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Abstract

A self-propelled, pneumatic, peristaltic pipe crawler for unplugging clogged, radioactive waste transport
lines and treatment plants at United States Department of Energy sites is proposed. As the name
implies, the peristaltic pipe crawler will move forward by a series of contractions and expansions, in a
worm-like motion, by inflating and deflating three major air cavities along the crawler’s body. The
crawler has a front and rear body, each body holds inner tubes that inflate and deflate according to the
crawling motion. Supporting these two bodies is a bellow-like body. One bellow is inside the other
creating a cavity where air can expand and contract the bellows. To advance the crawler, air is supplied
in a sequential manner into the different air chambers of the crawler. The frontal body will hold an
abrasion tool to remove blockages in pipes. The crawler will be able to move through 90 degree bends
having a turning radius of 4.5 inches.

Major design challenges exist not only due to the radioactive environment, but also due to sizing
constraints that are involved in designing a crawler for a 3 inch diameter pipe. Proper sizing and
pressure values are needed to ensure the crawler can negotiate 90 degree elbows. Further adding to the
complexity of the crawler design, an abrasive tool must be affixed to the front of the crawler. The tool
must not hinder the crawler’s locomotion yet still be effective against removing plugs. Radioactive plugs
can be simulated by using simulant plugs that possess similar physical and chemical properties yet
remain non-hazardous for safe testing purposes.

In order to understand the feasibility of such a crawler, engineering and design analyses will be studied.

A prototype will be constructed and tested.
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1. Introduction

1.1 Problem Statement

During World War Il between the years of 1942 to 1946, the United States government led what was
known as the Manhattan Project. In fear that Nazi Germany had been developing nuclear weaponry, the
Manhattan Project’s objective was to produce the first nuclear bomb. Since then an estimated 55 million
gallons of highly radioactive waste used to form nuclear bombs have been stored in 149 single-shell

tanks (SSTs) at the Hanford Site in Washington State [1].

The SSTs are made of a single layer of stainless steel and have stored the high level radioactive waste,
composed of sludge, salts and liquids for decades. As of 2008, 68 of the SSTs have shown signs of leaks
and the waste needs to be transported to the 28 double-shell tanks (DSTs) [1]. The United States
Department of Energy’s method for transporting the high level waste has been by way of underground
pipelines having an inner diameter of approximately 3 inches. Once the radioactive waste is moved from

the aging tanks it will later be transported to pretreatment and treatment facilities.

The underground pipelines as well as the pipelines in the treatment facilities are susceptible to clogs
while transporting the high level waste mixture of slurry and sludge. Radioactive waste transported in
slurry-form can undergo physical, chemical, and changing flow conditions that cause blockages to occur
in the pipelines. Currently the Department of Energy is behind schedule in the transfer of waste. The
Department of Energy’s deadline to empty the SSTs was 2018 but it has been extended to the year 2040
[2]. Clogged underground pipelines as well as clogs in the processing facilities retard the timeline of

waste transfer even further, increasing costs and further threaten the environment.
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1.2 Motivation

The Hanford Site’s nuclear reactors were cooled by the vast amounts of water supplied by the Columbia

River. The Columbia River stretches 1243 miles, from British Columbia, Canada to the border between

Washington and Oregon, where it exits to the Pacific Ocean. The Hanford Site is illustrated in Figure 1.

According to Hanford officials the radioactive material can reach the river in as little as three years,

threatening human life and wildlife [7].
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Figure 1: The Columbia River [19]
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The leaks have already accounted for an estimated 270 billion gallons of contaminated soil and ground
water in neighboring aquifers [3]. The crawler will provide the technology needed to remove clogs in
transfer pipelines and/or treatment facilities which will shorten downtime, thus aiding in the effort to

meet crucial deadlines.

Previous studies held between the years 2000-2002, at Florida International University (FIU) included
the testing and evaluation of several unplugging technologies. Based on the testing, two technologies
were identified that could potentially withstand the rigors of operation in a radioactive environment and
have the ability to handle sharp 90° elbows. The two technologies, NuVision Engineering’s wave erosion
technology and AIMM Technology’s Hydrokinetic method, were evaluated again in 2007 and 2008 with
the intention of understanding the underlying physics of the technologies and determine what
limitations they have when operating within the safety constraints imposed by the sites. Results from
these tests indicated that NuVision’s technology offered promise but required additional phases of
testing before it was mature enough for implementation at the sites. Results from the AIMM’s testing
indicated that the air remaining in the pipeline and a 300 psi maximum pressure limit significantly

limited the capability of the technology.

The previously tested unplugging technologies failed to achieve satisfying results as their unplugging
capabilities drastically reduce as the distance to the plug increases. The crawler will solve this problem

as it will crawl to the plug applying abrasive and other techniques to remove the plug.
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1.3 Literature Survey

Robot pipe crawlers have been developed for various duties involved in the industries. A robot
construction allows it to work in long lengths of pipes, including many bends, and inclined to vertical
sections of piping. A robot can be made up of multiple types of driving unit configurations and a head
module that can be fitted according to the job the robot has to perform. Pipe crawlers have been used

in various industries to perform specific duties.

1.3.1 Industries use for Pipe Crawlers

The areas that the pipe crawlers have been used range from large scale nuclear plants to the food

industry, below are some of the industries that use pipe crawlers.

e In nuclear power plants there are high safety concerns on the containment of the
material being transported throughout the pipe, which entails that the pipes need to be
inspected by pipe crawlers.

e |n conventional power plants robots are used to inspect for defects and faults in the
pipes to keep the facilities going through their day by day bases.

e Refineries are provided pipe crawlers to improve supply, transportation, processing and
distribution of mineral oil; while still thinking about environmental protection.

e Chemical plants use the robots to aid in the transport and storage of chemicals by the
testing and inspections conducted to avoid the dangers involved in that industry.

e Offshore rigs have a major concern in safety and environmental issue that require the

inspection of pipe by the use of robots.
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e |n long distance city heating pipelines need to be inspected so that the energy and
water losses could be minimized through the transportation of the heat from the source
to the end user.

e The food and drink industry has a high standard in hygiene, the use of inspection robots
within the pipe with the appropriate tools ensure that the level of hygiene is
appropriate.

e Communal waste water pipe systems which are responsible for the collection and
transportation of waste water use the robots to inspect the public sewage systems.

e Gas pipelines use pipe crawlers for the inspection and maintenance of their pipeline

network.

1.3.2 Pipe Crawler Mounted Devices

Pipe crawling robots fitted for inspection use a wide array of devices mounted on the head and even
throughout the body of the unit for the collection of data the machine is required to retrieve. Robots
fitted with video cameras allow the user to visually inspect the conditions the robot encounters.
Ultrasonic and eddy current capabilities which are used to check the condition of the pipes wall and
thickness can be fitted on the robot. For corrosion and crack detection there are various types of lasers

that can also be attached to the robot.

The surface of a pipe can be corrected by the use of robots with special cutting tools attached to the
head or body of the crawler. A grinding tool can be affixed to the robot for the removal of weld roots
within the interior of pipe systems. This is important for certain industries due to the fact that it allows a
clean and smooth surface for the flow of material and accurate testing. A milling robot can be used in
situations where grooves needed to be grounded down and defects in the pipe can be removed. This

allows nuclear power plants the ability to maintain many of their reactors.
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1.3.3 Pipe Crawler Designs

There are a number of driving designs for the pipe crawling robot, below are a few patented designs:

e Asseenin

e Figure 2 and Figure 3, the screw drive, rotary, design was built by a few Florida Atlantic
University students for their Senior Report. The design has free-spinning wheels which are
angled to provide the forward and reverse motion of the unit, while using a rotary motor to

provide the drive of the robot.

Guide wheels

Payload

Drive units

Figure 2: Rotary Design Robot [9]
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Figure 3: Angled Wheel Concept [9]

Another rotary designed by Dynamic Structures & Materials, LLC (Figure 4) uses a miniature DC
brushless motor and locomotion technique. It also uses wheels in a helical configuration, with

spring-loaded wheels to keep in contact with the pipe walls.

Figure 4: DSM Miniature Pipe Crawler [10]

A pneumatically-operated pipe crawler design, similar in concept to the current proposed
design, is illustrated in Figure 5. This unit uses a series of rubber expansion chambers to propel

the crawler down the pipe.

8|Page



L e X J( p=H
- ——
-y
= o o

Figure 5: Pneumatic Pipe Crawler [11]

e As shown in Figure 6, the extendable pipe crawler design is much simpler; it consists of front
and back leg assembly connected by two air cylinders. It moves like an “inchworm”, the front

and back leg assembly wheels engage and disengage simultaneously.

Figure 6: Pneumatic Pipe Crawler [12]
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The pipe crawler tractor seen in Figure 7 and Figure 8, consist of a three wheel sectioned
assembly. The first and last wheels contact the pipe wall opposite the middle wheel. The wheels

also rotate to allow the unit to spin within the pipe, which uses a control system to allow this

function

Figure 8: Pipe Crawler Tractor with Side-ways Motion Wheel Direction [13]

The pipe crawler with extendable legs is designed to have an inchworm motion, but instead of
using wheels it has four legs around to grasp the cylinder walls in four radial sections. It can be
seen in Figure 9 and Figure 10, this design uses air cylinders to allow the legs to walk the pipe.
This is a pneumatic system with an electronically controlled manifold. There is also a rolling

mechanism to reduce friction between the crawler and cylinder wall.

Figure 9: Pipe View of Extendable Leg Crawler [14]
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Figure 10: Side View of Extendable Leg Crawler [14]

1.3.4 Previous Unclogging Technologies at ARC

Using a crawler to unclog high level waste lines is only one of several techniques available. There have
been several trials with other technologies that operate under various principles. Many designs involve
the use of water pressure or pulsations and others use tubes or other solid objects that travel along the
pipeline and are used to clear-out blockages. These methods have been met with some success,
however none has been deemed ideal and it is believed that a crawler could be more efficient at serving

this purpose.

One of the other technologies tested is the so called Harben Jet which was created by Harben, Inc. The
Harben Jet is a trailer that has a water tank and 500 ft of hose mounted to it. There is a nozzle placed on
the end of the hose and there are different nozzles available so that the appropriate one may be
selected for each task. The nozzles have several openings, including ones in the back which are used to
drive the nozzle along the pipe. The overall idea is that the pressurized water coming out of the nozzle
will forcefully clean out any clogs in the pipe. The water comes out at a pressure of up to 4000 psi and
the system vibrates the hose in order to shake it around bends in the pipe. This technology may be
deployed and then retracted within a short period of time and the cost is low. However, this technology

uses a lot of water which is not recycled and it is not effective against certain types of clogs [18].
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Carolina Equipment & Supply has a similar technology called the Aqua Miser. The device consists of a
trailer with a water tank and a hose much like the Harben Jet. It also uses the same concept of a nozzle
end which propels itself with backward facing openings. However, this device has 400 ft of hose and
produces 40,000 psi, ten times the pressure output of the Harben Jet. Another difference is that it
pumps lower volumes of water and so less is wasted. The Aqua Miser is low cost, can be deployed
quickly, and may be considered a better alternative to using the Harben Jet. However, the device has no
provision to vibrate the hose and so it is not as capable of maneuvering around elbows in the pipeline.
After travelling 200 ft, the device does not have enough forward thrust to keep moving through elbows

and becomes stuck after just two elbows in the pipe [18].

A company called The Atlantic Group developed a device that uses sound waves in order to unclog
waste transfer pipes. The device produces up to a maximum frequency of 11,250 vibrations per minute.
These sound waves will cause the clogs and the pipes to vibrate and as they will both vibrate at different
rates, the clog will come loose from the pipe. A high pressure water pump is used to send water down
the pipe at 2,100 ft/s, which serves to amplify the vibrations and to clear away the clog. This device has
a large advantage over the others in that it is not hampered by elbows in the pipe or long lengths of
pipe. Despite this ability, the device cannot remove certain types of clogs and there are some clogs that
the device actually dislodged and then moved further down the pipeline where they became a problem
again. Operation of the device also requires the use of large amounts of water which flow away down

the pipeline and as such cannot be brought back and used again by the device [18].

Another technology for unclogging pipelines was developed by Ridgid Tool Company. This technology
uses a blade which is driven along on the end of a 150 ft flexible metal rod. This technology is also low
cost and can be quickly deployed. Unfortunately, the structure of the device has a few inherent limits.

The blades themselves cannot clear out the entire clog within a 3 inch waste pipe because of their
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configuration, it has a tendency to break on hard clogs, and it’s length limits how far it can travel to

reach a clog [18].

Nature inspired another unclogging technology that was developed by NuVision Engineering Inc. This
technology simulates the erosion of beaches that is caused by the motion of waves. The device removes
most of the air below a clog in a vertical pipe and then allows fluid to enter and fill the pipe. The vacuum
that results from the removal of the air is not perfect so some air is left trapped under the clog. The
device then provides pulsations which create waves near the clog and are used to erode the material
and clear out the clog. This device is capable of dealing with elbows in the pipes, was proven to work at
100 psi which is a lower pressure than used by other technologies, and the water can be replaced with a
solvent in order to help eat away the clog faster. The drawback to using this device to unclog pipes is
that it is very slow at eroding the clogs, much like waves take a long time to erode a beach. Another
problem arises when deploying over extensive lengths of empty pipe where it becomes more difficult to

establish the necessary vacuum to fill the pipe and create the waves [18].
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1.3.5 Simulating Plugs

In short, the Pacific Northwest National Laboratory has extensive documentation on different waste
simulants that are non-hazardous to the environment and are formulated to resemble the physical
properties of radioactive plugs that occur in the pipelines. Waste simulants are used in the testing and
development of waste treatment and handling processes. Simulants are all designed with a specific
process in mind. For example, chemical simulants are used when it is necessary to mimic certain
chemical properties. Physical simulants are used when the chemical make-up of the plug is of no
relevance. There are many factors that contribute to the successful removal of simulants depending on
the type of simulant. The mechanical strength, porosity, dissolution rate, solubility and thermal

conductivity of the simulant are studied by DOE scientists.

Simulants can be grouped into three major categories: sludge simulants, hardpan waste simulants, and
saltcake waste simulants. Sludge simulants are thought to be the most prominent plug responsible for
pipe clogs. Hardpan simulants resemble sludge-like material that has partially solidified. Saltcake waste
simulants are designed to resemble plugs that have completely solidified. Low-pressure and high-
pressure water jets have both been used to remove blockages in pipes. In some cases mechanical

cutting processes have been used.

Due to availability, Bentonite Clay, a sludge type simulant was used for testing of the crawler’s
unplugging tool. Extensive behavior characteristics of this stimulant are well documented in a paper
entitled “Retrieval Process Development and Enhancements Waste Simulant Compositions and

Defensibility.” [30]

Bentonite plugs as well as many other plugs were all suggested to Florida International University’s
Applied Research Center by the Department of Energy. They have undergone various tests over the

years in different pipe configurations that have been laid out in the field of the Engineering Center.
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These blockages were used to assess the capabilities of the various unclogging technologies developed
by different companies. As a result, it became possible to see that despite having certain abilities, these
technologies (mentioned in 1.3.4) all had several weaknesses that would make them of limited use in
the actual field. A properly designed crawler robot can have all of the desirable qualities of the other
technologies and simultaneously have none of their weaknesses. Particularly, the issue of losing potency
does not affect the crawler as it can use physical blades to destroy clogs like the Ridgid snake idea.
However, it can be designed such that it will not have the limitations in distance that the snake has. Due

to these factors, the need for a crawler robot that can unclog pipelines is established.
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1.3.6 Radiation Effects

The biggest threat to robotics in a nuclear environment is from exposure to gamma rays. Gamma rays
which are similar to x-rays have short wavelength photons, the difference between them is that gamma
comes from nuclear interaction and x-rays from electronic collision. There is protection from these
photons by the uses of the tenth value thickness (T.V.T.) of material; this is the amount of material
needed to obtain uncollided photons. Below the table shows the T.V.T. for the energy exposed to

different material.

Table 1: Photon tenth value thickness in cm for Al, Fe, Pb and concrete [25]

Energy (MeV) | Aluminum Iron Lead Concrete
0.05 21 1.6 0.25 18
0.1 50 8.1 0.37 49
0.2 70 20 2.03 77
0.5 101 35 13 111
1 139 49 29 153
1.5 170 60 39 188
2 198 69 44 218
3 241 81 48 265
4 274 88 48 306
5 300 93 47 338

Alpha and beta particles which can be stopped with the use of light shielding are non-treating to
material properties exposed in that environment. When gamma rays are exposed to material they
create two effects, ionization and atomic displacement. lonization is caused in the second reaction from
the ejection of electrons from the material due to photoelectric effect, Compton scattering and pair
production; this causes a bulk amount of ionized material. In atomic displacement a cluster of defects is
form from the kinetic energy causing the atoms to move. These two effects from gamma introduction

threw the amount of exposure will change the displacement of certain material.

16|Page



1.3.7 Effects of Radiation on Passive Materials

In the following section it will describe the effect of gamma rays has on the following material; these

values are only estimation on the effect of the materials.

Inorganic Materials:

The metallic structure of metals allows it to be resilient to high doses of radiation. Only after long
periods of exposure to radiation is it capable to see properties changes in the material. Once the
material is annealed it will retrieve its mechanical properties. The table below shows the damaged

threshold of the most common metals used.

Table 2: Radiation Damaged Thresholds on Metals [25]

Metal Threshold level (Gy)
Aluminum and its alloys | 5. 10"
300 series stainless steel | 1. 10!
400 series stainless steel | 5. 10"
Tron 3. 10"
Copper 2.10Y
Brass and bronze 1.10Y
Nickel and its alloys 1. 10"
Beryllium copper 6.10°

Ceramics is another material not as durable metal but has a better tolerance then organic material. The
effect radiation has on ceramic materials is change in density causing the material to swell. The table

below shows the damaged threshold of the most common ceramics used.
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Table 3: Radiation Damage Thresholds on Ceramics [25]

Ceramics Threshold level (Gy)
Alumina 5. 10"
Silicon carbide 6. 10°
Mica 5.10'
Quartz 2,107
Glass, flint 2.510°
Glass. borosilicate | 1. 10°
“Vyeor” glass 5107

Organic Materials:

Radiation causes many effects on organic material due to the poor tolerance of the molecule
configuration. In polymers the exposure to radiation causes the molecule chains to shorten and/or cross
link chains. This reaction causes the polymers to be extremely sensitive to radiation. Most plastics have
a degrading effect when exposed to radiation, which causes the material to be sensitive to mechanical
stress. There is an amount of polymers banned from the nuclear environment due to the cause of the
material to break down causing gases to be released effecting the properties of other materials in the
environment or even the material itself. The table below shows the tolerances of plastics in the nuclear

environment.
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Table 4: Radiation Tolerance of Plastics [25]

Radiation resistance Polymer

Glass fiber phenolics
Asbestos filled phenolics
Epoxy systems
Polyurethane

Highest radiation resistance Polystyrene

Mineral filled polyester
Mineral filled silicones
Furane-type resins
Polyvinyl carbazole

Polyethylene
Melamine-formaldehyde resins
Urea formaldehyde resins
Aniline formaldehyde resins
Urfilled phenolic resins
Silicone resins

Moderate radiation resistance

Methyl metacrylate
Unfilled polyesters
Poor radiation resistance Cellulosic
Polyamides

Teflon

A coating of thin polymer film is used in the radiation environment to provide easier decontamination,
but like any polymer it also degrades with the amount of exposure of radiation received. The table
below shows the coating used on various types of surfaces and the type of damages received with

radiation.

Table S: Radiation Damages on Coatings [25]

Polymer base Surface Dose (Gy) Damages
Epoxy Steel 6.7 10° No failure
Furan Concrete 9.4 10° No failure
) Steel rod 8.4 10° No failure
. ‘ Concrete 9.4 10° No failure
Modified Phenolic Steel rod 8.7 10° Severely embrittled
oy i Concrete 6.7 10° No failure
Silicon alkyd Steel 6.7 10° No failure
Concrete 8.7 10° Failed blistered
Styrene Steel 8.7 lQ6 Failed cracked
Steel (wet) 3. 10° Failed cracked
Vinvl Aluminum 2.1 10° Failed blistered
Y Concrete 1.110’ Borderline failure
Aluminum 2.110° Failed blistered
Vinyl chloride Concrete 1.1 107 Failed blistered
Steel 8.7 10° Failed blistered
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Exposure of radiation to adhesive because the damages to the chemical balance which in turn affects

the bonding properties. The table below shows the effects radiation has on certain adhesive type.

Table 6: Radiation Damages on Adhesives [25]

Adhesives Radiation damage threshold (Gv)
Neoprene-nylon-phenolic 5. 10°

Neoprene-phenolic 10°

Epoxy, epoxy-thiokol, nitrile-phenolic 5. 10°

Epoxy-phenolic, vinyl-phenolic, nylon-phenolic | 107

Lubricates, another organic material, is also sensitive to radiation. Synthetic lubricants compared to
natural or more resilient to radiation exposure. The exposure causes the lubricant to polymerize into a
solid state, ruining the additives found in the lubricant, which results in the change in physical state. The

table below shows the radiation tolerances of lubricant.

Table 7: Radiation Effects on Lubricants [25]

Radiation damage threshold (Gy) Lubricant

10* and below No significant radiation damages

10° to 10° Aromatic phosphates, silicones, aliphatic esters
10° to 10° Diesters, aromatic esters

10° to 107 Mineral oils, aliphatic ethers

107 to 10° Alkylaromatics, poly(poly ethers). polyphenyls
10° and above No lubricant available

20|Page



1.3.8 Radiation Hardening

When designing a new system for the nuclear environment radiation harden circuitry and material is
need to tolerant the radiation effects in that environment. A radiation tolerant device is one that can
receive accumulated dose of radiation while staying in stable conditions. Radiation hardening is usually
performed to semiconductor devices to make them more tolerant to radiation. The devices compared to
their non-harden copy has the same capabilities but the cost to the unit is more expensive. Radiation
harden devices are only made by a limited amount of manufactures, which are usually used in military
purposes but are provided to nuclear facilities. The advantage of radiation harden components is that
they have been designed to be reliable and consistent. The design of a radiation harden device is costly

due to the low customer base and limited amount of manufactures in that field.

There are several techniques in creating a device that has a system that is tolerant to radiation.
Annealing is a common way of allowing a robot to survive the process of radiation doses. With this
process the robot can be run in a low dose area for a certain amount of time and then a high dose area

for a certain amount of time, this allows the materials within the robot to stabilize.
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1.4 Discussion

With the tremendous responsibility of securing the radioactive remains from the Cold War, the U.S has
stored millions of gallons of highly radioactive waste in underground tanks. Over time the radioactive
waste has leaked from these single-shelled tanks contaminating soil and groundwater along the
Columbia River. The DOE has responded by transferring the highly radioactive waste from the leaking

single-shelled tanks into secure double-shelled tanks to prevent the further threat to human life.

During the transfer process of nuclear waste, clogs/plugs have formed in the transfer pipelines and
treatment facilities. Current technologies prove to be quite ineffective thus a new technology is needed

to aid with the timely transfer of radioactive waste.
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2. Project Formulation

2.1 Overview

As the Hanford Site moves into a more active retrieval and disposal program, the site engineers will be
encountering increasing cross-site pipeline transfers with a corresponding increase in the probability of
a pipeline getting plugged. Not only will there be an increase of plugs in cross-site pipelines but also
treatment facilities will experience an increase in pipe clogs. In the past, some of the pipelines have
plugged during waste transfers, resulting in schedule delays and increased costs. Furthermore, pipeline
plugging has been cited as one of the major issues that can result in unplanned outages at the Hanford

Waste Treatment Plants, causing inconsistent operation.

As such, the main objective of the peristaltic crawler is to provide a pipeline unplugging tool/technology
to ensure smooth operation of the waste transfers and to ensure Hanford tank farm cleanup milestones

are met.

2.2 Project Objectives

The pneumatic crawler will be capable of applying enough force to pull its own weight, including the
tether line, while maneuvering through 90 degree bends at a 4.25 inch radius. The crawler will be agile
and be able to crawl through horizontal and up vertical sections of the pipe. An abrasive tool will be

mounted to the front of the crawler for removing clogs.
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2.3 Design Specifications (Final Crawler)

2.3.1 The crawler

The crawler uses two rims that serve different purposes and are slightly different in design. For the final
design, it is no longer necessary to have thinner sections to allow for mounting of the inner and outer
bellows, neither are there any clamps used to attach them. The stainless steel bellows will have flanges
on the ends which allow them to be bolted on directly. As a result of this, the two rear step downs were
eliminated for the final design of the rims, leaving them at a length of 2.5 inches each. A set of four

countersunk bolts on each side will be used to connect the bellows to the rims.

0

Figure 11: Final Rim vs. Prototype Rim

Removal of these sections also comes with the added advantage of allowing for a larger hole to be
bored through the rims. This will allow for waste to pass through with greater ease and it will also make

it possible to move greater amounts of waste through the crawler in shorter periods of time.
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Figure 12: Bore and Ports of Final vs. Original Rim

Another difference is in the way the inner tubes for the rims are fed. In the original design, the feeds for
the dual inner tubes used on both rims are in series, both output ports are fed by the same air line. For
the final design, they are in parallel such that each port has its own air line. The ports on the final rims
are offset from each other for this reason. The multiple input ports can be seen in the Figure 12. The

offset output ports are shown in Figure 13.

Figure 13: Multiple Output Ports
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Both rims of the crawler are made of 516 stainless steel. The prototype rims were for testing the
capabilities of the crawler and were made of 6061 aluminum. This material would not survive in the high
temperature radioactive environments found within the pipelines. However, 516 stainless steel can
resist 1x10™ Gy. This material is considerably harder and tougher than aluminum and takes more time
and effort to machine. However, using CNC lathes, the design can be preprogrammed and the time for

making each rim is drastically reduced, allowing for these rims to be mass produced.

As stated, the crawler will now hold a total of four inner tubes, each of which is independently
pressurized or deflated. As proven by previous prototypes, the crawler is perfectly capable of
maneuvering through pipelines using just two inner tubes, one per rim. Having four independent inner
tubes serves as an added safety measure should an inner tube fail. The material of these inner tubes has
changed as well. The prototype’s inner tubes were made of rubber; the final tubes will be made of
polyurethane. Polyurethane was chosen because of its resistance to high radioactivity and high heat.
Polyurethane is also more resistant to puncturing than rubber and thus is more likely to crawl around

sharp edges safely.

A custom designed c-type clamp has been implemented in order to securely fasten the inner tubes to
the crawler bodies without having them tear or puncture while inflating. The c-clamps are shown in the

figure below. As seen below the c-clamps have filleted edges to prevent puncture of the inner tube.
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Figure 14: Clamps to Secure Inner Tubes

All of these modifications yield a device that is more rugged, will withstand harsher conditions, and is
less likely to fail and become stuck in the pipeline. Again, if a crawler were to become stuck in a
pipeline, it would become a plug itself. Even with this advanced design, it is possible that all of the inner
tubes may rupture or the crawler may become jammed against something within the pipeline. In the
event that this happens, the final crawler design would not be stuck. The reason for this is that a reeling
system was added to the final design. The rear rim of the crawler has an eyebolt attached to it and a
braided stainless steel wire is looped through it. This wire is reeled up onto a winch which allows for the
crawler to be forcibly removed from the pipeline if necessary. Another wire runs from the rear to the
front rim and this ensures that all of the crawler can be extracted if for some reason the bellows were to
sever. The wire from the winch, along with all of the air and fluid lines going to the crawler are going to
be contained in a thin sheath of smooth polyurethane such that there is only one line being pulled by
the final crawler. All of this line will be on one reel attached to the winch. The idea behind this is that if

the lines were left separate, they could bundle up and interfere with removal of the crawler as it is being
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reeled out. This also makes it easier for the crawler to go long distances within the pipelines without the

lines becoming a hindrance. The winch will be fastened to the hook shown in the figure below.

Figure 15: Rear View of Final Crawler
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Shown in the figure below is the final assembly of the crawler complete with all radiation hardened

components.

Figure 16: Final Assembly of Crawler

Since the crawler is hollowed, as the plug material is set loose, it is driven from the front to the back of
the unit by water. This also keeps the passage inside the unit clean. The diameter of passage through
the unit can measure 1.25 inches. The figure below shows a cross section of the crawler indicating the

passage of loose plug material from the front to the back.

—

Figure 17: Waste Flow through Crawler
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2.3.2 The Camera

In order to aid in finding the plugs, a camera will be mounted on the final crawler. The camera used to
help the crawler view any obstacles in front of it would be constrained by its ability to survive in a
radioactive environment, and also by its dimensions due to it being mounted to the front of the

crawler’s rim.

Research for adequate radiation hardened camera for this application resulted negatively due to the
shapes available in the market. Some of the smallest dimension radiation hardened cameras had a
minimum diameter of 2” and length of 4”. This is mainly due to the protection material for the
radioactive environment. Not only were the dimensions inappropriate but the cost per unit was

extremely high.

Regular miniature video cameras units were able to satisfy the dimensioning issue but had a short life
span when exposed to a radioactive environment. The size of these units is no bigger than a dime as

seen below.

Figure 18: Micro Camera [27]
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A camera with similar dimensions could be mounted recessed into the front rim of the crawler. To
protect the unit from the outside environment, a clear radiation resistant polymer would be used as a
window for the recessed camera. The camera will be functioning in a low lighting environment so for the
lighting issue there would be an LED wired in parallel with the cameras power supply. The average cost
for these mini cameras is $50 to $150 depending on the picture quality and color. The unit for the
crawler unit: would cost $150 and have dimensions of 8mm high, 8mm wide and 8mm thick; weight is
about 0.9 grams. The viewing of this specific camera is 240 T.V. lines of resolution with connections that
allow the camera to be connected to any household television set or monitor. A power supply of only 7
to 12 volts direct current could be applied to the unit for proper functioning. The camera position on the

crawler can be seen in the figure below.

Figure 19: Camera Location
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2.3.3 Basic Principles of Locomotion

To understand how the crawler will move forward, a detailed explanation is given below.

Note: The crawler illustrated below is not the final design and is meant only for the purpose of

understanding how the crawler will move forward.
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Figure 20: The Crawler’s Locomotion (1st Prototype is featured)
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1: The crawler is in its neutral state. No air pressure or vacuum is supplied to any section.

2: Due to positive pressure, the inner tube mounted on the front of the rim is expanded thus anchoring

the front body to the inner walls of the pipe. The inner tube on the rear body is collapsed.
3: Vacuum is supplied to the bellow bringing the rear of the crawler forward.

4: The inner tube on the rear body is then supplied positive pressure to anchor the back rim to the inner

walls of the pipe.
5. The inner tube on the front body is contracted by vacuum thus releasing it from a fixed position.

6. Positive pressure is supplied to the bellow thus pushing the front rim forward while the rear rim is

held fixed.

Steps 2 through 6 are repeated to move the crawler in the pipeline.
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2.3.4 Bellow/Annular Actuator Design

The bellow which serves as an annular actuator can be considered the crawler’s abdomen and is
responsible for the locomotion of the crawler. As seen in Figure 21, the bellow will consist of an air

cavity formed by the inner walls of a two walled bellow.
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Figure 21: Cross-Section of Bellow

The overall pulling force and agility of the crawler is heavily dependent on the bellow section. Both
positive and negative air pressures will be supplied to this cavity. Because a higher magnitude of positive
pressure can be created within the bellow it will be responsible for pushing the head of the crawler
forward as well as the tether line. Negative pressure will only be used to pull the rear body forward. It is

vital for the bellow of the crawler to be very rigid, yet flexible in order to meet the project objectives.

As per a conference call with Dean DellaCecca, President/Chief Metallurgist, and Brad Schultz, Design
Engineer, at Duraflex, Inc. ™ [26], it has been determined that the bellow suitable for this application

would be a custom made, edge welded bellow similar to the one seen below.
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Figure 22: Example of an Edge Welded Bellow

The bellow will be made from stainless steel, a material that shows excellent resilience in a radioactive
environment. The bellow will be rated for both positive and negative pressure. Most importantly it will
be designed to have the flexibility needed to negotiate 90 degree bends having a 4.25” turning radius.
The collapse ratio will be 8:1. This collapse ratio will give a 12” bellow a 1.5” length when collapsed.
Theoretically this means for each sequence of expansion and contraction, of the bellow, the crawler will
move 10.5 inches. The length of the bellow is an important factor with relation to its ability to turn

corners.

In order to feed air to the inner tubes on the front rim, steel braided 1/16” hose will be coiled inside the
air cavity of the bellow shown below. Stainless steel woven hose is chosen to prevent the tubes from

crushing while the bellow is compressed.

Figure 23: Cross-Section of Bellow Showing Air Lines
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2.3.5 Pneumatic System

The pneumatic system’s main components will consist of an air tank, air compressor, vacuum source,
five solenoid valves, and with tubing. A simple microchip will control the sequencing of
pressurization/depressurization of cavities. The changes in pressure result in the translation of the
vessel by peristaltic movements. To reduce the weight of the tether, the tubing size should be kept to a
minimum, as five air lines will be fed to the crawler. It is recommended that polyurethane tubing with
1/16 1D and 1/8 OD be used, however for the air supplied to the bellow a 1/8 ID is recommended.

Polyurethane tubing will be used as it is resistant to gamma rays.

Each rim has two separate inner tube type balloons. The inflation and deflation of each inner tube is
independent of the other. The benefit of having two independent inner tubes on one rim is not only for
maneuverability but it also serves as a safe guard. In the event that one inner tube bursts the crawler

can proceed forward with use of just one inner tube.

If one inner tube fails to hold pressure and bursts, an alarm will be sent to the operator and the control

valve for that air cavity will be closed.

The figure below shows a schematic of the pneumatic system.
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Figure 24: Schematic of Pneumatic System
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2.3.6 Hydraulic System

The hydraulic system will be responsible for powering the abrasive tool located in the front of the
crawler. The performance of the abrasive tool will depend on the specifications of the selected pressure
pump, mainly the pressure per square inch (psi) and gallons per minute (GPM). These parameters will

directly affect nozzle selection, as the size of the orifice will change accordingly.

Below is a simple hydraulic schematic of the setup.
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Figure 25: Schematic of Hydraulic System
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