase in turbidity can degrade camera optics if operating in an area of turbidity currents—take

account of this during project planning.

Currents remain generally constant over the course of days or weeks, affected mostly by the

changes in temperature and salinity profiles caused by the changing seasons.

Of particular interest to ROV operators is the wind-driven currents culled into the so-called

Ekman spiral (Figure 2.14). The model was developed by physicist V. Walfrid Ekman from data

collected by arctic exploration legend Fridtjof Nansen during the voyage of the Fram. From this

model, wind drives idealized homogeneous surface currents in a motion 45� from the wind line to

the right in the Northern Hemisphere and to the left in the Southern Hemisphere. Due to the friction

of the surface water’s movement, the subsurface water moves in an ever-decreasing velocity (and

ever-increasing vector) until the momentum imparted by the surface lamina is lost (termed the

“depth of frictional influence”). Although the depth of frictional influence is variable depending

upon the latitude and wind velocity, the Ekman frictional transfer generally ceases at approximately

100 m depth. The net water transfer is at a right angle to the wind.
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2.3.1.2 Tides
Tides are generally defined as the vertical rise and fall of the water due to the gravitational effects

of the moon, sun, and planets upon the local body of water (Figure 2.15). Tidal currents are hori-

zontal flows caused by the tides. Tides rise and fall. Tidal currents flood and ebb. The ROV pilot is

concerned with the amount and time of the tide, as it affects the drag velocity and vector computa-

tions on water flow across the work site. Tidal currents are superimposed upon non-tidal currents

such as normal river flows, floods, and freshets. Put all of these factors together to find what the

actual current will be for the job site (Figure 2.16).
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On a vertical profile, the tide may interact with the general flow pattern from a river or

estuary—the warm fresh water may flow from a river on top of the cold salt water (a freshet, as

mentioned above) as the salt water creeps for a distance up the river. According to Van Dorn

(1993), fresh water has been reported over 300 miles at sea off the Amazon. If a brackish water

estuary is the operating area, problems to be faced will include variations in water density, water

flow vector/speed, and acoustic/turbidity properties.

2.3.1.3 Water velocity
Water velocity is the measure of the speed at which water travels, or the distance it travels over a

given time, and is measured in meters per second. Hydrologists and other researchers measure

water velocity for monitoring current in rivers, channels, and streams, to measure the effect of ves-

sel traffic in harbors and ports, and to calculate water flow. To account for drift, water velocity

readings are key factors in knowing where and when to deploy buoys and other environmental

devices to ensure their correct location.

2.3.1.4 Waves and the Beaufort scale
Most operations manuals will designate launch, recovery, and operational parameters, as they relate

to sea state, which is measured in the Beaufort scale (Table 2.5). Waves are measured with several

metrics, including wave height, wavelength, and wave period. Wave height, -length, and period

depend upon a number of factors, such as the wind speed, the length of time it has blown, and its

fetch (the straight distance it has traveled over the surface).

Energy is transmitted through matter in the form of waves. Waves come in several forms,

including longitudinal, transverse, and orbital waves. The best example of a longitudinal wave is a

sound wave propagating through a medium in a simple back and forth (compression and rarefac-

tion) motion. A transverse wave moves at right angles to the direction of travel, such as does a
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Tidal movement in conjunction with planets.
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guitar string. An orbital wave, however, moves in an orbital path as between fluids of differing

densities.

A visual example of all three waves can be gained with a simple spring anchored between two

points demonstrated as follows:

• Longitudinal wave—Hit one end with your hand and watch the longitudinal wave travel

between end points.

• Transverse wave—Take an end point and quickly move it at a 90� axis to the spring and watch

the transverse wave travel between end points.

• Orbital wave—Now rotate the end points in a circular fashion to propel the circular wave

toward its end point. Orbital waves have characteristics of both longitudinal and transverse

waves.
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Tide periods over a 24-hour span.
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Described here are the basic components of ocean waves in an idealistic form to allow the anal-

ysis of each component individually. As described in Thurman (1994):

As an idealized progressive wave passes a permanent marker, such as a pier piling, a succession

of high parts of the wave, crests, will be encountered, separated by low parts, troughs. If the

water level on the piling were marked when the trough passes, and the same for the crests, the

vertical distance between the marks would be the wave height (H). The horizontal distance

between corresponding points on successive waveforms, such as from crest to crest, is the wave-

length (L). The ratio of H/L is wave steepness. The time that elapses during the passing of one

Table 2.5 Beaufort Scale (Thurman 1994)

Beaufort
No.

Surface Winds in
m/s (mph)

Seaman’s
Description Effect at Sea

0 ,1 (,2) Calm Mirror-like sea

1 0.3�1.5 (1�3) Light air Ripples with appearances of scales; no foam
crests

2 1.6�3.3 (4�7) Light breeze Small wavelets; crests of glassy appearance,
no breaking

3 3.4�5.4 (8�12) Gentle breeze Large wavelets; crests beginning to break;
scattered whitecaps

4 5.5�7.9 (13�18) Moderate breeze Small waves, becoming longer;
numerous whitecaps

5 8.0�10.7 (19�24) Fresh breeze Moderate waves, taking longer to form;
many whitecaps; some spray

6 10.8�13.8 (25�31) Strong breeze Large waves begin to form; whitecaps
everywhere; more spray

7 13.9�17.1 (32�38) Near gale Sea heaps up and white foam from breaking
waves begins to be blown in streaks

8 17.2�20.7 (39�46) Gale Moderately high waves of greater length; edges of
crests begin to break into spindrift; foam is blown
in well-marked streaks

9 20.8�24.4 (47�54) Strong gale High waves; dense streaks of foam and sea
begins to roll; spray may affect visibility

10 24.5�28.4 (55�63) Storm Very high waves with overhanging crests; foam is
blown in dense white streaks, causing the sea to
appear white; the rolling of the sea becomes
heavy; visibility reduced

11 28.5�32.6 (64�72) Violent storm Exceptionally high waves (small- and medium-
sized ships might be for a time lost to view
behind the waves); the sea is covered with white
patches of foam; everywhere the edges of the
wave crests are blown into froth; visibility further
reduced

12 32.7�36.9 (73�82) Hurricane The air is filled with foam and spray; sea
completely white with driving spray; visibility
greatly reduced
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wavelength is the period (T). Because the period is the time required for the passing of one wave-

length, if either the wavelength or period of a wave is known, the other can be calculated, since

L (m)5 1.56 (m/s)T2.

Speed (S)5 L/T.

For example: Speed (S)5 L/T5 156 m/10 s5 15.6 m/s.

Another characteristic related to wavelength and speed is frequency. Frequency (f) is the

number of wavelengths that pass a fixed point per unit of time and is equal to 1/T. If six wave-

lengths pass a point in one minute, using the same wave system in the previous example, then:

Speed (S)5 Lf5 156 m3 6/min5 936 m/min3 (1 min/60s)5 15.6 m/s.

Because the speed and wavelength of ocean waves are such that less than one wavelength

passes a point per second, the preferred unit of time for scientific measurements, period (rather

than frequency), is the more practical measurement to use when calculating speed.

The complexities of air/wave as well as air/land and fixed structure interaction, while quite

important to the operation of ROV equipment in a realistic environment, are beyond the scope of

this text. Please refer to the bibliography for a more in-depth study of the subject.

A more practical system of gauging the overall sea state/wind combination was developed in

1806 by Admiral Sir Francis Beaufort of the British Navy. The scale runs from 0 to 12 (Table 2.5),

calm to hurricane, with typical wave descriptions for each level of wind speed. The Beaufort scale

reduces the wind/wave combination into category ranges based upon the energy of the combined

forces acting upon the sea surface.

2.3.2 Effects of wave pattern upon ROV operation
There is a plethora of information on wave propagation and its effect upon vessel management.

Please refer to the bibliography for more detailed information. This section will address the effect

of waves upon ROV operations.

The energy to produce a sea wave comes principally from wind but can also be generated through

some lesser factors, such as submarine earthquakes (which happen less often but are possibly devas-

tating when they occur), volcanic eruptions, and, of course, the tide. The biggest concern for wave

pattern management in ROV operations is during the launch and recovery of the vehicle. During ves-

sel operations, the hull is subject to motions broken down into six components—pitch, roll, and yaw

for rotational degrees of freedom, and heave, surge, and sway for translational motion. The distance

from the vessel’s pivot point on any axis, combined with the translational motion from waves hitting

the hull, will translate into the total swinging moment affecting the suspended weight—the ROV.

The closer the launch platform is located to the center of the vessel’s pivotal point, the smaller

will be the arm for upsetting the suspended weight. The longer the line is from the hard point on

the launch winch, the longer the arm for upsetting the suspended weight. Add a long transit dis-

tance from the hard point to the water surface, with an over-the-side launch from a larger beam

vessel, and the situation is one just waiting to get out of control (Figure 2.17).

Regardless of the sea state, it is best to complete this vulnerable launch operation (from the

time the vehicle is lifted from the deck to the vehicle’s submergence) as quickly as possible, given

operational and safety constraints. This concept will be addressed further in Chapter 9.
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ROV operations manuals should set the maximum sea state in which to deploy the submersible.

In a high sea state on a rocking vessel, the submersible becomes a wrecker ball suspended in mid-

air, waiting to destroy the vessel structure as well as the vehicle, deployment system, and any bod-

ies unfortunate enough to be in the wrecker ball’s path. If the sea state ramps up unexpectedly

while the vehicle is still in the water, most operations manuals specify to leave the vehicle sub-

merged until a sea state that allows safe recovery.

Another important wave propagation factor affecting ROV operations includes the heave com-

ponent of the vessel while the vehicle is in the water. Particularly affected is the umbilical or tether

length between the hard point of the launching platform and the clump weight, cage deployment

platform, tether management system, or the vehicle itself. Of particular concern is the snap loading

of the tether due to tether/umbilical pull with the vessel heaving. This rapid loading of the tether/

umbilical can easily exceed the structural limitation of the tether and/or part conductors and

communications components within the line. If this snap load parts the line, the vehicle could be

lost. Larger and more sophisticated launch systems have a stress limit adjustable to the tether or

umbilical loading limit. The system will slack or pull based upon the given parameters to maintain

tension while avoiding overstressing the line.

FIGURE 2.17

Vehicle suspended from vessel over the side.
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PART

2
The Vehicle

This part of the manual discusses the major components of a typical ROV system along with every-

day underwater tasks ROVs perform.

As discussed earlier, the design team must consider the overall system. To reinforce the impor-

tance of this point, a few additional words of wisdom about the design process are warranted.

An ROV is essentially a robot. What differentiates a robot from its immovable counterparts is

its ability to move under its own power. Along with that power of locomotion comes the ability to

navigate the robot, with ever increasing levels of autonomy to achieve some set goal. While the

ROV system, by its nature, is one of the simplest robotic designs, complex assignments can be

accomplished with a variety of closed-loop aids to navigation. Some ROV manufacturers are

aggressively embracing the open-source computer-based control models, allowing users to design

their own navigation and control matrix. This is an exciting development in the field of subsea

robotics and will allow development of new techniques, which will only be limited by the user’s

imagination. This concept takes the control of the development of navigation capabilities (which is

the mission) from the hands of the design engineer (who may or may not understand the user’s

needs) into the hands of the end user (who does understand the needs). Designing efficient and

cost-effective systems with the user in mind is critical to the success of the product and ultimately

the mission.



Do not over design the system. The old saying goes that a chain is only as strong as its weakest

link. Accordingly, all components of an ROV system should be rated to the maximum operating

depth of the underwater environment anticipated, including safety factors. However, they should

not be overdesigned. As the operating depth proceeds into deeper water, larger component wall

thicknesses will be required for the air-filled spaces (pressure-resistant housings) on the vehicle.

This increased wall thickness results in an increased vehicle weight, which requires a larger floata-

tion system to counter the additional weight. This causes an increase in drag due to a larger cross

section, which requires more power. More power drives the cable to become larger, which

increases drag, etc. It quickly becomes a vicious design spiral.

Careful consideration should be given during the design phase of any ROV system to avoid

overengineering the vehicle. By saving weight and cost during the design process, the user will

receive an ROV that has the capability of providing a cost-effective operation. This is easier said

than done, as “bells and whistles” are often added during the process or the “latest and greatest”

components are chosen without regard to the impact on the overall system. Keep these ideas in

mind as the various component choices are presented in the following chapters.
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3.1 A bit of history
3.1.1 Introduction
The strange thing about history is that it never ends. In the case of remotely operated vehicles

(ROVs), the history is a short one, but very important nonetheless, especially for the observation-

class ROVs.

Two critical groups of people have driven ROV history: (i) dedicated visionaries and (ii) exploi-

ters of technology. Those who drove the development of ROVs had a problem to solve and a

vision, and they did not give up the quest until success was achieved. There were observation-class

vehicles early in this history, but they were far from efficient. In time, however, the technology

caught up with the smaller vehicles, and those who waited to exploit this technology have led the

pack in fielding smaller, state-of-the-art ROVs.

This section will discuss what an ROV is, address some of the key events in the development of

ROV technology, and address the breakthroughs that brought ROVs to maturity.

3.1.2 In the beginning
One way to discuss the historical development of ROVs is to consider them in terms of the cycle

of life—from infancy to maturity. Anyone who has raised a child will quickly understand such a

categorization. In the beginning the ROV child was “nothing but a problem: Their bottles leaked,

their hydraulics failed, sunlight damaged them, they were too noisy and unreliable, were hard to

control and needed constant maintenance. Beginning to sound familiar?” (Wernli, 1998).

Some have credited Dimitri Rebikoff with developing the first ROV—the POODLE—in 1953.

However, the vehicle was used primarily for archeological research and its impact on ROV history

was minimal—but it was a start.

Although entrepreneurs like Rebikoff were making technology breakthroughs, it took the US

Navy to take the first real step toward an operational system. The Navy’s problem was the recovery

of torpedoes that were lost on the seafloor. Replacing a system that essentially grappled for the tor-

pedo, the Navy (under a contract awarded to VARE Industries, Roselle, New Jersey) developed a

maneuverable underwater camera system—a mobile underwater vehicle system. The original

VARE vehicle, the XN-3, was delivered to the Naval Ordnance Test Station in Pasadena,

California, in 1961. This design eventually became the Cable-controlled Underwater Research

Vehicle (CURV).

The Navy’s CURV (and its successor—CURV III) made national headlines twice:

• The CURV retrieved a lost atomic bomb off the coast of Palomares, Spain, in 1966, from

2850 ft (869 m) of water, even though working beyond its maximum depth. The CURV’s sister

vehicle, CURV II, is shown in Figure 3.1.

• CURV III, which had become a “flyaway” system, was sent on an emergency recovery mission

from San Diego to an offshore point, near Cork, Ireland, in 1973. With little air left for the two

pilots of the PISCES III manned submersible, which was trapped on the bottom in 1575 ft

(480 m) of water, the CURV III attached a recovery line that successfully pulled the doomed

crew to safety.
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With such successes under its belt, the Navy expanded into more complex vehicles, such as the

massive Pontoon Implacement Vehicle (PIV), which was developed to aid in the recovery of

sunken submarines, shown with the integrated Work Systems Package (WSP) (Figure 3.2).

At the other end of the scale, the US Navy developed one of the very first small-size observa-

tion ROVs. The SNOOPY vehicle, which was hydraulically operated from the surface, was one of

the first portable vehicles (Figure 3.3).

This version was followed by the Electric SNOOPY, which extended the vehicle’s reach by

going with a fully electric vehicle. Eventually sonars and other sensors were added and the child-

hood of the small vehicles had begun.

Navy-funded programs helped Hydro Products (San Diego, CA) get a jump on the ROV field

through the development of the TORTUGA, a system dedicated to investigating the utility of a

submarine-deployed ROV. These developments led to Hydro Products’ RCV line of “flying eye-

ball” vehicles (Figure 3.4).

FIGURE 3.1

The Navy’s CURV II vehicle.

FIGURE 3.2

Co-author R. Wernli (right) directs the launch of the US Navy’s WSP/PIV.
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These new intruders, albeit successful in their design goals, still could not shake that lock on

the market by the manned submersibles and saturation divers. In 1974, only 20 vehicles had been

constructed, with 17 of those funded by various governments. Some of those included are as

follows:

• France—ERIC and Telenaute and ECA with their PAP mine countermeasure vehicles

• Finland—PHOCAS and Norway—the SNURRE

• UK—British Aircraft Corporation (BAC-1) soon to be the CONSUB 01; SUB-2, CUTLET

• Heriot-Watt University, Edinburgh—ANGUS (001, 002, and 003)

• Soviet Union—CRAB-4000 and MANTA vehicles

It could be said that ROVs reached adolescence, which is generally tied to a growth spurt,

accented by bouts of unexplained or irrational behavior, around 1975. With an exponential upturn,

FIGURE 3.3

US Navy’s hydraulic SNOOPY.

FIGURE 3.4

Hydro Products’ RCV 225 and RCV 150 vehicles.
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the number of vehicles grew to 500 by the end of 1982. And the funding line also changed during

this period. From 1953 to 1974, 85% of the vehicles built were government funded. From 1974 to

1982, 96% of the 350 vehicles produced were funded, constructed, and/or bought by private industry.

The technological advancements necessary to take ROVs from adolescence to maturity had

begun. This was especially true in the electronics industry, with the miniaturization of the onboard

systems and their increased reliability. With the ROV beginning to be accepted by the offshore

industry, other developers and vehicles began to emerge:

• USA—Hydro Products—the RCV 125, TORTUGA, ANTHRO, and AMUVS were soon followed

by the RCV 225, and eventually the RCV 150; AMETEK, Straza Division, San Diego—turned

their Navy-funded Deep Drone into their SCORPIO line; Perry Offshore, Florida—started their

RECON line of vehicles based on the US Navy’s NAVFAC SNOOPY design.

• Canada—International Submarine Engineering (ISE) started in Canada (DART, TREC, and TROV).

• France—Comex Industries added the TOM-300, C. G. Doris produced the OBSERVER and DL-1.

• Italy—Gay Underwater Instruments unveiled their spherical FILIPPO.

• The Netherlands—Skadoc Submersible Systems’ SMIT SUB and SOP.

• Norway—Myers Verksted’s SPIDER.

• Sweden added SUTEC’s SEA OWL and Saab-Scandia’s SAAB-SUB.

• UK—Design Diving Systems’ SEA-VEYOR, Sub Sea Offshore’s MMIM, Underwater

Maintenance Co.’s SCAN, Underwater and Marine Equipment Ltd.’s SEA SPY, AMPHORA, and

SEA PUP, Sub Sea Surveys Ltd.’s IZE, and Winn Technology Ltd.’s UFO-300, BOCTOPUS,

SMARTIE, and CETUS.

• Japan—Mitsui Ocean Development and Engineering Co., Ltd., had the MURS-100, MURS-300,

and ROV.

• Germany—Preussag Meerestechnik’s FUGE, and VFW-Fokker GmbH’s PINGUIN B3 and B6.

• Other US—Kraft Tank Co. (EV-1), Rebikoff Underwater Products (SEA INSPECTOR), Remote

Ocean Systems (TELESUB-1000), Exxon Production Research Co. (TMV), and Harbor Branch

Foundation (CORD).

From 1982 to 1989 the ROV industry grew rapidly. The first ROV conference, ROV’83, was

held with the theme “A Technology Whose Time Has Come!” Things had moved rapidly from

1970, when there was only one commercial ROV manufacturer. By 1984 there were 27. North

American firms (Hydro Products, AMETEK, and Perry Offshore) accounted for 229 of the 340

industrial vehicles produced since 1975.

Not to be outdone, Canadian entrepreneur Jim McFarlane bought into the business with a series of

low-cost vehicles—DART, TREC, and TROV—developed by ISE in Vancouver, British Columbia. But

the market was cutthroat; the dollar to pound exchange rate caused the ROV technology base to transfer

to the United Kingdom in support of the oil and gas operations in the North Sea. Once the dollar/pound

exchange rate reached parity, it was cheaper to manufacture vehicles in the United Kingdom. Slingsby

Engineering, Sub Sea Offshore, and the OSEL Group cornered the North Sea market, and the once

dominant North American ROV industry was soon decimated. The only North American survivors

were ISE (due to their diverse line of systems and the can-do attitude of their owner) and Perry, which

wisely teamed with their European competitors to get a foothold in the North Sea.

However, as the oil patch companies were fighting for their share of the market, a few compa-

nies took the advancements in technology and used them to shrink the ROV to a new class of
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small, reliable, observation-class vehicles. These vehicles, which were easily portable when com-

pared to their larger offshore ancestors, were produced at a cost that civil organizations and aca-

demic institutions could afford.

The MiniRover, developed by Chris Nicholson, was the first real low-cost, observation-type

ROV. This was soon followed by Deep Ocean Engineering’s (DOE’s) Phantom vehicles. Benthos

(now Teledyne Benthos) eventually picked up the MiniRover line and, along with DOE, cornered

the market in areas that included civil engineering, dam and tunnel inspection, police and security

operations, fisheries, oceanography, nuclear plant inspection, and many others.

The 1990s saw the ROV industry reach maturity. Testosterone-filled ROVs worked the world’s

oceans; no job was too hard or too deep to be completed. The US Navy, now able to buy vehicles

off the shelf as needed, turned its eyes toward the next milestone—reaching the 20,000 ft (6279 m)

barrier. This was accomplished in 1990, not once, but twice:

• CURV III, operated by Eastport International for the US Navy’s Supervisor of Salvage, reached

a depth of 20,105 ft (6128 m).

• The Advanced Tethered Vehicle (ATV), developed by the Space and Naval Warfare Systems

Center, San Diego, broke the record less than a week later with a record dive to 20,600 ft

(6279 m). The ATV was the first deep ocean ROV to incorporate three multi-mode optical

fibers and a Kevlar strength member into its 23,000 foot (7012 m) cable.

It did not take long for this record to be not only beaten by Japan but obliterated. Using

JAMSTEC’s Kaiko ROV (Figure 3.5), Japan reached the deepest point in the Mariana Trench—

35,791 ft (10,909 m)—a record that can be tied but never exceeded.

The upturn in the offshore oil industry is increasing the requirement for advanced undersea

vehicles. Underwater drilling and subsea complexes are now well beyond diver depth, some

FIGURE 3.5

Kaiko—the world’s deepest diving ROV.
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exceeding 3000 m deep. Due to necessity, the offshore industry has teamed with the ROV devel-

opers to ensure integrated systems are being designed that can be installed, operated, and main-

tained through the use of ROVs. ROVs, such as Schilling Robotics UHD ROV (Figure 3.6), are

taking underwater intervention to a higher technological level.

In the late 1990s, a new entrant to market by the name of VideoRay brought micro-ROV tech-

nology to common use. Followed shortly thereafter, SeaBotix entered the market with the Little

Benthic Vehicle (LBV) and legitimized the micro-ROV as an affordable and useful ROV platform.

Soon, sensor manufacturers began to tailor their products to fit in the smaller form factor, thus

making the micro-ROV a fully industrial system.

By the end of the first decade of the twenty-first century, many manufacturers were entering

into the market for OCROV and MSROV. On the educational front, several ROV-specific training

programs were forming all over Europe and North America to cater to the ever-expanding fleet of

operational industrial ROV systems. The Marine Advanced Technology Education (MATE) Center

was formed in Monterey, California, in order to encourage high school and college-age enthusiasts

into the field of subsea robotics. Today the MATE program sponsors international ROV competi-

tions worldwide.

Also in the late 1990s (Wernli, 1998), it was estimated that there were over 100 vehicle manu-

facturers, and over 100 operators using approximately 3000 vehicles of various sizes and capabili-

ties. We will not even try to determine the OCROVs in the field today as the number of

operational systems is growing almost exponentially. According to The World ROV Market

Forecast 2011�2015, there were 747 WCROVs being operated by 21 major companies, not count-

ing the systems involved in noncommercial operations. As far as the number of actual vehicles in

the field today . . . well, tracking that number will be left to the statisticians.

3.2 Underwater vehicles to ROVs
Previous sections provided an introduction to what an ROV is and is not, along with a brief history

of how these underwater robots arrived at their present level of worldwide usage. Since these

FIGURE 3.6

Schilling Robotics UHD.
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vehicles are an extension of the operator’s senses, the communication with them is probably the

most critical aspect of vehicle design.

The communication and control of underwater vehicles is a complex issue and sometimes

occludes the lines between the ROV and the autonomous underwater vehicle (AUV). Before

addressing the focus of this text, the issues involved will be investigated further.

The basic issues involved with underwater vehicle power and control can be divided into the

following categories:

• Power source for the vehicle

• Degree of autonomy (operator controlled or program controlled)

• Communications linkage to the vehicle

3.2.1 Power source for the vehicle
Vehicles can be powered in any of the following three categories: surface-powered, vehicle-

powered, or hybrid system.

• Surface-powered vehicles must, by practicality, be tethered, since the power source is from the

surface to the vehicle. The actual power protocol is discussed more fully later in this text, but

no vehicle-based power storage is defined within this power category.

• Vehicle-powered vehicles store all of their power-producing capacity on the vehicle in the form

of a battery, fuel cell, or some other means of power storage needed for vehicle propulsion and

operation.

• A hybrid system involves a mixture of surface and submersible supplied power. Examples of the

hybrid system include the battery-powered submersible with a surface-supplied charger (through

a tether) for recharging during times of less-than-maximum power draw; a surface-powered

vehicle with an onboard power source for a transition from ROV to AUV (some advanced

capability torpedo designs allow for swim-out under ship’s power to transition to vehicle power

after clearing the area) and other variations to this mix. (Chapter 23 discusses the more

advanced hybrid vehicles that will appear offshore in the future.)

3.2.2 Degree of autonomy
According to the National Institute of Standards and Technology (Huang, 2004), unmanned vehicles

may be operated under several modes of operation, including fully autonomous, semi-autonomous,

teleoperation, and remote control (RC).

• Fully autonomous: A mode of operation of an unmanned system (UMS) wherein the UMS is

expected to accomplish its mission, within a defined scope, without human intervention. Note

that a team of UMSs may be fully autonomous while the individual team members may not be,

due to the need to coordinate during the execution of team missions.

• Semi-autonomous: A mode of operation of a UMS wherein the human operator and/or the UMS

plan(s) and conduct(s) a mission and requires various levels of human�robot interaction.

• Teleoperation: A mode of operation of a UMS wherein the human operator, using video

feedback and/or other sensory feedback, either directly controls the motors/actuators or assigns
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incremental goals, waypoints in mobility situations, on a continuous basis, from off the vehicle

and via a tethered or radio/acoustic/optic/other linked control device. In this mode, the UMS

may take limited initiative in reaching the assigned incremental goals.

• RC: A mode of operation of a UMS wherein the human operator, without benefit of video or

other sensory feedback, directly controls the actuators of the UMS on a continuous basis, from

off the vehicle and via a tethered or radio-linked control device using visual line-of-sight cues.

In this mode, the UMS takes no initiative and relies on continuous or nearly continuous input

from the user.

3.2.3 Communications linkage to the vehicle
The linkage to the vehicle can come in several forms or methods depending upon the distance and

medium through which the communication must take place. Such linkages include:

• Hard-wire communication (either electrical or fiber optic)

• Acoustic communication (via underwater analog or digital modem)

• Optical communication (while on the surface)

• Radio frequency (RF) communication (while on or near the surface)

What is communicated between the vehicle and the operator can be any of the following:

• Telemetry: The measurement and transmission of data or video through the vehicle via tether,

RF, optical, acoustic, or other means.

• Tele-presence: The capability of a UMS to provide the human operator with some amount of

sensory feedback similar to that which the operator would receive if inside the vehicle.

• Control: The upload/download of operational instructions (for autonomous operations) or full

teleoperation.

• Records: The upload/download of mission records and files.

ROVs receive their power, their data transmission, or their control (or all three) directly from

the surface through direct hard-wire communication (i.e., the tether). In short, the difference

between an ROV and an AUV is the tether (although some would argue that the divide is not that

simple).

3.2.4 Special-use ROVs
Some of the special-use ROVs come in even more discriminating packages:

• Rail cameras: Work on the drilling string of oil and gas platforms/drilling rigs (a pan and tilt

camera moving up and down a leg of the platform to observe operations at the drill head with

or without intervention tooling).

• Bottom crawlers: Lay pipe as well as communications cables and such while heavily weighted

in the water column and being either towed or on tracks for locomotion

• Towed cameras: Can have movable fins that allow “sailing” up or down (or side to side) in the

water column behind the towing vehicle.
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• Swim-out ROVs: Smaller free-swimming systems that launch from a larger ROV, AUV, or

manned vehicle system.

Although this text covers many of the technologies associated with all underwater vehicles, the

subject matter will focus on the free-swimming, surface-powered, teleoperated (or semi-autonomous)

observation-class to mid-sized ROVs with submersible weights from the smallest of sizes to 2000 lb

(907 kg).

3.3 Autonomy plus: “why the tether?”
In order to illustrate where ROVs fit into the world of technology, an aircraft analogy will be dis-

cussed first and then the vehicle in its water environment.

Autonomy with regard to aerial vehicles runs the full gamut from man occupying the vehicle

while operating it (e.g., a pilot sitting in the aircraft manipulating the controls for positive naviga-

tion) to artificial intelligence on an unmanned aerial vehicle making unsupervised decisions on nav-

igation and operation from start to finish (Figure 3.7). However, where the human sits (in the

vehicle or on a separate platform) is irrelevant to the autonomy discussion, since it does not affect

how the artificial brain (i.e., the controller) thinks and controls.

3.3.1 An aircraft analogy
To set the stage with an area most are familiar with, the control variations of an aircraft will be

defined as follows:

• Man in vehicle: Pilot sitting aboard the aircraft in seat manning controls.

• Man in vehicle with AutoPilot: Pilot sitting aboard aircraft in seat with AutoPilot controlling the

aircraft’s navigation (pilot supervising the systems).

• Man in remote location with teleoperation: Technician sitting in front of control console on the

ground (or another aerial platform) with RF link to the unmanned aircraft while the technician

is manipulating the controls remotely.

Man in 
vehicle

Man in 
vehicle 

with 
AutoPilot

Man in 
remote 
location 
with tele- 
operation

Vehicle 
operating 

with 
artificial 

intelligence
and full 

autonomy

FIGURE 3.7

Degrees of autonomy.
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• Vehicle operating with artificial intelligence and full autonomy: No human supervisor directly

controlling the vehicle. The vehicle controls are preprogrammed with the vehicle making

objective decisions as to the conduct of that flight from inception to termination based upon the

“Sense/Plan/Act” paradigm.

Predator UAVs have recently been retrofitted with weapons, producing the new designation

unmanned combat aerial vehicle (UCAV). The most efficient technology would allow that UCAV

(without human intervention) to find, detect, classify, and deliver a lethal weapon upon the target,

thus eliminating the threat. And here is the crux—is a responsible commander in the field

comfortable enough with the technology to allow a machine the decision of life and death? This

may be an extreme example, but (for now) a human must remain in the decision loop. To continue

this example, would any passenger (as a passenger) fly in a commercial airliner without a pilot

physically present in the cockpit? This may not happen soon, but one can safely predict that unpi-

loted airliners are in our future. Unattended trolleys are currently used in many airports

worldwide.

3.3.2 Underwater vehicle variations
Now, the aircraft analogy will be reconsidered with underwater vehicle control in mind.

• Man in vehicle: Manned submersible pilot sitting aboard the vehicle underwater in the pilot’s

seat manning the controls and directly commanding the vehicle.

• Man in vehicle with AutoPilot: Same situation with AutoPilot controlling the submersible’s

navigation (pilot supervising the systems).

• Man in remote location with teleoperation: Technician sitting in front of control console on the

surface (or other submerged platform) with tether or other data link to the submersible while the

technician is manipulating the controls remotely.

• Vehicle operating with artificial intelligence and full autonomy: No human supervisor directly

controlling the vehicle. The vehicle controls of the AUV are preprogrammed, with the vehicle

making objective decisions as to the conduct of that dive from inception to termination.

During operation Iraqi Freedom, mine countermeasure AUVs were used for mine clearance

operations. The AUV swam a preprogrammed course over a designated area to search and detect

mine-like objects on the bottom. Other vehicles (or marine mammals or divers) were then sent to

these locations to classify and (if necessary) neutralize the targets.

The new small UUVs are going through a two-stage process where they Search (or Survey),

Classify, and Map. The Explosive Ordinance Disposal personnel then return with another vehicle

(or marine mammal or human divers) to Reacquire, Identify, and Neutralize the target.

Essentially, the process is to locate mine-like targets, classify them as mines if applicable and then

neutralize them. What if the whole process can be done with one autonomous vehicle? And again

the crux—is the field commander comfortable enough with the vehicle’s programming to allow it

to distinguish between a Russian KMD-1000 Bottom-type influence mine and a manned undersea

laboratory before destroying the target? For the near term, man will remain in the decision loop

for the important operational decisions. But again, one can safely predict that full autonomy is in

our future.
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3.3.3 Why the tether?
RF waves penetrate only a few wavelengths into water due to water’s high attenuation of its

energy. If the RF is of a low frequency, the waves will penetrate farther into water due to longer

wavelengths. But with decreasing RF frequencies, data transmission rates suffer. In order to per-

form remote inspection tasks, live video is needed at the surface so that decisions by humans can

be made on navigating the vehicle and inspecting the target. Full teleoperation (under current tech-

nology) is possible only through a high-bandwidth data link.

With the UAV example above, full teleoperation was available via the RF link (through air)

between the vehicle and the remote operator. In water, this full telemetry is not possible (with cur-

rent technologies) through an RF link. Acoustic in-water data transmission (as of 2013) is limited

to less than 100 kB/s (insufficient for high-resolution video images). A hard-wire link to the operat-

ing platform is needed to have a full teleoperational in-water link to the vehicle. Thus, the need

exists for a hard-wire link of some type, for the foreseeable future, for real-time underwater inspec-

tion tasks.

3.3.4 Teleoperation versus remote control
An ROV pilot will often operate a vehicle remotely with his/her eyes directly viewing the vehicle

while guiding the vehicle on the surface to the inspection target. This navigation of the vehicle

through line of sight (as with the RC airplane) is termed “RC (remote control) mode.” Once the

inspection target is observed through the vehicle’s camera or sensors, the transition is made from

RC operational mode to teleoperation mode. This transition is important because it changes naviga-

tion and operation of the vehicle from the operator’s point of view to the vehicle’s point of view.

Successful management of the transition between these modes of operation during field tasks will

certainly assist in obtaining a positive mission completion.

Going back to the UAV analogy, many kids have built and used RC model aircraft. The differ-

ence between an RC aircraft and a UAV is the ability to navigate solely by use of onboard sensors.

A UAV can certainly be operated in an RC mode while the vehicle is within line-of-sight of the

operator’s platform, but once line-of-sight is lost, navigation and control are only available through

teleoperation or preprogramming.

The following is an example of this transition while performing a typical observation-class

ROV inspection of a ship’s hull: The operator swims the vehicle on the surface (Figure 3.8) via RC

to the hull of the vessel until the inspection starting point is gained with the vehicle’s camera and

then transitions to navigation via the vehicle’s camera.

3.3.5 Degrees of autonomy
An open-loop control system is simply a condition on a functioning machine whereby the system

has two basic states: “On” or “Off.” The machine will stay On/Off for as long as the operator

leaves it in that mode. The term “open-loop” (or essentially “no loop”) refers to the lack of sensor

feedback to control the operation of the machine. An example of an open-loop feedback would be

a simple light switch that, upon activation, remains in the “On” or “Off” condition until manually

changed.

66 CHAPTER 3 Design Theory and Standards



Beginning with pure teleoperation (which is no autonomy), the first step toward full autonomy

is the point at which the vehicle begins navigation autonomously within given parameters. This is

navigation through “closed-loop feedback.”

Closed-loop feedback is simply control of an operation through sensor feedback to the control-

ler. A simple example of a closed-loop feedback system is the home air-conditioning thermostat.

At a given temperature, the air conditioner turns on, thus lowering the temperature of the air sur-

rounding the thermostat (if the air-conditioning is ducted into that room). Once the air temperature

reaches a certain preset value, the thermostat sends a signal to the air conditioner (closing the con-

trol signal and response loop) to “turn off,” completing this simple closed-loop feedback system.

The most common first step along this line for the ROV system is the auto heading and auto

depth functions. Any closed-loop feedback control system can operate on an ROV system, manipu-

lating control functions based upon sensor output. Operation of the vertical thruster as a function of

constant depth (as measured by the variable water pressure transducer) is easily accomplished in

software to provide auto depth capability. For example, consider an auto depth activation system

on an ROV at 100 ft (30 m) of seawater. The approximate (gauge) pressure is 3 atmospheres or

45 psig (3 bar). As the submersible sinks below that pressure (as read by the pressure transducer on

the submersible), the controller switches on the vertical thruster to propel the vehicle back toward

the surface until the 45 psig (3 bar) reading is reacquired (the reverse is also applicable).

The same applies to auto altitude, where variation of the vertical thruster maintains a constant

height off the bottom based upon echo soundings from the vehicle’s altimeter. Similarly, auto

standoff from the side of a ship for hull inspections can be based upon a side-looking acoustic sen-

sor, where variation of the sounder timing can be used to vary the function of the lateral thruster.

Any number of closed-loop variables can be programmed. The submersible can then be given a

set of operating instructions based upon a matrix of “if/then” commands to accomplish a given

FIGURE 3.8

Surface swim in RC mode.
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mission. The autonomy function is a separate issue from communications. A tethered ROV can be

operated in full autonomy mode just as an untethered AUV may be operated in full autonomy

mode. The only difference between a fully autonomous ROV and a fully autonomous AUV is gen-

erally considered to be the presence/absence of a hard-wire communications link, i.e., a tethered

AUV is actually an ROV.

Such design issues will be addressed in Chapter 23.

3.4 Vehicle classifications
Vehicle classification is a hotly debated issue due to the lack of any widely accepted standards on

the subject. In the early days of OCROVs, the (rather condescending) moniker “low-cost ROV”

drew some rather interesting discussions due to its inference to a child’s toy. Later, as the technol-

ogy matured, other lines of demarcation between vehicle classes evolved starting with “hydraulic”

and “electric” for the emphasis on drive force for the prime mover (i.e., thruster). Now in the sec-

ond decade of the twenty-first century, ROVs range from less than 10 lb (5 kg) for the smallest to

multiton hydraulic vehicles topping 250 hp in drive motors. But the classification debate continues.

As the typical client for ROV services generally has limited knowledge of vehicle performance,

the larger operators have tended to link vehicle capabilities directly to horsepower. But where is

the horsepower measured (even if it is a ridiculous performance metric)?

Many commercial tenders for WCROV services will specify a minimum horsepower rating for

the ROV system but will not define the term “horsepower.” For instance, on a recent tender for

ROV services an oil company specified a 150 hp minimum rating for a drill support contract.

A large electric vehicle was certainly fully capable of fulfilling all of the task requirements speci-

fied in the tender. One ROV operator solved the problem very competitively (some would say

“aggressively”) by offering a 100 hp vehicle with a 50 hp pump located on the TMS (the TMS is

certainly part of the system . . .). Voilà—they were awarded the contract! Problem solved. But the

naming convention occlusion remains. Expect some standards on this front soon from the oil indus-

try standards organizations such as American Petroleum Industry (API) or International Standards

Organization (ISO).

In this section, we will examine an older classification example (in this case, the IMCA classifi-

cation system). Then we will expand upon the older classification system to better stratify the mod-

ern vehicle systems currently available on the open market.

3.4.1 Size classifications of ROVs
As an initial note, the International Maritime Contractors Association (IMCA—http://www.imca-int.

com/) lists its own classification of ROVs as follows:

a. Class I—observation ROVs (small vehicles fitted with camera/lights and sonar only)

b. Class II—observation ROVs with Payload Option (vehicles fitted with two simultaneously

viewable cameras/sonar as standard and capable of handling additional sensors as well as a

basic manipulative capability)
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c. Class III—work-class vehicles (vehicles large enough to carry additional sensors and/or

manipulators)

d. Class IV—towed and bottom-crawling vehicles (vehicles pulled through the water by a surface

craft or winch, and bottom-crawling vehicles using a wheel or track system to move across the

seafloor)

e. Class V—prototype or development vehicles (those still being developed and those regarded as

prototypes).

This naming convention has been in effect for quite some time (mostly with the European

operators, but also with the US-based ADCI (Association of Diving Contractors International)).

However, due to the rapid development of the technology, a much more robust naming convention

is necessary to fully define the full range of vehicle options.

As discussed in Chapter 1, ROVs break into three broad categories based upon their vehicle weight:

1. OCROV—from the smallest vehicles to submersible weights up to 200 lb (91 kg)

2. MSROV—submersible weights from 200 lb (91 kg) to 2000 lb (907 kg)

3. WCROV—submersible weights in excess of 2000 lb (907 kg)

With the dynamic expansion of this technology, further delineation is required to fully define

each category.

OCROV categories

Within the OCROV category fall three subcategories based upon vehicle weight:

a. Micro (or small) OCROVs—those vehicles with a basic weight of less than 10 lb (4.5 kg) (e.g.,

VideoRay, GNOM, and AC-ROV)

b. Mini (or medium) OCROVs—vehicles with submersible weight between 10 lb (4.5 kg) and

70 lb (32 kg), i.e., the limit of single-person hand deployment (e.g., SeaBotix LBV, Outland

1000, JW Fisher SeaLion/SeaOtter, and Seamor)

c. Large OCROV—vehicles with weights between 70 lb (32 kg) and 200 lb (90 kg) (e.g., Benthos

StingRay, SeaEye Falcon, Sub-Atlantic Mohave, and Seatronics Predator).

MSROV categories

Within the MSROV category fall three subcategories based upon vehicle performance and depth

capability:

a. Shallow MSROV: These vehicles are typically low-power vehicles with copper (or fiber)

telemetry and ,3300 ft (1000 m) depth capability (e.g., Benthos SeaRover, Sub-Atlantic

Mohawk, DOE S5N, and SeaEye Falcon DR).

b. Deepwater MSROV: These vehicles are typically deepwater versions of the shallow vehicles

and may run single or dual light manipulator systems along with high-voltage power, light-duty

electric and hydraulic manipulator systems (Hydro-Lek or similar), and fiber-optic telemetry

(e.g., SeaEye Tiger or Cougar, Sub-Atlantic Super Mohawk or Mohican, and Argus Rover).

c. Heavy MSROV: These are often named “light work class” and typically have electric thrusters,

dual medium-duty hydraulic manipulator systems (Schilling Orion or similar), and a hydraulic

power unit for operation of medium-duty hydraulic tooling (e.g., Sub-Atlantic Comanche and

Seaeye Jaguar).
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